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Chapter 1. Introduction

11 OVERVIEW

In structural concrete, the provisions for anchorage of straight bars and hooks frequently
present detailing problems due to the long development lengths and large bend diameters that are
required, particularly when large-diameter reinforcing bars are used. In many cases, the
requirements for straight bar anchorage and lap splices cannot be provided within the available
dimensions of elements. Hooked bars can be used to shorten anchorage length, but in many cases,
the bend of the hook will not fit within the dimensions of a member or the hooks create congestion
and make an element difficult to construct. Similarly, mechanical anchorage devices can be used
to shorten lap splice lengths, but they frequently require special construction operations and
careful attention to tolerances.

To address the problems that arise from the use of conventional reinforcing bar solutions
anchorage solutions (straight bar development length and hooks), headed bars were devel oped for
use in the construction of concrete platforms for the offshore oil industry. Headed bars (Figure 1-
1) are formed by the attachment of a plate or the forging of an upset bearing surface at the end of a
straight reinforcing bar. Such bars are anchored by a combination of bond along the straight bar
length and direct bearing at the head. Like a hooked bar, they can develop within a short distance,
but they do not create as much congestion. Aside from the offshore oil industry, headed bars have
not been widely used in the construction of bridges, buildings, or other traditional concrete
structures. There is little guidance currently available for the design of headed bar anchorage

either in the form of code provisions or published research.



Headed bars can potentially simplify the design and construction of complex bridge
details such as closure strips, in which reduced splice lengths can be used to reduce the width of
the closure gap (Figure 1-2), knee joints, in which unwieldy hooks can be replaced by compact
headed bars (Figure 1-3), and deviation saddle blocks for external post-tensioning of segmental
box-girder superstructures, in which complex bend details can be replaced by double headed ties
(Figure 1-4).

Project 1855 was funded by the Texas Department of Transportation (TXDOT) to
examine the behavior of headed bars in bridge details and to evaluate the feasibility of using
headed bars for Texas transportation structures. Additionally, the findings of an extensive
literature review and experimental program are to be reported and design guidelines for the use of

headed bars are to be devel oped.
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Figuel-1:  Various headed bars compared to a standard hook (#8 size)
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i. Saddle with Bent Bars ii. Saddle with Double-Headed Ties

Figure1-4:  Simplification of bar detallsin a deviation saddle usng headed
bars

12 PROJECT DIRECTION AND SCOPE

After several meetings between the research team and TxDOT bridge design engineers to
identify bridge details for which headed bars showed the most promise, two experimental
directions were decided upon. TXDOT representatives expressed the most interest in the use of
headed bars to reduce lap lengths and to replace hooked bars in congested discontinuity regions.
Two specimen types were selected: lap splices and compression-compression-tension (CCT)
nodes. These specimens were designed to be as general as possible so that the behavior of the
headed bars in these details could be extrapolated to a variety of specific applicationsin which lap
splices and CCT nodes occur.

A CCT node specimen was developed to test the anchorage of a single headed bar in a
CCT node. Companion specimens with non-headed bars and hooked bars were also tested. Other
variables of the test program included the angle of the compression strut, head size and shape, bar
size, and the presence of confinement in the nodal zone. A total of 64 CCT node specimens were

tested. In addition to studying the anchorage performance of headed bars, these specimens were



used to determine the behavior of CCT nodes and the current provisions related to strut-and-tie
modeling (STM) were evaluated against the results.

A lap splice specimen was developed to test the anchorage of multiple headed bars
anchored within a single layer lap splice. Companion specimens with non-headed bars were also
tested. Other variables of the lap splice test program included the lap length, the head size and
shape, the bar spacing, contact versus non-contact laps, and the presence of confinement in the lap
zone. A total of 27 lap splices were tested.

A comprehensive literature review was compiled (Chapters 2, 3, and 4). The behavior of
the test specimens is described in detail (Chapters 5, 6, 8, and 9). The data from the current study
were compared to results from previous studies (Chapters 7 and 10). Data from the experimental
tests were analyzed and used to determine guidelines for the design of headed bar anchorages
(Chapter 10). Recommendations for changes to the ACI 318 [2] and AASHTO LRFD [1]
specifications are provided (Chapter 10). Design examples are developed to illustrate the use and
applicability of the design guidelines (Chapter 11). A summary and recommendations for future

research are also provided (Chapter 12).



Chapter 2: Bond and Development Length of Deformed Bars

2.1 INTRODUCTION

Before discussing the state-of-the-art of headed reinforcement, a brief overview of
conventional anchorage of reinforcing bars will be presented emphasizing bond of straight
reinforcement and standard hook details. In this chapter, the nature of bond stress and how it is
utilized to achieve development of reinforcement will be discussed. The behavior of hooked bar
anchoragesis also discussed. Review of design provisions focuses on the two American codes that
are pertinent to the project sponsors. ACI 318 [2] and the AASHTO LRFD Specifications [1].

ASTM Standards will also be referenced for some topics.

2.2 THEM ECHANICSOF BOND

2.2.1 What ishond?

Bond refers to the interaction between reinforcing steel and the surrounding concrete that
allows for transfer of tensile stress from the steel into the concrete. Bond is the mechanism that
allows for anchorage of straight reinforcing bars and influences many other important features of
structural concrete such as crack control and section stiffness. Figure 21 shows a straight bar
embedded into ablock of concrete. When the bond stressis sufficient to resist design tensile loads
in the bar, then the bar is “developed” and the embedment length necessary for anchorage of the

fully stressed reinforcing bar isreferred to asits development length.
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Figure 2-1: Simple concept of bond stresses

Deformed reinforcing bars develop bond stresses by means of transverse ribs that bear
directly on the concrete. Astensile forces develop in areinforcing bar, transverse cracks propagate
from the edges of the ribs. This was experimentally shown by Goto [54] and is reproduced in
Figure 2-2. The bond stress produced by the bearing of the ribsis not uniform. Mains [74] showed
experimentally that local bond stress can be more than twice the average bond stress. Figure 2-2
also shows the distribution of tensile and bond stresses for the bar shown. Bond stress peaks near
cracks and tapers off as the concrete carries more of the tensile load. The bond stress then reverses
sign as another crack is approached. The process by which concrete around reinforcing bars shares
tensile loads is called “tension stiffening.” It is important to note that a bar does not uniformly

yield in cracked concrete when it is properly bonded. Yielding occursonly locally near cracks.
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Figure2-2:  Transverse cracking at deformations



The transverse cracking shown in Figure 2-2 causes the bearing stresses on the ribsto act
along a direction parallel to the transverse crack angle and not parallel with the axis of the bar.
Figure 23, part i shows bearing stresses acting at an angle, Qnong, relative to the bar axis. These
bearing forces can be split into parallel and perpendicular components (Figure 23, part ii). The
components parallel to the bar constitute the bond responsible for resisting the tensile force in the
reinforcement. The components perpendicular to the bar act outward from the bar surface as
splitting stresses on the concrete. These radial splitting stresses must be counteracted by ring
tension stresses in the concrete surrounding the reinforcing bar, section A -A of Figure 2-3, part iii.
Ultimately, the radial splitting stresses exceed the tensile capacity of the surrounding concrete and

splitting cracks begin to propagate from the bar surface.
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Figure2-3:  Bond and splitting components of rib bearing stresses

Bond can fail in multiple ways. The longitudinal bond stresses can exceed the shear

strength of the concrete keys between ribs and the bar can pull free. This is referred to as a
“pullout” failure (It is also sometimes termed a “shear-out” failure, but this report will use the
more common term of pullout.). More commonly though, splitting cracks will propagate from the
bar to the surface of the concrete and the cover will spall off. Figure 2-4 shows some of the many
splitting cracks that can occur. The type of splitting failure that occurs in unconfined concrete is
governed by bar spacing and cover dimensions. Limitless cover does not provide limitless bond.

Beyond a certain level of splitting resistance, pullout failure will govern. Typicaly though,
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splitting resistance governs the level of bond stress that concrete can sustain. The rest of the

discussion in this section will deal with bond and splitting.

N\
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V-Notch Face and Side Split

"\

Side Split

Figure 2-4: Possble splitting crack failures

As arib begins to bear on the concrete a wedge of crushed paste is formed in front of the
rib. This wedge acts to change the effective face angle of the rib (Figure 25). Thus, the bond
angle, gpong, tends to change as a reinforcing bar acquires load. The effect of this is that radial
splitting stresses tend to increase at arate greater than the longitudinal bond stresses as tensile load
in the reinforcing bar rises. Furthermore, efforts to reduce splitting stresses in reinforcing bar by
fabricating a steep rib angle into the bars tend to be unsuccessful because the formation of the
concrete wedges neutralizes the effect of the different rib angles. Lutz [72] performed

experimental studies of single rib specimens. He observed that at failure the angle of the concrete
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wedge was between 30° and 45° and that ribs with face angles less than 30° showed poor bond-slip
performancein tests.

While rib face angle does not significantly affect bond strength within certain limits, rib
bearing area has been shown to be important. Rib bearing area can be increased by manipulating
one or both of two geometric parameters: the height of the ribs or the spacing of the ribs. Rib
bearing area is generally referred to by the ratio of rib bearing areato shearing area of the concrete
keys between successive ribs. Thisratio is referred to as the relative rib area, R,. The effect of the
relative rib area has been studied since the earliest research on bond. Abrams [17] was the first to
recognize that bond was enhanced by increases in relative rib area. Later studies by Clark [36, 37]
supported Abrams conclusions. Clark’s studies were used to establish the modern ASTM
standards for deformation requirements on reinforcing bars [3]. Both Abrams and Clark
recommended deformation criteria that translate to relative rib areas around 0.2 for optimum bond
performance. However, the current ASTM requirements only provide for relative rib areas less
than 0.1 for reinforcing bars. Most recently, studies by Darwin et a. [40, 41] and Hamad [55] have
led to a reconsideration of the issue of rib geometry and bond performance. Darwin and Hamad
have also recommended a relative rib area of 0.2 for optimal bond performance of reinforcing bars

with the limitation that ribs not be spaced too closely.
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Figure 2-5:

Based on the experimental evidence on the mechanics of rib bearing, several models have
been developed to calculate bond as a function of ring-tension stresses in the surrounding
concrete. All of the models are based on various stress-strain relationships for concrete tensile
strength. Figure 26 illustrates the basic models. The elastic-uncracked model assumes that once
the tensile strength of the concrete is reached and splitting cracks begin, bond failure isimminent.

In this case, the bond capacity is limited by purely elastic material behavior. The elastic-cracked
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model achieves a slightly greater bond capacity by allowing a cracked zone around the reinforcing
bar with elastic behavior outside of that zone. No tensile stress is allowed within the cracked zone.
The elastic-cracked model has a higher capacity than the purely elastic model by allowing the
region of maximum tensile stress to move away from the bar surface to a distance where the
stresses act over a larger circumference. The elastic-cohesive model allows for tensile stresses
within the cracked zone based on cohesive material theory that derives from concrete fracture
mechanics. The plastic model allows for a perfectly plastic distribution of tensile stress and gives
the highest capacity. The first, second and fourth models were first analyzed by Tepfers [110]. The
third model was developed by Rosati and Schumm [53, 103].

The elastic-cohesive model of concrete tensile behavior was derived to adapt principles
of fracture mechanics to analysis of concrete materials [12]. Ordinary linear elastic fracture
mechanics does not properly describe concrete cracking. In order to apply fracture mechanics
theory, a zone of material softening is included in the crack model. This zone is called the
“fracture process zone’ (Figure 27). Within the fracture process zone, micro-cracked concrete
carries some tensile resistance. At the tail of this zone, the “true crack” grows by spreading from
micro-crack to micro-crack. At the head of the zone, micro-cracks begin to form as strains in the
concrete exceed a certain tensile limit. The truly cracked concrete does not carry any tensile
resistance. The elastic-cohesive model of bond stress thus assumes that the cracked-cohesive zone
around the reinforcing bar is still within the process of crack development and has exceeded the

threshold of elastic behavior where optimal tensile resistance occurs.
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15



' Tensile Resistance in Concrete

Non-Linear Zone

Fracture Process Zone

PP
True Fictitious

Crack Crack

Un-Cracked

Figure2-7.  Cohesive crack growth (after Bazant [12])

Tepfers compared his models of bond resistance to experimental results from pullout tests
and beam tests of lapped specimens [110]. Rosati and Schumm later added their model to Tepfer's
analysis [53]. Fgure 28 shows the predictions of the four different models on a plot of bond
capacity versus cover dimension (the parameters are normalized with respect to bar diameter and
concrete tensile strength, fy). Tepfer's experimental data are included in the plot. There is much
scatter in the experimental data, but it is obvious that the elastic-cracked model forms a good
lower bound and the plastic model a good upper bound for ultimate bond capacity governed by
splitting. Only, the elastic-cohesive model cuts through the data. As a description of behavior itis
probably the best, but there is too much scatter in the actual data for any model to accurately

predict capacity.
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*Data credited to Tepfers

2.2.2 Lap Splices

When bars are lap spliced, they are typically laid adjacent to one another. The interaction
of ring-tension stresses around the bars creates an oval shaped tensile zone, but otherwise, the
bond developed by the bars is comparable to that of single bars in tension. Figure 2-9 shows the
zone of ring tension stresses and the common splitting crack patterns.

Older research by Chamberlin [33] and Chinn, Ferguson, and Thompson [35]

demonstrated that there is no significant change in bond strength for increasing clear space
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between spliced bars. Their studies showed that adjacent deformed bars which are tied together
can achieve greater than normal bond strengths due to interlocking of the ribs on each bar. More
recent research by Hamad and Mansour [56] showed an optimal lap spacing of 5d, wherea 7 -
10% increase in bond strength over contact splices was observed. Beyond 5d, the bond strength
dropped off below the contact splice bond strength. Their tests were for lap lengths of 17 to 20d,.
Altogether, the research suggests that lapped bar data can be compared to non-lapped bar datafor

analysis of anchorage and bond.

Tensile-Ring

\ N

Figure2-9:  Splitting around lapped bars

2.2.3 Confinement of Splitting Stresses

The splitting strength of concrete can be enhanced if compressive stresses are

superimposed onto the tensile-ring stresses around the reinforcing bar. The concrete is said to be
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“confined” when compressive forces are used to counteract internal splitting forces. Confinement
can be classified as two types: active and passive. Active confinement will refer to stress fields
that are created by the actions of superimposed structural loads such as dead and live loads and
prestress forces. Passive confinement will refer to stress fields that are created by forces in the
mild reinforcement placed around anchorage zones such as stirrups or spiral rings.

Figure 210 shows the state of stress that occurs at a beam end where the longitudinal
reinforcement terminates. This is an example of active confinement. Over the bearing pad a
vertical compression field is created by the balance of the bearing reaction and the beam shear.
This vertical compression field is superimposed onto the ring-tension field caused by bond of the
reinforcing bars. The vertical components of the ring tension field are partially counteracted. As a
result, the beam end has an enhanced resistance to horizontal splitting cracks and the anchorage of

the longitudinal reinforcing bars isimproved.
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Figure2-10:  Active confinement in a beam end bearing

Spirals, transverse ties, and stirrups in anchorage zones are examples of passive
confinement. These systems are distinguished from active confinement because they are
dependent on crack propagation to become effective. Such confinement systems do not begin to
counteract splitting forces until radial cracks emanating from the bar surface cross the axis of the
confining steel (Figure 211). Because confining steel does not play any part in resisting tensile

splitting stresses until the splitting cracks intersect the steel, they are termed a passive system.
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Many experimental studies have been performed on passive confinement. The results of
those studies have been incorporated into the development length modification factors found in the
ACI 318 code [2], the AASHTO Bridge Design Specifications [1], and in many other structural
concrete design codes found around the world. In general, mild reinforcement, placed so that it
intersects splitting crack planes, helps to improve bond capacity if splitting failure modes control.
Beyond a certain level, pullout failure modes begin to determine the bond capacity and additional
confining steel failsto improve bond capacity.

Three references have been found regarding the effects of active confinement on bond:

Untrauer and Henry [112] studied the effects of lateral pressure on 6" sided cube pullout
specimens with #6 and #9 bar sizes. Their lateral pressures ranged from 0 % to 50 % of f.’, or O
psi to around 2500 psi. They found that there was a slight increase in bond strength related to the
square root of the lateral pressure. They also concluded that the effect of the lateral pressure was
more pronounced for smaller embedment lengths.

Lormanometee [70] studied specimens modeled after the Untrauer and Henry tests but
with the addition of studying the effect of the proximity of the lateral load application.
Lormanometee found slightly higher bond capacities than Untrauer and Henry had with less
dependence on the magnitude of the lateral pressure. This may have been due to the method of
load application or differences in the deformation pattern of the reinforcing bars or the mix
parameters of the concrete. Lormanometee determined that the lateral pressure was more effective
when applied close to the surface of the reinforcing bar and diminished with increasing concrete
cover between the bar and the applied lateral load.

Thro [111] performed pullout tests with similar lateral pressures, but with bars anchored

over much shorter development lengths (~ 3dp). Thré maintained a constant ratio between the
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lateral pressure and the steel stress as the test was being performed. He found increases in bond
stress for increasing lateral pressures. He recommended a reduction factor for development length
that is linearly proportional to the active lateral pressure with a cutoff at 1,160 psi. The reduction
factor reduces the development length by half at that value. Thrd’s results showed a much greater
impact on bond from lateral compression than the previous tests, but it should be noted that his
specimens used a short bar embedment length which may not be translatable to longer
development lengths.

The effect of lateral active confinement is an important issue for the anchorage
performance of deformed barsin nodal zones which is discussed in Chapter 4. So far, the research
has been limited and the results inconsistent. Furthermore, the effects of platen restraint
(additional restraint provided by load plates which provides biaxial lateral compression — see
Figure 2-13) have not always been clearly separated from the effects of lateral compression in the
available studies. Thus, the topic remains a gray areain the knowledge of bond and development
of reinforcement. However, in practice, when lateral confinement forces are provided by design
loads, no enhancement to bond should be taken into account due to the unpredictability of actual

loading conditions.

i. No Platen Restraint H H

(uniaxial lateral compression where transverse o
deformation is unrestrained)

ii. Platen Restraint
(rigid load plates prevent transverse deformation
and cause biaxial lateral compression near the
plates)

Figure2-13: Platenredraint in lateral compression studies
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2.2.4 Effect of Concrete Properties

The splitting failure mode of bond is dependent on the tensile strength of concrete. Thus,
the mechanical properties of concrete are important for good deformed bar development. Two
other concrete related parameters can also have significant affects on bond capacity: lightweight
concrete and top cast bars.

Lightweight concretes are produced by using special porouslightweight aggregates or by
aerating the cement paste. In both cases, the pore spaces introduced into the hardened mix make
lightweight concretes weaker in tension and shear than normal weight concretes with equivalent
compression strengths. Because of their weaker tensile properties, lightweight concretes generally
give lower bond capacities than normal concretes. In some cases, the shear strengths are low
enough that deformed bars will pullout rather than split the concrete in pullout tests. Because of
their weaker bond capacities, lightweight concretes are penalized in design code development
length equations. Generally a factor of 1.3 is applied to the development length when lightweight
concreteis used (this equates to a 23% reduction in predicted bond capacity).

When concrete is placed and vibrated, lighter components of the mix will rise as heavier
components settle to the bottom. When this occurs near reinforcing bars, air pockets and bleed
water tend to collect on the undersides of the bars in place of coarse aggregates (Figure 2-14).
When the concrete sets, the bond around the bar is weaker on its underside because of the inferior
quality of the concrete there. This effect is more pronounced for bars that have greater quantities
of concrete placed under them than bars that are positioned close to the bottom surface of forms.
Design code equations for development length distinguish this effect by requiring a “top-cast bar”
factor for reinforcement with more than 12" of concrete placed beneath them. No top-cast bars

were included in this research project, but the understanding that bond on the underside of
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deformed bars is weaker than bond on the top of deformed bars helped to determine the placement

of strain gages when reinforcing bars were instrumented in this project.

Direction of
Concrete
Placement

Bleed Water and Air Voids Rise to Top

Aggregates Consolidate to Bottom Bond is Poorest
on Underside of Bar

Figure2-14: Top cast bar effect

2.2.5 Epoxy-Coated Reinfor cement

Epoxy -coatings are placed on reinforcing bars to provide corrosion protection. However,
the presence of the epoxy coating inhibits the ability of the reinforcing bar deformations to bear on

the concrete by acting as a friction reducer and by partially concealing the height of the
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deformations. Epoxy -coated bars have substantially reduced bond from uncoated bars. Research
on high relative rib area reinforcing bars (Darwin et a. [40] and Hamad [55]) has shown that the
loss of bond from epoxy -coating is less when rib deformations are large indicating that epoxy -
coating has a lessened effect when anchorage relies more on direct bearing. However, in practice

high relative rib areareinforcing bars are typically harder to coat than normal reinforcing bars.
2.2.6 Measurement of Bond Stress

Theoretical understanding of bond provides a framework for design methodologies, but
data are needed to calibrate theoretical derivations into design eguations. Such data can only be
obtained through experimental studies. Because the experimental data for bond stress has been
critical for the empirical calibration of design equations, it is important to understand the ways in
which bond has been traditionally measured. Several different types of experimental tests have
been reviewed in the literature on bond. Five categories of bond specimens have been categorized
from the literature: single bar pullout specimens, beam specimens, beam-end specimens, lap splice
tensile specimens and lap splice beam specimens. Though several experimental studies may be
said to use the same category of specimen, the particular details of specimens used in different
studies may vary. There is little standardization of the different types of bond specimens and the
categories discussed herein are broad generalizations based on certain similarities of mechanics.

Figure 215 presents the classic pullout specimen. A single bar is cast into a block or
cylinder of concrete. Confining reinforcement may or may not be placed around the embedded
bar. Failure generally occurs by splitting to the closest cover surface unless confinement is very
heavy in which case a pullout failure can be forced. These specimens were used extensively by
Abrams for his acclaimed study of bond though he also used beam specimens [17]. Bar force can

be measured directly as well as slip at the loaded and free ends of the bar. Pullout specimens have
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the disadvantage that the load ram bears directly on the concrete surface and provides platen
restraint near the loaded end of the bar. Such compression is not always present when bars are

developed in practice and the results of pullout tests can tend to over-estimate bond stresses.

Test
Ram Load, P Bar

Wedge
Grips

Hydraulic
Ram

Concrete
Block

Figure2-15:  Typicd pullout specimen

Beam specimens are more accurate representations of bar anchorage than pullout
specimens. The test bars are cast into a concrete beam that is then loaded in flexure. The
termination point of the bars is placed away from load points where local compression can
enhance the bond and restrain splitting cracks. Figure 2-16 shows atypical specimen. Because the
bars are placed in flexure as well as tension, prying forces in the bars tend to exacerbate bond
failure. The direction and placement of reaction loads in beam specimen can be manipulated to
create constant moment or moment with shear along the bar development length. Beam specimens
are more realistic than pullout specimens, but are much more costly in material, space, and labor

to fabricate and test. It is also harder to determine the bar forces in beam tests. Bar forces must be
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calculated from beam moments or from strain gage readings. Thus test data from beams are much

less common than from other forms of bond tests.

Stirrups
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Test bar placed under
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Figure2-16: Typica beam specimen for bond tests

A compromise specimen somewhat between a pullout test and a beam test is the stub-
beam or beam-end specimen. Figure 217 shows a typical beamend specimen. Only the end
region of the beam is fabricated for such atest. Less material is necessary than for afull beam test
and the exposure of the bar for loading makes determination of the bar force simple. Direct
compression of the concrete near the loaded end of the bar is avoided by separating the load ram
from the surface of the specimen. The free end of the bar is either terminated outside of the rear
reaction point or debonded over its length in that zone. Accessto the bar’ s free and loaded endsis
available for slip measurements. The test bar is placed in direct tension, which may or may not be
representative of actual bond situations. The beam-end specimen was recently standardized in

ASTM Specification A944-99 “Sandard Test Method for Comparing Bond Strength of Steel
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Reinforcing Bars to Concrete Using BeamEnd Specimens’ [4] and is the only standardized bond
specimen at this time. The main disadvantage of the beamend test is the complex load

arrangement required to test the specimen.

Hydraulic Load Gri Test
Ram Ce rps Bar

%

Reaction Ly

Concrete
Stub Beam

Reactions

Strong Floor

Figure2-17:  Typica beam-end test

The remaining two categories of bond tests utilize lap splices. Tensile lap splice
specimens resembl e the basic pullout test, but no direct compression of the concrete is caused by
the loading of the specimen. Figure 2-18 shows some typical specimens. The test is essentially a
modified form of the pullout specimen. The last type of bond test, the lap splice beam test is
shown in Figure 2-19. The lap zone can be placed in constant moment or a varying moment zone

with shear depending on the arrangement of external loads.
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Figure2-18: Typicd tendle lap splice specimens
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Figure2-19:  Typicd beam specimen for lap tests

30



2.3 CODE PROVISIONSFOR DEFORMED BARS

2.3.1 Quality of Reinforcing Bars. ASTM A615

Quality of deformed reinforcing bars is controlled by ASTM A615 “Sandard
Specification for Deformed and Plain Billet-Steel Bars for Concrete Reinforcement” [3]. This
document contains standards for chemical composition, deformation geometry, tensile strength,
bending strength, and weight of deformed reinforcing bars. With respect to deformation geometry,
four parameters are controlled: rib spacing, included rib angle (not to be confused with the rib face
angle), rib height, and the gap caused in the transverse ribs by the main (longitudinal) rib of the

bar. Figure 2-20 graphically presents these parameters.

Main Rib (Longitudinal)

Rib Spacing
4—’—»

/ / |
( ﬁ_ Efight

Ribs (Transverse) Included Rib Angle

Figure2-20:  Important dimensions for reinforcing bar specifications

The spacing of ribs shall not exceed 0.7 bar diameters and shall be uniform along the bar
length. The included rib angle relative to the axis of the bar shall not be less than 45°. No gap shall
be more than 12.5% of the perimeter of the rib and the sum of all gaps within the path of arib
shall not total more than 25% of the perimeter of the rib. The average minimum height of the ribs
is required to be between 0.04 - 0.05 bar diameters. Specific values for each bar size are tabulated

inthe ASTM specification. The ASTM requirements for deformations are listed in Table 2-1.
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Bar Maximum Minimum Maximum
. Avg. Spacing | Avg. Height Gap
Size (in) (in) (in)
#3 0.262 0.015 0.143
#4 0.350 0.020 0.191
#5 0.437 0.028 0.239
#6 0.525 0.038 0.286
#7 0.612 0.044 0.334
#8 0.700 0.050 0.383
#9 0.790 0.056 0.431
#10 0.889 0.064 0.487
#11 0.987 0.071 0.540
#14 1.185 0.085 0.648
#18 1.580 0.102 0.864

Table 2-1: ASTM A615 requirements for reinforcing bar deformations

2.3.2 CodeEquationsfor Development Length

Design equations for the anchorage of reinforcing bars do not present results in terms of
predicted bond stresses, rather they provide a required development length necessary to achieve
the full yield strength of a bar. Two code provisions are discussed in this section: the ACI 318

code and the AASHTO Bridge Design Specifications.
2.3.2.1 ACI 318-02

The ACI 318-02 Building Code Requirements for Structural Concrete [2] contains
provisions for straight bar development in Section 12.2 “Development of deformed bars and
deformed wire in tension.” Two methods for calculating a development length are allowed. A
table is provided in sub-section 12.2.2 that contains simplified and conservative equations for

development length given certain conditions of cover, spacing, etc. for the bars being anchored.
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Sub-section 12.2.3 contains a more accurate and involved equation for development length. This

equation (12-1 in the ACI code) is shown below:

Lo i_yﬂ 2-1)
d, 40 a+K,0
B
+K
with v g5
dy
A
and K, LY (2-2)
15005n
Ly = development length of bar (same unitsasdy, , typically inches)
dp, = nominal bar diameter (inches)
fy = vyieldstressof reinforcing steel being developed (psi)
f¢ = cylinder compressive stress of concrete (psi, limited to 10,000 psi maximumin
section 12.1.2)
a = reinforcement location factor (1.3 if 12" of concrete cast below bar)
b = coating factor (1.5 for epoxy -coated bars with minimum clear dimension£ 3d; ,

1.2 for al other epoxy -coated bars)
g = reinforcement sizefactor (0.8 for # 6 bars and smaller)

I = lightweight aggregate factor (1.3 when lightweight aggregates are used)

c = minimum spacing or cover dimension (in, reference Figure 2-6)

Ky = transversereinforcement index

s = maximum spacing of transverse reinforcement within Ly , center-to-center
(in)
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n = number of barsor wires being developed along the plane of splitting
Ay = total areaof transverse reinforcement within the spacing, s, that crosses the
plane of splitting through the reinforcement being developed (in?)

fyr = yield stressof transverse reinforcement (psi)

Development length islimited to aminimum of 12”.

The ACI development length equation is based on work performed by Orangun, Jirsa,
and Breen [93, 94]. They evaluated the results of several well-documented studies on lap lengths
and development lengths from the United States and Europe and used data from those studiesto fit
an equation via regression analysis. The choice of terms and positioning of variables within the
equation was based on theoretical considerations, but the final selection of constants was based on
regression analysis. The equation they developed is not quite the same as the ACI code equation,
but is very close. They recommended the factors used in the ACI equation plus an additional
factor for widely spaced bars that would shorten the necessary development length. They
recommended af factor of 0.8 for their equation. The ACI eguation hasaf of 0.9 built into it.

Though Orangun, Jirsa, and Breen reported that they found no difference in the
development kength required for single bars and lapped bars and many other researchers have
noted the same results, the ACI Code, Section 12.15 requires multipliers for lapped bars in most
situations. Splices are categorized according to the ratio of steel provided to that required and the
amount of steel being spliced at a given location. Table 22 summarizes the categories and the
required splice lengths, Ls. The multipliers are used as a penalty (by increasing the lap length) to

dissuade designers from needlessly or unwisely using lap splices in a structural design and
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particularly to prevent the Class B splice situation in which all tensile bearing bars in a section are

spliced at asinglelocation.

. Maximum % of A, Spliced
A, provided Within the Required Lap Length
A, required
50% 100%
- Class A Splice Class B Splice
L, =1.0L, L=1.3L4
<> Class B Splice Class B Splice
L, =13, L,=1.3Ly

Table 2-2: ACI 318-02 multipliers for development length of lap splices

2.3.2.2 AASHTO LRFD Bridge Design Specifications (2" Ed., 1998)

The AASHTO LRFD Bridge Design Specifications[1] contain equations for reinforcing
bar development length in Section 5.11.2 “Development of Reinforcement.” Three equations for
development length are provided in sub-section 5.11.2.1.1 and multipliers for these equations are
provided in the subsequent sub-sections 5.11.2.1.2 and 5.11.2.1.3. One development length
eguation is for # 11 bars and smaller, one for # 14 bars, and one for # 18 bars. The first of these

equations (for # 11's and smaller) is presented below:

1.265A.f
Ly=——2304df, (2-3)
fC
Ly = development length (inches)
Ap = areaof bar or wire (in?)
fy = vyieldstressof bar being developed (ksi)
f¢ = compressive strength of concrete (ksi)
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dp, = diameter of bar being developed (inches)

Note that the units of stress used in the equation are in ksi rather than psi asin the ACI equation.
Modification factors are provided for many of the same conditions as the ACI equation. The

factors are listed below:

Top cast concrete (12" of concrete below bar): 14
Clear dimension (cover or ¥2 spacing) £ dp: 20
Lightweight aggregates used: 13
Sand lightweight concrete used: 12
Epoxy -coated bars with clear dimension £ 3dy: 15
All other epoxy -coated bars: 12
Clear cover 3 3" and center-to-center bar spacing® 6": 0.8

Reinforcement confined within a# 2 or greater

bar size spiral with pitch£ 4”: 0.75

AASHTO limits development length to aminimum of 12”.
The AASHTO equation is based on the ACI 318-71 development length equation. That
equation was in turn based on ultimate bond stresses specified in ACI 318-63. The derivation of

the equation is asfollows:

Ultimate bond stress: Uporg = £ 800 psi (24

95f,
d

b
The value of f¢' used in equation (2-4) isin psi. Subsequent variables with units of stresswill bein
psi until a conversion is specified to ksi. The bar force at 125% of yield (a safety factor to insure

ductile development of the bar) is equated to the resultant of bond resistance:
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Resultant of Bond Stresses = Tensile Forcein Bar

L 4PdpUpg = AL (1256, (2-5)

Equation (2-5) is rearranged to solve for Ly and equation (2-4) for the ultimate bond stress is

substituted for Upong:

A, (1.25xf
L, :% (2-6)
p bu bond

_ A, (125%)

95J—°
HE

(27)
pd,

0.04A,f,
L,@——> (2-9)

G

Equation (2-8) is made to look like the AASHTO equation (2-3) with a unit conversion from psi to

ksi:
0.043Af[ps] 21000 ¢ 1.25°Af,[ks]
Jilpsl  &1000 5 Jf[ksi]

(29

The development of the original equation for bond stress (Equation 2-4) is
undocumented. It is believed to have been developed by ACI Committee 408 based on the test
data available in the early 1960's, but no published report has been identified that provides an
explanation for its development. The majority of the test data available at that time would have
been from pullout tests, which tend to over-estimate bond stress. No f factor isincluded in the
AASHTO equation because flexural equations used to determine the area of steel required already

includeaf = 0.9. Additionally, the equation is already based on a steel stress that is 125% of the
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specified steel yield stress. The 1.25 factor that first appears in equation (2-5) can be considered
equivaent to abuilt-inf of 0.8.

The AASHTO LRFD Specifications aso require additional development length
multipliers when bars are spliced. The multipliers are given in Section 5.11.5.3. Like ACI,
AASHTO categorizes splices into classes based on the amount of reinforcement being spliced and
the ratio of steel area provided to that required, however, they have more classes of splices and

more stringent requirements for some splice categories. Table 2-3 summarizes the splice

multipliers.
Maximum % of A Spliced
A, provided Within the Required Lap Length
A, required
50% 75% 100%
- Class A Splice | Class A Splice | Class B Splice
Ls=1.0L,4 L, =1.0L4 Ls =1.3L4
) Class B Splice | Class C Splice | Class C Splice
< L = 1.3L, L =171y L =171,

Table2-3: AASHTO LRFD multipliersfor development length of lap splices

Both the ACI and AASHTO code equations for development length are based on
deformed bars conforming to ASTM AG615. Darwin et a. [41] studied bars with deformations
exceeding the minimal requirements of ASTM A615, and recommended development length

equations for barswith high relative rib area.
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24 STANDARD HOOKS

When anchorage by bond requires too long a straight bar development, aviable option is
the use of a hooked bar. Hooked bars achieve their anchorage by a combination of bond and direct
bearing of the hook on concrete.

Both ACI and AASHTO provide standard dimensions for hooks with 90° and 180°
bends. These standard dimensions are the same for both codes. Though-out this report a hook
which fits the dimensions specified in those codes will simply be called a “standard hook.” The
ACI 318-95 code contains information for detailing and designing standard hooks in Section 12.5.
The AASHTO LRFD Specifications deal with standard hooks in Section 5.11.2.4. Figure 221
shows the dimensions of the two standard hooks. The bend radius dimensions are based on safe
flexural strainsthat can be imposed on reinforcement without fracture of the steel.

Both the ACI and AASHTO codes provide a development length equation applicable for
the 90° or 180° hooks. The equation is the same in both codes but appears in different forms
because the units used for stress are different in each code specification. The form of the equation

presented below uses units of ksi for the concrete and steel stresses.

3,

S

Lhp = basic development length of hooked bar (inches)

L (2-10)

The development length of the hook, Lgh, is determined by the product of the basic hooked bar

development length, Lnp, and any applicable multipliers listed bel ow:

Side cover 3 2.5” and cover over 90° hook extension3 2.0": 0.7
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Hook enclosed within stirrups or tiesall along Lgn at spacing £ 3dy: 08
Lightweight aggregate factor: 13

Epoxy -coated bar factor: 12

There is no factor for top-cast bars because hooks develop most of their anchorage by direct
bearing, and not by bond along the surface area of the bar. Hooked bars can be developed over
significantly shorter lengths than straight bars, particularly at low concrete strengths. Figure 2-22
demonstrates this by plotting the code development Iengths for hooked and straight bars as a
function of concrete compressive strength. Lap splice lengths are also included. The plots are for
#8 bars with the maximum benefits from confinement and cover multipliers.

The mechanism of stress transfer in hooked bars is shown in Figure 2-23. The concretein
front of the hook, where it just begins to bend away from the straight portion of bar, is typically
crushed at full development of the bar. 90° hooks tend to be pulled straight around the bend of the
bar as load is applied. Thus it isimportant that the hook extension be well confined on 90° bends
or the extension may cause spalling of concrete cover behind the hook. 180° bends tend to pull
forward as a unit without slipping around the bend of the hook. Hooked bars tend to fail by side

spalling of concrete cover (Figure 2-24).
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Figure2-21:  Standard hook dimensions
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Figure2-22:  Development lengths of standard hooks and straight bars
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Figure2-23:  Stresstransfer in a hooked bar
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Side Spall

Figure2-24:  Side spdl failure of a hooked bar

Studies by Minor [84] have shown that 180° hooks experience more slip than 90° hooks
and both of these hooks exhibit more slip than straight bars as load is applied. Follow-up studies
by Marques [75] have demonstrated that compressive pressure within the plane of the bend does
not significantly enhance the anchorage capacity of the hook. Thro [111] studied U-bent bars with

lateral pressure applied perpendicularly to the plane of the bend. Thro found increasing anchorage
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strength as lateral pressure was increased. He recommended a reduction factor for development
length that cut the length by half at a pressure of 1160 psi, the same as his recommended reduction
factor for straight bars (see Section 2.2.3). Mattock [80] also studied U-bent bars with applied
lateral pressure. Mattock found increasing anchorage capacity with lateral pressure for bars with
the minimum allowable bend diameter (6dy). He recommended a capacity formula that was
proportional to (f./f4)*’ where f, is the applied lateral pressure and f is the tensile strength of the

concrete.



Chapter 3: Background on Headed Bars

3.1 INTRODUCTION

Headed bars are created by the attachment of a plate or nut to the end of areinforcing bar
to provide a large bearing area that can help anchor the tensile force in the bar. Figure 3-1 shows
an example of a headed bar. The tensile force in the bar can be anchored by a combination of
bearing on the ribs and on the head. This chapter discusses the current state-of-the-art of headed
bar technology. The current products available on the market are discussed; the available research

isreviewed; and pertinent code provisions are discussed.

Bearing on
Head Bearing on Deformations
Head . A - Bar Force
NN NN NN NN NS

\ KREEKKKKKKKKK

Figure3-1:  Anchorage of a headed bar

Throughout this chapter and through most of this report, the central parameter used for
comparing different heads will be the area of the heads. In order to normalize results with respect
to different bar sizes the ratio of head areato nominal bar areais repeatedly used. Specifically, this
ratio, termed the relative head area, is defined as the net head area divided by the nominal bar area;
the net head area being the gross head area (defined by the outer dimensions and shape of the

head) minus the nominal bar area:



RelativeHead Area = Am _ AnAs (3-1)
A, A,

Ann = thenet head area(in?)

Agh = thegrosshead area(in?)

Ap = thenominal bar areadefined by ASTM A615 [3.1] (in?)

3.2 HISTORICAL DEVELOPMENT OF HEADED BARS

Headed reinforcing bars have evolved from headed stud anchors. Extensive studies on
stud anchors first began in the 1960's. Most of this work was conducted by the Nelson Stud
Welding Company and researchers at Lehigh University [82]. Their research established the
pullout cone design method for anchors under combined shear and tension. Headed studs are
commonly used only as shallow anchorage devices or to provide composite action between steel
girders and overlying concrete deck slabs. The behavioral understanding of headed studs was
limited to these applications and there was little similarity to the anchorage problems associated
with deformed reinforcing bars.

Subsequently shear studs were adapted for use as punching shear reinforcement in flat
slabs. This work was conducted by Dilger and Ghali at the University of Calgary [44, 86] in the
late 1970’s. They found the current methods of slab shear reinforcement, which used small closed
stirrups, to be structurally deficient and difficult to construct. They began to examine alternative
methods of shear reinforcement and looked to double-headed shear studs as a possible solution.
Initially, these headed studs were created by cutting thin sections out of steel I-beams, by fusion
welding existing shear stud connectors to flat plates creating a prototype studrail, or by welding

square plates to both ends of short deformed bar lengths to create double-headed ties (Figure 3-2).
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The first method (I-sections) was found to be economically unfeasible and the second failed
because the head sizes of the existing shear stud products were too small to properly anchor the
heads into the top of the slab. The third method proved very effective. Eventually, the second and
third methods were combined to create an improved studrail with larger head areas. This product
was patented and is now produced commercialy by Decon (founded in 1989). An important
aspect of the Calgary research was the recommendation that a head size of 10 times the bar area

was necessary for proper anchorage of the studs.

L g

i. I-Section ii. Studs Welded iil. Double-Headed
Element to Flat Plate Studs

Figure 3-2: Shear reinforcement tested at Universty of Cagary

Caltrans also performed a small study of headed reinforcement in the 1970's [108]. Their
interest was in determining a method of anchoring large diameter bars used in monolithic
connections between bridge piers and box-girder superstructures. They wanted to shorten the
development length of the bars without resorting to congestion prone hooks. They tested three
methods of attaching the head to the end of the bar: allowing the bar to pass through a hole in the
head plate and fillet welding on the back side of the head, a tapered-threaded connection, and a
cylindrical metal sleeve with a filler metal material connecting the sleeve to the bar (also referred
to as a “cad-weld”). These bars were supplied by ERICO who already had experience producing

46



headed studs in the stud anchor industry. ERICO did not find much interest in these headed bars at
the time and never developed the welded or cad-welded headed bars into a commercia product
[122).

After the Dilger and Ghali studies demonstrated the potential benefits of double-headed
ties for use as shear reinforcement, the Alaska Oil and Gas Association (AOGA) began to study
the technology in the early 1980’s. They were interested in the possible use of double-headed bars
as shear reinforcement in heavily reinforced concrete offshore oil platforms. They were aso
interested in using headed bars to alleviate high congestion created by the use of hooked bars.
Additionally, they believed the headed bars could supply superior anchorage to conventional
hooks. Several series of tests were conducted by AOGA. Most of the results of these tests are
proprietary, but some findings have been reported by Berner, Gerwick, and Hoff [29].

Following their research, AOGA recommended the use of headed bars to Norwegian
Contractors, a firm specializing in the design and construction of offshore oil platforms [29].
Norwegian Contractors began a program to design a headed bar product that could be mass
produced economically but with a consistent level of high-grade quality. They teamed up with
Metalock, a British supplier of industrial services for structural contractors. These two companies
contracted the services of the SINTEF Group, a private research organization linked to the
Foundation for Scientific and Industrial Research at the Norwegian Institute of Technology [124].
Based on the work performed by Norwegian Contractors, Metalock and SINTEF, a friction-
welded headed bar was conceived. This bar design has since been used extensively in several
offshore and coastal structures including: Oseburg Platform A, Gullfaks Platform C, the Ekofisk
Barrier Wall, Sleipner Platform A (both the original and revised designs), the Snorre Foundation,

Draugen Platform, Troll East Platform, and the Hibernia Platform (all of which are located in the
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North Sea) [30]. Metalock patented the friction-welding technology and eventually formed a
North American subsidiary to produce and sell friction-welded headed bars. This subsidiary
became the Headed Reinforcement Corporation (HRC), the primary supplier of headed bars in the
United States and the sponsor of much of the research that has been conducted on the new
technology.

At the same time that Metalock was developing the friction-welded headed bar in the
1980's, ERICO developed a threaded headed bar. They first marketed the bar in Europe on a
limited basis during the 1980's [122]. In the 1990’s, after the use of headed bars in the offshore
industry created greater interest in headed bars, ERICO began to sell their product under the
trademark Lenton Terminator in the U.S. Their headed bars utilize a smaller head than the
products of HRC and Decon. The Lenton heads are only 4 times the bar area rather than 10. This
head size was derived from accepted head sizes used in the stud anchor industry [122]. ERICO
and HRC are currently the only suppliers of headed bars. HRC has been a main supporter of
headed bar research though ERICO has recently helped to sponsor some studies. Although the
early work aimed at applications within the offshore industry, recent headed bar research has

become focused primarily on bridge and seismic related applications.
3.3 HEADED BAR FABRICATORS

This section discusses the products of the two main companies that provide headed bars
in North Americac Headed Reinforcement Corporation (HRC) and ERICO. Decon, the
manufacturer of the Studrail is excluded because their product does not have the versatility of

HRC'sand ERICO’ s products and is solely intended for usein flat slabs.
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3.3.1 Headed Reinforcement Corporation

The Headed Reinforcement Corporation (HRC) is currently centered in Fountain Valley,
Cdlifornia. HRC manufactures only two products, both of which can qualify as headed bars: a
friction welded head that comes in four varieties and a forged head product that is intended for a
mechanical coupler system. The forged head is very small but it is easy to fabricate, particularly in
field conditions and shows promise for some applications in which only a small enhancement to

reinforcement anchorage is required.
3.3.1.1 Friction-Welded Heads

The friction-welded or Theaded bar is HRC's main @nsumer product. The friction-
welded heads are manufactured by pressing the end of a deformed reinforcing bar onto a plate
spinning at very high speed. The heat produced by the friction between the deformed bar and plate
causes the bar material to melt and form a weld between the two. The machinery required for this
process is quite large and the headed bars can only be created in factory conditions. The headed
bars come in four shapes. sgquare, rectangular, circular, and oval. The circular and oval shaped
heads are fatigue rated. All of the headed bars manufactured by HRC provide relative head areas
between 8.6-11.9. Table 31 lists the head dimensions, head areas, and relative head areas for
HRC's square and rectangular T-headed bars. Figure 33 shows a typical HRC friction-welded

head.
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Bar Square Gross A, Rectangular| Gross A
Size H(_ead Are_a, Agn A Ht_ead Are_a, Agh A
Size (in2) b Size (in?) b
#5 2"x 2" 4.00 11.90 | 1Y/," x 2%,” 3.13 9.08
#6 |24, x 2, 5.06 10.51 1Y, x 3" 4.50 9.23
#7 | 24,7 x 21 6.25 9.42 1Y, x 4" 6.00 9.00
#8 3"x3" 9.00 10.39 2"x 4" 8.00 9.13
#9 | 34,”x3Y,"] 10.56 9.56 2"x 5" 10.00 9.00
#10 | 3Y,"x3Y,"] 12.25 8.65 21," x 5" 12.50 8.84
#11 4" x 4" 16.00 9.26 21," x 6” 15.00 8.62
# 14 5"x 5" 25.00 10.11 3" x 7Y, 22.50 9.00
Table 3-1. HRC head sizes (friction-welded heads)

Figure 3-3:

3312

The forged head system developed by HRC is part of a mechanical coupling system
called the Xtender. The system is shown in Figure 3-4. Threaded mechanical sleeves are slipped
over the ends of the bars, then upset ends are forged onto the bar ends. When the mechanical

sleeves are coupled together, they bear on the forged heads and hold the separate bars together.

HRC friction-welded head

Forged Heads
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Mechanical Sleeve Forged Mechanical Sleeve
(female) Heads (male)

b a e T o Y W T s e et b

Figure3-4.  The Xtender coupler system

The Xtender forged heads can be created in the field. First the bar end is preheated with a
blowtorch, then a special hydraulic vise is used to forge the head out of the material of the bar. An
ICBO (nternational Conference of Building Code Officials) evaluation report [13] supplied by
HRC lists minimum acceptance standards for Xtender head dimensions. The minimum head
diameters specified by HRC are typically about 1.3 times the bar diameter providing a relative
head area of about 0.7. In practice however, the final heads are slightly bigger. Measurements
made of the Xtender headed bars supplied to this project by HRC showed that the forged head
diameters were generally 1.5 times the bar diameter providing a relative head area of 1.3. These

measurements are summarized in Chapter 6, section 6.6.3.
3.3.2 ERICO

ERICO (short for the Hectric Railway Improvement COmpany) was founded in 1903

and manufactures products for a variety of marketplaces including construction, electrica,
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railway, utilities, and communications. Their Lenton subsidiary produces products for
reinforcement applications mostly consisting of mechanical splicing devices. Their Lenton
Terminator utilizes a tapered thread connection between the reinforcing bar and a special nut that
is screwed onto the bar to provide a head. Currently, thisis their only headed bar product. Figure

3-5 shows the L enton Terminator.

Figure3-5:  ERICO’sLenton Terminator head

The tapered thread of the Terminator head allows a more efficient stress transfer than
conventional straight thread connections. ERICO’ s product literature claims that the tapered thread
connection can support 125% of yield for a grade 60 reinforcing bar. Terminator heads are circular
and generally have a relative head area around 3 or 4. Table 3-2 lists the available Terminator head
sizes. ERICO also provides information on the development lengths of the terminator bars and

these values are supplied in Table 3-2 aswell.
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Bar 'Head Gross A, Terminator

size | Diameter | Area, Ay, | —3— Development
(in) (in2) b Length (in)

#4 13, 1.48 6.40 3.6

#5 13, 1.48 3.77 4.6

#6 1Y, 1.77 3.02 5.5

#7 13, 241 3.02 6.5

#8 21, 3.98 4.04 7.3

#9 2Y, 3.98 2.98 8.4

# 10 3 7.07 4.57 9.3

#11 3 7.07 3.53 10.4

# 14 33, 11.04 3.91 12.4

# 18 41, 15.90 2.98 16.8

Table 3-2: Lenton Terminator head sizes and development lengths

Terminator heads can be applied in the field provided the bar ends are pre-threaded.
Threading may be accomplished in the field. Reinforcing bars may even be tied in place before the
head is attached. To attach the head, all that is needed is the Terminator nut and a torque wrench.

Table 3-3 lists the manufacturer’ s required torque values for installation of the Terminator heads.

Bar Sizes Setting Torque
#4 30 ft-lbs
#5 90 ft-lbs
#6 130 ft-lbs
#7 160 ft-lbs
#8-#18 200 ft-lbs

Table 3-3: Setting torques for Lenton Terminator heads
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3.4 PREVIOUSRESEARCH ON HEADED BARS

The available research on headed bars can be separated into two categories: application
studies and general behavior studies. The distinction between the two categories derives from the
scope of the research. The research grouped under application studies tendsto focus on particular
structural uses of headed bars and utilizes test specimens whose behavior cannot be extrapol ated
beyond the specific application that is being modeled in the study. General behavior studies are
those research programs aimed at determining mode of behavior that can extrapolated to many
different types of structural situations. For the most part these studies entail research on
development length or anchorage capacity. This research program is intended to fall under the
latter category of general behavioral research. Only the research that was deemed to study general
behavioral trends is reviewed in detail within this section. The remaining literature is described

briefly at the end of this section.
34.1 Caltrans Study

Nineteen pullout tests of headed bars were conducted at the Transportation Laboratory of
the California Department of Transportation (Caltrans) in the early 1970's [108]. Their test
specimens used large diameter reinforcing bars with #11, #14, and #18 sizes. The purpose of the
tests was to determine if headed bars could represent a viable aternative to hooks in monolithic
bridge pier/superstructure connections. The scope of the study also involved testing of several
different head-bar connections. The various connections are shown in Figure 3-6. With only two
exceptions, the headed bars tested used very large head sizes: relative head areas of 15.0 for the
#11 and #14 bars tested and 13.1 for the # 18 bars tested. The two exceptions included one non-
headed #18 bar and one small headed #18 bar using only a cad-weld coupler sleeve as anchorage

(the sleeve provided arelative head area of 1.8).
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Metal Sleeve

Filler Material

i. Weld ii. Cad-Weld iii. Tapered Thread
Connection Connection Connection

Figure3-6:  Head-bar connections tested by Caltrans

The test specimens consisted of tensile pullout specimens similar to those shown in
Figure 217. Large embedment lengths were provided for the bars. Additionally, supplementary
transverse reinforcement was used around the perimeter of the specimen blocks. The variables
tested included: bar size (#11, #14, or #18), single versus group action (four bar groups of #11's),
concrete cover (7%/," or 19"), embedment depth (ha/dy, = 8 to 32), method of head attachment (see
Figure 3-6), and head size (An/Ap = 0.0, 1.8, or 13.0). Most test specimens used fully bonded bars
so that anchorage occurred by a combination of bond and bearing of the head.

The Caltrans researchers discovered that the bonded lengths of their bars were too long to
allow much anchorage capacity of the bars to be carried by the heads. In most tests the test bar
yielded in tension or the load to failure exceeded the capacity of the test frame. The research
provided the following conclusions:

The head sizes selected for testing were more than adequate for the development

lengths tested in the research program.
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One test of a nuch smaller head size (Ann/Ap = 1.8) provided comparable results to
similar tests of larger head sizes (Ann/Ap, = 13) indicating that smaller head sizes
could achieve yield. The Caltrans researchers recommended that smaller heads
should be investigated in any forthcoming research.

More load was carried by the head as the bonded length of the bar was reduced.
When compared to stress results measured from the non-headed test specimen in
which anchorage was carried completely by bond, the measured load carried by the
heads compared favorably to the forces that would be predicted assuming that the
remainder of the load would be carried by normal bond stresses along a fully bonded
bar. Figure 3-7 shows data from the Caltrans study. In the figure, the percent of load
carried by the heads aligns well with the load distribution curves measured from the
fully bonded test bar. The data indicate that the portion of the load carried by bond in
a headed bar follows a similar load distribution as the case in which no head is
present. One data point suggests that the head may carry a greater percentage of the
load for smaller development lengths at greater stress levels and that bond resistance
breaks down in favor of transferring the load to the head under such conditions.
Load-slip measurements of the test bars indicated that more slip is experienced for

bars acting in groups than single headed bars.
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Figure 3-7: Head reaction versus embedment depth compared to fully bonded

load profiles (after Caltrans data [108])

The Cdtrans researchers made several recommendations for the use of headed bars

including specifications for acceptable head-bar connections (any of the three connection types

tested was found to be acceptable for the given embedment depths) and staggering arrangements

for headed bars in groups (staggered termination points were recommended to avoid overlap of the

heads). The recommendations were restricted to grade 60, #18 bars with at least four feet of

embedment depth.

57



3.42 SINTEF Studies

Most of the literature regarding the SINTEF studies [45, 50, 51, 52, 95, 96] is proprietary
and unavailable for review. The information presented here comes from a summary paper written
by two engineers from Norwegian Contractors: Dyken and Kepp [46].

SINTEF performed a nurber of studies primarily intended to demonstrate the strength
and ductility of the friction-welded head-bar connection. These studies included static tension,
static bending, and fatigue tension tests on the headed barsin air. Three groups of tests studiedthe
performance of the headed bars embedded in concrete: static pullout bond tests, fatigue pullout
bond tests, and beam shear tests.

Figure 3-6 shows atypical static pullout specimen. The Dyken and Kepp report suggests
that only headed bars with the head size shown in Figure 3-8 were studied (A nn/Ap = 6.0) and that
studies of the effects of head area were not a parameter of the study. Specimens were tested with
normal weight concrete with 8,700 psi compressive strength and light-weight aggregate concrete
of compressive strength 10,400 psi. Bond between the concrete and the deformed portion of the
bar was prevented by use of a plastic sleeve. All specimens tested failed by yielding of the bars (fy
= 80 ksi). Minimal dlip of the heads was observed in all tests. Comparison tests with hooked bars
were also studied. All that is reported in the available literature is that the headed bars had a better

|oad-slip response than the hooked bars.
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Figure3-8:  Static pullout test performed by SINTEF

The fatigue pullout test used identical specimens as the static tests, but specimens were
tested with #6 and #8 size bars. The tests were intended only for a fatigue test of the head-bar
connection. The bars were embedded in concrete only to provide a realistic support condition for
the head. In order to prevent premature failure of the concrete, deliberately high compressive
strengths of 12,000 psi were used. All specimens failed by fatigue fracture of the friction-welded
head-bar connection.

Three shear beam specimens were tested. Two specimens used headed bars for the shear
reinforcement and the third used a standard stirrup detail. All three beams failed at nearly identical
|oads thus demonstrating that the headed bars were an adequate substitute for standard stirrups.

It is known that the SINTEF research was related to the development of HRC's headed
bars. They developed tests to show the quality of the friction-welded head-bar connection and

influenced the choice of the head sizes adopted. However, the HRC head sizes may also derive
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from the recommendations for studrail heads that were derived at the University of Calgary [44,
86]. The SINTEF study serves as the basis for many of the standards required in ASTM A970
“ Sandard Specification for Welded Headed Bars for Concrete Reinforcement” [5] which is

discussed later in this chapter.
3.4.3 Univerdty of Kansas Study

Beamrend bond tests of headed bars were conducted at the University of Kansas [119].
The research was sponsored by HRC and all headed test bars were supplied by them. The test
specimens were modeled after specifications contained in ASTM A944 “ Standard Test Method for
Comparing Bond Strength of Steel Reinforcing Barsto Concrete Using Beam-End Specimens’ [4]
(see Figure 2-17 for an example of this specimen type). Seventy specimens were tested. Test bars
were non-headed, hooked with 180° bends, or friction-welded headed bars. The goal of these tests
was to determine a development length formula for headed bars. Parameters studied in the
research were:

- Concrete cover — cover was 2 or 3d, measured to the surface of the bar (not the head).

- Bar exposure — in some specimens, plastic sheathing was placed over the deformed
bar in order to test the strength of the head by itself.

- Transverse reinforcement — four arrangements of stirrup bars were tested as
confining reinforcement for the pullout tests and compared against unconfined test
results. Figure 3-9 shows the four stirrup arrangements.

Parameters that were kept constant throughout the study were bar size (#8), embedment length
(12"), concrete strength (4,500 — 5,000 psi), and the size and shape of the friction-welded heads
(HRC's standard #8 square head size: 3" x 3"). Additionally, al bars were bottomcast and only

single bar groups were tested.

60



Transverse reinforcement patterns studied at Kansas [119]
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Results of the Kansas study indicated the following:
Headed bars failed at equal or higher loads than hooked bars. Both types of bar
anchorages exhibited similar load-slip and failure behavior. In addition, the response
of hooked and headed bars to transverse reinforcement and increases in cover were
smilar.
The benefit from increases in cover was diminished when increasing amounts of
transverse confinement were provided.
Capacity was increased by 50% by the addition of transverse reinforcement.
Thereafter, additional transverse reinforcement provided diminishing returns in
capacity.
PV C sheathing over the straight bar length of the headed bars increased the capacity
of the headed bar. Additionally, PV C sheathing also lessened the degree of surface
cracking exhibited before failure of the anchorage. This occurred because splitting
forces and cracking associated with bond of the deformed bar were eliminated and
the ability of the concrete to carry forces fromthe head was increased.
The optimal anchorage performance from the headed bar was achieved by sheathing
the straight bar deformations over the embedment length and providing 3d, clear
cover over the bar if no transverse reinforcement was used or providing transverse
reinforcement if only 2d,, clear cover was provided. There was minimal advantage to

providing both large amounts of cover and transverse reinforcement.

Following the experimental testing, a regression analysis was performed to provide a

best-fit equation for development length of the headed bars tested. Many forms of design
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eguations were used, most of them based on straight bar development Iength. However, none of
the straight bar based equations was found to be adequate as a design expression. Eventually, an
equation based on the ACI 318 [2] expression for hooked bars was used. The following were

recommended in aproposal [119] for an addition to ACI 318 Building Code:

1. Theheaded bar development length, Ly, shall be calculated as the following:

22d, f 0
sy @30y 9oy ) 32

GOJE c+Ky g

2. Thebasic development length, L4, shall not be less than 6dy, or 6.

Lge =

3. Concrete cover shall not be less than 3dy,.

4. A minimum of three transverse stirrups shall be positioned within the development
length, Lg;.

5. The amount of transverse reinforcement within the development length, Ly, required

is Ayfyr/s3 2000 Ib/in or no less than 5d, of clear cover must be provided.

dp, = bardiameter (in)

fy = baryield strength (ksi)

f¢ = concrete compressive strength (ksi)

¢ = minimum cover dimension to the surface of the bar (in)

Ky =  transverse reinforcement index (as defined in Equation 2-2)

a = casting position factor (to be determined by future research)

I = lightweight aggregate factor (to be determined by future research)

b = epoxy-coated reinforcement factor (to be determined by future research)
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y = excessreinforcement factor (to be determined by future research)

The Kansas recommendation for headed bars is essentially 7/12 of the existing ACI
Building Code formula for hooked bars. However, the formula limited to the type of headed bar
tested in the Kansas program, the standard HRC friction-welded head (A w/Ap @9 for most bar
sizes). ldeally, the nature of the connection of the head to the bar should not have any impact on
development length provided that the connection is strong enough, so it should not matter that the
bars tested were friction-welded. However, the size and geometry of the head is important. By
testing only one head size and basing proposed code text on that head size, the Kansas study
presents the danger of standardizing that head size. Since all head geometry parameters were kept
constant throughout the test series and the development length proposals are based only on those
parameters, the proposed anchorage requirements depend on the head size used. As aresult, this
“standard” head then becomes the only choice for designers and contractors, and all other products
or head geometries can not be considered. This problem is discussed later in regard to certain

headed bar provisions that have already been included in standards.
3.4.4 Univerdty of Texas Study

An extensive study sponsored by the Headed Reinforcement Corporation was conducted
at the Phil M. Ferguson Engineering Research Laboratory of the University of Texas at Austin.
This research was conducted by two PhD students, Richard DeVries and Tarek Bashandy, and is
documented in their dissertations [42, 26]. In the first phase of the study, over 160 pullout tests
were conducted studying a variety of variables. Tests in that phase of the study can be further
subdivided into shallow and deep embedment tests. In the second phase of the study, 32 large-

scale specimens simulating exterior beam-column joints were tested, then one full exterior beam-
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column sub-assemblage was constructed and tested under cyclic loading. Once again, design
eguations werefit to the data and recommendations proposed for code implementation.

Figure 3-10 shows some geometric parameters that must be defined to discuss the Texas
study. The embedment depth, hy, is the length measured from the critical section where the full
load of the bar must be carried to the inside face of the head. This is distinguished from bond
length, Lyong, Which is the length over which bond of the bar can occur and might not be the full
length of the embedment depth. In test specimens, the bonded length (Lyong) Of the straight
deformed bar was controlled by PV C sheathing placed over the bar surface. Perpendicular to the
bar axis are the two axes of clear cover, 1 and 2. Axis 1 is oriented in the direction parallel to the
minimum clear cover to the bar axis;, axis 2 is perpendicular to axis 1. Consequently, clear
distances contain subscripts related to the axis along which they are measured: ¢, the minimum
cover distance to the center line of the bar; c.1, the clear cover distance measured to the bar surface
along axis 1; and g,1, the minimum clear cover distance measured to the head surface along axis 1.
The variables ¢, G, and g, are the analogous cover distances measured along axis 2. The
variablesh; and h, are the edge lengths of rectangular heads measured along axes 1 and 2.

Most pullout tests were of single bars in tension. Bars were generally cast in the vertical

position unless otherwise noted. Bar sizes were #6, #8 and #11.
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Figure3-10:  Definition of geometric parameters for Univergity of Texas study

3.4.4.1 Shallow Embedment Pullout Tests

Twenty-one shallow embedment pullout tests were conducted by DeVries [42]. Shallow
embedment tests were somewhat arbitrarily distinguished from deep embedment tests by having a
ratio of embedment depth, hy, to bar clear cover, ¢, less than 5. Among these tests, the primary
variables were concrete strength (4 to 11 ksi), embedment depth and edge distances. Also studied
were the effects of transverse reinforcement, development length, and head size. Figure 311
shows the basic shallow embedment test specimen.

DeVries determined that transverse reinforcement did not significantly affect the ultimate
pullout strength of the headed bar but did add post-peak residual strength to the anchorage.
Bonded development length added some contribution to ultimate capacity primarily when

transverse reinforcement was used and hel ped to reduce head slip. Tests studying head size were
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limited (only one pair of comparable tests both with rather large heads: Apn/Ap = 5.7 and 7.4) but

showed no effect due to head size. This conclusion may not be true for smaller head sizes.

Load Cell

Hydraulic Ram

Reaction Frame

Failure Surface

Linear Potentiometer

Figure3-11:  Shdlow embedment pullout specimen used by DeVries

All but three tests failed by pullout of alarge concrete cone initiating at the head (see
Figure 311). The three exceptions failed by fracturing of the bar steel. DeVries compared his
pullout capacities to several models of anchorage and found that the Concrete Capacity Design
(CCD) method for breakout of anchor bolts best fit his data. In the CCD method, a cone failure
surface is projected from the head of the anchor bolt or headed bar and the area of this surfaceis
used in capacity calculations [48]. DeVries modified the coefficient of the equation dlightly to
account for lower head bearing stresses in headed bars than are typical of anchor bolts. He also

proposed basing the projected failure surface on the head perimeter rather than the center of the
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bar, as is typical of anchor bolts (Figure 312). The following equations for concrete breakout

capacity were proposed:
. Ay
Concrete Breakout Capacity, N, = A—YlN b 33
No
N, = 22.5(h, }°ff. 3-4)
Cmin
Y,=07+03——£1 (35
1.5h

d
Np = thebasic concrete breakout capacity (1bs)
Y. = modification factor for stress disturbance caused by proximity to an edge
Ano= basic projected area of asingle anchored bar, 9(hg)? (in?)
An = projected areaof concrete breakout failure as defined in Figure 3-12 (in%)
hy = theembedment depth asdefined in Figure 3-10 (in)
Cmin = the minimum edge distance equivalent to c; in Figure 3-10 (in)

f¢ = concrete compressive strength (psi)
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3.4.4.2 Deep Embedment Pullout Tests

A total of 123 deep embedment tests were performed by DeVries [42]. Bashandy also
performed 25 follow-up tests [26]. Deep embedment tests were distinguished from shallow
embedment tests by having aratio of embedment depth, hy, to bar clear cover, ¢, greater than 5.
The primary variables of DeVries tests were embedment depth, development length, head
orientation, head geometry (including head area, aspect ratio, shape, and thickness), transverse
reinforcement, concrete strength, cover, corner versus edge bars, and closely spaced bars.
Bashandy’ s follow-up tests studied the effects of cyclic loading and anchorage of the head behind

acrossing bar or against another head. Figure 3-13 shows the basic test set-up.

Load Cell

Hydraulic Ram

Failure

Surface
_—

Concrete Wedge

Linear Potentiometer

Figure3-13:  Deep embedment pullout specimen used by DeVries and Bashandy
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Among the conclusions from the deep embedment studies were:
The primary mechanism of failure was side blow-out.
Provided that the embedment depth was sufficient to classify the bar as deeply
embedded, further embedment depth did not enhance the ultimate capacity.
Bonded length did enhance the slip performance of the bar, and provided a small
increase in ultimate capacity. The increase in anchorage load due to bond could be
reasonably estimated by existing bond equations (here DeVries referred particularly
to the Orangun equation used as the basis of the ACI provisions[94]).
The orientation of rectangular heads had no effect on the ultimate capacity.
The aspect ratio (width:length) of rectangular heads had no noticeable effect on
ultimate capacity.
The shape of the head (circular versus square) had no visible effect on ultimate
capacity.
Ultimate side blow-out capacity increased with increasing head size and the
relationship tended  be linear. DeVries data were reformulated in terms of bar
stress versus relative head area and are shown in Figure 314. Many of the bar
stresses exceed yield levels because DeVries loaded the bar into the strain hardening
range. All the data points presented in Figure 3-14 represent side blow-out failures.
Ultimate capacity was unaffected by the head thickness even when the head yielded.

It should be noted that DeVries' range of head thickness was limited (0.5” — 0.75").
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Figure 3-14:  DeVries dataon side blow-out capacity versus reative head area

DeVries studied transverse reinforcement in the form of tie-backs or transverse bars
crossing in front of the head. His maximum levels of transverse reinforcement were
approximately half the area of the headed bars being anchored. Within those steel

limits he found that there was only a small increase in the side blow-out capacity of
the headed bar and that the primary benefit of the transverse reinforcement was the
residual post-failure capacity provided. Bashandy studied transverse reinforcement in
the form of crossing bars and loaded headed bars (ie. a CTT node situation which is
discussed further in the next chapter). His transverse levels of steel varied from half
to equal amounts of the headed bar area. He found that capacity was improved 10 —

25% by the transverse steel.
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Ultimate capacity improved with increasing concrete compressive strength, and was

roughly proportional to (f¢)*°” with much scatter.

Ultimate capacity improved with increasing edge dstance, c;, and was roughly

055 \with much scatter.

proportional to (c4)
Corner bars had less capacity than bars along only one edge. DeVries recommended
that the headed bar should be treated as a corner bar when the maximum edge
distance, c,, was less than 3 times the minimum edge distance, c;.

Close bar spacing resulted in areduction of anchorage capacity similar to edge bars.

Side blow-out capacity was unaffected by cyclic loading up to a maximum of 15

load cycles.

DeVries determined that the primary variables upon which a design should be based were
edge distance, ¢;, net head bearing area, Ann, and the concrete compressive strength, f.'. DeVries
compared his data to several models of bearing or side blow-out capacity. He also performed a
regression analysis to determine a best-fit equation for capacity. Many existing models of bearing
capacity and side blow-out capacity fit the data reasonably well. DeVries' final model of capacity
was based on the method recommended in CEB documents [10, 11] for side blow-out of deeply
embedded anchor bolts. The CEB formulation is in turn based on research conducted by Furche

and Eligehausen at the University of Stuttgart [49]. DeVries recommended the following:

Side Blow-Out Capacity, N, = Ans Y,Ng (3-6)
A Nsbo

Ng :144011[Anhfg (37
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Y,=07+03=2£1 39
R

1

Ngp = thebasic side blow-out capacity (Ibs)

Y, = modification factor for stress disturbance caused corner affects

Ansso = basic projected side blow-out area of asingle anchored bar, 36(c1)? (in?)
Ans = projected areaof side blow-out failure asdefined in Figure 3-15 (in?)
Am = thenet bearing areaof the head (in?)

C;,C; = theminimum and maximum edge distances (see Figure 3-10) (in)

f¢' = concrete compressive strength (psi)

Additionally, DeVries aso recommended that the head be thick enough to prevent

yielding of the head steel at ultimate anchorage capacity.
3443 Beam-Column Joint Tests

Bashandy tested 32 simulated exterior beam+column joints and one exterior beam-
column sub-assemblage [26]. The exterior beam-column joint was designed to be similar to tests
performed by Jirsa et al. on hooked bar anchorages in beam-column joints [75, 84]. Figure 316
shows the basic configuration. In some tests column ties were included within the joint region to
enhance the anchorage confinement of the headed bar or to improve the shear capacity of the joint.
Specimens failed by one of two modes: “side blow-out” failure of the headed bar anchorage or
shear related failure of the joint region. Bashandy’s “side blow-out” failures are placed in quotes
because, while they superficially resembled the sde blow-out failures in the deep embedment

pullout tests, there were some indications of more complex behavior. Similarly, the specimens that
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failed by a shear related mode could not be easily categorized by either of the distinct modes
observed in the shallow and deep embedment pullout studies. Many of the variables studied in the
previous headed bar tests were studied here: bar diameter, head geometry (area, aspect ratio, and

orientation), embedment depth, side cover, and transverse steel.
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Figure3-15:  Projected concrete side blow-out areas for different Stuations
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Figure3-16: Typica exterior beam-column joint studied by Bashandy

Eighteen of the 32 beam-column tests failed by “side blow-out.” The following
conclusions were drawn from those tests:

Among test pairs in which the gross head area and the embedment depth were
constant, the bar diameter had no effect on ultimate capacity.
The results of three companion tests showed that ultimate capacity was improved by
increasing the head area of the bar.
Head aspect ratio and orientation had insignificant effects on ultimate capacity.
Ultimate capacity increased linearly with embedment depth (measured from the face

of the column to the head of the bar). Strain gages indicated that less of the total
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capacity was carried by the head as embedment depth was increased (Bashandy |eft
the deformed bar unsheathed in these tests). Past a certain embedment length (12"),
load in the head did not increase but rather increases in the capacity of the bar were
due to bond along the straight lead length.

Side cover improved the ultimate capacity of the bars.

Transverse steel confinement was studied in the form of #3 column ties placed
parallel to the axis of the headed bars (a typical joint detail). Ultimate capacity was
improved with increasing transverse steel which enhanced the anchorage by
restraining the side cover from lateral blow-out and by confining the concrete
underneath the heads to improve bearing capacity.

The anchorage performance of headed bars was at least equivalent to and frequently

better than anal ogous hooked bars.

Bashandy compared his test data to data from similar test conditions in DeVries pullout
study. Bashandy found that the capacity of headed barsin joints was 14 — 44% less than analogous
bars tested in deep embedment pullout studies. Bashandy concluded that the capacity of the bars
was influenced by the shear in the joint region that affected the failure mode of the bars.

Only one full exterior joint sub-assemblage was tested by Bashandy. Cyclic testing was
performed on the sub-assemblage. Bashandy found that the headed bars provided superior
performance to hooked bars tested in an equivalent specimen and that capacity degradation and

anchorage loss was minimal.
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3.4.5 Application Studies

Application studies involving headed bars fall into three categories: tests on joints
utilizing headed bars, tests of double-headed bars as shear and confining reinforcement, and
studies on the use of headed reinforcement to retrofit and rehabilitate walls and piers for seismic

performance.
3451 Joint Tests

Five roof corner joint specimens and two exterior beam-column joint specimens were
tested at Clarkson University [115]. The research was sponsored by the National Science
Foundation with materials supplied by HRC and ERICO. The corner joints utilized HRC friction-
welded heads and hooked bars for comparison. The exterior joint specimens used ERICO’'s
Lenton Terminator heads. The tests were intended to test if headed reinforcement could conform
to the ACI 352 recommendations for seismic joints in buildings. The researchers found that the
headed bars provided greater member stiffness than hooks because there was less slip of the
anchorage during cyclic testing. When subjected to cyclic loading eventually all bond was|ost and
anchorage of the bar was carried solely by the head. At large deformations this caused pushout of
the concrete behind the heads when reversed loading placed bottom headed bars in compression.
However, this did not occur until unrealistically large deformations had been imposed on the
joints.

One bridge column/cap-beam knee joint specimen was tested at the University of
Cdlifornia, San Diego [62] with reinforcement provided ailmost completely by headed reinforcing
bars (with the exception of spiral column reinforcement). The research was sponsored by HRC
and all of the heads were friction-welded. The specimen was designed to mimic earlier tests using

conventional hooked bar anchorage details. The purpose of the test was merely to prove the
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acceptability of headed bar details for seismic bridge knee joints. The headed bar anchorage was
sufficient to carry the anchorage forces and the specimen failed by plastic hinging at the top of the
column member. However, the close spacing of the horizontal bars in the cap beam required
staggering of the headed anchoragesin order to prevent overlapping of head plates. The staggering
of the bars within the anchorage zone necessitated a stub extension of the cap beam length beyond

the joint region (Figure 3-17).

Staggered Head Anchorages

\ |

/- Stub / Joint Region / Cap Beam
Extension

Figure 3-17:  Photo of cap-beam/column joint reinforcement from U.C. San
Diego study [62]
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A follow-up headed bar test at the University of California, San Diego studied the
effectiveness of headed reinforcement in a seismic pile/foundation connection [107]. Once again,
the research was funded by HRC. They supplied all headed bars used in the specimen. This test
was interesting in the fact that Xtender heads were used as anchoring elements for lapped bars.
Figure 318 shows the basic detail. Short bond bars with large friction-welded heads at one end
and Xtender bulb heads at the other were used as bond bars to enhance the anchorage of the pile
dowel bars to the foundation slab. This test represents the only known lap splice test of headed
bars described in the background literature. Once again, the headed bars were sufficient to provide

anchorage and the specimen failed by plastic hinging of the pile element next to the foundation.

Bo\nd Bars (# 9)

26" Lap _
Length #5spiral

w/ 3" Pitch

Pile Dowel Bars (# 10)

Figure3-18:  Rileffoundation connection studied a University of Cdifornia, San
Diego
Xtender headed bars were studied at the University of Texas at Austin as tie bars for

connecting precast bent caps to cast-in-place bridge columns [79]. In the first phase of the study,
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which was aimed at developing viable pier-cap connection details for precast bent caps, 18 pullout
tests were performed on epoxy -coated headed and non-headed bars embedded into grout-filled
pockets. The variables of the pullout tests included bar anchorage (Xtender forged heads or non-
headed), bar size (#6, #8, and #11), embedment depth (5 — 18dy), grout pockets versus grouted
ducts, confining reinforcement around the outside of the grout pocket, and grout parameters
including the brand and the inclusion of pea gravel. Headed bar anchorage underwent four stages:
(1) anchorage entirely by bond, (2) formation of splitting cracks in the grout and transfer of bar
force from bond to the head, (3) the extension of splitting cracks into the surrounding concrete and
the propagation of cracks from the corners of the grout pocket, and (4) failure by yield or concrete
breakout. Concrete breakout capacities were compared to the modified CCD equations devel oped
by DeVries[42]. The breakout capacities of the headed bars in the grout pockets were proportional
to embedment depth and were about 20% less than the capacities predicted by the modified CCD
equations. The reduction in strength was attributed to the influence of cracks propagating from the
corners of the grout-filled pockets.

Headed bars were used in several cantilever bridge pier tests at the University of Texas at
Austin [23, 118]. The headed bars were tested as anchorage in the CCT and CTT nodes that form
at the end of the cantilevered bent and the connection of the bent and the column (Figure 3-19).
All of the test specimens were reduced scale, so the headed bars were specially manufactured at
the lab. #2 - #5 bar sizes were used with square or rectangular plates fillet-welded to the end of the
bar. The relative head areas of the bars varied between 6.5 - 8.8. The researchers found that the
headed bars reduced congestion and improved constructabilty of the cages. The anchorage ability

of the headed bars was found to be comparable to hooked bars. Comparisons were made on the

81



basis of crack width measurements that showed that the performance of the headed bars was

comparable to that of hooked bars.

Figure 3-19:  Cantilever bridge pier tested at the University of Texas

Following the collapse of the gravity base structure (GBS) of the Sleipner A offshore oil
platform on August 23, 1991, a series of full-scale tests were conducted on tri-cell wall joints to
verify hypotheses of the collapse causes and to assist in the redesign of the platform. The original
and revised plans of the tri-wall cell joint utilized headed bars at a citical juncture and the
collapse of the structure was linked to improper anchorage of these headed bars. 10 tri-cell joint
specimens were tested by SINTEF in 1992 [38, 63]. Figure 320 shows the basic specimen.
Failure was attributed to the short anchorage length provided for the double headed bars and the
absence of shear reinforcement within the joint zone. Experimental and analytical results indicated
that had the headed bar been lengthened 10” on both ends, the failure mode of the tri-wall cell unit

would have shifted to the flexure related mode it was designed for rather than the shear-related
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failure that occurred. This experiment does not indicate that the headed bar did not develop within
the provided length. Rather it showed that the as-detailed anchorage point of the headed bar did
not correspond to the required location for the tension tie based on strut-and-tie modeling and the
flow of forces in the tri-cell wall. The failure crack propagated around the head of the bar. The
Sleipner A collapse ad corresponding structural tests vividly emphasize that good anchorage

should not be confused with good detailing.

Cross-Section

of Typical 3
GBS Unit \

# 8 Headed Bar.
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8" Lo
f

Test Specimen Failed Specimen

Figure3-20:  Test specimen for Seipner A collgpse investigation

3452 Shear and Confining Reinforcement Tests

During the early AOGA (Alaska Oil and Gas) tests on headed bars, a beam test utilizing

double-headed stirrups cut from plate steel was tested [29]. The short, deep beam achieved a
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substantial capacity and sustained that capacity for aductility factor greater than 40 (due largely to
catenary action). A few years later, the consulting firm hired to perform the AOGA tests (Ben C.
Gerwick Inc.), was employed by HRC to test three large scale deep beams utilizing HRC
manufactured double-headed stirrups [30]. The primary variable was the transverse reinforcing
ratio. The beams were supported so that continuous beam conditions were modeled. All three
specimens achieved peak ultimate loads that more than doubled the design loads predicted by ACI
code equations. After sustained loading, the capacity of the specimens dropped in a ductile manner
to the capacity predicted by the ACI code and that capacity was sustained until the tests were
halted.

Following their work on studrails for punching shear reinforcement in flat slabs, Dilger
and Ghali began to exam usage of double-headed studs as confining reinforcement for wall and
shell elements [43]. Five wall specimens were tested at the University of Calgary. One wall
contained no transverse confinement and served as a baseline for experimental results. Two walls
were confined with conventional bent cross-tieswith a 180° bend at one end and a 135° bend at the
other. The remaining two walls utilized double-headed ties provided by Decon. The double headed
ties utilized heads with the 10 bar area size used in Decon’s Studrail design. Dilger and Ghali
found that the double-headed ties provided superior performance to conventional cross-ties. The
enhanced performance was due to the fact that the cross-ties did not achieve their full yield
capacity before anchorage failure of the bent ends occurred. In contrast, the double-headed ties
achieved yield. They also found that the headed ends did not need to engage vertical and
horizontal crossing barsin order to achieveyield.

Sixteen large-scale wall elements were tested in the University of Toronto’s Shell

Element Tester by Kuchma and Collins [64]. Eight of these wall elements contained double-
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headed ties as transverse confining reinforcement. The other eight specimens contained no
transverse confining reinforcement. Kuchma and Collins found that the capacity and ductility of
confined wall elements was superior to that of the analogous unconfined walls. Results of the
testing were used to provide transverse confinement modifiers to analytical formulations for usein
non-linear finite element computer programs developed at the University of Toronto for design of

offshore oil structures.
3.45.3 Rehabilitation and Retrofit Studies

The use of double-headed tiesto repair earthquake damaged pier walls was studied at the
University of California, Irvine [57]. Walls built to 1971 design standards were tested cyclically to
failure then repaired using cross-ties or double-headed ties and re-tested. One out of six wall tests
utilized double-headed ties manufactured by HRC. The remaining five tests utilized conventional
bent-up cross-ties. The wall repaired with double-headed ties was found to perform better than
analogous walls repaired with the cross-ties due to the fact that the cross-ties tended to spall the
wall side cover as they acquired load and the bent ends of the ties straightened. The double-headed
ties were also found to be far easier to install than the cross-ties. It was determined that the heads
did not need to engage buckled longitudinal reinforcement in order to provide confinement.

Four earthquake damaged bridge columns were tested the University of California,
Berkeley [69]. Three of the columns had severe damage and different repair schemes utilizing
HRC double-headed ties or Xtender mechanical couplers were tried on each column. The first
column used the Xtender coupling scheme to replace buckled and fractured longitudinal bars. The
remaining two columns used double-headed ties placed longitudinally within an external jacket at
the base of the columns. The ties were confined transversely by spiral reinforcement and

embedded into the footing member of the bridge column specimens. The three repair schemes
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were sufficient to rehabilitate the columns to equal or greater capacity than they originally
possessed though in some cases the original ductility could not be achieved. The repair schemes
were considered successful and the tests proved the potential of the HRC products to be used for
seismic rehabilitation of bridge columns.

In addition to the various application studies listed in the proceeding sections, Lenton
Terminators were recently used as anchorage for the primary reinforcement in two of four deep
beam specimens tested at Purdue University [21]. However, the test specimens were intended to
test aspects of structural performance other than anchorage (namely, the performance of diagonal
compression struts). Nothing of significance concerning headed bars was noted in the tests other
than that the heads provided enough anchorage to sustain yielding of the primary tension steel.
Hooked anchorages were used in the remaining two specimens and were also shown to be

sufficient.
35 RELATED BEHAVIORAL TOPICS

Two phenomena have very similar behavior to the anchorage of headed bars: bearing of
rigid plates and anchorage of deeply embedded anchor bolts. These two topics are discussed

briefly in this section.
3.5.1 Background on Bearing Capacity

The bearing action of heads very much resembles the bearing action of rigid plates on
concrete with the difference that the bond related splitting stresses caused by deformations on the
bar disrupt the bearing zone in front of the head (Figure 321). Because of the similarities in

behavior, it thus seems pertinent to review some of the research on bearing capacity. Only three

investigations are summarized herein: the work by Hawkins at the University of Sidney [60, 61],
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the work by Niyogi at the Indian Institute of Technology [90, 91, 92], and the work by Williams

[116]. These studies contain the most extensive research on concrete in bearing and will suffice for

an overview of the subject.
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Figure 3-21: Bearing of arigid plate versus bearing of a headed bar

3511 Hawkins

In atwo part study on the bearing strength of concrete, Hawkins performed 300 tests on
concrete cube specimens loaded under 113 different test conditions [60, 61]. Hawkins studied such
variables as specimen size, specimen shape, plate size, plate shape, plate stiffness, eccentricity of
load, edge loading, concrete strength, maximum aggregate size, and aggregate density (lightweight
versus normal). He used a theoretical model of failure to develop an equation for the bearing

capacity of concrete which he then compared to his test data. Hawkins modeled bearing as a
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mechanism through which a wedge of concrete forms underneath the bearing plate that
subsequently splits the surrounding concrete mass apart asit is pushed downward. Movement of
the wedge is resisted by shear friction along the wedge surface and tensile stresses in the
surrounding concrete. The resulting model contains components that are added to one another

which are proportional tof'C and 1/E respectively. The equation that Hawkins derived for

concentric loading by arigid plate is presented below:

Py = f;Algl+L%J§ A 39
§AA g
P, = thebearing load supported by the plate (1bs)
f¢ = theconcrete cylinder strength (psi)
A.= theareaof theload plate (in)
A, = theeffective unloaded areaof concrete (in?)
K = a constant derived from concrete properties of tensile strength and the angle of
internal friction which varied from 50 — 65. Hawkins recommended a value of 50

for design purposes.

Additionally, Hawkins recommended that the effective unloaded area should be
concentric with and geometrically similar to the load plate. Furthermore, the area of the effective
loading area may be as much as 40 times the area of the load plate before a limit must be imposed.
Hawkins also suggested alternative formulations for strip loading and edge loading of concrete

surfaces and proposed a criteria by which aload plate could be considered rigid.
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3.5.1.2 Niyogi

Niyogi tested 858 unreinforced concrete specimens under 327 different test conditions
[90, 91] and 106 reinforced concrete specimens under 69 different test conditions [92]. He studied
variables such as the shape and size of the specimen, the shape and size of the load plate, the
position of the load plate, the rigidity of the support conditions for the specimen, the effect of
concentrated loading from both ends of the specimen, the concrete strength, and the amount and
form of reinforcement under the load plate. Niyogi determined empirical expressions for bearing
strength for concentric and eccentric load conditions. His expression for bearing strength under

concentric conditionsis listed below:

é N 2 u
P e (0] e (0] .

Pz AfL 042 ¢ N2 02 gog (BN Q5050 (3-10)
g 2c, 2¢, 4 \&2¢c, 2c¢ 5 H

P, = thebearing load supported by the plate (Ibs)
fee = the concrete cube strength (psi)

A.= theareaof theload plate (in)

>
=
|

= thewidth of theload plate (in)
h, = the breadth of the load plate (in)
2c,= thewidth of the specimen (in)

2c,= thebreadth of the specimen (in)

Niyogi’s notation was different than the notation listed above. The notation has been altered to
resemble the notation used by DeVries for headed bars (see Figure 3-10). Also note that Niyogi’'s

formula is related to the compression strength of concrete cube tests, not the typical cylindrical

89



compression strength. Cube tests generally provide compressive strength values 15-20% higher
than cylinder tests of the same concrete. The conversionsf.' = %6 fec or 87 foo are typically used.
Niyogi made several observations from his study:
The bearing capacity of eccentrically loaded blocks was greater than the capacity
predicted using a concentric reduced areato calculate load capacity.
The bearing capacity was affected by the height of the specimens when the breadth
and width were greater than the height. Beyond that point, the capacities leveled off.
Specimens with smaller ratios of unloaded area to load plate area (A /A; < 16)
showed decreasing capacity with increasing specimen height. Specimens with larger
ratios (A /A1 > 16) showed increasing capacity with increasing specimen height.
The support medium of the specimen (see Figure 3-22) affected its capacity when the
specimen blocks were shalow (height/width < 2). The more compressible the
support medium, the less the capacity of the blocks.
Simultaneous concentrated loading on both ends of the specimen (Figure 322, ii.)
resulted in reduced bearing capacity. The reduction in bearing capacity was
diminished as the specimen height was increased but did not disappear even when

the height was increased to twice the width dimension.
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Figure3-22:  Bearing tests on concrete blocks

At low ratios of unloaded 0 loaded area (A2/A; < 4), the bearing strength was
directly proportional the concrete strength, but as the A »/A; ratio was increased, the
bearing capacity was proportional to alesser power of concrete strength.

A size effect was observed for geometrically proportional specimens of varying
sizes. Bearing capacity diminished as the dimensions of the specimen and load plate
increased (Figure 3-23).

Large diameter spirals provided the most effective reinforcement for bearing
capacity. The spiral steel closest to the load plate was the most effective portion of

the spiral.
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Figure 3-23:  Niyogi's Sze effect data

35.1.3 Williams

Williams performed more than 1500 tests under 382 different test conditions [116]. In
addition, Williams collected a database of test results from the array of literature on bearing
capacity or related behavior such as post-tensioned anchorage plates. His experimental work was
aimed at filling in the gaps left in the experimental database. He studied such variables as
specimen height, the effect of a softening medium placed between the load plate and the concrete
surface, the effect of the concrete surface condition (trowelled or cast flat), eccentric loading, the
effect of the secondary width dimension, the effect of support friction, the size effect produced by
using a micro-concrete with a very small maximum aggregate size, and the effect of a lateral
shearing component of load on capacity. After performing a regression analysis of the combined
database of his work and previous investigations he determined that the following equation best

predicted the bearing capacity of concrete:
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Py = 6.92><A1fct§%% (3-11)
19

0
|

= Thebearing load supported by the plate (Ibs)

= The concrete tensile strength (determined from split cylinder tests) (psi)

—
[+)
Q

|

A1= Theareaof theload plate (in?)

A, = Theeffective unloaded area of concrete (in?)

For simplicity, Williams recommended that an exponent of 0.5 be used rather than 0.47 for the
Ao/A 1 ratio.
In addition, Williams observed the following:
Specimens with height/width ratios greater than 1.5 were unaffected by the
supporting medium on which they reacted.
Bearing capacity was affected by the placement of a softening medium between the
load plate and the concrete surface. In general, the softer the load medium, the lesser
the bearing capacity.
Bearing capacity was affected by the friction and rigidity of the support medium. In
general, the softer the support medium and the less friction provided by the support
medium, the lesser the bearing capacity.
Bearing capacity was reduced when the contact surface between the load plate and
the concrete surface was not uniform (ie. when the concrete bearing surface was
trowelled rather than cast flat).
The bearing capacity was determined by the resistance of the specimensto splitting,
therefore the tensile strength, not the compressive strength, of the concrete is the

governing factor for bearing resistance.
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Because capacity was governed by lateral splitting, the affect of lateral tensile loads
on capacity can severely reduce the bearing capacity. He did not examine the effect
of lateral compression loads.

For edge loading, increases in the secondary cover dimension (see Figure 3-24) can
enhance the bearing capacity. This increase in capacity diminished once the

secondary cover dimension exceeds four times the width of the load plate.

minimum cover

. ) secondary cover
dimension, c;

dimension, c,

Figure3-24:  Minimum and secondary cover dimensons

3.5.2 Deeply Embedded Headed Anchor Bolts

Deeply embedded headed anchor bolts are frequently used to connect steel columns to
concrete support blocks or drilled piers. Deeply embedded headed anchor bolts differ from
shallow embedment anchors by the nature of their failure mechanism. Shallow embedment headed
anchors fail by the formation of a breakout cone which pulls out of the face of the concrete (see
Figure 3-11). Deeply embedded anchors fail by side spalling of the concrete cover near the anchor
head which is referred to as side blow-out (see Figure 3-13). DeVries' [42] pullout tests

reproduced these two failure modes for headed bars. However, prior to DeVries' research, several
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studies on the anchorage behavior of deeply embedded headed anchor bolts were performed at The
University of Texasin Austin and the University of Stuttgart. The behavior of headed anchor bolts
isvery similar to the behavior of the headed bars. This section summarizes the research on deeply
embedded headed anchor bolts and the similarities and differences in anchorage behavior of
headed bars and headed anchor bolts. Emphasis is placed on deep embedment tests because their
side blow-out behavior resembles the failure modes which occur in this investigation much more
than the concrete breakout failure of shallow embedment tests. Due to the importance of the model
for prediction of side blow-out capacity, some in depth background into the development of the

model is necessary.
3521 LeeandBreen

In the 60's Breen [31] and Lee [68] studied the development length of anchor bolts cast
into square footings. Breen performed 36 bolt tests using the test setup shown in Figure 3-25. He
studied variables such as bolt diameter (1'/,” to 3"), embedment depth (10d;, or 15dy), and the
presence of a nut or a washer and nut at the end anchorage of the bolt. His concrete strengths
ranged from 3.2 to 5.3 ksi. Lee performed a follow-up study on 26 anchor bolts using the same
type of specimen. In some tests, he modified the load arrangement slightly so that the maximum
footing moment occurred at the level of the bolt end anchorages. Lee studied variables such as the
clear cover (1dy to 4dy), cyclic loading, the shape of the footing (square or circular), concrete
strength (2.5 to 6.0 ksi), and the use of 90° bend end anchorages. Because many of Breen's bolt
specimens yielded before failure of the concrete occurred, Lee used higher strength boltsin his

tests.
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Figure 3-25: Test specimen used by Lee and Breen

Lee and Breen observed the following:
Bolts failed by one of three mechanisms: longitudinal splitting of the concrete cover
similar to the failure of a deformed bar, side blow-out of the cover over the head, or
fracture of the bolt steel.
Initially, adhesion of the bolt shaft to the concrete provided bond anchorage.
However, as the bolt load was increased, the bond of the bolt shaft deteriorated until
full anchorage was provided by the head only. This behavior was determined by
analysis of the loaded end dlip.
The method of loading (varied by Lee) affected the loaded end slip but not the
ultimate strength of the bolt.
The shape of the drilled shaft footing did not affect the slip or ultimate strength
behavior of the bolt.

The primary variables affecting bolt anchorage were cover and concrete strength.
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35.22 Hasselwander and Lo

In the 70's Hasselwander and Lo [58, 59] conducted 35 full-scale and 29 model bolt tests
using specimens similar to those used by Lee and Breen. The primary purpose of their study was
to develop design equations for the use of deeply embedded high strength anchor bolts. The
variables studied in their test program were: bolt diameter ¢/,", 1", or 1°/,”), embedment depth
(10dy, 15dp, or 20dy), clear cover (1dy to 4.5dy,), bearing area (A /Ay = 1.9 to 19.3), cyclic loading,
lateral shear loading of the bolt, bolts in groups of two (center spacing = 5", 10", or 15”), and
transverse reinforcement in the form of hairpins (1 or 2 #4 bars placed close to the head).

Hasselwander and Lo observed the following:

Bolts failed by the three mechanisms previously observed by Lee and Breen.
Splitting or spalling of the concrete cover was preceded by the formation of awedge
of concrete at the anchor head that produced lateral splitting forces.

The primary variables affecting bolt capacity were concrete strength, clear cover, and
the bearing area of the head.

Cyclic loading at or below the service level did not significantly affect the strength
or behavior of the anchor bolt.

Transverse reinforcement significantly increased the strength and ductility of anchor
bolts with shallow cover.

Lateral shear loading significantly reduced the tensile capacity of the bolt.

The capacity of individual bolts in groups was lower than the capacity of individual
bolts in tension. At the spacings studied, the two bolt groups had total capacities

approximately equal to the capacity of individual bolts.
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Hasselwander performed a regression analysis of the data from bolts that failed by wedge
splitting (longitudinal splitting of the cover over the bolt) and developed an equation for the
capacity of anchor boltsloaded in tension:

& 2¢ o

= (3-12)

&
T = 140A,,,4[f, 0.7 +In
g d,, - d, 5

T = ultimate capacity of asingle anchor bolt (Ibs)

Ann = net bearing area of the anchor head which is limited to 4d,,? (in?)
dp, = boltdiameter (in)

dy = washer (head) diameter (in)

¢ = clear covertobolt (in)

Equation 3-10 is limited to anchor bolts with embedment depths greater than 12(d,, - dy,).
3.5.23 Furcheand Eligehausen

In the 80’s, Furche and Eligehausen [49] conducted 35 tests of single headed anchorsin
specimens similar to DeVries'. The variables in their study included embedment depth (hg = 4" to
20"), cover dimension (c; = 1.6” to 3.1"), head area (An, = 041 to 1.71 in?), and the head angle
(9head = 5, 20°, or 90°). Figure 326 describes the head angle. Their concrete strength was kept

constant at 3.8 ksi aswastheir bolt diameter at 1”.

Head Angle, ohe;V

S

Figure 3-26:  Definition of head angle
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Furche and Eligehausen’s specimens failed by one of two modes: concrete breakout or
side blow-out. The transition from concrete breakout failure to side blow-out was dependent on
the ratio of cover dimension to embedment depth and the ratio of embedment depth to head
bearing area. They determined an equation to define the critical cover/embedment ratio as a

function of embedment/bearing arearatio:

&, 0% (313)
h, ‘ An/hy - 0.1)
c; = coverdimension (in)

hg embedment depth (in)

Ann = net bearing area (in?)

Figure 3-27 plots equation 3-11. Cover/embedment values that plot above the transition line fall in
the region where concrete breakout failure should occur. Values below the transition line fall in
the region of side blow-out failure.

Furche and Eligehausen developed an equation to define the side blow-out capacity of

headed anchors:
T =64c,4/Af. (3-14)

-
1

ultimate capacity of asingle anchor bolt (Ibs)

—h
n..
1

concrete cylinder strength (ksi)

The variables ¢ and A, are as defined for equation 3-11. Equation 3-14 was produced

from a regression analysis of Furche and Eligehausen’'s data as well as the published data of

99



Hasselwander and Lo [58]. Furche and Eligehausen recommended an additional factor of 0.8 to

produce a 5% fractile capacity.

Figure 3-27:
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Furche and Eligehausen’ s trandtion of failure modes for headed
anchors

Additionally, Furche and Eligehausen observed the following:

Of the bolts which failed by side blow-out, the diameter of the blow-out cone was

between 6 to 8 times the cover dimension, c;.

Measurements of lateral concrete deformations indicated that lateral bulging of the

concrete cover did not begin until the peak capacity of the bolt was achieved.

Shallower head angles resulted in significantly reduced anchorage capacities. For the

shallow angles tested by Furche and Eligehausen (5° and 20°), the capacity of the

bolts was reduced by as much as 50% from the capacity of bolts with head angles of

0°.
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3.6 CODE PROVISIONS

There are no code provisions that provide direct guidance for the detailing of headed
reinforcing bars. Bth Wright and McCabe [119] and DeVries [42] have proposed anchorage
provisions for headed bars which have already been presented. However, neither of the proposed
guidelines has been included in the 2002 ACI 318 Building Code. The few guidelines that do exist
among the design codes are discussed in this section. The ACI and AASHTO codes are discussed
as well some provisions from the Canadian design and a controversial ASTM specification.
Guidelines for bearing plates will also be discussed since they closdy resemble the theoretical

anchorage behavior of headed bar heads.
3.6.1 U.S. Mechanical Anchorage Provisons

Both the ACI 318 code [2] and the AASHTO Bridge Design Specifications [1] use nearly
identical language for their mechanical anchorage provisions. Currently, designers using headed
bars would probably take their guidance from the provisions for mechanical anchorage. Section
12.6 of the ACI code and Section 5.11.3 of the AASHTO code provide provisions for mechanical
anchorage. Both provisions state the following:

Any mechanical device capable of developing the strength of a reinforcing bar
without damaging the concrete is allowed.

Such devices may consist of a combination of the mechanical anchorage and bond of
the additional embedment length of reinforcement between the point of maximum
bar stress and the mechanical anchoring device. The commentary of both provisions
specifically states that the yield strength of the bar does not need to be entirely
supported by the mechanical anchorage provided that the combination of bond and

mechanical anchorage can support the yield strength.
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Documentation of the sufficiency of the mechanical anchoring device shall be

provided in contract drawings or presented to the pertinent building official.

Otherwise, no guidelines for design and use of mechanical anchoring devicesis provided.
3.6.2 Canadian Shear Provisions

The Canadian Code, CSA A23.3-94 for Design of Concrete Structures [9] allows for the
use of headed shear reinforcement in Clause 13.4.8 of the code. Sub-clauses 13.4.8.1-3 of this
code requires the following:

The headed anchorage shall be capable of developing the full yield strength of the
bar.

The head area of the bar shall be at least 10 times the area of the bar unless
experimental evidence justifies asmaller size.

The factored total shear stress resistance (in Sl units) shall be no greater than
08l f C\/E which is 1.33 times greater than the total allowed for members with
conventional shear reinforcement.

The factored shear stress contribution from concrete (in Sl units) shall be no greater

than 0.31f C\/E which is 1.5 times greater than that allowed for members with

conventional reinforcement.
The second statement undoubtedly derives from the headed stud research performed by Dilger and

Ghali [44, 86] at the University of Calgary. The increases in concrete shear capacity result from

the enhanced confinement effect that headed bars should presumably provide.
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3.6.3 ASTM Specification for Weld Connected Heads

The ASTM A970 Specification for Welded Headed Bars [5] applies to headed bars in
which the head is connected to the bar by means of any welded connection. The specification
deals primarily with quality control standards for the head-bar weld connection, but also contains
requirements for head sizes. Specification 7 deals with the quality control of the weld connection
and mandates procedures for several performance tests including static tension and bend tests of
the head-bar connection. Additionally, Appendix X2 includes non-mandatory recommendations
for metallurgical and hardness tests of the head and welded zone. The appendixes (in X3.6-7) also
recommend extensive record keeping of automated production process parameters specifically
citing force, temperature, and revolutions, al of which are parameters associated particularly with
friction-welded heads.

Specification 5 “Materials and Manufacture” is the most significant for structural
designers. This is the specification that mandates head sizes for welded headed bars. Table 1 lists
gross head area requirements that correspond to 10 bar areas for each bar size (or Ann/Ap =9).
Note 2 of the table states that such head sizes are to ensure that concrete crushing failure does not
occur underneath the head based on a concrete compressive strength of 30 MPa (4.4 ksi) and a bar
yield strength of 420 MPa (61 ksi). Note 4 states that the specified head sizes are necessary for
anchorage of the bar by the head only. Heads with smaller sizes are permissible provided that the
headed bar manufacturer provide documentation that confirm the suitability of the head for the
intended application (Specification 5.3).

This ASTM Specification is controversial because of the head size specifications. Some
designers and manufactures feel that it is inappropriate for the ASTM document to specify head

size and that that decision should rest with the structural engineer. In a correspondence between
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this author and Steven McCabe of the University of Kansas who was the author of the standard
[123], Mr. McCabe stated that the head size recommendations were developed out of a collective
work including the SINTEF tests performed for Metalock as well as “hundreds of studies of these
[headed bars] in various locations on both sides of the Atlantic.” The size recommendations were
also influenced by the inclusion within the Canadian CSA Code of a 10 bar area requirement for
head size.

The quality control measures specified in the document also bear striking resemblance to
those practiced by HRC. The language in parts of the code suggests a bias towards friction-welded
headed bars over other potential forms of welded headed bars. Mr. McCabe stated that he worked
with representatives from HRC during the formation of the ASTM specifications. Given the fact
that HRC is the only manufacturer of friction welded headed bars at the current time and thus have
the only documented methods for the quality control of welded headed bars, their standards of
production may have overly influenced the writing of the code.

As a result of the head size requirements and the language of the quality control
standards, the ASTM specification has been viewed as biased towards HRC' s headed bars and
biased against their competitor, ERICO’s Lenton Terminator. Due to these controversies over the
first draft of the ASTM specification, new drafts of the A970 Specification are currently under
development. Within the newer drafts, inclusion of quality control standards for other forms of
head-bar connections such as the tapered thread used by ERICO may also be included and the

minimum head size standards may also be modified or dropped [123].
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3.6.4 U.S. Bearing Strength Provisions

Both the ACI and AASHTO code contain similar provisions regarding the bearing
strength of concrete. Bearing strength is covered in Section 10.17 of the ACI code and Section

5.7.5 of the AASHTO code. Both codes give the following equation:

P, = 0.85f A, ﬁ—j (3-15)
P, = concrete bearing strength (1bs)
f¢ = concrete compressive stress (psi)
Ai = loaded area(in®)

A, = notional area defined by a frustum projected beneath the loaded surface, as

defined in Figure 3-28 (in%)

Because there is a limit imposed on the maximum size of A, (see Figure 328), the maximum

bearing strength provided by Equation 3-13is 1.7f;".
A, < 4AA,
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Figure 3-28:  Definition of notiond area
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3.7 FINAL COMMENTS

There are many details from the collection of reviewed literature in this chapter that
warrant reflection.

First, among the research that has been performed on headed bars, a disproportionate
amount of the work has used only one type of headed bar, HRC' s friction welded head. Of the 15
research projects on headed bars that were reviewed, only one project has represented both HRC' s
and ERICO’s head types in the research (the Clarkson study), and even then, the experiments with
the friction-welded heads and the threaded heads were not directly comparable to one another. The
early Caltrans study was also comprehensive in its representation of a variety of head types, and
the pullout tests by DeVries and Bashandy at the University of Texas represented avariety of head
sizes. However, despite these exceptions, the predominance of the research has used only one head
type: a friction-welded head of a size of about 10 bar areas. This is a major shortcoming of the
available research and should be addressed in future studies.

The studies by Caltrans (1974) and the University of Texas (DeVries) have both
demonstrated that bond can be a significant component of headed bar anchorage and that the
current development length equations can be used to reasonably estimate the contribution of bond
stress. Data from Caltrans, the University of Texas, and Clarkson have also indicated that, because
of the contribution of bond, head sizes smaller than 10 bar areas can work for certain situations
particularly when the embedment length of the bar islarge.

The bearing capacity study by Williams has shown that capacity is proportional to the
square root of the plate area times the effective unloaded area. If the effective unloaded area is
considered to be four times the minimum cover dimension squared, 4c;? (essentially the largest

square which can be inscribed underneath the load plate), then the following results:
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Pr Aq/ﬁ_ =VA1A2 :\}A1(4C1)2 =2C1\/A—1 (3-16)
1

The final product shown above is very similar to the basic side blow-out formula which DeVries
used to model the behavior of the deeply embedded headed bars and Furche and Eligehausen used

for deeply embedded anchor bolts:
Ny =144c,A . f L CyA,, (317

The similarity between the two equations tends to suggest a similarity in behavior. Side blow-out
failure and bearing failure both involve the formation of a compressed wedge of concrete at the
head or bearing plate. Forward movement of this wedge is resisted by friction parallel to the
surface of the wedge and lateral tension stresses in the surrounding concrete. In the case of a
bearing plate test, lateral tension results in through splitting of the concrete block specimen
(Figure 329, part i.). In the case of a headed bar or anchor bolt which is close to an edge, the
lateral tension results in splitting and spalling of the concrete surface that provides the least cover
(Figure 329, part ii). The three types of tests demonstrate similar behavior and their capacities
show adependency on the same variables. Thus, it is reasonable that the collected data from
bearing tests, deeply embedded anchor bolt tests, and deeply embedded headed bar tests could be
assimilated into one database representing a class of behavior which could be used to calibrate a

formulafor the bearing capacity in all three types of applications.
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Figure3-29:  Splitting mechanism in bearing and sde blow-out fallures

Another similarity in behavior between bearing studies, anchor bolt studies, and headed
bar studies appears in the term for the modification factor for radial stress disturbances, Y ;. While
such a term does not appear in any of the bearing capacity formulas, experimental evidence has
suggested that such a term might be appropriate. The Y ; term recognizes an improvement in
capacity for headed bars in which the secondary cover dimension, ¢,, isgreater than the minimum
cover dimension, g (see Figure 330). Williams noted that the capacity of an edge plate was

enhanced when additional width was added to the sides of his specimens. Niyogi also noted that
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capacity calculations based solely on the projection of the load plate in defining the effective
unloaded area tended to under-predict the measured capacities of uni-axial eccentric specimens.
Williams' and Niyogi’'s experimental observations suggest that bearing capacity improves as the

ratio cy/cy increasesand a 'Y ; type term would be appropriate for bearing capacity formulations.

Effective unloaded area, A, = 4c,

Capacity = (Coefficient)*(f )V(A,)°°

Effective unloaded area, A, = 4c,

Capacity > (Coefficienty*(f )" (A,)%°

Figure3-30:  Effect of the secondary cover dimension, ¢,
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Chapter 4: Background on Strut-and-Tie M odeling

4.1 INTRODUCTION

Strut-and-Tie Modeling (STM) is a detailing and ultimate strength calculation procedure
for discontinuity regions within structures. When point loads are introduced onto structural
members or abrupt changes in cross-section are introduced, conventional methods of plane section
analysis are no longer sufficient. Such locations (termed disturbed regions) are generally detailed
using rules of experience or empirical guidelines based on limited research data. Such methods are
not based in structural mechanics for ultimate strength determination. Empirical methods are
limited to the experience base from which the method derives. It is possible to analyze disturbed
regions using complex analysis procedures such as finite elements. However, the computer
software necessary for such computation is not readily available to many designers. Furthermore,
the cost and time of such analysis, which might constitute a large percentage of the designer’s
effort, does not always reflect the material and construction cost of the disturbed regions, which
may represent only a minor part of the cost of a complete construction project. Strut-and-tie
modeling represents an in-between design method for complex structural details that has abasisin
mechanics but is simple enough to be readily applied in design.

STM is a method involving the idealization of a complex structural member into a simple
collection of struts, ties, and nodes representing, in a general manner, the flow of stress paths
within the member. Figure 4-1 shows some typical structural components for which STM could be
applied. STM isideal for deep members, joints, supporting brackets or corbels, dapped beam ends,

anchorage zones for post-tensioning, and many other complex structural components.
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Figure 4-1: Examples of srut-and-tie modding

STM is derived from plasticity theory. STM is a lower bound solution method.
According to the theory of plasticity, any statically admissible stress field that is in equilibrium

with the applied loads and in which stress levels are on or within the material yield surface
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constitutes a lower bound solution [89]. Plastic material behavior is a primary assumption of
plasticity theory. Strain capacity of the materials is afundamental requirement to fully satisfy that
a lower bound solution occurs. Though plain concrete lacks considerable plastic stress-strain
behavior, properly detailed, confined concrete can sustain ductile compressive strains (Figure 4-2).
Plasticity theory has been applied to the design of reinforced concrete but only with the proviso
that strain limits within the concrete are limited or adequate detailing is provided to enhance the

ultimate strain limits of the material.
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Figure4-2:  Deformation response of plain and confined concrete

STM involves the construction of a truss mechanism contained within the boundaries of
the member being analyzed. The truss mechanism is composed of struts that model concrete
compression fields, ties that model tensile steel reinforcement, and nodes that represent the
localized zones in which the tensile steel is anchored into the concrete and strut forces are

transferred into the ties. The struts and ties carry only uniaxial stresses. This truss mechanism must
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be stable and properly balance the applied loads. Failure of the truss mechanism is dictated by
yielding of one or more ties or by excessive stresses within the struts or nodes or by an anchorage
failure of the reinforcement at one of the nodes. When used properly to detail a structural member,
only the first of the aforementioned failure modes should occur. The choice of acceptable concrete
stress levels for struts and nodes is an empirical add-on to conventional plastic theory designed to
alow for the use of concrete. Allowable stress levels are chosen to prevent local crushing or
splitting of struts and nodes and are generally based on the degree of confinement available to the
concrete.

In order to apply STM to structural concrete members, it is convenient to delineate
disturbed regions from the other parts of the structure that will follow plane section material
behavior and which can be analyzed using conventional beam analysis (Figure 4-3). Such regions
of the structure are typically termed bending or B-regions. Likewise, the disturbed regions are
termed D-regions. The selection of the D-region boundary is based on St. Venant’s Theorem and
the transition of local stress fields into full section stress fields. Typically, a boundary line is
drawn at a distance of 1-1.5 times the depth of the member from the point of applied load or the
edge of the abrupt change in section. A static solution is found for the member as a whole to
determine al reaction forces, moment diagrams, and the like. Then cracked section analysis
(Figure 43, ii.) is conducted within the Bregions to determine boundary stresses for the D
regions. Following this step, the D-region can be isolated and treated as a separate entity with all
reaction forces and boundary stresses treated as externally applied loads. Consideration must also
given to the placement of reinforcement within the B-regions and the continuity of that
reinforcement into the D-region. Figure 4-4 shows the separation of a dapped beam into D- and B-

regions.
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Once the D-region isisolated, atruss mechanism is constructed based on a probable flow
path for the internal stresses. As stated before, the truss mechanism consists of struts, ties, and
nodes. Figure 44 shows some of these components for a dapped beam end. STM allows for
several different types of struts and nodes. Figure 4-5 shows some possible strut types. The most
likely strut type is the prism strut with a constant cross-sectional shape all along its length. A fan
type strut islikely to occur at a deep beam end where the diagonal shear struts converge to asingle
node. The bottle-shaped strut islikely to occur where large amounts of surrounding concrete allow
the compression stresses to bulge outward in the middle of the strut. The spreading within a bottle-
shaped strut produces tension stresses that may require transverse reinforcement. A bottle shaped

strut may be reduced to an equivalent truss for a better understanding of the flow of forces.
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Figure 4-5: Strut types

Figure 4-6 shows the three basic node types. A Compression-Compression-Compression
(CCC) node is the intersection of three compression struts. A Compression-Compression-Tension

(CCT) node is the intersection of two struts and a tension tie. A Compression-Tension-Tension
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(CTT) node represents the intersection of one compression strut with two tension ties. CCT and
CTT nodes generally have lower effective strengths than CCC nodes due to the disruption effect
created by the splitting associated with bond anchorage of the reinforcing bars. Theoretically
Tension-Tension-Tension (TTT) nodes are possible, but they are not likely in practice. There are,
of course, other possible node combinations involving the intersection of four or more struts and

ties. In 3-dimensional truss models these are quite possible (see Figure 4-1, iv. Deep Pile Cap).
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Figure 4-6: Basic node types

4.2 HISTORICAL DEVELOPMENT

The use of truss models to describe behavior of structural concrete members began

slightly over 100 years ago when Ritter developed a truss model (Figure 4-7) to analyze the action
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of shear in reinforced concrete beams [102]. In the following years (from 1900 — 1920's), the
shear truss model was refined by Moérsch [87], Withey [117] (who introduced the concept to the
United States), and Talbot [109] (who compared truss model analysis to data from experimental
beam tests). Experimental testing indicated that the truss models provided very conservative
estimates of shear capacity. The truss models simply did not account for shear contributions that
came from the tensile capacity of the concrete and other miscellaneous factors. Eventually a more
empirical method was developed to calculate shear strength in which the capacity was determined
by the summation of a concrete contribution, V,, and a stirrup contribution, Vs. This practice was
first introduced by Richart in 1927 [101], and the truss models for shear soon fell out of fashion.
Though truss models were sometimes utilized to explain certain phenomena in simple terms such
as the model Mdrsch [88] developed for distribution of a concentrated load into a cross-section

(Figure 4-8), emphasis on the truss modeling waned in English speaking countries.

Vit AN AN

Figure4-7:  TheRitter truss model for shear

The truss model was eventually revisited in the English speaking countries in the late
1960's and early 1970’'s as a means of calculating the ultimate capacity of beams subjected to
combined shear and torsion. Lampert and Thirlimann [66] developed a model for torsion based on

the theory of plasticity (Figure 49). The torsion model was refined by Lichinger [71], Mitchell
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and Collins [85], and Ramirez and Breen [97] so that the space truss could account for all actions

of shear, torsion, bending, and axial load in combination.
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Figure4-8:  Morsch’struss mode for concentric, concentrated load

Following the resurgence of the truss model in the 1970’ s for shear, torsion, and bending,
a general method of truss modeling began to emerge for dl structural situations. The strut-and-tie
modeling approach for discontinuity regions was developed and endorsed by Marti [76, 78] and
Schlaich [105] in the 1980's. In 1984, the Canadian CSA Standard [9] introduced STM into code
draft. STM provisions have been introduced into the AASHTO Bridge Design Specifications [1]

and ACI recently included provisionsin the ACI 318 Code, 2002 Edition [2].
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Figure4-9:  Trussmodd for torson

4.3 STM DESIGN PROVISIONS

4.3.1 Procedurefor STM Design

STM is only a small part within the design of a structure, and usually one of the later
steps. Figure 410 shows the flowchart for structural design and the place of STM within the
complete process. STM is a tool that may facilitate detailing disturbed regions. Other methods
(empirical or mechanical) may aso be available to the designer to guide the detailing of D
Regions. If STM is to be utilized, the primary structural analysis must be performed beforehand.
Because compatibility between D- and B-regions must be maintained, STM can only be
performed after the primary structural analysis and the determination of the forces at the
boundaries of the D-regions and the selection of the primary (B-Region) reinforcing steel that will
be continued into and anchored within the D-regions.
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Figure4-10:  Fowchart for Sructurd design

Figure 411 outlines the procedure for STM. STM begins with the determination of D-
region boundaries and the calculation of boundary forces on the D-region (steps 1 and 2 in the
flowchart). Once the geometry of the D-region and the applied |oads are known, a truss model can
be chosen (step 3). If several load cases exist for the structural member, then different boundary
forces may exist for each load case. One truss model may not be sufficient for the different
configurations of applied loads and separate truss models may be developed for each load case.
Truss models should be determinate if possible. Indeterminate truss models for STM are
somewhat questionable since they require elastic properties for the truss membersto carry out the

analysis of forces. It is difficult to determine reasonable elastic properties for struts and ties
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because the actual structure will not be a truss, but a complex bulk member with non-uniform
stress fields. Since the method is approximate in any case, it makes much more sense to maintain
simplicity by keeping the truss determinate and avoiding the additional work required for an
indeterminate analysis. An aternative when stress flow paths are complex is to develop multiple
truss arangements and arbitrarily divide the applied loads among the different trusses (This
approach has been recommended by Schliach [105] and experimentally confirmed by Maxwell
[81] for awall with an opening). It isimportant for the designer to keep the approximate nature of
STM in mind when performing the process. Exaggerated complexity in the analysisis not likely to
enhance the STM design outcome to any significant degree and will only consume time and
energy.

Once a basic truss model is chosen, the geometry of the truss must be established. The
geometry of the final truss will depend on the depth of nodes, struts, and tie steel. However, these
parameters may not be known at the beginning of the STM process and an iterative process must
be used. Some geometric parameters may be set because of boundary conditions such as bearing
plate dimensions or the centroids of reinforcing steel layers and struts that continue from the B-
regions into the D-regions. Such information can be utilized to bring the geometry of the initial
truss model close to its final form (step 4). For this reason, it is necessary to have performed an
analysis and design of the adjacent B-regions before proceeding with STM. When the geometry of
the truss model is determined, then the truss can be analyzed and the forces in the struts, ties, and
nodes calculated (step 5).

Following the calculation of the strut and tie forces, the required area of steel for the ties
is generally calculated (step 6). Thus bar sizes can be selected and the layout of steel detailed. The

layout of the tie steel must be checked to seeif it fits within the geometry of the concrete member
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and must be detailed so that its centroid aligns with the assumed centroid of the tie in the truss
model. If the tie steel does not fit, then the designer must redraw the truss model to suit a geometry
in which the tie steel will fit and re-calculate the truss forces (step 6a). The designer must then
determine if the selected tie steel will still work or if a new bar selection must be made. Once the
tie steel has been selected, then the layout of the tie bars can be used to help determine the
geometry of the nodes and struts.

The next part of the process (step 7) is the checking of strut and node stresses. The
designer must determine some dimensions of depth and width for the nodes and struts, so that the
node and struts forces can be converted into stresses and compared to the allowable stress limits
imposed by the code provisions. Some designers prefer to work backwards for this step, by using
the allowable stress limits to determine what face areas are necessary for the struts and nodes to
accommodate the known strut and tie forces. Once the necessary face areas are known, they can be
compared against the geometry of the concrete member to seeif the truss model would actually fit.
If the nodes and struts cannot be made to fit within the concrete dimensions, then the truss model
must be redrawn to allow the nodes and struts to fit and the forces in the model must be re-
calculated (step 7a). If the forces change significantly, then the struts and nodes must be rechecked
and the process repeated as necessary until all of the truss components meet acceptable stress
limits and fit within the confines of the overall member dimensions. This process can be quite
tedious. The biggest disadvantage of the STM is the necessity to iterate repeatedly until the
components of the model meet the restraints of geometry and stress. The process of STM needs to
be streamlined as much as possible to prevent unnecessary iteration.

After the locations of the struts, ties, and nodes have been finalized and meet the

acceptable stress limits, the last detail to be attended to is anchorage of the primary reinforcement.
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Development of reinforcement follows the conventional provisions for straight and hooked bars
that were discussed in Chapter 2. The critical section where development must occur is generally
where the bar intersects the strut(s) that it anchors. Anchorage in strut-and-tie models is a major
issue in applying the STM method. Frequently, nodes are not large enough to accommodate the
full development length necessary for a straight or hooked bar. In many cases it is necessary to
extend the development of the bar past the back face of the node. This may reguire the extension
of the concrete dimensions of the structural member that is being designed. Mechanical anchorage
has become an inviting alternative for many anchorage problemsin STM because of this.
Throughout the STM process, much iteration may be required before a fina detailing
solution for the D-region is achieved. This iteration should not require changes in overal
structural dimensions or the layout of reinforcement that continues into B-regions. The design
process of the D-regions should flow smoothly from the design of the B-regions and should never

require the designer to proceed backward in the process outlined in Figure 4-10.
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Figure4-11: Flowchart for the STM process
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4.3.2 Dimensioning of Nodes, Struts, and Ties

Dimensioning of nodes, struts, and ties is based on compatibility with boundary
conditions when possible. Code guidelines sometimes provide guidance as well. Dimensioning of
strutsistypically based on the dimensions of the nodes at either end of the strut. Dimensioning of
anodeisin turn typically based on the detailing of steel tie bars that anchor at the node, bearing
plate dimensions that define one or two edges of the node, or compatibility with struts that
propagate from the B-regions into the D-regions. Dimensioning of ties is based on compatibility
with reinforcing bars that continue from the B-regions into the D-region, detailing requirements
such as minimum clear spacing or development length provisions, or recommendations contained
with the code literature.

Several factors may govern the selection of tie bars. Limited space available for
development length may prompt a designer to choose a large number of smaller bars to provide a
tie because smaller bars require less length to develop. Furthermore, most code provisions
recommend a wide spacing of tie reinforcement in order to better distribute anchorage stresses at
nodes. On the other hand, it is frequently preferable to closely space tie reinforcement and
consolidate the tie steel area into larger bars so that the tie force can be positioned close to the
concrete surface. This improves crack control and makes more efficient use of tie steel by
increasing the lever arm over which it acts (Figure 412). Many times, the layout of tie steel is
governed by the continuation of reinforcement from the B-region. However, when continuity is
not a concern, the engineer must weigh the conflicting considerations listed above when detailing

the layout of tie bars.
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Figure4-12:  Didribution of tie reinforcement

Nodes are generally dimensioned after ties. Most codes specify limits to which nodal
boundaries can be assumed to extend beyond the dimensions of the tie reinforcement for CCT and
CTT node situations. FIB recommendations [16] alows for the node to extend to the limit of the
clear cover or % the clear spacing between layers of bars (Figure 413). FIB does require that
reinforcement be extended at least a distance equal to the clear cover or % the clear spacing
beyond the face of the node before these limits can be assumed for the node dimensions. The
AASHTO Code [1], the Ontario Bridge Code [14], and the CSA Canadian Concrete Building
Code [9] al alow the node boundary to be drawn up to six bar diameters (6dy,) from the surface of
the tie reinforcement (Figure 4-14). Most literature refers to the use of STM within two-
dimensional members wherein the model is assumed to act across the full member width.
However, if the detailing provides for a very large side cover or if the truss model acts within a
three-dimensional body, then the above limits can also be applied to define the transverse limits of

the node. The ACI code [2] recommends dimensioning of nodes based on hydrostatic principles.
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In addition to the recommended limits, all of the above mentioned codes recommend
proportioning of nodes based on “hydrostatic” stress distributions when the face geometry is not
governed by the dimensions of tie reinforcement or bearing pads. The term “hydrostatic” implies
equal normal stresses along all three axes of the material stress block. In the convention of STM
terminology, however, a node is termed “hydrostatic” when the stresses balance along only the
two axes defining the plane of the truss. The state of stress along the transverse axisis generally
ignored or treated with a separate truss model. When a node is hydrostatic, the dimensions of the
faces are in proportion to the forces acting on those faces and the normal stresses are equal on all
faces (Figure 4-15). Because the stresses are equal on all three faces, there is presumably no shear
stress within the region defined by the node. It is not necessary that a node be hydrostatic.
Concrete can bear shear stress to a certain extent and nodes need not be proportioned according to
hydrostatic principles. Schlaich [105] recommended that the ratio of the maximum to minimum
stress (s1/s2) in anon-hydrostatic node not exceed a val ue of two.

Generally nodes are defined by the intersection of three struts and/or ties. However, in
some complex truss models, four or more struts or ties may intersect at a single node (termed a
“macro-node” for lack of a better term). In such cases, nodes may be subdivided into more basic
struts and nodes for easier analysis. Schlaich [105] first provided such an example in which five
struts intersected at a single node. Schlaich demonstrated that it was possible to combine some of
the struts before they intersected the node, thus cleaning up the node region and simplifying the
problem (Figure 416, part i.). Sometimes it is preferable to partition a node so that stress at an
interior section can be checked (Figure 416, part ii.). The geometry of nodes can be subdivided
and treated in such manners as long as equilibrium is satisfied and the material stress limits are not

violated.
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Figure4-16:  Subdivision and smplification of nodes

Once the geometry of the nodes has been set, the struts are drawn. Struts are defined by
the face geometry of the nodes that they intersect. Thus, al of the geometric considerations of
struts are solved when the nodes are defined. When struts taper from alarge node face to asmaller
node face, they are generally analyzed at their smaller end where the stress will be greater.

The last consideration in dimensioning is the development length of the tie
reinforcement. Most codes allow for the development Iength of the reinforcement to be measured
from the point where the tie steel intersects the struts that they anchor (Figure 4-17). This point is

a good approximation of the location of the critical crack in many CCT node situations. When
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multiple layers of bars are used in the tie, the point where the centroid of the steel intersects the

strut is used as the beginning of the development length.
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Figure4-17:  Development of tie reinforcement in nodes

4.3.3 Limitationson Strut-Tie Angle

Various sources (Lampert and Thirlimann [66], Ramirez and Breen [97], and Mitchell
and Collins [85]) have proposed limitations on the angle that can be subscribed between a
compression strut and atie that anchors within that strut. Limits on strut angle have been proposed
between 15° to 65° from various studies. These limits derive from studies of one-way members
(beams) in shear and are specifically intended for the application of truss models and compression
field theory for shear and torsion. Rational strut angle limits for truss models in less regular
conditions have not been studied. Strut angle limits exist as an indirect method of controlling
strain in the tie. At low angles, the cracks that develop as the truss mechanism forms become too

wide to be acceptable. The AASHTO code [1] bases the capacity of struts on strut-tie angle (see
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discussion in Section 4.3.5) and allows less capacity when the angle is low. The ACI code [2]

places alower limit of 25° on the strut-tie angle in Section A.2.5.
4.3.4 Strength of Nodes

Once the dimensions of the nodes are determined, then the stresses at the faces of the
nodes can be checked. The stress limits for nodes are generally some fraction, ne, of the concrete
compressive strength, f¢', times a reduction factor, f, for safety. The factor ne is frequently referred
to as an efficiency factor. The efficiency factors for CCC, CCT, and CTT nodes are usually
different. CCT and CTT nodes are generally assigned smaller efficiency factors than CCC nodes
because the tensile stresses produced by bond of the tie reinforcement are presumed to have a
weakening effect on the strength of those nodes. Table 4-1 lists the efficiency (ne) and strength
reduction (f) factors from various design codes. Note that while many of the codes have different
safety reduction factors, they also use different load factors in the design process. Thus the f
factors are not always comparable. The Canadian CAN3-A23.3-M94 [9], Ontario Bridge Code
[14], and AASHTO LRFD Bridge Design Specifications [1] were al authored by the same person
and hence use the same efficiency factors. Notes on the FIB [16] allowable stresses are provided

with the table. The units of stress areksi for all formulationslisted in Table 4-1.

133



Node Design Limiting Streng_th
Type Code Concrete Reduction
Stress Factor, f
ACI 318-02 1.00ff 0.75
CANS3-A23.3-M94 0.85ff.’ 0.60
CccC Ontario Bridge Code 0.85ff’ 0.75
AASHTO LRFD 0.85f f.’ 0.70
FIB* 0.85(1-f./36)f f.’ 0.57
ACI 318-02 0.80f f.’ 0.75
CAN3-A23.3-M94 0.75f f.’ 0.60
CCT Ontario Bridge Code 0.75f f.’ 0.75
AASHTO LRFD 0.75f .’ 0.70
FIB* 0.70(1-f./36)f f.’ 0.57
ACI 318-02 0.60f f.’ 0.75
CAN3-A23.3-M94 0.60f f.’ 0.60
CTT Ontario Bridge Code 0.60f f.’ 0.75
AASHTO LRFD 0.60f f_’ 0.70
FIB* 0.60(1-f /36)f f’ 0.57

* The FIB Recommendations use a/g, rather than f. At ultimate
loads, a, a reduction factor, is equal to 0.85 and g.,a partial safety
factor, is equal to 1.5. The term (1-f./36) is a reduction factor for
higher characteristic concrete strengths, f_, to recognize the more
brittle nature of high strength concrete failure.

Table4-1: Allowable stresses for nodes

Most of the codes listed in Table 4-1 require node stress checks only at the faces that abut
struts or bearing plates. The faces at which tensile reinforcement is anchored are @nsidered
acceptable if the anchorage requirements of the tensile reinforcement are met (ie. if the
development length is acceptable). However, the ACI provisions require that allowable stresses
not be exceeded on “any face of the nodal zone or on any section through the nodal zone” (section

RA.5.2) [2]. Thisisarather stringent and possibly unnecessary requirement.
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435 Strength of Struts

Struts are checked at both node faces that define their ends. The allowable stress in the
strut can depend on several factors: the orientation of confining reinforcement across the strut (if
any), the extent of cracking along the strut at the ultimate limit state, tensile or compression
stresses perpendicular to the axis of the strut, and the slenderness of the beam web if shear
compression struts are being modeled. The Canadian Code [9], the Ontario Bridge Code [14], and
the AASHTO LRFD Bridge Design Specifications [1] all use a stress limit recommended by
Collins [85] that accounts for the orientation of the strut with respect to ties (strut angle) and the
principle tensile strain perpendicular to the axis of the strut. The FIB uses a simple stress limit
similar to those used for nodes. The ACI code recommends various efficiency factors based on the
condition of the concrete through which the strut passes.

The formulation used in the Canadian Code, the Ontario Bridge Code, and the AASHTO

Bridge Codeis given below:
¢

fo = O.8+—i70el £0.85f, 41
e, =€, + (e, +0.002)cot* g 42
fow = ultimate stressof the strut (ksi)
f¢ = concrete compression strength (ksi)
e = principal tension strain perpendicular to the axis of the strut (in/in)
e = tensionstrainintiesteel crossing the axis of the strut (in/in)
gs = anglebetweenthe axis of the strut and the axis of thetie that it anchors

It is permissible to assume a design value of 0.002 for & in order to simplify the calculation. The

strength of the strut is then determined solely by itsinclination to the axis of the tie that it anchors.
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In Figure 4-18 the ultimate strut stress is plotted as a function of the inclination assuming e; equal
to 0.002. Additionally, safety factors, f, equivalent to the ones shown in Table 4-1 are used.
Equation 41 was developed based on deep beam and shell element tests. The original
definitions of gs and e; were developed for ties composed of stirrups crossing the paths of shear
struts within deep beams at well distributed intervals, not bars that anchor the ends of the struts.
The adaptation of equation 4-1 to the general STM case has not been verified by tests, nor hasit
been demonstrated that the equation is even suitable for such situations as stout, compact elements
like corbels or three-dimensional strut-and-tie models such as in pile caps and post-tensioned

deviation saddles to name but afew examples.
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Figure4-18: Changein srut efficiency factor versus strut angle (AASHTO
specifications)
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The ACI specifications use a more basic design assumption. Strut-tie angle is limited to
25°, which corresponds approximately to a shear span to depth ratio of 2, the limit that defines a
deep beam from a slender beam. Strut ultimate stressis determined by:
f., =0.850f, 4-3)
where b, is chosen from the following conditions:

struts passing through uncracked concrete in a uniaxial fashion (such as in the

compression zone of abeam): bs=1.00
struts passing through concrete in tension: bs=0.40
bottle shaped struts with appropriate reinforcement: bs=0.75
bottle shaped struts with no reinforcement: bs=0.60
all other cases: bs=0.60

Appropriate reinforcement for bottle shaped struts must satisfy the following:

a ﬁ;" sing @ 0.003 (4-4)

Ag = areaof steel in spacing, si, that crosses the path of the strut (in?)

si = spacing of reinforcement crossing the path of the strut (in)
b = thewidth of the strut perpendicular to the axis of the crossing reinforcement (in)
g = the angle between the axis of the strut and the axis of the crossing

reinforcement; g must be greater than 40° if only one layer of reinforcement

crosses the strut
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Subscript i refers to the n layer of reinforcement. Typicaly there would be two layers of
reinforcement: horizontal and vertical. Additionally, the concrete stress is reduced by a strength
reduction factor, f, of 0.75.

The FIB uses only one formulation:

s oo
fou =064~ =% 4-5
w=06g- 24 @5)

few = ultimate concrete stress (ksi)

fc = characteristic concrete stress (a statistical formulation of the concrete strength

based on cylinder tests; it is reasonable to substitute f,' — 1.1 k) (k)

f¢ = concrete compression strength (ksi)

Equation 45 provides the same stress limit for struts that is used for CTT nodes and
conservatively assumes that the concrete in the struts will probably be cracked at the ultimate limit

state. The same reduction factors applied to nodes are applied to struts.
4.4 EXPERIMENTAL STUDIES

Numerous experimental studies have been performed to refine truss models for shear in
deep beams and prestressed beams (Ramirez and Breen [97], Rogowsky and MacGregor [99, 100],
Vecchio and Collins [114, 115], and Alshegeir and Ramirez [22]). These studies have focused
primarily on the shear strength provided by struts in plane stress situations. The results of these
studies have formed the basis for the compression field theory and various truss models for shear
in one-dimensional members (These theories are subsets of STM that have been specialized for the

modeling of shear in beams and shell structures). Few experimental studies have examined the
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application of STM in mmplex discontinuity regions using the most general application of the
method. Fewer still have attempted to perform tests of isolated struts or nodal zones. Summarized

herein isabrief overview of theliterature of such tests that has been found.
441 Cook and Mitchell (Disturbed Regions)

Cook and Mitchell studied the use of STM to predict failure loads for four scaled-down
specimens at McGill University [39]. They studied a double-sided corbel, a rectangular dapped
beam, an inclined dapped beam, and a beam with a rectangular opening in its web. They also
compared the experimental results with non-linear finite element analysis. The purpose of the
research was to verify the validity of the strut-and-tie method which Cook and Mitchell found
acceptable for design purposes but not as accurate for predicting ultimate strength and failure
modes as the non-linear finite element analysis. They recommended that the effective bearing area
of struts and nodes should ignore cover concrete because this concrete tends to spall away at the
ultimate limit state. STM under-predicted the ultimate capacity of all four experimental specimens

as expected for alower bound method.
4.4.2 Beaupre (Deviation Saddles)

Beaurpre applied STM to the analysis of 10 tests of */5 and /5 scale deviation saddles for
external post-tensioned tendons[27]. A deviation saddle for an external bridge tendon redirects the
path of a tendon through a sharp angle break. Due to the abrupt change in tendon angle, a large
vertical shear force must be transmitted through the deviation saddle into the bridge cross-section.
Figure 4-19 shows the cross-section of atypical saddle tested by Beaupre. Beaupre tested 10 such

saddles as part of alarge scale research program sponsored by TxDOT to study the design and

139



behavior of post-tensioned box-girder bridges with external tendons. STM was examined as a

potential method for deviation saddle design.

Deviation Resultants
of Tendon Forces ()

Top Surface
Reinforcement

1N

Tie-Down
Reinforcement

Figure4-19: Typicd deviation saddle tested by Beaurpe

STM for the deviation saddle was conducted in two parts: an analysis of the contribution
of the tie-down reinforcement and an analysis of the contribution of the top surface reinforcement.
Beaupre's test results averaged 98% of his STM predictions with a standard deviation of 10%.
Some test results were only 85% of his predicted STM values. STM should provide alower bound
solution and a calculated strength not less than the actual capacity of the specimen. Some of
Beaupre’ s over-predictions may have been due to an over-estimation of the contribution from the
top surface reinforcement to hold down the tendons. The pullout force of the tendons acts almost
perpendicularly to the axis of the top surface reinforcement. In order for the top surface
reinforcement to act effectively against the pullout force of the tendons, it must deform
substantially out of its plane until it can act at an angle to the applied load. This does not occur

until the tie-down reinforcement has yielded substantially. It is very difficult for the two types of
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reinforcement to act in conjunction with one another and certainly difficult for the top surface
reinforcement to contribute significantly to the capacity of the model without substantial distress
to the deviation saddle. Omission of the contribution of the top surface reinforcement made
Beaupre’s STM predictions conservative for six of the ten specimens. The remaining four
specimens had potentially significant horizontal deviation forces that were neglected during STM
analysis and amost certainly affected the ability of his simple STM model to predict test
capacities.

The behavior of the deviation saddles was dominated by tie action of the reinforcing
steel. Compressive strength of the struts and nodes and anchorage of the ties was not critical for
the capacity of the specimens. Failure of the specimens occurred by violent rupture of the top

concrete and fracture of the tie-down steel.
4.4.3 Barton, Anderson, and Bouadi (Dapped Beams and Nodes)

Dapped beams and nodes were studied at the University of Texas as a means of
experimentally evaluating the use of STM and providing data for the design of the various
components of strut-tie models particularly nodes [25].

The first phase of the research (conducted by Barton) consisted of tests of 4 dapped-end
details. Two of the specimens were designed using STM, one using a method suggested by PCI
[15], and a third using a method previously used by TxDOT that was suggested by Menon and
Furlong [83]. All specimens had the same dimensions and were designed for the same external
load. Barton found that all specimens performed adequately. In both casesin which STM was used
for design, the capacity of the beam was 27-42% higher than predicted. The Menon and Furlong
approach gave the best estimate of strength while requiring the least horizontal and vertical steel

reinforcement in the main tension ties (However, a difficult strap reinforcement detail was
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required.). Failure of specimen ST1 designed with STM occurred through yielding of the primary
reinforcement, then crushing of the compression zone within the beam at large deflections. Failure
of specimen ST2 designed with STM occurred at a lower load than ST1 by non-ductile crushing of
the compression zone within the beam. In both ST specimens, the STM method was applied
successfully. Yielding of the primary tension reinforcement was achieved before crushing of the
concrete within struts or nodal zones occurred.

Following the tests of the dapped beam ends, isolated node tests were conducted by
Anderson and Bouardi as the second phase of the project.

Anderson tested nine isolated CTT nodes modeled after the anchorage point of the
primary vertical tensile tie and the longitudinal beam reinforcement within the dapped beam ends
from ST1 and ST2 (see Figure 4-20). Anderson tested such parameters as concrete strength (high:
5800 psi or low: 3700 psi), longitudina bar anchorage (hooked or straight), confining
reinforcement, strut width (a full bearing plate, 8", or half width, 4”), and strut angle (45° versus
30°). He found that cracking patterns of the isolated nodes were similar to cracking patterns
observed in CCT nodes of the dapped beams. Of the nine specimens tested, three achieved the
maximum capacity of the test set-up. All three of those specimens were made with high strength
concrete and used the same reinforcement details as the ST1 dapped beam design. The following
observations were noted for the remaining specimens:

When the vertical reinforcement detail was altered from looped U-bars to 90° hooks
placed parallel to the longitudinal bars, the node failed by spalling of side cover and
anchorage failure of the vertical reinforcement.

When the strut bearing plate was reduced to half its width, the high concrete strength

node still achieved the maximum capacity of the test set-up. However, the low
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concrete strength node failed by crushing under the load plate at a bearing stress of
3800 psi (approximately the compressive strength of the concrete).

Replacement with straight bar development of the hooked anchorage of the top layer
of longitudinal reinforcement resulted in abar dlip failure.

Alteration of the strut angle from 45° to 30° resulted in higher forces in the
longitudinal steel and failure of the straight bar anchorage for the lower layer of bars.

Cracking within the nodes extended from the bearing plate to the far corner of the
node resulting in a severely reduced development length for the lower layer of the
longitudinal reinforcement.

Cracking patterns also indicated that hooked bar anchorages tended to allow deeper

struts at the face of the node than when straight bar anchorage was used.

16.5"

Figure4-20: Isolated CTT node tested by Anderson
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Bouardi tested ten isolated CCT nodes modeled after the intersection of the bearing plate
force and the primary horizontal tensile reinforcement (see Figure 4-21). Bouardi tested
parameters such as concrete strength (high: 5000 psi or low: 2500 psi), the width of the bottom
bearing plate (full, 12", or half width, 6”), confining reinforcement (none or # 3 hoops at 4”),
anchorage of the tie reinforcement (hooked or straight), and bottom concrete cover (small: 1.25”
or large: 3.75”). Four out of the ten specimens failed by compression failure. The tie bars began to
yield in one specimen, but then an anchorage failure occurred. The remaining five specimens all
failed by anchorage failures characterized by spalling of the side cover. Bouardi noted that it was
very difficult to perform the isolated CCT node tests. The tests suffered from uneven bearing of
the top load plate, horizontal friction at the bottom bearing, and uneven distribution of strain and
bending among the tie bars. Despite these problems, Bouardi noted the following:

Only the low concrete strength specimens failed in compression.

One low strength concrete specimen failed in anchorage because no confining

reinforcement was provided for thetie bars.

Increased bottom cover increased the capacity of the specimens by 20%.

Replacing the straight bar anchorage of the bottom layer of tie bars with hooked bars
decreased the capacity by a slight amount, 4%.

Calculation of effective bearing stresses for the four specimens that failed in

compression indicated that the efficiency factor of the concrete in bearing was

approximately 1.0.
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Figure4-21: Isolated CCT node tested by Bouardi

4.4.4 Roberts, Sanders, Burdet, and Wollmann (Anchor age Zones)

As part of an extensive study sponsored by the National Cooperative Highway Research
Program (NCHRP) [32], Roberts performed experimental tests on local anchorage zones and
Sanders and Wollmann performed half-scale tests on a number of typical post-tensioned general
zone configurations. The local zone essentially constitutes the enlarged CCC node in front of a
post-tensioned anchorage plate. The general zone constitutes the remainder of the Dregion
surrounding the anchorage as shown in Figure 4-22. Note that the distinction between the general
and local zone for post-tensioned anchorages has more to do with construction practice and design

liability than with structural behavior. The general and local zones represent partitions of design
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responsibility of the total disturbed region. Roberts studied local zones in order to develop design
guidelines for anchor plates and confining steel of the local zone node. Sanders and Wollmann
performed experimental tests on general zones for the purpose of verifying the acceptability and
accuracy of STM as a method of designing the secondary tie steel required for spreading of the
local zone stress into a full cross-section. Burdet performed numerous linear elastic finite element

analyses that contributed to the design of test specimens and interpretation of results.
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Figure4-22:  Loca and genera zones of podt-tensioned structures

Roberts [98] performed 28 tests of isolated local zones and 3 tests of non-isolated local
zones. The purpose of the tests was to rate the quality of the existing acceptance tests for
anchorage devices and to develop an improved test method. She studied such parameters as anchor
plate type (multi-plane or flat plate), load history (monotonic, cyclic, or sustained loading), cover

distance, spiral confinement parameters (pitch and diameter), auxiliary reinforcement in the local
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zone specimen, and the interaction between the local and general zones. Two interesting results
were determined from these tests: the comparison of the local zone capacity to avariety of bearing
formulas including a node strength formula developed by Schlaich and Schéfer [104] and the
comparison of the results of isolated local zone tests to analogous tests of non-isolated local zones
which were aparts of larger general zone elements.

Roberts compared the results of her isolated local zone tests to seven models of bearing
capacity. The focus of her analysis was to determine the best model that would account for the
impact of the two primary variables of her study: the ratio of the unloaded concrete area to the
bearing plate area of the anchorage plate, A ,/A1 (see the discussion on bearing strength in sections
3.5.1 and 3.6.4 for more discussion on the A,/A; ratio) and the amount of lateral confining steel.
Roberts found that the following formula, based on work by Schliach and Schéfer, provided the

best fit for her data:

2

=08 Rz vaz A &S0 46)
Al e Dg

inwhich ~ 0.8f, f% £3.0f, 47
1

foearing = bearing stress of supported by the anchorage device (ksi)

f

bearing

f¢ = concrete cylinder strength (ksi)

A, = the unloaded concrete area (refer to Figure 3-28) (in?)

A = the bearing area of the anchorage device (in?)

Acre = theareaof concrete confined by spiralsor ties (i n2)

flat = thelateral confining stress provided by spirals or ties (ksi):
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sfy

for spirals
A;fy for ties
As = the bar areaof the spiral or tie confining steel (in?)
s = thepitch of spiral steel or the spacing of tie steel (in)
D = thediameter of spiral confinement (in)
S = thewidth tiereinforcement (in)

Robert’s recommended formula for the allowable bearing stress of local zones once again shows
the reliance of the bearing pressure on the A »/A ; ratio which was seen with many other anchorage
situations. Furthermore, the formula indicates that even unconfined local zones can sustain a
bearing stress as large as 3f.'. Since the local zone test was basically a node test, Robert’s work
implies that the limitations on allowable bearing stresses that were reviewed in section 4.3.4 are
very conservative.

Robert’s also studied the influence of the general zone configuration on the capacity of
the local zone. In a series of five tests, Roberts demonstrated that cracking and ultimate load data
from isolated tests of local zones could suffice as lower bound estimates of the behavior of the
local zone within a whole disturbed region. This conclusion has significant impact on the
determination of node service and ultimate limit states. Robert’s work indicates that isolated tests
of node zones can be used to conservatively determine limits for the performance of nodes.

Sanders performed 36 tests of end bearing anchorages. He tested such parameters as
anchorage eccentricity, multiple anchorages, curved and inclined tendon paths, the distribution of
tie reinforcement, the confinement provided by lateral post-tensioning, and concrete strength.

Wollmann performed 3 beam tests in which the general zone was influenced by reaction forces, 8
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intermediate anchorage tests, and 3 anchorage diaphragm tests. Wollmann's tests represented
complex yet commonly occurring instances of post-tensioned anchorages. Sanders and
Wollmann’s test results were compared to STM predictions of capacity. Compression struts and
nodes were limited by an alowable concrete compressive stress of 0.7f;. The average
measured/calculated capacity ratio of all specimens was 1.40 (with a range from 0.95 to 3.33) and
the standard deviation was 0.44. The data suggest that STM is an acceptable and often very
conservative design method for the post-tensioned anchorage zones.

STM was poor in predicting of the mode of failure of all specimens. Where STM analysis
determined that yielding of tie reinforcement would determine failure for most of the specimens,
amost all specimens failed by compression in front of the local zone or bursting in the same
location. These failure modes occurred because the general zones exceeded their yield capacities.
The unanticipated high capacities of the general mnes allowed the local (anchorage) zones to
reach much higher stresslevelsthan their design values, which resulted in brittle failures.

The goal of much of the research on post-tensioned anchorages was to determine the
specific rules that would make STM applicable to design of the anchorages. Thus much of the
research interest was in the configuration of truss models and not on the strength of struts and
nodes. Among the results of the post-tensioned anchorage zone studies that can be extrapolated to
the broad realm of STM application are:

Serviceability (ie. crack control) within the D-region can best be accounted for if
truss models are aligned closely with elastic stress distributions. The centroids of
compression struts and tensile ties must match with centroids of compressive and
tensile stress field in the elastic solution. An elastic solution must be available to

properly implement a strut-and-tie model. For complex geometries in which designer
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intuition of stress fields will not suffice, elastic FEM analysisis preferred prior to the
STM process.

Compression stresses from the anchor plate spread laterally at a slope of 1:3.

A simple compression stress limitation of 0.7f; for struts and nodes provided
acceptable predictive results for the experimental tests.

Roberts’ tests imply that a conservative lower bound estimate of local nodal strength

can be obtained from isolated tests of the nodal zones.
445 Zéler (Corbels)

Zeller [47, 121] studied four corbel specimens at the University of Karlsruhe in Germany.
He studied the behavior of diagonal spitting in the primary compression strut. The variables were
the orientation and amount of splitting reinforcement provided for the corbel struts and the
|length/depth ration of the corbels. Zeller measured the distribution of strain across the strutsin his
specimens. He determined that the compression stress was distributed non-uniformly and peaked
at the re-entrant corner where the corbel and the support column joined one another (Figure 4-23).
The extreme state of stress produced at the re-entrant corner caused all corbel struts to fail in

compression at that location, but only after yielding of the tie reinforcement had occurred.
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Figure 4-23:

446 Armsrong, Salas, and Wood (Cantilever Bridge Piers)

STM was examined experimentally as an alternative design method for cantilever bridge
piers at the University of Texas [23, 118]. Specimens in the study resembled the corbels studied

by Zdler [47, 121]. Figure 319 of the last chapter presented a schematic of a cantilever bridge

Concrete strainsin corbels tested by Zdler

pier typical of those studied at University of Texas.

In tests of scaled down pier overhangs [23], researchers found the STM method provided
conservative results comparable to conventional design methods. Overhangs designed using the
STM method failed in flexure as they were designed to while some specimens designed using ACI
provisions for corbels failed in shear when a flexural failure had been designed for. The re-entrant
corner of the overhang was found to be the critical design region. Analysis of the CCC node at that

region demonstrated that the node had a much higher capacity than predicted using allowable

stress criteriarecommended by Bergmeister [28]:
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Additional tests were later performed to examine design procedures for the CCT node
that occurs in the joint at the connection of the overhang to the support column [118]. The
researchers found that the STM method was the only suitable method that correctly modeled the

actions of theforcesin thejoint.
4477 Adebar and Zhou (Deep Pile Caps)

Adebar and Zhou have examined the use of STM for design of deep pile caps [18, 19,
20]. They found that the current design practices recommended by ACI for deep pile caps based
on punching shear and one-way flexure are unconservative. They proposed a design procedure
based on STM (seeillustration iv. in Figure 4-1).

As part of their study on deep pile caps, Adebar and Zhou conducted analytical and
experimental studies of isolated struts [19]. The isolated strut tests resembled double punch tests
of concrete cylinders [34, 77] and they compared their strut results to existing data from double
punch studies. Figure 4-24 shows atypical double punch strut specimen. The purpose of the strut
studies was to determine the maximum allowable compressive stress before transverse cracking
would occur in the strut. In deep pile caps, it is not convenient to place confining reinforcement
within the struts, therefore, the compressive stress in the struts must be limited to prevent splitting
cracks. Based on the results of 40 experimental tests and their analytical work, Adebar and Zhou

derived the following expression for the allowable compressive strength of struts:
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Allowable Bearing Stress, f, £0.6f_(1+2ab) (4-9)

&(A 0
a= O.%é —2-17£10 (4-10)
A p

=032 -1%10 (@12)
eb g
a = factor for confinement of surrounding concrete
b = factor for aspect ratio of strut
h = length of the strut from node face to node face (in)
b = width of strut, measured at the node faces (in)
A, = areaof strut at node faces (in?)

A, = areaof strut at point of maximum spreading (in®)

Average values of b and A ; should be used when the two end node faces of the strut have different

geometries. The equation gives an absol ute maximum bearing pressure of 1.8f.".
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Figure4-24:  Double punch strut test used by Adebar and Zhou
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Following their study of struts, Adebar and Zhou used their bearing stress formula in
conjunction with strut-and-tie models to predict the strength of 48 experimental tests of fifth-scale
to full-scale size pile caps [18, 20]. The experimental data came from a variety of published
studies on experimental tests of pile caps. They found that their STM method provided better
results than the current AClI and CRS|I methods of pile cap design. The range of
measured/cal culated capacity ratios using STM was 0.99 — 2.88 with a mean of 1.55. The ACI and
CRSI methods frequently over-estimated the capacity of the specimens. Despite that success, the
ability of STM to predict the failure mode of the pile caps was very poor with only 21 out of 48
failure mode predictions correct. Of the 27 tests in which STM did not predict the correct mode of
failure, al specimens were reported to have failed in shear although flexura failure (yielding of
the tie steel) was predicted. It is possible that many of the reported shear failures may have

actually been of mixed shear and flexural modes and were difficult to properly categorize.
448 Maxwel (Wall with Opening)

Maxwell [81] studied four small-scale wall specimens modeled after a hypothetical
design example provided by Schlaich [105]. The purpose of the experiment was to provide service
limit state and ultimate limit state data for a well-known design example using STM. Schliach
developed two independent strut-and-tie models for the flow of forces through a discontinuous
wall with an opening. Schlaich then used both models in combination by splitting the wall loads
50-50 among the two trusses. His detailing recommendations were based upon the combined
analysis.

Maxwell tested four specimens. two specimens based on the two independent truss
models developed by Schlaich, a third based upon combining the two trusses in the manner that

Schlaich recommended, and a fourth that represented a slight modification of the combined truss
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analysis of the third specimen. All specimens achieved higher capacities than the design load, thus
demonstrating that numerous truss models could be developed for the design of the wall structure
and still supply alower bound estimation of capacity. The combined truss analysis of specimen 3
proved more successful than the independent truss analyses of specimens 1 and 2 providing both a
higher capacity and stiffer response to load. Specimen 2 was designed with a truss based most
closely on the elastic flow of stresses within the wall. It utilized the least weight of steel for its
detailing requirements and achieved a higher capacity per pound of reinforcement than the other

three specimens.
4.4.9 Aguilar, Matamoros, and Parra-Montesinos (Deep Beams)

Four deep beams were tested at Purdue University [21]. The study was similar to the
Maxwell study in that the main purpose was to examine the effect of various design approaches to
the performance of a structural element (in this case a simple deep beam). This type of approach is
different from a strictly behavioral study in which only a single parameter is changed from
specimen to specimen in order to examine the significance of that parameter without any
interfering factors. In a design comparison, the various design approaches may lead to many
differences in details from specimen to specimen. It is then much harder to discern the effect of
single parameters on the behavior of the specimens. The purpose of the Purdue study was to
compare the current ACI design approach for deep beam shear with proposed STM guidelines that
are applicable to deep beams. Four deep beams were designed for a given loading and geometry
(shown in Figure 425). The first beam was designed according to provisions from ACIl 319-99,
Section 11.8 for deep beam shear members. The remaining three specimens were designed
according to various STM approaches all conforming to the new ACI 318 code provisions[2]. The

first two specimens used Lenton Terminators for anchorage of the primary reinforcement (The
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Purdue research was mentioned briefly in Section 3.4.5 of the last chapter because of this). The

remaining two specimens used 90° hooked anchorages.
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Figure4-25:  Desgn specimen for the Purdue study

The researchers were primarily interested in the horizontal and vertical splitting steel
necessary for confinement of the diagonal shear struts. All specimens exceeded their estimated
capacities whether those capacities were calculated using the current ACI shear provisions or the
new STM provisions. The STM calculations were shown to be more accurate than the ACI deep
beam calculations, though neither gave a close estimate of strength. The STM design approach
generally required less splitting steel than the ACI deep beam approach. Two specimens failed in
shear and two failed in flexure though both design approaches predicted shear failures for all four
specimens. Measured strains indicated that development of primary tension steel occurred over a
very short length within the nodal zone located over the reaction bearing pads.

Detailing procedures were different for all four specimens. Only the two specimens that

utilized hooked anchorages are directly comparable. Only the amount and placement of splitting
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steel were different for these two specimens. The lever arm of the primary tension steel was varied
in the other two specimens thus precluding a direct comparison of behavior. The behavior of the
two comparable specimens showed that there was no significant change in capacity though nearly
80% of the confining vertical and horizontal steel was omitted from the end shear panel regionsin
one of the specimens. The more heavily reinforced specimen had a somewhat better distribution of
cracking in the end regions. Both of these specimens failed by splitting of the diagonal

compression struts (shear).
4.5 FINAL COMMENTS

The survey of experimental work and recommended design procedures for STM leads to
the following observations and overall trends.

The procedures for strut-and-tie modeling require additional refinement. Particularly, the
topics of node stress limits and anchorage at nodes require attention. The code guidelines for
dimensioning of nodes are not based on rational models for the flow of forces at the intersections
of struts or the anchorages of ties. For example, at the anchorage of atie bar in a CCT node, it is
unlikely that strut stresses would uniformly extend up to 6 bar diameters to either side of the tie
(see Figure 414). Geometric compatibility requires that the strut stresses must concentrate and
flow into the tie bar. Consequently, the stresses in a CCT node must be much greater than would
be calculated based on the dimensioning guidelines put forth by the codes and also much greater
than the stress limits allowed by the codes. The dimensioning guidelines require experimental
study. Realistic dimensioning guidelines for nodes are necessary in order to properly reflect the
flow of forces and would alow for larger and more realistic stress limits to be specified in the
codes. Experimental studies of the bearing strength of concrete have shown that in many situations

bearing stresses can be much larger than the cylinder compressive strength, £'. Similar large
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bearing strength capacities should also be expected for many node cases. However, the current
provisions alow a maximum bearing strength of 1.0ff;’ for the best node case. The stress limits
seem to be much too conservative. However, the dimensioning guidelines allow for unredlistically
large node boundaries to be assumed.

The issues with node dimensioning and stress limits are exacerbated by the lack of
guidelines for addressing those nodes that do not meet the current requirements. How is a node
improved when the stresses acting on it are greater than the code limits? Only two alternatives are
available: the D-region must be re-detailed to increase the size of the node and thus reduce the
stresses or the concrete strength must be re-specified to meet the stress demands. Neither
dternative is appealing. Re-detailing of the D-region requires that tie steel must be redistributed
and spread out in order to increase the size of CCT and CTT nodes or that the dimensions of the
structure must be enlarged to increase the size of CCC nodes (in many cases CCC can be simply
improved by enlarging a bearing plate). Once the D-region is re-detailed, the truss model must be
re-drawn and the STM process proceeds through another iteration. This requires additional design
time and can lead to detailing compatibility problems at the boundaries between D- and B-regions.
The second alternative, increasing the concrete strength, is a radical and expensive solution to
accommodate the stress limits of a single node. Currently, though all of the codes alow for
improvement of the nodes using confining steel, their procedures do not provide any guidelinesfor
improving the confinement or anchorage details at nodes in order to make them meet stress limits.

Anchorage at nodes also presents similar problems. Space limits at nodes are frequently
too small to fully develop straight reinforcing bars and hooked bars may create congestion
problems. Designers have previously had few alternatives to address anchorage problems at nodes,

but new developments in headed bars offer a promising direction for solving this problem.
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These issues regarding design of nodes represent the largest obstacle to the
implementation of strut-and-tie modeling in common design practice. Research and re-evaluation
of node behavior must be performed and incorporated into STM design procedures. Fortunately,
the studies by Anderson (CTT nodes), Bouardi (CCT nodes), and Roberts (local anchorage zones)
have confirmed that isolated node tests will provide lower bound results compared to similar
nodes in non-isolated situations. Similarly, the research by Adebar and Zhou (pile caps) has
confirmed this for isolated tests of struts. This result could be put to good use in determining limits
on nodal zone stresses and anchorage requirements. While the application of STM might be
limitless, the number and types of node situations that occur may be a much smaller number.
Since it seems possible to isolate nodes for experimental testing, it should be reasonable to derive
experimentally based design limits for the detailing of nodal zones in STM applications much as
Adebar and Zhou were able to do for the analysis of struts.

Finally, in many experimental studies, STM has been shown to be a conservative design
approach because it typically provides a lower-bound estimate of capacity. However despite this
success it is somewhat discouraging to look back over the extent of the research and recall how
often STM fails to properly predict the failure mode of specimens. Sanders and Wollmann noted
that tie yielding was predicted for many of their specimens and crushing at the boundary of the
local zone actually resulted. Adebar and Zhou also predicted flexural yielding for many of the pile
cap tests that they reviewed, but most of the caps failed in shear. Ideally, tie yielding should result
in a plastic limit of the specimen capacity and no other failure should occur until material strain
limits are exceeded by excessive deformations. However, in tests, post-yielding capacity very
often resulted in a brittle failure for specimens as other components of the model reached their

limit states. In design practice, it is unlikely that a Dregion would be loaded near its design
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capacity before the capacity of a neighboring B-region was reached, thus limiting the ultimate load
that would be placed on the D-region. Therefore, post-yield capacity is probably not an issue.
However, it is still a flaw of the STM method that it cannot be relied on to accurately predict the

nature of failure for many structural situations.
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Chapter 5: CCT Nodes. Specimen Fabrication and Testing
Procedures

5.1 INTRODUCTION

This chapter briefly discusses the details of the CCT node specimens and of the test setup
and procedures used in the testing of the CCT nodes. A total of 64 CCT node specimens were
tested in the course of the project. Figure 5-1 shows a photo of atest specimen and the test frame.
The basic test was essentially as shown in Figure 51, however, many small details of the test

specimens and the testing procedure evolved over the course of the project.

Reaction
Frame

Figue5-1: A typica CCT node test
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5.2 SPECIMEN DETAILS

Both unconfined and confined CCT node specimens were tested. Confined specimens
contained stirrup reinforcement through the nodal zone while unconfined specimens contained
nothing but the tensile tie steel in the nodal zone region. Figure 5-2 shows the basic reinforcement
layout for the unconfined specimens. No stirrups were placed in the region through which the
nodal zone and the primary diagonal strut pass. In the unconfined specimen series, three strut
angles were tested: 30°, 45°, and 55°. Changes in strut angle were accomplished by moving the
location of the top reaction frame. All CCT node specimens were 20" deep and 72" long. The
width of the specimens was changed depending on the size bar used in the primary tension tie. The
width was generaly 6dy,, where d, was the diameter of the tension tie bar. #8 and #11 size bars
were tested with corresponding specimen widths of 6” and 8.5” respectively (Figure 54). The
tension tie was always centered at 4” from the bottom of the specimen. The yield strength (f,) of
the tieswas between 61 - 68 ksi (refer to Table A-1in Appendix A for further details).

The first 8 specimens of the CCT node test program differed from the final layout
described above. The first four specimens were cast with 5500 psi concrete, 8dy, width (#8 bars
with 8” width), and no stirrup reinforcement. Originally it was thought that node failure would
occur before shear dominated the capacity of the specimen, thus stirrups were omitted as an
unnecessary detail. However, the nodes achieved higher capacities than expected and shear failure
occurred in the back section of the specimens (“Front” and “back” are labeled in Figure 4-2(a)).
The “front” of the specimen refers to the end containing the CCT node region. The “back” refers
to the other end of the specimen.). Thereafter, stirrups were placed in the back portions of all
specimens. Stirrups were either #3 or #4 closed hoops. Additionally, the concrete mix used in the

CCT node specimens was changed to reduce the strength of the concrete to make node failure
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more likely. The second group of CCT node specimens was cast with 3000-4000 psi concrete that
was used throughout the rest of the test program. Seven specimens were cast in that batch: 4 with
an 8d, specimen width and 3 with a 6d, width. Following the test of those specimens, the 6d,
width was used throughout the rest of the testing to allow more specimens to be cast in asingle
batch while still producing the failure modes of interest.

The reinforcement layout for the confined specimens is shown in Figure 53. Five
confined CCT node specimens were tested. Confinement was provided by extending the stirrup
reinforcement across the full length of the specimen. #3 hoop stirrups (fy = 63 ksi) were used.
Spacing was at 3" and 6” within the nodal zone and 6” along the rest of the specimen. Figure 5-5
shows the geometry of the stirrups used in the confined specimens.

The tensile tie reinforcement of the CCT nodes was generally anchored by a mechanical
head. The tensile bars were always placed so that the bearing face of the head aligned with the
front edge of the CCT node bearing plate (Figure 5-6). Non-headed bars were aligned such that the
end of the bar lined up with the edge of the bearing plate. Xtender headed bars were aligned such
that the point where the maximum head diameter began lined up with the front edge of the bearing
plate. Stirrups in confined specimens began 1" from the front edge of the bearing plate. Two
details were used for hooked bar specimens: either the point of horizontal tangency of the bend
was aligned with the front edge of the bearing plate (detail 1) or the inside bend of the hook was
aligned with the front edge of the bearing plate (detail 2). The details of the hooked bar specimens

are shown in Figure 5-10.
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Figure 5-2: Reinforcement layouts for unconfined specimens
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Figure5-6:  Alignment of heads with bearing plate

All but two specimens were cast upright. Concrete was placed from above and vibrated
into position. Formwork was constructed of standard lumber (3/,” plywood and 2 x 4 lumber). The
formwork for the CCT nodes could accommodate up to eight specimens in one cast. The
formwork was reused several times. Two unconfined hooked bar specimens were cast on their
sides.

Three concrete mixes (A, B, and C) were used in GCT node specimen casting. The
concrete was supplied by a local company. Table 51 lists the concrete mix proportions. A
nominal maximum aggregate size of 0.75" was specified. Mechanical properties of the hardened

concrete were determined using standard 6” diameter cylinders. Compression strength, splitting
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tensile strength, and modulus of elasticity were measured just prior to and just following tests of a
group of specimens with the same concrete. Initialy, only compression strength was measured.
Tests were performed according to ASTM standards C39 (compressive strength), C496 (splitting
tensile strength), and C469 (modulus of elasticity) [6, 7, 8]. Table 52 lists the measured properties

from each cast.

Mix Proportions by Weight
Mix Coarse Sand Water Portland  Flyash w/c
Aggregate Cement Ratio
A 45.7% 37.2% 6.4% 7.7% 3.0% 0.60
B 48.0% 36.6% 6.8% 6.7% 2.0% 0.78
C 47.5% 36.3% 6.8% 7.3% 2.2% 0.72

Table5-1: Concrete mix proportions

Concrete Cast Age f. f E.
Batch Date (days) (psi) (psi) (ksi)
Al 7/12/99 42 5700 - -
Bl 9/23/99 39 3000 - -
B2 1/21/00 28 4000 - -
B3 5/16/00 55 3900 - -
B4 10/6/00 63 4100 460 4300
B5 11/16/00 33 4000 430 3700
B6 1/25/01 41 3100 350 3300
B7 2/8/01 35 4100 420 4000
C6 5/17/01 35 3800 360 4000

Table5-2: Hardened concrete properties
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All specimens included miscellaneous details such as lifting inserts and bar chair spacers.
Placement of these details was avoided in the critical nodal zone and surrounding concrete. Figure
5-7 shows the typical placement of these extra details within an unconfined specimen. Individual
chair spacers were used on the bottom and sides of the primary tension tie to maintain its position

during the cast. The same details were included in confined specimensin the same locations.
Lifting #3 or #4 Hoop Stirrups @ 6”

_/

1
20 17

Side Bar Chair

[ =-—]

————

7211 >

Chair Spacers

A

Figure 5-7: Pacement of miscellaneous detailsin the CCT node specimens

In addition to the specimens listed above, three specimens with special details were
tested. These specimens were not typical and were fabricated to study some special aspects of

CCT node behavior and are discussed in section 6.1.7.
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5.3 SPECIMEN | NSTRUMENTATION

Three types of instrumentation were used during the testing. Below is a list of the

different instrumentation types and their purpose in the testing:

Strain gages were used on the tie bar surface to provide information on the

development of force in the tie bar in the nodal zone and in the confining

reinforcement. Use of the strain gages is discussed in detail in Appendix A.

Linear potentiometers were used to measured horizontal slip of the head relative to

the outside face of the concrete and to measure deflection of the specimen under the

top load point.

A load transducer (load cell) was used to measure the load directly underneath the

CCT node bearing pad.
The placement of this instrumentation is shown in Figure 5-8. Figure 59 shows a close-up of the
node region and the details of the strain gage placement for the standard specimens. A hollow tube
was cast into every specimen to allow access to the head for slip measurements. The linear
potentiometers were spring-loaded and required no special attachment to the head. Slip
potentiometers were connected to hooked bars through a small diameter hollow tube to determine
dlip at the point of bend tangency. However, the particular slip potentiometers used for those tests
provided very unreliable data. A later test of a confined hooked bar specimen was performed with
a linear potentiometer connected to the point at which the hook bend is vertical, treating that
portion of the hook in the same manner as the head was treated for all of the other tests. Slip
measurements of non-headed bars were simply made against the termination point of the bar.
Strain gage layouts for the hooked bars are shown in Figure 510. Strain gage layouts on the

confined specimen stirrups are shown in Figure 5-11.
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Figure5-10: Details of the reinforcement and instrumentation for hooked bar
specimens

172



““““

Strain Gage
Locations

viar il

Strain Gage
Locations

Section A-A ‘ LV A
——

Figure5-11:  Placement of instrumentation on stirrups of confined specimens

The arrangement of strain gages shown in Figure 59 was not the initial layout used for
the first sets of CCT tests. As with the reinforcement detailing, the placement of strain gages
evolved as the testing progressed. The first two groups of CCT node specimens contained strain
gages on only the bottom side of the tie bar. Furthermore, the spacing of the gages was at 4dy
rather than 2d, as used in the later specimens. Data from these first two casts of CCT node
specimens was problematic for many reasons, and those specimens are not included in any of the
data presentation. In the third group of CCT node specimens, a layout very similar to the one
shown in Figure 59 was used, except that the top gage that is placed at a distance of 7dy, from the
face of the head was placed on the bottom of the bar at 9d,. Following the tests of those
specimens, it was realized that little of interest was occurring at that location and the gage was
moved up to the top to give redundancy to the other top gage. The layout of the strain gages was

then finalized for the remaining casts of specimens with the exception of one specimen. One
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unconfined specimen was cast with 22 strain gages placed at 2d;, on the top and bottom of thetie
bar so that the complete strain profile of abar at a CCT node could be determined.

As mentioned in the last section three specimens with special reinforcing details were
cast. Each of these three specimens contained strain gage instrumentation on the special
reinforcing details. The details of the instrumentation of these specimens will be with the test

results.
54 LOAD SETUP

The basic load setup for the CCT node specimens is pictured in Figures 51 and 58.
Essentially, the CCT node specimen was a deep beam that rested on two bearing supports. A
hydraulic ram exerted load through a top bearing plate. The ram reacted against a steel cross-frame
that was tied into the floor. The reaction frame was composed of heavy steel W-sections and
exhibited no discernible deformation during the loading of any of the test specimens. A
hemispherical head was placed in series with the load ram to ensure that load was exerted
uniformly from the ram into the specimen.

For the CCT node specimens with #11 bars, the capacity of the specimen exceeded the
capacity of the ram. In order to load these specimens, the ram was moved to the back bearing plate
and arigid steel piece was placed between the specimen and the reaction frame (the hemispherical
head was left in place). Figure 5-1 shows a photograph of this arrangement. The alternate location
of the ram is indicated in Figure 5-8. The placement of the ram at the back bearing plate provided
more leverage for the application of load and required less ram force. The disadvantage of this
arrangement was that more stroke was required in order to load the specimen and an additional
linear potentiometer had to be placed at that location in order account for deflection at that point.
This changein the load arrangement did not affect the behavior of the specimensin any way.
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Changes in the strut angle required changes in the loading geometry. The reaction frame
remained stationary, but the supports and the specimen had to be moved either forward or
backward in order to change the placement of the load.

Aswith the reinforcement layout and the strain gage instrumentation, the configuration of
the load setup went through several steps before it was finalized. For the testing of the first two
groups of CCT node specimens, the load cell was placed in line with the hydraulic ram at the top
of the specimen and the magnitude of the reaction at the node was calculated. Initially, neoprene
pads were used to support the beam. However, the distribution of load though the bearing plate
was uneven under this configuration. A fixed pin roller was added to the front bearing. However,
analysis of subsequent test results indicated that a horizontal reaction might occur due to friction.
The presence of a horizontal reaction in the CCT node region can seriously affect the equilibrium
of the assumed truss (Figure 512). The force in the bar, F,, should be related to the force in the
bearing pad, P, by equilibrium of the CCT node and the geonetry of the strut angle. If ahorizontal
reaction, H, is introduced at the bearing plate, the truss mechanism becomes indeterminate. For a
45° strut, the horizontal reaction also makes the vertical reaction, P, larger than the bar force, F,.
Normally the capacity of the specimen, P, should be limited by the force that can develop in thetie
bar, but if a horizontal force, H, is introduced, the specimen can reach higher than expected
capacities and, unless it can be measured, loads calculated for the bar are not correct. The higher
bearing plate reaction causes greater compression in the CCT node region which may affect the
CCT anchorage capacity. For the third cast of specimens, a free roller bearing was placed under
the CCT node. The free roller was designed to eliminate any horizontal force development at the
bearing plate. Additionally, the load cell was moved underneath the CCT node in order to have an

exact measure of the reaction there. Figure 513 shows the final support arrangement. The
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development d this support arrangement at the CCT node was an important advance in the

accuracy and consistency of the CCT testing process.

15”

20”

H fp

o

A Moments = P(15”) -F,(15")-H(20") = 0

P =F, +1.33H

Figure5-12:  Equilibrium of CCT node pand with a horizonta reaction & the
bearing plate (45° strut angle)
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3-Roller
Bearing
Assembly

Teflon®
Strip

Frame

Figure5-13:  Freeroller detail used for the find CCT node test setup

Young [120] reported on the first CCT node tests. Her thesis contains a more detailed
discussion of the evolution of the CCT fabrication and testing process. By the fourth group of
CCT node specimens, al of the reinforcement, instrumentation, and loading details of the CCT
node specimens had been finalized (There were 9 groups of CCT node specimens which were
separated by casts.).

5.5  TESTING PROCEDURE

Preparation of the specimen for testing involved the attachment of the top and bottom
bearing plates, the front bracket used to hold the linear potentiometer for slip measurements of the
head, the attachment of the side bracket used for deflection measurements, and drawing of the

reinforcement layout and node geometry on the sides of the specimen (The drawing of those

details facilitated in understanding the cracking patterns and provided a reference for picture
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taking.). 3/4" to 1" thick steel bearing plates were used. The plates were the full width of the
specimen. The top and rear-bottom plates were each 6dy, long for al tests. The front-bottom plate
(the critical CCT node plate) was either 4dy, or 6dy, in length for all tests. Initialy the 6dy, length
was used, but, by the third group of specimens, most tests were carried out with the 4dy, length.
The smaller bearing area made the node region more likely to fail and thus provided insight into
the failure modes. The bearing plates were attached to the specimen with Hydrostoned plaster.
The plaster provided a uniform bearing between the plate and the concrete surface allowing for an
even transfer of stress. The slip and deflection potentiometer brackets were simply epoxied to the
concrete surface.

After the pre-test preparation, the specimen was placed into position within the load
frame (the top cross-piece was removable for this purpose) and the load ram and hemispherical
head were placed into position on the top of the specimen. Next, all instrumentation was
connected to the data acquisition equipment and a computerized check of the circuits was
conducted. Once the instrumentation was deemed to be working properly, the test was begun.

Load was controlled in the specimen via a hand-controlled pump. The data acquisition
equipment allowed for instantaneous reading of the load cell data. A hydraulic dial gage was also
used as an alternative check on the specimen load. Load was generaly applied in 35 kips
increments up to the cracking point of the specimen. Thereafter, load was applied in 12 kip
increments with data acquisition after each load increment. Load increments were generally once
every 15-30 seconds. Loading was halted at intervals of 510 kips to check the specimen for
cracking and take pictures if necessary. On some specimens crack widths were measured. These
breaks in loading usually took around 5 minutes or less. Once the ultimate load of the specimen

was approached, the load increment was reduced to about 0.2-0.5 kips until failure. Failure was
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generaly sudden and brittle (frequently explosive). Photographs were then taken of the failed
specimen and the load setup was cleaned up for the next test.

The complete testing process generally took 3-4 hours with loading taking only one hour
or less of that time. Two CCT node tests could easily be performed in aday. At the peak of testing
activity, three tests were performed on some days. The specimen fabrication process was much
longer. Usually, three workweeks were required to build and cast 8 CCT node specimens. The

testing of these 8 specimens could be performed in one week.
56  CCT NODE VARIABLES

As stated at the beginning of this chapter, 64 CCT node test specimens were fabricated
and tested. Thefirst 11 of these tests (from the first two specimen casts) must be discounted in the
final analysis because the reinforcement layout and/or load setup were flawed. These tests were
valuable in the information they provided on construction and testing procedures. However, the
data can not be compared with other test results. Two other specimens in the later casts were also
flawed due to poor concrete consolidation and the results were omitted in the final analysis. The
study is based on 51 specimens that provided reliable test data. This section outlines the variables
tested in the CCT node series and finally provides a master list of all the CCT node specimens.

Four basic variables were tested in the CCT node tests: the bar size, the strut angle, the

head size and type, and the amount of confining steel.
56.1 Bar Size

Two bar sizes were tested: #8 bars and #11 bars. These sizes were chosen as being of the
most interest to the project sponsors, TXDOT. #8's and # 11's are at the larger end of the bar size

spectrum (though not at the extreme end with #14’s and #18's). Anchorage of smaller size barsin
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nodal zones is not of much concern because the smaller development lengths required for those
bars are usually easier to fit into the tight nodal zone space restrictions. Larger bars are frequently
more difficult to incorporate into disturbed regions because of their correspondingly larger
development lengths. Typical Texas bridge projects typically do not use bars larger than #11 size.
#8's were chosen to represent the smaller end of the spectrum and because their area is almost

exactly '/, that of the #11's.
5.6.2 Strut Angle

Three strut angles were tested in the CCT test series: 30°, 45°, and 55°. The 45° strut
angle was chosen as the baseline for testing because it provided a convenient equilibrium solution
and represented a median strut angle that is believed to be very realistic for strut-and-tie modeling.
The 30° angle was chosen as an extreme lower bound for possible strut angles. The debate over
reasonable strut angles in ACI code committee work has surfaced the question of whether or not
the 30° angle is a realistic limit. Specimens with 30° angles were included in the test seriesin order
to answer questions regarding the lower bounds of strut angle limits. A 60° degree strut angle as
been considered as an upper limit for strut-and-tie modeling. Specimens with a 55° strut angle
were tested as an upper limit. The geometry of the 60° strut configuration placed the top load plate
too close to the front of the specimen, so a slightly shallower angle was used for the upper limit of

the test program.
5.6.3 Head Size/Type

Several different head types were tested in the program as well as standard hooks.
Though the different head types frequently had different geometric shapes (sguare, rectangular,

circular) they can usually be distinguished by their size alone. The hooks have no reasonable
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geometry to define as a head area. Head/anchorage types consisted of non-headed bars, standard
180° hooked bars, Xtender headed bars, Lenton Terminator headed bars, and HRC headed bars.
The HRC headed bars were frequently cut down in size to provide a variety of head sizes and
proportions. For most of the discussion in this report, heads will be distinguished by their relative
head area alone. Only in sections that discuss the effect of head shape will the type and shape of
the head be distinguished. The relative head areas of the various head types ranged from 0.00 to
10.39. Most of the heads had very consistent dimensions except the Xtender heads supplied by
HRC. This head type is created by a forging process that is not very precise. Micrometer
measurements were made of the Xtender heads supplied by HRC and the relative head areas of the
bars were calculated. These results are summarized in Table 5-3. The mean head sizes from these
measurements were used for all data reduction related to the Xtender headed bar tests. Headed
bars that were made by cutting down HRC heads were accomplished by first torch cutting the head
to slightly over-size dimensions, then by grinding the excess material off until the head had
reasonable proportions. Cut-down heads were rejected if either side dimension was off by more

than 0.1” or if the total head areawas off by more than 5%.
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Bar Size

#5 #8 #11

Number of Bars Measured 11 35 20
Head Minimum 0.916 1.447 2.019
Diameter, | Maximum 1.016 1.512 2.107
d, Average 0.970 1.479 2.041
(in) Std. Deviation | 0.034 0.016 0.021
Gross Minimum 0.66 1.64 3.20
Head Area, | Maximum 0.81 1.80 3.49
Agh Average 0.74 1.72 3.27
(in?) Std. Deviation 0.05 0.04 0.07

Relative [ Rrange 113-161 | 1.08-1.28 | 1.05-1.24
Head Area,

A, Average 1.39 1.18 1.10
A, Std. Deviation 0.17 0.05 0.04

Table5-3: Measured head dimensions for Xtender bars

5.6.4 Confinement

Only a few confined CCT node specimens were tested. Confinement onsisted of #3
hoops stirrups. The only variable with respect to confinement was the spacing of the stirrups.
Stirrups spacing was 3" or 6”. It is also reasonable to define the analogous unconfined CCT node
specimens as confined specimens with a very large spacing of ties. Confinement was referred to
by the confinement ratio: Ag/bs (the stirrup steel area divided by the specimen width and the
stirrup spacing). The three confinement ratios are then 0.000 (unconfined), 0.006 (#3 stirrups at

6”), and 0.012 (#3stirrups at 3").
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5.7 NOMENCLATURE AND L IST OF SPECIMENS

In this section, a standard nomenclature for CCT node specimen identification is
presented. Young [120] developed a standard nomenclature in her report on the early CCT node
testing that included bar size, head area and shape, specimen width, base plate length, single or
multiple bars, confined or unconfined bars, and first or repeat tests. Her nomenclature was
extended to include strut angle but symbols for multiple bars were omitted (no multiple bar tests
were ever performed). Table 54 provides an example of the nomenclature and descriptions of the
different identifiers.

The example given in Table 54 is for a CCT node specimen with a #8 bar, 45° strut
angle, a head with 4.70 relative head area (this happens to be a 1.5” x 3" rectangular head)
oriented with the long side parallel to the vertical axis. It is the first test of its kind and has
confinement with a stirrup ratio of 0.006 (#3 closed hoops at 6" spacing within a 6” wide

specimen). Special notes are included with theid’'s only when necessary. Some other examples are

given below:

CCT-11-45-02.85(H)-1: #11 bar size, 45° strut angle, relative head area of
285, the head is rectangular and oriented
horizontally.

CCT-08-45-Hook1-1: #8 bar size, 45° strut angle, bar anchored by a
standard hook with positioning conforming to detail 1
shown in Figure 6-10.

CCT-08-45-00.00-1-E2,W8: #8 bar size, 45° strut angle, relative head area equal to

zero (non-headed); the specimen was an early test

from the 2" cast with 8d,, width.
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CCT-08-45-04.70(V)-1-C0.000: #8 bar size, 45° strut angle, relative head area equal to
4.7, a rectangular head with vertical orientation; the
special note is optional and only included when the
specimen is listed next to confined specimens; it

indicates that zero confinement was provided

Table 55isalist of al the CCT node specimens. Every specimen that was fabricated and
tested is listed in Table 55 whether the test was successful or not. The table lists the specimen
id’s, the head type used, the concrete used in the test (refer to Table 5-2), the date of the test, and
special notes not indicated by the id. Square and rectangular heads are referred to by their outer
dimensions. Circular heads are referred to by their diameter, dy. Standard hooks are referred to by

name.
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Designates CCT 1. Bar
Node Test Size

2. Strut
Angle

3. Relative

Head Area

I

CCT-O8-45-O4.70(\4/)-%-CO.006

4. Head 5. Test 6. Special
Orientation Number Notes
Identifier Description Choices
1. Bar Size - the size of the tie bar 08...... #8
in standard ASTM sizes. 11....#11
Strut Angle - given in degrees. 30, 45, or 55
Relative Head Area -given to four 00.00 - 10.39
significant digits. or
or alternatively
a designation for a standard Hookl or
hook detail. Hook?2
4., Head Orientation - either vertical | (H)...Horizontal
or horizontal; used only for V)....... Vertical
rectangular head tests.
5. Test Number - gives the number 1. 1st Test
for repeated tests 2.....2 Test
6. Special Notes - Information for
non-standard tests (optional):
C - Confined Test; followed by the | C0.000-C0.012
stirrup reinforcement ratio A /bs
W - Nonstandard specimen width; | WS8.....8d, wide
followed by the width/d, W6.....6d, wide
B - Nonstandard bearing plate B6...... 6d, long
length; followed by the length/d, | B4......4d, long
E - Early tests with no stirrups in El...... 1st cast
back region (1st cast) or without | E2...... 2nd cast
a free roller bearing (2™ cast)
S - Special reinforcement detalil S1, S2,0r S3
(discussed in next chapter)
Table 5-4: Nomenclature of CCT node test identifiers
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Specimen Identification | Head Type [Concrete| Test Date Notes
CCT-08-45-00.00-1-E1,W8 no head Al 08-12-99 Lt
CCT-08-45-01.18-1-E1,W8 d,= 1.48" Al 08-13-99 .
CCT-08-45-04.70(H)-1-EL,W8 | 1.5"x 3.0" AL 08-14-99 Trial
CCT-08-45-10.39-1-E1,W8 3.0" x 3.0” Al 08-15-99 Group
CCT-08-45-00.00-1-E2,W8 no head B1 10-26-99
CCT-08-45-01.18-1-E2,W8 d,= 1.48" B1 10-28-99
CCT-08-45-04.70(H)-1-E2,W8 | 1.5"x 3.0” B1 11-01-99 2nd
CCT-08-45-10.39-1-E2,W8 3.0"x 3.0 Bl 11-03-99 Trial
CCT-08-45-00.00-1-E2,W6 no head B1 11-05-99 Group
CCT-08-45-04.70(H)-1-E2,W6 | 1.5" x 3.0” B1 11-07-99
CCT-08-45-10.39-1-E2,W6 3.0" x 3.0" B1 11-09-99
CCT-08-45-00.00-1-B6 no head B2 02-21-00
CCT-08-45-00.00-1 no head B2 02-22-00
CCT-08-45-01.18-1 d,= 1.48" B2 02-23-00
CCT-08-45-01.85-1 15" x 1.5" B2 02-23-00
CCT-08-45-01.85-2 15" x 1.5" B6 03-06-01
CCT-08-45-02.80(H)-1 15" x 2.0" B2 02-24-00 #8
CCT-08-45-02.80(H)-2 15" x 2.0” B6 03-07-01 Bars
CCT-08-45-02.80(V)-1 15" x 2.0” B3 07-10-00
CCT-08-45-04.04-1 d,= 2.25" B2 02-25-00 45°
CCT-08-45-04.06-1 2.0"x 2.0” B6 03-05-01 Strut
CCT-08-45-04.70(H)-1 15" x 3.0” B6 03-06-01 Angle
CCT-08-45-04.70(V)-1 15" x 3.0” B3 07-10-00
CCT-08-45-10.39-1* 3.0" x 3.0” B6 03-05-01
CCT-08-45-10.39-2 3.0" x 3.0” cé6 06-18-01
CCT-08-45-Hook1-1* Hook Detail 1 B2 02-28-00
CCT-08-45-Hook2-1* Hook Detail 2 B2 02-28-00
CCT-08-30-00.00-1 no head B7 03-12-01 48
CCT-08-30-01.18-1 d,=1.48" B7 03-12-01 Bars
CCT-08-30-01.85-1 1.5"x 15" B7 03-14-01
CCT-08-30-04.04-1 dh—” 2.25“ B7 031301 | oo o
CCT-08-30-04.06-1 2.0"x2.0 B7 03-13-01
CCT-08-30-10.39-1 3.0"x3.0" B7 03-14-01 Angle

Table 5-5a

List of dl CCT node tests
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Specimen ldentification |Head Type | Concrete | Test Date Notes
CCT-08-55-00.00-1 no head B3 07-11-00
CCT-08-55-01.18-1 d,=1.48" B3 07-11-00
CCT-08-55-01.85-1 1.5"x1.5" B3 07-12-00 #8
CCT-08-55-02.80(H)-1 1.5"x2.0" B3 07-13-00 Bar
CCT-08-55-02.80(V)-1 1.5"x2.0" B3 07-13-00
CCT-08-55-04.04-1 d,=2.25" B6 03-01-01 559
CCT-08-55-04.06-1 2.0"x2.0" B6 03-01-01 Strut
CCT-08-55-04.70(H)-1 1.5"x3.0" B2 03-07-00 Angle
CCT-08-55-04.70(H)-2 1.5"x3.0" B6 03-02-01
CCT-08-55-04.70(V)-1 1.5"x3.0" B3 07-14-00
CCT-08-55-10.39-1 3.0"x3.0" B2 03-08-00
CCT-08-45-00.00-1-C0.006 no head c6 06-19-01
CCT-08-45-00.00-1-C0.012 no”head ” (ol 06-20-01 | ~onfined
CCT-08-45-04.70(V)-1-C0.006 | 1.5"x3.0 (ol 06-19-01 Specimens
CCT-08-45-04.70(V)-1-C0.012 | 1.5"x3.0" (o] 06-20-01
CCT-08-45-Hook2-1-C0.012 Hook Detail 2 c6 06-19-01
CCT-08-45-04.70(V)-1-S1* 1.5" x 3.0" B7 03-08-01 Special
CCT-08-45-04.70(V)-1-S2 1.5" x 3.0 B7 03-09-01 Details
CCT-08-45-04.70(H)-1-S3 1.5" x 3.0 C6 06-18-01
CCT-11-45-00.00-1 no head B4 12-05-00
CCT-11-45-01.10-1 d,=2.04" B4 12-05-00
CCT-11-45-01.56-1 2.0"x 2.0 B4 12-06-00
CCT-11-45-02.85(H)-1 2.0" x 3.0" B4 12-07-00 #11
CCT-11-45-02.85(V)-1 2.0"x 3.0" B4 12-07-00 Bars
CCT-11-45-03.53-1 d,=3.00” B5 12-15-00
CCT-11-45-04.13(H)-1 2.0"x 4.0" B4 12-08-00 45°
CCT-11-45-04.13(V)-1 2.0" x 4.0" B5 12-14-00 Strut
CCT-11-45-04.77-1 3.0"x 3.0" B5 12-18-00 Angle
CCT-11-45-06.69(H)-1 3.0"x 4.0" B5 12-17-00
CCT-11-45-06.69(V)-1 3.0"x 4.0" B5 12-15-00
CCT-11-45-09.26-1 40" x 4.0" B5 12-19-00

Table 5-5b:
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* Unsuccessful testing due to poor concrete consolidation.
T Specimen specially outfitted with extensive strain gaging.
* Specimen was side-cast.




Chapter 6: CCT Nodes: Behavior During Testing

The behavior of the CCT node test specimens as observed during the testing process are
discussed in terms of : cracking development, deformation and stress, and failure modes. Results of

unconfined CCT node specimens that constitute the majority of the testing are discussed first.

6.1 UNCONFINED SPECIMEN BEHAVIOR

6.1.1 Cracking Behavior

Specimen CCT-08-45-10.39-2 represents a typical CCT node test. A large number of
strain gages were placed along the length of the bar in this test; 22 as opposed to 6 used in other
tests. The additional data are helpful in explaining stress gradients along the length of the headed
tie bar. This specimen had a 45° strut angle and used a #8 bar with a standard HRC square head
(3" x 3) at its anchorage. The measured concrete compressive strength was 3800 psi and the
measured split cylinder tensile strength was 360 psi. Figures 6-la and 6-1b outline the
development of cracking in the specimen during testing.

Every CCT node specimen began cracking in the same manner as the representative test
(CCT-08-45-10.39-2). A vertical crack initiated at the bottom of the specimen at the maximum
moment point somewhere directly underneath the top bearing plate, the point of load application
(Figure 61, part i). Following the development of the first crack, the pattern of crack growth then
followed one of two distinct patterns. The representative test followed a pattern of crack
development in which secondary diagonal cracks formed successively at regular intervals along
the headed bar, starting from the initial vertical crack forming underneath the point of load
application and forming closer and closer to the node (parts ii, iii, iv). In this pattern of crack

development, the closer the crack was to the nodal zone, the higher the load that precipitated its
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formation. Next, as the headed bar reached peak force in the strut-tie mechanism, bond tended to
break down aong the length of the bar and horizontal cracks appeared between the
vertical/diagonal cracks (part v). It was also not unusual for alongitudinal crack to form aong the
bar on the bottom of the specimen. Longitudinal cracks along the tie bar usually started away from
the node and grew towards the head. Crack development generally stopped well before the
capacity of the CCT node was reached (part vi). Failure of the specimen could occur in several
ways, but generally involved the explosive cleaving of the triangular portion of concrete above the
diagonal compression strut (Figure 6-2).

Figure 6-3 illustrates the pattern of crack widening that was observed in specimen CCT -
08-45-10.39-2. Initially the first crack widened until the formation of the second crack closer to
the node. Then widening of the first crack ceased and the second crack grew wider than the first.
Eventually athird crack formed even closer to the node. After the formation of the third crack, the
widening of the second crack halted and the third crack widened to an even greater extent. The
crack closest to the node always demonstrated the greatest crack widths and the most rapid growth
of crack width.

Specimen CCT-08-45-01.85-2 demonstrated a different pattern of crack development that
was typical of a different group of the CCT node specimens. This specimen had a 45° strut angle
and a #8 tie bar anchored by an HRC head that was cut down to 1.5” x 1.5” dimensions. This test
is representative of the CCT tests with small head sizes. The measured concrete compressive
strength was 3100 psi and the tensile strength was 350 psi. Figure 6-4 illustrates the pattern of
crack development.

After the initial development of a crack underneath the load point (part i), no new cracks

formed until the sudden appearance of a splitting crack along the length of the diagonal
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compression strut (part ii). The appearance of the splitting crack along the diagonal strut alleviated
strain build-up in the concrete adjacent to the nodal zone and very few cracks formed after the
development of the splitting crack. A small vertical crack next to the node was common (part iii)
in this cracking behavior. No additional cracks formed prior to failure (part iv).

The pattern of crack development in Figure 64 differs from the first one described in
Figures 61a and 6-1b by the occurrence of the large splitting crack dong the length of the strut.
This type of crack development was more common in specimens that had tie bars anchored by
small heads. The bars anchored by small heads experienced more slip at the anchorage point than
bars with large heads (see Section 6.1.5) and the cracking behavior may have been influenced by

that difference.
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Figure 6-1a:

P =14.5 kips

First cracking just under load
point initiated by presence of
front-most stirrup.

P =26.1 kips

A second crack forms closer to
the nodal zone.

P = 29.8 kips

Growth of the first and second
cracks towards the top bearing
plate.

P = 31.6 kips

Sudden appearance of a
third crack even closer to the
nodal zone. The third crack
grows at an angle parallel to
the diagonal strut.

Development of cracks in a representative test with alarge head

(CCT-08-45-10.39-2)
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Vi.

Figure 6-1b:

Figure 6-2:

P = 35.3 kips
A horizontal crack grows from
the second to the third crack.

P =59.5 kips

No significant growth of the
existing cracks until sudden

and brittle failure of the
specimen. The front portion

of the specimen (shaded gray)
is split away from the main body.

P

Development of cracks in a representative test with alarge head
(CCT-08-45-10.39-2) (continued)

Failure of specimen CCT-08-45-10.39-2
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Figure6-3:  Crack width measurements from specimen CCT-08-45-10.39-2
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i P = 18.6 kips
First cracking just under load
point.

il. P =29.9 kips
A second shear/splitting crack
suddenly forms within the
diagonal compression strut.
The crack does not extend to
the bottom of the specimen nor
to the top.

iii. P =37.9kips
The strut splitting crack grows
towards the top and bottom
bearing plates. A third crack
forms close to the nodal zone.
There is negligible growth of
the first crack.

iv. P =52.0Kkips
Sudden and brittle failure of
the specimen. Side spalling
of concrete parallel to the strut. /%
Splitting off of the front-most
portions of the specimen.

—F

Figure 6-4: Development of cracks in arepresentative test with a smdl head
(CCT-08-45-01.85-2)
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The crack patterns from the previous two specimens are compared to a similar specimen
with a tie bar anchored by a standard hook: CCT-08-45-Hook2-1. The measured concrete
compressive strength of this specimen was 4000 psi (the tensile strength was not determined by
tests, but can be estimated at 400 psi). Figure 65 illustrates the development of cracks in the
hooked bar test.

Cracking in the hooked bar test was similar to the cracking pattern in specimens with bars
that had large heads. Cracking began with a vertical crack just under the load point (part i). A
second crack formed between the first crack and the node. A horizontal crack due to bond failure
aong the tie bar began shortly after that (part ii). By the time the specimen was near its peak load,
a diagonal crack formed in the direction of the strut and several small cracks formed between it
and the second crack (part iii). Failure was sudden and brittle. The tail of the hook prevented the
concrete above the strut from splitting off. The concrete tulged outward along the diagonal
compression strut particularly near the bend of the hook. A crack passed horizontaly at this
location diverting upward along the bend of the hook. Cracking tended to indicate that the depth of
the diagonal compression strut exceeded the presumed dimensions which were more applicable to
the headed bar tests (part iv). The increased depth of the diagonal compression strut results

because the hooked bar allows ataller CCT node to form (Figure 6-6).
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i P =19.4 kips
First cracking just under load
point. A second crack forms
between the first and the nodal %
zone.

ii. P = 25.7 kips
A small horizontal crack begins
to branch off from the second
crack. The first and second %
cracks grow towards the load
point.

iii. P =46.2 kips
Growth of the first and second
cracks has slowed. New cracks
have formed between the
second and the nodal zone.
A crack has developed parallel
to the diagonal strut close to the
nodal zone.

iv. P =49.0 kips
Failure marked by the sudden
extensive development of
cracking parallel to the diagonal %
strut and surrounding the nodal
zone. —

Figure 6-5: Development of cracksin the hooked bar test (CCT-08-45-Hook?2-
1)
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Headed Hooked
Bar Node Bar Node
Height @3” Height @8”

Figure6-6:  CCT node height in headed bar and hooked bar tests

The cracking patterns described in Figures 61(a and b), 64, and 65 were dl for
specimens with 45° strut angles. Anal ogous specimens with 30° and 55° struts are examined next.

Figure 67 shows the cracking pattern for CCT-08-55-10.39-1. This specimen had a 55°
strut angle and a #8 tie bar anchored with a standard square HRC head (3" x 3"). The measured
concrete compressive strength was 4000 psi (the tensile strength was not measured, but can be
estimated at 400 psi). This specimen was directly comparable to the representative test with alarge
head size (CCT-08-45-10.39-2); the only difference was the strut angle.

As with its 45° counterpart, cracking initiated with a vertical crack just under the load
point (part i). A small horizontal crack began to branch off of the first crack and grow towards the
node (part ii). Then, like the 45° strut specimen, a second crack formed between the first crack and
the node (part iii). A horizontal crack also branched off from the back of the first crack and began
to grow away from the node. The horizontal cracks were most likely associated with bond failure
of the bar. No new cracking occurred until the load increased by 50% from the load at which the
previous cracking had been observed. A long crack occurred along the edge of the strut (part iv).
The maximum bearing reaction reached was over 91 kips. Based on presumed equilibrium of the

truss mechanism, that load indicated a force that exceeded yield in the tie by almost 12%. The test
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was halted shortly afterwards due to the fact that the load ram was near ultimate capacity.
Unfortunately, the halt in the testing made it impossible to determine the potential ductility of the
specimen and its ability to sustain further load. The observed cracking of CCT-08-55-10.39-1 was
typical of other specimens with 55° struts.

Figures 68a and 68b illustrate the cracking pattern for specimen CCT-08-30-10.39-1.
This specimen had a 30° strut angle and a #8 tie bar anchored with a standard square HRC head
(38" x 3"). The measured concrete compressive strength was 4100 psi and the tensile strength was
420 psi. This specimen was also directly comparable to the representative test with the large head
size (CCT-08-45-10.39-2); the only difference being the strut angle.

Cracking in the 30° strut test began with a vertical crack under the load point (part i). This
crack was primarily flexural. As bond stresses increased in the tie bar next to this crack, horizontal
cracks appeared that grew towards the node (part ii). A diagonal crack eventually connected the
horizontal crack to the vertical one (part iii). As more load was applied, second and third diagonal
shear cracks appeared between the first crack and the diagonal strut (part iv). The front-most crack
eventually grew to the full depth between the bottom fibers and the top of the compression strut as
the truss mechanism of the specimen was developed (part v). The top diagonal crack became the
primary tensile crack and experienced the most widening. The critical stress location of the tensile
tie was at the point where it crossed this crack. The tie began to yield at this point, and after
extensive plastic deformation, a fourth diagonal crack began to form next to the node (part vi). The

behavior of CCT-08-30-10.39-1 wastypical of the 30° strut angle specimens.
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Figure 6-7:

P = 33.7 kips

By this load, there is still only one
vertical flexural crack. The path of
the crack follows closely to the
location of the front-most stirrup.

P = 44.4 kips

A small horizontal crack begins
to branch off of the vertical crack
and grows along the depth of the
tie bar towards the nodal zone.

P =51.1 kips

The first diagonal crack appears
halfway between the vertical
crack and the path of the diagonal
compression strut.

P =76.2 kips

Sudden appearance of a second
diagonal crack that grows along
the edge of the diagonal strut.
There is no new crack growth
before the test is terminated at a
load of 91.9 kips.

P

Development of cracksin a steep strut angle test (CCT-08-55-

10.39-1)
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i P =12.2 kips
First cracking due to flexure underneath the load point.

%

4

ii. P = 20.5 kips
A small horizontal crack begins to branch off from the
first crack.
NN
P
iii. P = 25.7 kips

Development of the first diagonal crack. It branches
downward from the

flexural crack and -
connects to the
horizontal crack.

P

Figure6-8ac  Development of cracksin ashalow strut angle test (CCT-08-30-
10.39-1)
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Vi.

Figure 6-8b:

P = 28.0 kips
The second and third diagonal cracks appear between
the flexural crack and
the diagonal
compression strut.

P = 38.3 kips
Specimen begins yielding. The front-most diagonal crack
connects with the
bottom fibers and
the first flexural crack.

%

P = 38.9 kips
After extensive plastic deformation, a fourth diagonal
crack appears next to
the diagonal
compression strut.
There is extensive
cracking along the %
bottom of the specimen.

T

P

Development of cracks in a shallow strut angle test (CCT-08-30-
10.39-1) (continued)
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It is apparent from the cracking behaviors of 30°, 45°, and 55° tests that decreases in the
strut angle of the specimen increased the anchorage length of the tie bar. For the shallowest angle,
30°, the primary tensile crack was further away from the node boundary than in the cases of the
45° and 55° strut angles. This allowed more development length for the tie bar at the node. In the
55° strut test, a diagonal crack formed right at the edge of the CCT node and diagonal strut
boundary thus reducing the development length of the tie bar to a minimum. As a result, the
shallower strut angle specimens tended to show better tie anchorage than specimens with the
steeper strut angle.

Cracking in the #11 bar specimens resembled the cracking of #38 bar specimens with the
same 45° strut angles. In many cases the large bar diameter of the #11 bar resulted in the earlier
formation of horizontal cracking along the tie bar. Otherwise, the cracking behaviors shown in

Figures 6-1 (aand b) and 6-4 can be regarded as typical for the #11 bar specimens.
6.1.2 Stresy/Strain Development in the Bar

The representative test specimen (CCT-08-45-10.39-2) was specialy instrumented to
fully measure the development of stress in the bar along its length in the CCT node panel region.
Strain gages were placed at 2” on the top and bottom of the bar in this specimen. The gages started
at 1" from the face of the head and extended for 20”. Twenty-two strain gages were used in total.
Figure 69 is a plot of the measured strains. The distribution of strain along the top and bottom
fibers of the bar is plotted for four different load levels (the front reaction is generally used asthe
indicator of load level for most results presented in this report). Positive strain corresponds to
tension. A diagram of the north face of the specimen is drawn to scale at the top of the figure for

reference.
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No large strains were recorded along the bar until first cracking occurred around aload of
14.5 kips (refer to Figure 61 for the progression of cracking in specimen CCT-08-45-10.39-2).
The strain distribution indicated for a load of 19.4 kips shows that the largest strainsin the bar
correlate to the position of crack 1. The bottom fiber strains were only slightly greater than the top
fiber strains at that load level. The next crack in the specimen, crack 2, occurred around a load of
26.1 kips. The strain distribution at 29.8 kips shows that the zone of large tensile strains in the bar
had extended to the location of crack 2. The difference between the top and bottom fiber strains
has also grown. This indicates that the bar was in positive curvature (positive curvature equating
to larger tensile strains along the bottom of the bar) through the region of maximum tension. The
third and last major crack in the specimen appeared at aload of 31.6 kips. The strain distribution at
59.3 kips shows that the bar was strained beyond yield along nearly the entire gaged length. The
strain distribution at thisload also shows that a situation of reverse curvature had developed in the
bar near the location of the third crack (between 6” and 8”). The strain profile indicates that the
bar was “kinked” in a manner consistent with dowel action across shear cracks (Figure 6-10). The
final strain distribution at a load of 59.3 kips shows that the bar had begun yielding, however,
yielding was more pronounced along the bottom fibers of the tie bar. Full yielding of the bar was
observed when the load reached 59.8 kips. Large increases in top and bottom strains at a distance
of 13” from the head indicated that plastic deformation was concentrated at one location on the tie
bar.

Bar stresses are shown in Figure 6-11. The stresses were calculated from the measured
strains in accordance with procedures outlined in Appendix A. At a load of 19.4 kips, the
maximum stress in the bar was measured at 19" from the face of the head. At aload of 29.8, the

maximum stress was reached at 13”. At aloads of 39.4 kips and higher, the maximum stress level

203



in the bar was nearly uniform from a point of 7’ away from the head. The shortening of the
development length corresponded with the formation of cracks closer and closer to the node asthe
truss mechanism became fully active. Final anchorage of the bar clearly occurred within the first
7", the length roughly from the face of the head to the point where the bar passed out of the
diagonal strut. The stresses at 1” in from the head provide an indication of the bar force carried by

the head while the stresses at 7” give an indication of the total force in the bar.
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Figure6-9:  Top and bottom fiber stirains of the tie bar in specimen CCT-08-45-
10.39-2
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Figure6-10: “Kinking” of reinforcement caused by dowel action across
diagond shear cracks

4 P =59.3 kip
P = 49.4 kip
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Figure6-11: Development of bar stressin specimen CCT-08-45-10.39-2
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The stress data from Figure 611 were used to determine bond stress along the bar in
specimen CCT-08-45-10.39-2 as shown in Figure 612. At 25.6 kips, the point of maximum bond
occurred away from the head, close to the first crack. When the next crack formed at aload of 26.1
kips, the maximum bond shifted to 10" from the head. When the third crack formed, the location
of maximum bond moved next to the head. Peak bond stresses increased as the point of maximum
bond approached the head. This could be due to the increased vertical compression or platen
restraint in the node region next to the head. The bond stress calculated using the ACI
development length equations is plotted in the Figure. The implied understrength factor of 0.9 was
removed from the ACI equation. The measured local bond exceeded the ACI value. However,
because the ACI equation represents average bond stresses, thisis expected.

The development of a non-headed bar is compared to the development of a bar with a
small head in Figure 6-13. The strain and stress development at peak capacity for two specimens
with 55° struts (CCT-08-55-00.00-1 and CCT-08-55-01.85-1) is plotted. Data from the non-headed
bar show that the stress tapered to zero at the end of the bar. Data from the headed bar, on the
other hand, show that the stress at the end of the bar was somewhere between 35-40 ksi. The head,
even though it is very small, provided a significant boost to the development of the bar. Figure 6-
13 also shows that the development of the headed bar was composed of a combination of bond
plus a contribution from head bearing. Figure 614 shows the contributions to total bar stress
provided by bond and head bearing in specimen CCT-11-45-02.85(V)-1. The stress from bond
was measured over the bar length from 1dy to 7dy,. Figure 6-14 shows that the contribution from
bond peaked and then began to decrease before the contribution from head bearing reached its
maximum capacity. This behavior was common for many of the CCT node tests with larger head

sizes. The bond component of anchorage frequently could not be sustained to the |load necessary to
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achieve full capacity from the larger heads. Thus, anchorage of the headed bars consisted of atwo
step process, in which bar force was at first carried by bond, then as the bond reached its
maximum level and began to fail, anchorage shifted towards the head. The final development of
the bar was comprised of the peak bearing capacity of the head plus a diminished bond

contribution.
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Figure6-12: Measured bond stressesin CCT-08-45-10.39-2
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Figure6-13: Development of stress for headed and nor+headed bars
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Figure6-14:  Components of bar stress provided by bond and head bearing in
CCT-11-45-02.85(V)-1
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6.1.3 Equilibrium of the Truss M echanism

As acheck to verify that no horizontal restraint was acting in the load setup and that the
strain data for the tie bar were correct, equilibrium of the CCT node was always checked. Figure
6-15 shows a schematic of a CCT node region and the assumed equilibrium solution. When
analyzed, the depth of the upper compression block for most of the CCT nodes was between 2.5” -
3.5". Thus the approximate lever arm over which the horizontal forces act was about 14.5" on
average. The lever arm over which the vertical forces acted changed for the different strut angles.

The appropriate values are listed in Figure 6-15.

qstrut A l:b/ P

30° 23.8” 1.64
45° 14.3” 0.99
55° 9.5 0.66

Figure6-15:  Equilibrium of CCT node

Figure 616 shows a plot of bar force versus bearing reaction for specimen CCT -08-45-
10.39-2. The bar force was calculated from the strain gage readings at a location 7" from the
bearing face of the head. For CCT-08-45-10.39-2, a 45° strut specimen, the equilibrium solution

approximates to i, = P. A straight line is plotted in Figure 616 that represents the theoretical
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relationship. Because the bar force was not initially fully developed at 77, the force in the bar does
not equal the bearing reaction at low levels of load. However, after the specimen had undergone
significant cracking (the formations of the 2'¥ and 3¢ cracks in CCT-08-45-10.39.2 are |abeled in
the plot), the bar force approached the theoretical value and closely paraleled the expected
behavior. The only thing that is surprising about the behavior is the development of load beyond
the yield level of the bar. The plot shows that after bar force reached yield of the bar (54 kips)
additional load developed at the reaction. The yield level of the reinforcing bar was determined
from tensile tests of bar samples. There is no doubt that the bar force was limited to 54 kips for
this particular specimen. The reasons for capacity beyond the yield level of the bar are discussed

in section 6.1.5.
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Figure6-16:  Equilibrium plot of bar force versus bearing reaction in specimen
CCT-08-45-10.39-2
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6.1.4 Head Sip

Head slip was measured for al of the CCT node tests. In general the results showed that
the larger head sizes slipped less. Results for the smaller head sizes tended to be mixed. Some bars
began to dlip immediately and others did not dlip at al until failure was imminent. The most
consistent slip results came from the #11 bar tests. Figure 6-17 shows the head slip data for four
#11 bar CCT node tests. Information for the four specimensislisted in Table 6-1. The stress at the
head is based on data from the strain gage placed a distance dy, from the bearing face of the head.

The characteristics of the stress-slip plots were similar. No measurable slip occurred up to
some load level. From that point on, there was little slip resistance until failure was reached
especialy for small head sizes. The data from the #11 bar tests in Figure 6-17 clearly show that
dlip resistance improved with increasing head size. As the relative head area increased from 0.00
to 4.77, the bar stress when dlip initiated rose from 10 to 30 ksi. An additional increase in relative
head area to 9.26 did not increase the stress at initiation of slip. However, there was improved
stiffness of the anchorage beyond that point. The initiation of slip did not seem to be simply
related to the level of compression stress applied to the concrete by the bearing face of the head.

Larger head sizes began to slip at lower bearing stresses than the smaller head sizes.

Head A f E.
Dimensions | A, (ksi) | (ksi)

CCT-11-45-00.00-1 no head 0.00 4.1 4300

Specimen

CCT-11-45-01.56-1 2"x 2 1.56 41 4300
CCT-11-45-04.77-1 3'x 3" 4.77 4.0 3700
CCT-11-45-09.26-1 4" x 4 9.26 4.0 3700

Table 6-1: Specimen information for data plotted in Figure 6-17
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Stress at Head, f, .., (ksi)

0.000" 0.005” 0.010” 0.015” 0.020” 0.025”
Head Slip, d, (inches)

Figure 6-17:

A

S— .

Bar stress versus head dip for CCT node specimens with #11 bars

Figure 6-18 shows stress-slip data for analogous #8 bar size tests. Data from 30°, 45°, and

55° strut angle tests are presented. Table 6-2 lists details of the specimensincluded in Figure 6-18.

Slip data from specimens CCT-08-30-01.85-1 and CCT-08-55-01.85-1 were flawed. The results

follow aregular pattern of improved slip resistance with increasing relative head area.

q Specimen . Heaq Ann fcl. EC.
strut Dimensions | A, (ksi) | (ksi)
CCT-08-30-00.00-1 | no head 0.00 4.1 4000
o |CCT-08:30.0185:1 | 15°x15" | Noslpdata
30 CCT-08-30-04.06-1 2"x2" 4.06 4.1 4000
CCT-08-30-10.39-1 3"x 3" 10.39 4.1 4000
CCT-08-45-00.00-1 | no head 0.00 4.0 4000*
459 CCT-08-45-01.85-2 | 1.5"x1.5" | 1.85 31 3300
CCT-08-45-04.06-1 2"x2" 4.06 31 3300
CCT-08-45-10.39-2 3"x 3" 10.39 3.8 4000
CCT-08-55-00.00-1 | no head 0.00 3.9 4000*
o |CCT-08:55:0185°1 | 15°x157) | Noslpdata .
> CCT-08-55-04.06-1 2"x2" 4.06 31 3300
CCT-08-55-10.39-1 3"x 3" 10.39 4.0 4000*

Table 6-2:

* Estimated modulus of elasticity
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Figure6-18: Bar stress versus head dip for CCT node specimens with #8 bars
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6.1.5 Load-Deflection Response

The deflection of the CCT node specimens was measured underneath the load point for
al tests. The deflection data helped to identify key features in the specimen behavior such as
changes in stiffness due to head slip or the effects of horizontal restraint at the supports. Figure 6-
19 shows the load-deflection response for two 30° strut angle specimens with small and large head
sizes: CCT-08-30-01.18-1 and CCT-08-30-04.06-1. Both specimens had the same concrete with f;'
= 4.1 ks and E = 4,000 ksi. The steel properties of the tie bars were also the same with f, = 68 ks
and Es = 27,000 ksi. Head slip data for the two specimens are presented adjacent to the deflection

data. The measured bearing reaction is used as an indication of the load on the specimen.
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Figure6-19: L oad-deflection and load-dip data for specimenswithsmdl and
large heads
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Head slip data are presented next to the deflection data in Figure 619 in order to
illustrate the effect of the head slip on the stiffness of the specimen. Initialy both specimens had
no head slip until a load of about 25 kips was reached. Then, the specimen with the small head
began to dlip. In the deflection data, a reduction in the stiffness of this specimen can be seen when
compared with the specimen that had a larger head. The two load-deflection curves began to
diverge around 25 kips. The specimen with a small head failed shortly thereafter at about 31 kips.
The specimen with a large head continued to gain load and yielded at about 37 kips. There was a
slight gain in strength even after the bar yielded.

The load at which yielding occurs in Figure 619 does not coincide with the expected
yield load of the specimen. Given the geometry of the specimen, the placement of the loads, and
the known yield strength of the tie bar, the yield capacity of the specimen should occur at aload of
about 33 kips. However, the specimen with the large head clearly began yielding at a load of 37
kips. This unexpected increase in capacity is difficult to explain. Figure 6-19 shows the expected
equilibrium state of the CCT node panel at the front of the specimen. Equilibrium of the moment
forces dictates the expected yield capacity, R,. The yield load of the tie bar, F, is known from
tensile measurements of bar samples (see Appendix A). Only two other factors could account for
an increase in the yield capacity of the specimen: an increase in the vertical lever arm between the
horizontal forces or a decrease in the horizontal lever arm between the vertical forces. These two
distances could change with changes in the dimensions of the top CCC node (as shown in Figure

6-20, part ii).
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i. Assumed Equilibrium ii. Possible Equilibrium

Geometry Geometry
23.8”

% 14. 7

F, = 54 kips
<=

S Moments = S Moments =
F,(14.7) - P,(23.8) = 0 F,(15.5) - P,(22.5) = 0
—> P, =F,(0.62) —> P, = F,(0.69)
= (54 kips)*(0.62) = (54 kips)*(0.69)
= 33 kips = 37 kips

Figure 6-20:  Assumed and possible equilibrium geometries for 30” CCT node
specimens

The assumed dimensions of the top CCC node are dictated by the depth of the concrete
compression block at the top of the specimen, a, and aproportional distribution of the load plate
length based on the applied load distribution between the front and back reactions of the specimen.
The assumed dimensions of the CCC node are also based on assumed uniform stress distributions
on al three faces of the node and on a 0.85f' upper limit on concrete stress. Neither of these two
assumptions is necessarily correct. Zeller's tests on corbels, which were reviewed in Section 4.4.5,
showed that the strain distribution of the concrete along the diagonal compression strut is

extremely non-uniform near the re-entrant corner of the corbel [47, 121]. Zeller's corbel tests are
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essentially the same type of test as conducted in this study but oriented differently. The re-entrant
corner of his specimens coincides with the location of a CCC node. If non-uniform stress
distributions were occurring at the top CCC node in the specimens of this study it would be
entirely consistent with Zeller’s earlier observations. The latter of the two assumptions that dictate
the GCC node dimensions is a stress limit state that is based on an assumption of uniaxial
compression behavior in the concrete. However, the state of stress of the top CCC node is biaxial.
Experimental studies by Kupfer, Hilsdorf, and Rusch [65] have shown that the biaxial strength of
concrete can be as high as 1.2f;' when non-restraining bearing platens (brush type platens) were
used to compress the material. When restraining load platens were used (solid steel plates), the
strength could reach up to 1.5f.'. Snce the bearing plates of the CCT node specimens were all
solid steel, it is reasonable to propose that the concrete strength at the top CCC node may have
reached 1.5f;. Figure 621 shows the assumed node condition and the possible node conditions
next to one another.

Though the current node dimensioning assumptions of STM would suggest that large
CCC nodes should occur in the test specimens, there is reasonable experimental data to suggest
that the actual nodes are much smaller with much higher stresses than have been previously
assumed. Smaller node dimensions would allow for changes in the lever arms over which the
horizontal and vertical forces act in the CCT node specimens and thus allow the specimens to
reach higher than expected capacities. This seems to be the most rational explanation for the

results that are demonstrated in Figure 6-19 and earlier in 6-16.
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i. Assumed Node Condition -
e uniform stress state { 0.85f;|yyyvyyyy

a :
* concrete stress 7—% :
limited to 0.85f', T

ii. Possible Node Condition
e non-uniform stress state
* concrete stress
limit as high as 1.5f ¢

Figure6-21: Assumed and possible stress states of CCC nodes

6.1.6 Modesof Failure

CCT node specimens failed in three basic ways: pullout of the tie bar from the CCT node,
rupture of the concrete strut, or ductile yielding of the tie bar. Most of the discussion in this
chapter will deal with the second mode of failure.

Pullout failure was always foreshadowed by extensive slip of the head before the
capacity of the anchorage was achieved. It was the mode of failure for all of the non-headed bar
specimens. Pullout failure resulted in a loss of load capacity and unrestrained opening of the
cracks closest to the node. Generally, extensive slip of the bar resulted in very poor crack
distribution with only one primary crack propagating at failure. Pullout is shown in Figure 6-22.
Horizontal splitting cracks were sometimes visible in the node region at failure, but typically not

beforehand.

218



Figure6-22:  Pullout fallure of anonheaded bar (specimen CCT-08-55-00.00-1)

All of the headed bar specimens that did not yield experienced rupture of the strut and
node region during failure. For smaller heads and vertically oriented rectangular heads, rupture
was usually characterized by splitting of the diagonal compression strut along a transverse plane.
Larger heads and rectangular heads with horizontal orientations caused a lesser degree of splitting
near the node region. A characteristic of the larger head sizes that failed by rupture was extensive
crushing of the concrete near the bottom face of the diagonal compression strut. Figure 623

shows the two basic failure modes.
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i. Strut Rupture with Splitting ii. Strut Rupture with Crushing
(vertical head orientation) (horizontal head orientation)

% Crushed Concrete

Figure6-23:  Patterns of strut/node rupture

Figures 6-24 and 6-25 show post-test photographs of specimen with a vertically oriented
head (CCT-08-55-02.80(V)-1) which provide an excellent example of strut rupture with transverse
splitting. Figure 624 shows a side view of the failed specimen in which the individual pieces of
the shattered specimen can be distinguished. Two very clear strips along the path of the diagonal
compression strut were blown out laterally from the specimen. The zone between the bottom
bearing plate and the headed bar anchorage disintegrated. A very clear cone of concrete was
visible on the underside of the headed bar sweeping from the lower head face to the back edge of

the bottom bearing plate. On the upper portion of the head face, was a partial wedge of concrete.
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Figure 6-25 shows a front view of the same specimen. A vertical splitting crack can be seen along
the length of the diagonal compression strut. Beneath the head, the zone of disintegrated concrete

resembled a pyramid rising up from the lower bearing plate to meet the head.

Figure6-24:  Sde view of afaled specimen with averticaly oriented head
(CCT-08-55-02.80(V)-1) demongtrating splitting of the diagond
compression strut
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Figure6-25:  Front view of afaled specimen with averticaly oriented heed
(CCT-08-55-02.80(V)-1) demongtrating splitting of diagond
compression strut

Figure 626 shows the splitting failure of a specimen with a small head (CCT-11-45
01.10-1) which was somewhat different from the splitting failure of the previous specimen (CCT -
08-55-02.80(H)-1). Side and front views clearly indicate a splitting failure with much cleaner

edges of cleavage than was seen in the example of the specimen with a larger vertically oriented
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head. There is much less distress of the concrete between the bottom bearing plate and the head
(an Xtender head in this specimen). The differences can be attributed to the much smaller relative
head area. More slip of the head occurred in this specimen (CCT-11-45-01.10-1) than in the
previous one (CCT-08-55-02.80(H)-1) before failure. Less strain energy was stored in the CCT
node region and along the strut before rupture occurred. The result was that there was less distress
along the failure surfaces at failure. Thus the final appearance of the specimen was much cleaner

with well-defined crack planes.

i. Side View - ii. FrontView -
Exterior Cracking Exterior Cracking

iii. Side View - iv. Front View -
Internal Cracking Internal Cracking

Figure6-26:  Splitting failure of a gpecimen with asmall head (CCT-11-55-
01.10-1)

223



Transverse splitting at the node tended to occur to some degree in all specimens that did
not reach yield or fail by pullout of the tie bar. Splitting was least pronounced in specimens with
large head sizes. Also particular to the specimens with larger, horizontally oriented heads was the
presence of a distinct zone of crushed concrete progressing from the top of the head up a short
distance along the length of the strut. Figures 627 and 628 show photographs taken of two
specimens with horizontally oriented heads (CCT-08-45-04.70(H)-1 and CCT-11-45-04.13(H)-1)
after failure. Both photographs show good examples of the type of crushing witnessed during the
CCT node testing. Crushing was apparent from the numerous small fragments of destroyed
concrete. When the fragments were brushed away, a voided area was apparent at the base of the
diagonal strut. Figure 629 depicting specimen CCT-08-55-02.80(H)-1 shows this as well as the

general appearance of the larger concrete fragments cleaved from the specimen at failure.

Crushed
Concrete

Head

Figure6-27:  Zone of crushed concrete in a specimen with a horizontally
oriented head (CCT-08-45-04.70(H)-1) after failure (top view)
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Crushed
Concrete

Figure6-28: Zone of crushed concrete in a specimen with a horizontaly
oriented head (CCT-11-45-04.13(H)-1) &fter failure (Sde view)

Region of Crushing
(after fragments brushed away)

i. Fragmented Portion of ii. Close-Up of CCT Node
Concrete Region

Figure6-29:  Specimen CCT-08-55-02.80(H)-1 after fallure
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Though the hooked bar specimens did not suffer the same explosive rupture as the
examples listed above, bulging of the concrete along the strut and vertical cracking along the front
face of the specimen suggested a splitting failure also occurred in the hooked bar tests. Thiswould
be consistent with the behavior of the headed bar specimens that had vertical head orientation.
Such heads provided atall and narrow bearing profile for the anchorage of the tie bar similar to the
profile provided by the hooked bars.

The final mode of failure, yielding, was achieved with many of the largest head sizes that
were studied. When testing first began, yielding was judged by strain gage readings taken during
the test. Later, it was realized that strain gage readings might indicate yielding, yet the specimen
would continue to gain capacity, as was discussed in the proceeding section. In some cases this
could result in a failure at or just past the yield point. Once this was realized, testing was
continued past the yield point until deflection data indicated a satisfactory yield plateau had
occurred in the behavior. Some of the earlier tests unfortunately have an ambiguous yield failure
because the tests were prematurely stopped at a point in which strain data indicated yielding, but
the deflection data had not yet done so. Tables 6-1a and 6-1b list the failure modes of all of the
unconfined CCT node tests excluding those from the first and second casts (the early trial
specimens). Failure modes are categorized as pullout, splitting (rupture), crushing (rupture), or
yield. Additional notes are provided for some specimens. A more complete list of failure modes

and ultimate capacitiesis provided in Appendix C.
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Specimen Identification f.,” | Failure Mode - Notes
CCT-08-45-00.00-1-B6 4000 | Pullout
CCT-08-45-00.00-1 4000 | Pullout
CCT-08-45-01.18-1 4000 | Splitting
CCT-08-45-01.85-1 4000 | Splitting
CCT-08-45-01.85-2 3100 | Splitting
CCT-08-45-02.80(H)-1 4000 | Yield - Unconfirmed; test stopped early
CCT-08-45-02.80(H)-2 3100 | Splitting
CCT-08-45-02.80(V)-1 3900 | Splitting
CCT-08-45-04.04-1 4000 | Yield - Bar f, = 61 ksi; lower than most bars
CCT-08-45-04.06-1 3100 | Crushing
CCT-08-45-04.70(H)-1 3100 | Crushing
CCT-08-45-04.70(V)-1 3900 | Splitting
CCT-08-45-10.39-1 3100 | Crushing - Very poor concrete quality
CCT-08-45-10.39-2 3800 | Crushing
CCT-08-45-Hook1-1 4000 | Splitting
CCT-08-45-Hook2-1 4000 | Splitting
CCT-08-30-00.00-1 4100 | Pullout
CCT-08-30-01.18-1 4100 | Splitting
CCT-08-30-01.85-1 4100 | Yield
CCT-08-30-04.04-1 4100 | Yield
CCT-08-30-04.06-1 4100 | Yield
CCT-08-30-10.39-1 4100 | Yield
CCT-08-55-00.00-1 3900 | Pullout
CCT-08-55-01.18-1 3900 | Splitting
CCT-08-55-01.85-1 3900 | Splitting
CCT-08-55-02.80(H)-1 3900 | Splitting
CCT-08-55-02.80(V)-1 3900 | Splitting
CCT-08-55-04.04-1 3100 | Crushing
CCT-08-55-04.06-1 3100 | Crushing
CCT-08-55-04.70(H)-1 4000 | Yield - Unconfirmed; test stopped early
CCT-08-55-04.70(H)-2 3100 | Crushing
CCT-08-55-04.70(V)-1 3900 | Splitting
CCT-08-55-10.39-1 4000 | Yield

Table6-3ac  Failure modes of unconfined CCT node specimens
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Specimen Identification f.” | Failure Mode - Notes
CCT-11-45-00.00-1 4100 | Pullout
CCT-11-45-01.10-1 4100 | Splitting
CCT-11-45-01.56-1 4100 | Splitting
CCT-11-45-02.85(H)-1 4100 | Splitting
CCT-11-45-02.85(V)-1 4100 | Crushing
CCT-11-45-03.53-1 4000 | Crushing
CCT-11-45-04.13(H)-1 4100 | Crushing
CCT-11-45-04.13(V)-1 4000 | Splitting
CCT-11-45-04.77-1 4000 | Crushing
CCT-11-45-06.69(H)-1 4000 | Yield
CCT-11-45-06.69(V)-1 4000 | Yield
CCT-11-45-09.26-1 4000 | Yield

Table6-3b:  Failure modes of unconfined CCT node specimens (continued)

6.1.7 Special Test Results

Though analysis of the rupture patterns of failed specimens provided some interesting
insight into the behavior, one question still persisted: Does splitting initiate at the bottom of the
strut, the middle, or the top? In order to answer this question, two special specimens were
fabricated. Each of these specimens was built with special instrumented details aligned along the
axis of the diagonal strut. The strain gages along the special details provided insight about the

behavior of tensile strains within the struts.

6.1.7.1 Specimen CCT-08-45-04.70(V)-1-S2 (Transverse Splitting)

Specimen CCT-08-45-04.70(V)-1-S2 was detailed with gages oriented transversely along
the length of the strut. A reinforcing detail resembling aladder was built out of */1” diameter plain
wire. Gages were placed along each rung of the ladder. This detail was then tied into the specimen
reinforcing cage such that the gages on the rungs of the ladder would measure transverse splitting

strains at every 2" up the length of the diagonal strut. Figure 6-30 illustrates the layout of this
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ladder detail. A vertically oriented rectangular head was chosen specifically to create a transverse
splitting situation along the strut. The measured concrete compressive strength of the specimen

was 4100 psi and the tensile strength was 420 psi.

Figure6-30:  Specid instrumentation in Specimen CCT-08-45-04.70(V)-1-S2

Data from the ladder detail in specimen CCT-08-45-04.70(V)-1-S2 are shown in Figure
6-31. The gage on the lower-most rung of the ladder was damaged during the casting process.
Transverse tensile strain developed very slowly in the strut. At a load of 40 kips, the maximum
measured strain was just over 200ne (0.0002 in/in), less than the cracking strain of concrete which
can be estimated at 300me. The maximum strain occurred at the top of the strut next to the CCC
node. Some tensile strains were developed at the bottom of the strut as well. From load levels of

40 kips to 55 kips, strain increased rapidly at the top and bottom of the strut. The length from 8" —
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14" (directly in the middle of the strut) developed very little tensile strain even up to failure.
Maximum tensile strain at the top of the strut occurred slightly outside of the CCC node. These
results do not indicate if transverse splitting begins at the top or bottom of the strut, only that it
does not occur in the middle. Beyond aload of 50 kips, tensile strains at the top and bottom of the
strut exceeded 300neindicating that the concrete had begun to split. At that point, the rungs of the
ladder detail had begun to act as transverse reinforcement for the strut. The specimen reached a
maximum capacity of 54.8 kips, then split along a plane parallel to the rungs of the ladder detail
and perpendicular to the transverse splitting plane.

Transverse strains measured along the strut in specimen CCT-08-45-04.70(V)-1-S2
match a shape similar to concrete cylinders subjected to a double-punch tensile test. The head at
the lower end of the strut formed a concrete wedge that subjected the immediate concrete to large
tensile stress. A similar event occurred at the top of the strut where it met the CCC node and the
load plate. Based on these test results, transverse splitting can be characterized as the cleaving of
the strut laterally by naturally forming wedges at one or both ends of the strut. It does not conform
to the expected stress distribution envisioned for bottle shaped struts in which splitting is caused
by spreading of the compression forces such that maximum tension results in the middle of the

strut.
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FHgure 6-31:  Transverse splitting strainsin specimen CCT-08-45-04.70(V)-1-S2

6.1.7.2 Specimen CCT-08-45-04.70(H)-1-S3 (In-Plane Splitting)

Specimen CCT-08-45-04.70(H)-1-S3 was detailed with gages perpendicular to the plane
instrumented in the ladder detail test. Figure 6:32 shows the detailing of specimen CCT -08-45-
04.70(H)-1-S3. The strut detail consisted of 3/15” diameter plain wire pieces bent up to form the
pattern shown in Figure 6-32. The wires were in a single plane centered along the strut
transversely. Because the special detail did not fit correctly into the formwork when tied (due to

fabrication errors), a 1.5" plinth was added to the top of specimen. Strain gages were placed on the
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rungs of the detail, perpendicular to the axis of the strut, but within the plane of the specimen. Ten
strain gages were placed at 2" spacing. The lower-most gage and the 6'" one from the bottom were
damaged during the casting process (the electrical connections of the gages were severed). In
order to help initiate splitting perpendicular to the axis of the strut gages, a horizontally oriented
head was used. The measured concrete compressive strength was 3800 psi and the split cylinder

tensile strength was 360 psi.

‘f_

1.5” plinth

Figure6-32:  Specid instrumentation in Specimen CCT-08-45-04.70(H)-1-S3

Figure 6-33 is a plot of the data collected from specimen CCT-08-45-04.70(H)-1-S3.
Data from two load levels is presented. At a bearing reaction of 58.8 kips, the maximum load
measured for the specimen, very little tensile stress had developed along the strut. The maximum

measured strain was just over 300neindicating that the concrete in the strut was close to splitting
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or had just begun to split along a short length. Tensile stress was higher at the bottom of the strut,
next to the head. There was a small amount of compression at the top of the strut close to the CCC
node. During the process of applying the next increment of load, a splitting crack formed along the
length of the strut right along the path of the strain gages (see photo in Figure 6-33). Though the
load capacity remained high, capacity was lost and never again reached the prior level. Once the
splitting crack formed, larger tensile strains were measured in the middle of the strut. Thisis the
conventional strain distribution expected for strut splitting. However, it only occurred once

cracking had initiated and capacity was lost. Before the maximum capacity had been reached,

tensile stresses were greatest next to the anchorage of the tie bar, at the head. The measured strains
tend to indicate that the splitting crack initiated at the CCT node and spread upward. The special

detail restrained complete failure of the strut after the splitting crack had formed, however, the

splitting crack continued to open and the capacity decreased once the crack had formed.
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Figure6-33:  In-plane splitting strains in specimen CCT-08-45-04.70(H)-1-S3

6.2 CONFINED SPECIMEN BEHAVIOR

Confining reinforcement was provided for the CCT node in the form of vertical stirrups.
Five specimens with vertical stirrups were cast. One other confining detail was attempted prior to
the use of stirrups. Specimen CCT-08-45-04.70(V)-1-S1 was cast with a spiral made of /14
diameter plain wire around the end of the bar in the CCT node region (Figure 6-34). The spiral
idea was conceived because of the resemblance of the headed bars to post-tensioned anchors and

the evidence that failure of the strut initiates at the headed anchor. A spiral was envisioned as the
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ideal method of reinforcing the anchor region of the CCT node. However, while theoretically an
ideal placement of tensile reinforcement, in practice the spiral prevented concrete from properly
consolidating around the head. A large void was trapped inside of the spiral. Thus, specimen CCT -
08-45-04.70(V)-1-S1 failed prematurely due to poor concrete consolidation and the spiral detail
proved to be a hindrance to the performance of the node rather than an enhancement. This section

thus deals only with the performance of the specimens with stirrups.

Strain Gages Along Top

1” Pitch

Chair Spacers

3” Diameter

Figure6-34:  Spird confinement detail attempted in specimen CCT-08-45-
04.70(V)-1-S1

6.2.1 Cracking Behavior

Cracking behavior for the confined specimens differed from that of the unconfined ones.
Figure 635a and 635b show the progression of crack development for specimen CCT-08-45
04.70(V)-1-C0.012, a heavily confined headed bar specimen. The north face of the specimen is

shown in these figures unlike the south face that was used in all previous crack development
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figures because the cracking was more interesting on the north face. This specimen contained #3
hoop stirrups at 3" spacing in the node and strut region. The measured concrete compression
strength was 3800 psi and the measured tensile strength was 360 psi. A vertically oriented
rectangular head was used to anchor the tie bar in order to encourage a transverse splitting failure
of the strut.

First cracking in the heavily confined headed bar specimen occurred in the same manner
as most unconfined specimens with vertical cracking underneath the top load plate when the
bearing reaction reached 18 kips (part i). The formation of the first diagonal crack was consistent
with the behavior of the unconfined specimens. A diagonal crack formed midway between the
load point and the CCT node at a reaction of 22 kips (part ii). After the formation of that diagonal
crack, no additional cracking occurred for some time. Between a bearing reaction of 22 kips and
57 kips, there was only modest growth of the two existing cracks. At 57 kips, athird crack formed
parallel to the second one, propagating upwards from the nodal zone towards the top CCC region
(part iii). Following the formation of that crack, deterioration of the specimen was rapid. At 61
kips, afourth crack formed along the top of the primary strut path (part iv). Asload wasincreased,
these cracks grew quickly along the strut path (part v). At 66.8 kips, a fifth crack formed next to
the first, along a path from the CCC node to the base of the fifth stirrup (part vi). Maximum
capacity was reached at 68.2 kips. At this load level, a small vertical crack appeared next to the
head of the tie bar (part vii). The appearance of the crack gave the impression of a breakout cone
projecting from the head to the surface of the concrete. The specimen then began to lose capacity.

Extensive cracking occurred across a broad area from the CCT node to the CCC node (part viii).
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i. P =18.2 kips
First cracking just under load
point.

1
ii. P = 22.7 kips
A second crack forms arching

from the base of the 3 stirrup J
up towards the load plate. /

F;E 1

iii. P =57.1 kips N
Growth of the first and second J /

W

cracks towards the top bearing
plate. Formation of a third crack
propagating upward from the
CCT node region.

b

iv. P =61.0Kkips - 0
Modest growth of the previous J /

cracks. Formation of a fourth
crack propagating downward
from the CCC node.

-

Figure6-35ac Deveopment of cracksin aheavily confined, headed bar specimen
(CCT-08-45-04.70(V)-1-C0.012)
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Figure 6-35b: Development of cracksin a heavily confined, headed bar specimen
(CCT-08-45-04.70(V)-1-C0.012) (continued)
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Prior to reaching maximum load, cracking of the heavily confined, headed bar specimen
was similar to that seen in the unconfined specimens with cracking limited to the strut region or
below the strut. After the peak capacity was reached, the specimen underwent extensive cracking
and continued to hold 90% of its peak load. The nature of the cracking suggested that the
specimen initially developed atruss behavior similar to the unconfined specimens, then shifted to
atruss mechanism that utilized the stirrupsin the transfer of the strut force (Figure 6-36).

Measurements of the crack widths also indicated differences in behavior between
specimens with and without stirrups; with stirrups, cracking tended to follow the pattern shownin
Figure 637. After the formation of the first diagona crack, no further diagonal cracks formed
during alargeincrease in load. Thus, the first diagonal crack to form showed the greatest widening
rather than the latter diagonal cracks (see Figure 6-3 and related discussion).

Specimen CCT-08-45-04.70(V)-1-C0.006 had half the transverse steel as the previous
specimen, but was the same in all other aspects. Figure 6-38 shows the development of cracks in
this lightly confined, headed bar specimen. Cracking in this specimen showed tendencies between
that similar to specimens without stirrups and that of the more heavily reinforced one discussed
earlier. Cracking followed the common patterns discussed earlier with vertical cracking under the
load point (part i) and the development and growth of cracks along the diagonal strut (partsii and
iii). At failure, there was extensive cracking along and next to the primary strut path (part iv). The
cracking was less extensive than the more heavily reinforced specimen, but more extensive than

the unreinforced case.

239



i. Initial Truss Mechanism ii. Initial Truss Mechanism with
Crack Pattern Superimposed
(pre-failure; P = 65.3 Kkips)

iii. Final Truss Mechanism iv. Final Truss Mechanism with
Crack Pattern Superimposed
(post-failure; P = 62.5 kips)

Figure6-36: Crack patterns overlaid onto probable truss mechanisms for the
heavily confined, headed bar specimen (CCT-08-45-04.70(V)-1-
C0.012)
Figure 639 shows the development of cracks in specimen CCT -08-45-Hook2-1-C0.012.
This specimen is similar to the heavily confined, headed bar specimen except that a hooked bar
was used as atie rather than a headed bar. This specimen can also be compared to the unconfined

hooked bar specimen shown in Figure 6-5. Diagonal cracking in the heavily confined, hooked bar
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specimen developed much closer to the CCT node and tended to occur through the center of the
primary diagonal strut. The specimen had a lower ultimate capacity than the companion
unreinforced specimen, though the differences can probably be attributed to differences in
concrete material properties. At failure, there was extensive cracking along the strut path (in the
unreinforced case, cracking occurred only along the top and bottom edges of the diagonal strut).

Bulging of the concrete along the strut path indicated a splitting failure.
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Figure6-37:  Crack width measurements from the heavily confined, headed bar
specimen (CCT-08-45-04.70(V)-1-C0.012)

241



i P =19.9 kips
First cracking just under load

point. { 5

i. P=24.5kips —
A second crack forms arching
from the base of the 2 stirrup / j
up towards the load plate. i
s ( ]
&

iii. P =47.9 kips
A third crack grows from the
base of the second towards the
load plate.

O\
Av,

&

iv. P =58.1 kips ~—

/
Failure of the specimen. The )
concrete in the node region has
been blown out laterally and / (j
bulges outwards along the length ’
P

A

of the strut.

Al

Figure6-38: Development of cracksin alightly confined, headed bar specimen
(CCT-08-45-04.70(V)-1-C0.006)
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Figure6-39:  Development of cracksin aheavily confined, hooked bar specimen
(CCT-08-45-Hook2-1-C0.012)
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6.2.2 Stresg/Strain Development in the Bar

M easurements of strain along the tie bar indicated that there was a lower strain gradient
in the confined condition over the unconfined condition. In Figure 640, strain development in
unconfined and heavily confined specimens (CCT-08-45-04.70(H)-1-C0.000 and CCT-08-45
04.70(H)-1-C0.012 with concrete compressive strengths of 3900 psi and 3800 psi respectively) is
shown by plotting the bar strains at 5" from the head against bearing load, P. The slopes of the
plots show that with stirrups, the strain at 5" increased at a slower rate than in the unconfined
specimen. Thisindicates that development of the bar occurred closer to the head in the unconfined
specimen than in the confined specimen. In the confined specimen, fan-like strut behavior (asin
the strut mechanism depicted in Figure 6-36 part iii) was made possible by stirrups in the nodal
zone. This strut behavior allowed for transfer of diagonal forces by multiple paths that extended
away from the nodal zone, thus reducing the strain gradient along the bar.

Examination of the difference between the top and bottom fiber bar strains showed that
kinking of the tie bar across diagonal cracks was reduced in the confined specimen. There was
much less separation between the magnitudes of the top and bottom strain gage measurements in
the confined specimen, than in the unconfined case. As expected, the stirrups reduced shear
deformation after cracking. Asaresult, dowel action of the tie bar was also reduced.

Figure 6-41 shows the relative components of bar stress that were provided by bond and
head bearing in specimen CCT-08-45-04.70(V)-1-C0.012. This specimen displayed behavior
similar to the unconfined specimen shown in Figure 6-14. The presence of heavy confinement did
not improve the peak bond capacity, however the confinement did maintain the level of the bond

stress until failure of the head occurred.
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Figure6-41: Components of bar stress provided by bond and head bearing in
CCT-08-45-04.70(V)-1-C0.012

245



6.2.3 Stress/Strain Development in the Stirrups

Strain gages were placed on the vertical legs of each nodal zone stirrup and on the

horizontal leg underneath thetie bar.
6.2.3.1 Vertical Splitting Strains Along the Tie Bar

Vertical strains were measured at a point just above the tie bar to determine the role of
the stirrups as: (1) shear cracking developed in the member and (2) bond splitting occurred along
the bar and bearing on the head increased. Figure 6-42 shows the development of tensile strain in
the stirrups of the heavily confined, headed bar specimen (CCT-08-45-04.70(V)-1-C0.012). Strain
increased most rapidly in stirrup 4, located furthest from the CCT node, when the first crack
formed. Stirrup 1 was in compression through most of the test. Initially, the diagonal strut and
reaction forces placed stirrup 1 in compression. As tie force was transferred from the bar to the
head, a concrete wedge formed in front of the head. This wedge created splitting stresses near the
head. Near peak capacity splitting forces from the head began to counteract vertical compression
in the node region. Once splitting from the head initiated, tensile strain in stirrup 1 quickly
exceeded that of the other stirrups and peak capacity of the specimen was reached. Figure 6-43
shows the development of vertical tensile strains in the stirrups of the lightly confined, headed bar
specimen (CCT-08-45-04.70(V)-1-C0.006) in which the stirrup spacing was doubled. The plot
shows much higher strains in stirrup 2 because fewer bars crossed the diagonal crack. Strain in

stirrup 2 reached the yield at peak capacity of the specimen.
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Figure6-42: Development of verticd tendle strain in the stirrup confinement of
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Figure6-43: Development of verticd tensle strain in the stirrup confinement of
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The vertical stirrup strain along the length of the tie bar for the heavily confined, headed,
non-headed, and hooked bar specimens (CCT-08-45-04.70(V)-1-C0.012, CCT-08-45-00.00-1-
C0.012, and CCT-08-45-Hook2-1-C0.012) is shown in Figures 6-44 through 6-46. All three
specimens had the same confinement, strut angle, and concrete properties and differed only in
anchorage detail.

The headed bar specimen (Figure 644) showed a linear distribution of strain until the
peak capacity was approached. Then large splitting strains began to develop at the head. At 61
kips, the third crack had just formed along the upper part of the diagonal strut. By 66.4 kips, that
crack had propagated down to the bottom of the strut. At both of these load stages, the vertical
tensile strains were nearly linear along the tie bar. At the final load stage, 68.2 kips, crack 4
formed near the head, and large vertical tensile strains appeared in stirrup 1.

The non-headed specimen (Figure 645) also showed a linear profile of vertical tensile
strains at low load levels. At 35.8 kips, only the first and second diagonal cracks had formed. By
41.6 kips, the maximum capacity, a third crack had branched off of the second. During post failure
loading, this crack turned horizontally and propagated to the front face of the specimen. The
corresponding vertical tension plots show that considerable strain developed in the first stirrup as
this occurred. However, the strains were higher further along the bar.

The hooked bar specimen (Figure 646) again showed a non-linear though generally
increasing profile of vertical tensile strain. At a load of 42.7 kips, cracks 1 and 2 had formed and
stirrups 24 were in tension. No new cracks had formed by a load of 52.4 kips. At 52.5 kips,
cracks 3 and 4 formed and the maximum capacity of the specimen was reached. The profile of the

vertical tensile strains did not change significantly throughout the cracking process. The gages on
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stirrup 4 were lost at the peak load. Stirrup 1 never developed significant tension indicating that,

unlike headed bars, the hook does not create vertical splitting in the bend region.
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Figure6-44: Verticd tensle srains dong thetie in the heavily confined, headed
bar specimen (CCT-08-45-04.70(V)-1-C0.012)
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Figure6-45: Veticd tendle drains dong the tie in the heavily confined, non
headed bar specimen (CCT-08-45-00.00-1-C0.012)
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6.2.3.2 Transverse Splitting Strains Underneath the Tie Bar

Gages on the bottom of the hoop stirrups provided data on the transverse tensile strains
along the underside of the tie bars. Transverse tensile strain was caused by bond splitting along the
bar and wedging action at the head. Tensile strain was counteracted by compression between the
bottom bearing plate and the head in the CCT node region. The full width of the beam at the CCT
node was subject to compression by the bottom bearing plate. At the CCT node, these
compression stresses must neck inward to equilibrate with the compression stresses at the head of
the tie bar. This creates transverse compression on the underside of the CCT node. This effect is
illustrated in Figure 6-47. The transverse strain is plotted as a function of bearing load for the four
instrumented stirrups of the heavily confined, headed bar specimen (CCT-08-45-04.70(V)-1-
C0.012). From the earliest stages of load to the final stages, stirrups 1 and 2 remain in
compression and stirrups 3 and 4 remain in tension. The two sets of stirrups are divided by their
placement inside (stirrups 1 and 2) or outside (stirrups 3 and 4) of the CCT node/strut compression
region. Outside of the node/strut zone, bond along the tie bar creates radial splitting stress and
produces tension in the stirrups. Inside the node/strut zone, the radial tension stressis counteracted
by the transverse compression within the CCT node. Similar behavior is seen in the lightly
confined, headed bar specimen (CCT-08-45-04.70(V)-1-C0.006). Figure 648 shows the behavior
of this specimen. Near peak capacity, the radial tension stress from bond splitting forced stirrup 2

toyield.
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254



o | | | | O o | | | | | [
B 0o

70 —
60 —
50 —
40 —
30 —
20
10 — a( C:omp;ressjon ;Tens;ion

o_

Bearing Reaction, P (kips)

vt rrpt
-1000 -500 0 500 1000 1500 2000 2500
Stirrup Strain (1me)

Figure6-48: Development of transverse tensile srain in the sirrup confinement
of the lightly confined, headed bar specimen (CCT-08-45-
04.70(V)-1-C0.006)

In Figure 649 through 651, the transverse strain profiles for specimens the heavily
confined, headed, non-headed, and hooked bar specimens (CCT-08-45-04.70(V)-1-C0.012, CCT-
08-45-00.00-1-C0.012, and CCT-08-45-Hook2-1-C0.012) are presented. All three of these
specimens contained similar concrete properties, confinement, and load geometry. They differed
only the anchorage condition of thetie bar in the CCT node.
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The headed bar specimen (Figure 6-49) demonstrated a transverse strain profile with very
distinct regions of compression and tension strain. Inside of the node region, the stirrup gages
were in compression. Outside of the node region, the stirrup gages were in tension. At the peak
load, 68.2 kips, the measured tension strain exceeded 300ne indicating that the concrete was
probably cracked. Longitudinal cracking along the underside of the specimen was witnessed in
many tests and is consistent with the results from these stirrup gages.

The non-headed specimen (Figure 6-50) demonstrated a more linear distribution of
transverse splitting strain. While the first stirrup gage went into compression, the 2'¢ and 3¢
stirrup gages were in tension. The 4 gage was damaged during the casting process. This
transverse strain profile differed from the profile for the headed bar in the readings from the 2
and 39 gages. Not only was the 2' gage in tension rather than compression, but the 3% gage
exceeded the level of tensile strain that was seen for the headed bar specimen at the same location.
The reason that the non-headed bar exhibited much more transverse tension than the headed bar is
most likely due to higher bond stresses along the non-headed bar. Because the bar had no head, it
relied more on bond for anchorage. This greater reliance on bond resulted in greater radial splitting
stresses and thus a greater reliance on the stirrups to resist those splitting stresses. Hence, the
higher tensile strains.

The hooked bar specimen (Figure 6-51) demonstrated similar transverse strains outside of
the CCT node region. The tensile strain levels in the 3% and 4" stirrups were slightly higher at
lower load levels than the headed bar case indicating that the hooked bar was slightly more reliant
on bond at that location similar to the behavior of the headed bar test. Within the CCT node
however (stirrups 1 and 2), the results of the hooked bar vary from the headed bar. Transverse

strain in stirrup 1 was initially in compression and eventually shifted into tension. However, the
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strains were low indicating that virtually no stress transfer was occurring within the node at that
location. At stirrup 2, the compression strain was much greater than was the case for the headed
bar. The bend of the hook shifts the point of bearing back and upward from the location at which
the headed bar bears on the concrete. Thus stirrup 1 was less effective and more demand was
placed on the stirrup 2. These results, coupled with the vertical strain data from the previous
section (Figure 646), show that the optimum location for stirrup confinement of a hooked bar is
closer to the start of the bend than the end of the bend. Stirrup 1 was ineffective and merely

hampered the ability to place concrete around the hook.
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Figure6-49: Transverse drains dong the underside of the tie in the heavily
confined, headed bar specimen (CCT-08-45-04.70(V)-1-C0.012)
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6.24 Head Sip

Head dlip in the confined specimens is presented in Figure 6-52. Data from the
unconfined companion specimen were not available due to instrumentation errors during that test.
The behavior of the two confined specimens followed expected behavior. The specimen with more
confinement demonstrated a stiffer slip resistance than the specimen with less confinement. The
dlip response of the two specimens is generally less stiff than that of similar head sizes of
unconfined specimens shown in Figure 6-18, however, the test results come from specimens with

different concrete properties and the stiffness responses may not be directly comparable.
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(#3 stirrups at 37)
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Figure6-52:  Bar dress versus head dip for unconfined and confined specimens

6.2.5 Load-Deflection Response

Load-deflection data for an unconfined and a confined specimen (CCT -08-45-04.70(V)-
1-C0.000 and CCT-08-45-04.70(V)-1-C0.012) are shown in Figure 6-53. The load-deflection

responses of these two specimens were very similar. The two plots align on top of one another up
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until a load of 64 kips when te unconfined specimen failed. The similarity of the data also
suggest that there must have been little difference in the head slip behavior of the two specimens
which would have affected the overall stiffness of the specimens. For the confined specimen, a
definite yield plateau was achieved. Never-the-less, the confined specimen could not sustain the

ductility demand placed on it and eventually failed at the node.
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Figure6-53:  Load-deflection data for specimens unconfined and confined
pecimens
6.2.6 M odesof Failure

The failure modes of the five confined specimens resembled those of the unconfined
specimens. The non-headed bars failed by pullout. The headed bars and the hooked bar failures

involved strut rupture and transverse splitting. The one exception was the heavily confined,
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headed bar specimen (CCT-08-45-04.70(V)-1-C0.012), the most successful of the confined tests
with the highest capacity. The specimen exhibited some ductility prior to failure, which did not
occur in any of the previous specimens. Post-yield failure occurred because the node could no
longer sustain the degree of deformation placed on it or because of continued development of the
confined strut-and-tie mechanism. The confined mechanism (shown in Figure 6-36) involved the
utilization of not just the bottom horizontal bar, but also the vertical stirrup bars as ties. This type
of truss mechanism reaches its ultimate capacity when all the ties have yielded or until a strut or
node fails. In the heavily confined, headed bar specimen, though the main horizontal tie may have
begun to yield, redistribution of forcesto alternative strut paths continued until one of the struts or
nodes failed.

Figure 6-54 shows the cracking patterns at failure for non-headed and headed bar
specimens with varying degrees of confinement. The cracking at failure of the non-headed bar
specimens did not change significantly with the addition of confinement. The headed bar
specimens did show some changes in behavior at failure. When unconfined, the specimen failed
by splitting at the bottom of the strut and cleaving off of the top-front corner of the specimen. In
the confined specimens, this dramatic cleaving off of large portions of the concrete was restrained.
However, after failure, the confined specimens were left with large chunks of concrete bulging out
from the sides along the length of the primary strut. This behavior tended to indicate that

transverse splitting was significant.
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i
i. CCT-08-45-00.00-1-C0.000 ii. CCT-08-45-04.70(V)-1-C0.000
(no head, no confinement) (headed, no confinement)

iii. CCT-08-45-00.00-1-C0.006 iv. CCT-08-45-04.70(V)-1-C0.006
(no head, stirrups at 6”) (headed, stirrups at 6”)

v. CCT-08-45-00.00-1-C0.012 vi. CCT-08-45-04.70(V)-1-C0.012
(no head, stirrups at 3”) (headed, stirrups at 3”)

Figure6-54:  Failure cracking patterns for non-headed and headed specimens
with varying degrees of confinement
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Table 6-4 summarizes the failure modes for the confined specimens. Failure modes

conform to the categories discussed in section 6.1.6.

Specimen ldentification f. | Failure Mode - Notes
CCT-08-45-00.00-1-C0.006 3800 | Pullout
CCT-08-45-00.00-1-C0.012 3800 | Pullout

CCT-08-45-04.70(V)-1-C0.006 | 3800 | Splitting
CCT-08-45-04.70(V)-1-C0.012 | 3800 | Yield then Splitting
CCT-08-45-Hook2-1-C0.012 3800 | Splitting

Table 6-4: Failure modes of confined CCT node specimens

6.3 SUMMARY OF BEHAVIORAL OBSERVATIONS

The various observations from the confined and unconfined specimens add together like
pieces of ajigsaw puzzle to form a picture of the whole mechanism of force transfer in the CCT
node specimens. Strain gage data from the confined, unconfined and special detail specimens
provided information on the development of the tie bar and the locations of compression and
tension regions within the CCT node panel. Combined strain data with the observations of
cracking and failure modes provides an overall picture of the CCT node behavior.

Data from the special detail tests have shown that splitting tension along the diagonal
strut begins at the ends of the strut. The behavior of the strut resembles the behavior of a concrete
cylinder subjected to a double punch test. A wedge of concrete forms in front of the bearing face
of the head and acts to cleave the strut in two. Splitting may occur in the plane of the truss model
or transverse to the plane of the truss model depending on the orientation and size of the head.

Failure most likely initiates at the CCT node.
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Anchorage of the headed bars consists of two stages: the first in which load is primarily
anchored by bond. This stage continues until maximum bond is reached, past which the bond
stress gradually declines. This point begins the start of the second stage in which anchorage force
is transferred to the head. This stage continues until the head reaches its maximum capacity or bar
yield occurs. Final anchorage capacity is the sum of the maximum head capacity plus the residual
bond left after the decline in bond begins.

Strain readings from gages on the tie bar indicate that the critical section at which thetie
bar must fully develop occurs at the front-most diagonal crack. This crack forms along the lower
edge of the diagonal compression strut and propagates downward to the edge of the bearing plate.
The critical section can thus be estimated as the |ocation at which the tie bar passes out of the path
of the diagonal compression strut. Shear deformation across this crack can cause severe kinking of
thetie bar.

Strain readings from stirrups in the confined specimen indicate that beneath the CCT
node, compression stresses from the lower bearing plate must neck inward to equilibrate spatially
with the bearing face of the head. This creates a region of vertical and transverse compression.
This region begins at the bearing face of the head and extends to the surface of the critical
diagonal crack. On the other side of the crack, radial splitting stresses created by bond of the
reinforcing bar cause the reverse stress state.

L oad-deflection data suggest that the top CCC node undergoes severe contraction during
loading of the specimen. The CCC node is under a state of biaxial compression and can potentially
sustain compression stresses up to 1.5 times the uniaxial concrete compression strength, f;'. Asthe
CCC node becomes highly stressed, the top of the strut can also become a critical location for the

initiation of failure.
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The truss mechanism forms after a succession of cracks develop. Cracks form first
underneath the load point (the CCC node), then closer and closer to the CCT node. The cracks
closest to the CCT node propagate diagonally and follow the lower edge of the diagonal strut path.
Even in confined specimens, the initial truss mechanism to form begins with a single diagonal
strut connecting the CCT node directly to the CCC node. This is the stiffest and most direct path
for force transfer. As this strut begins to weaken due to cracking, secondary strut paths may form
to mobilize the stirrups.

Crack width measurements indicate that the primary diagonal crack, closest to the strut
and the CCT node, undergoes the most opening during loading.

Finally, head slip measurements demonstrate the enhanced resistance provided with
increased head size. Head slip was shown to have a detrimental affect on the overall stiffness of
the specimen. Slip was very often a precursor to failure. However, the amount of slip was aso
related to the amount of total bar stress transferred to the head. For longer development lengths,
less bar stress would be transferred to the head before yielding and smaller heads could be used

without concern for slip.
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Chapter 7: CCT Nodes: Comparison to Failure Models and
Formulation of Design M ethodology

7.1 INTRODUCTION

In this chapter the CCT node data are examined for trends then compared to existing
theories of head capacity. This analysis leads towards the development of a design formula for
headed bar anchorage. The existing theories to which the CCT node data are compared include:
the ACI STM design procedures for nodes and struts [2], the modified CCD methods devel oped
by DeVries [42] for headed bars, the ACI bearing capacity eguations [2], and the ACI

development length equations [2].
7.2 TRENDSINTHE DATA

The variables studied in the CCT node study included relative head area, strut angle, head
shape and orientation, bar size, and confinement. The effects of these variables on the trendsin the

data are examined in this section.
7.2.1 Effect of Relative Head Area

Figure 7-1 shows the effect of increases in relative head area on the ultimate bar stress
carried by the head. Values of ultimate bar stress have been adjusted by a ratio of 4ksi/f;' to
normalize the effects of differences in concrete strength. Only data from specimens that did not
yield are plotted. Figure 7-1 shows that the ultimate capacity of the head generally increased with

increasing relative head area but the relationship did not appear to be linear.
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Figure7-1:  Effect of relative head area on head capacity

7.2.2 Effect of Strut Angle

Figure 71 included data from specimens with different strut angles. The head capacity
was not influenced by the strut angle. However, the strut angle did affect the bond component of
the anchorage. As the strut angle was decreased, more of the length of the tie bar was included in
the path of the strut as shown in Figure 7-2. Asaresult, the development length of thetie bar was
increased and bond became a larger component of the anchorage. Thus smaller head sizes were
able to achieve full development of the tie bar. In Figure %3, the minimum head sizes that
achieved yield of the tie bar are plotted for the three different strut angles studied. The plot shows

that decreases in the strut angle allowed smaller head sizes to successfully anchor thetie bar.
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Figure7-2:  Approximate development lengths for 45° and 30° strut angles
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Figure 7-3: Minimum head Sze necessary to achieve yidd of thetie bar

7.2.3 Effect of Head Shape and Orientation

Three basic head shapes were studied in the research: circular, square, and rectangular.
For the rectangular head shapes, the affect of the orientation of the head was also studied. Three

pairs of specimens used circular and square heads of aimost exactly the same relative head area
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(Table 7-1). Of these three pairs, however, only one provided two specimens that both failed to
yield and thus provided data that could be used to study the affects of head shape. Head dlip plots
for specimens CCT-08-55-04.04-1 and CCT-08-55-04.06-1 are presented in Figure 74. The data
show that the square head performed slightly better than the circular one, but not significantly.
DeVries [42] also studied head shape. He concluded that it was not a significant variable and

excluded it from his design equations.

Head f, foneag | Failure
Shape (ksi) (ksi) Mode
CCT-08-30-04.04-1| Circular | 4.2 27.5 Yield
CCT-08-30-04.06-1| Square 4.2 33.5 Yield
CCT-08-45-04.04-1| Circular | 4.0 32.7 Yield
CCT-08-45-04.06-1| Square 3.1 34.8 | Crushing
CCT-08-55-04.04-1] Circular | 3.1 25.1 | Crushing
CCT-08-55-04.04-1]| Square 3.1 27.5 | Crushing

Specimen Pair

Table 7-1: Companion specimens for effect of head shape

Bar Stress at Head (ksi)

I T I I I T I
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Head Slip (inches)

Figure 7-4: Head dip plotsfor circular and square heads
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Seven pairs of specimens provided information on the effect of rectangular head
orientation (Table 72). One pair of specimens (CCT-11-45-06.69(H)-1 and CCT-11-45-06.69(V)-
1) both yielded. Thus, the bar stress sustained by the heads at a slip of 0.005” was used instead of
ultimate stress data. Ratios of the horizontal head capacity to vertical head capacity were then
calculated for each pair of specimens and plotted against the aspect ratio (long dimension / short
dimension) of the head (Figure 7-5). This plot shows that the head orientation did have an effect
on the capacity for heads with larger aspect ratios. The data for slightly rectangular heads
(long/short » 1.3-1.5) were inconsistent. Some head capacities were greater with a horizontal
orientation and some greater with a vertical orientation. However when the aspect ratio of the head
approached 2, the horizontal orientation of the head consistently provided a capacity 30-40%
greater than the vertical orientation.

The effect of head orientation can be explained by examining the angles of the forces
produced by the head. As a concrete wedge forms in front of a rectangular head, the orthogonal
faces of the wedge form at steep and shallow angles relative to the axis of the bar (Figure 7-6). As
this wedge bears against the concrete, the shallow faces of the wedge produce greater transverse
splitting stresses than the steep faces (Figure 7-7). Thus for arectangular head, transverse splitting
stresses are greater along the axis perpendicular to the long head dimension. In a CCT node, the
larger transverse splitting stress are counteracted by vertical compression stresses when ahead is
oriented horizontally (Figure 7-8, part i). Thus, a head with a horizontal orientation should have a
greater capacity than a head with a vertical capacity as the data in Figure 7-5 suggest. From a
practical point of view, however, it isunrealistic to dictate what the orientation of the heads should

be when a reinforcement cage is assembled. It is likely that heads will be oriented randomly. For
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design, limits should be placed on the aspect ratio of head shapes to prevent undo influence from

head orientation. Thus head orientation can be dropped as afactor in capacity equations.

Horizontal Test| Vertical Test (f If ,)H‘
si'c oriz.

. : Head Aspect
Specimen Pair . . ) ’ !
p Dimensions| Ratio fs,head fc fs,head fc (f /f ,)
s' 'c /Vert.

(ksi) | (ksi) | (ksi) | (ksi)
15"x2.0"| 133 | 376 | 3.1 | 491 | 3.9 0.96

CCT-08-45-02.80(H)-2
CCT-08-45-02.80(V)-1
CCT-08-45-04.70(H)-1
CCT-08-45-04.70(V)-1
CCT-08-55-02.80(H)-1
CCT-08-55-02.80(V)-1
CCT-08-55-04.70(H)-2
CCT-08-55-04.70(V)-1
CCT-11-45-02.85(H)-1
CCT-11-45-02.85(V)-1
CCT-11-45-04.13(H)-1
CCT-11-45-04.13(V)-1
CCT-11-45-06.69(H)-1
CCT-11-45-06.69(V)-1

15"x3.0"| 2.00 53.7 3.1 48.7 3.9 1.39

15"x2.0"| 1.33 38.0 3.9 43.2 3.9 0.88

1.5"x3.0"| 2.00 52.2 3.1 49.2 3.9 1.33

2.0"x3.0" | 1.50 30.3 4.1 40.9 4.1 0.74

2.0"x4.0" | 2.00 56.5 4.1 39.6 3.9 1.36

3.0"x4.0" | 1.33 42.6* | 3.9 39.3*| 3.9 1.08

* Stress at 0.005” slip.

Table 7-2: Companion specimens for effect of head orientation
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Figure 7-5: Effect of head orientation and aspect ratio on head capacity
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Figure7-6:  Shalow and steep faces of the wedge for arectangular head
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7.2.4 Effect of Bar Size

Two bar sizes were tested in the CCT node study: #8's and #11's. The side cover and
bottom bearing plate length were scaled to the bar diameter to maintain the proportionality of the
CCT node. However, bottom cover remained constant. The data from the #8 and #11 tests with
45° strut angles are plotted in Figure 7-9. The #11 bar data points generally lay below the #8 bar
data points. The decreased capacity of the #11's may be due to the smaller relative bottom cover in

those specimens.
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Figure 7-9: Effect of bar sze on head capacity

7.2.5 Effect of Confinement

Tests were performed on non-headed, headed, and hooked bars with transverse
reinforcement (stirrups) in the anchorage region. Confinement enhances the bond when the cover
provided over the bar is small. However, in the CCT node specimen configuration, the tie bar

always had large cover. Analysis of the effect of confinement on bond showed that the
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confinement provided no discernible improvement in bond stress. However, confinement had an
effect similar to that of strut angle. The presence of the stirrups changed the manner in which the
diagonal strut intersected the tie bar. The result was that the development length of the bar was
increased. This allowed for agreater contribution of bond to anchorage capacity.

The effect of confinement on the head capacity is shown in Figure 7-10. The plot shows
that the head anchorage carried about 20% less capacity when confinement steel was added. This
could have been due to two factors. First, the unconfined specimen was cast separately from the
confined specimens. The drop off in capacity might be an effect of variations in the concrete
mixes and curing conditions. The compressive strengths of the concrete batches were not greatly
different, though the tensile strength was lower in the batch used for the confined specimens.
Secondly, the presence of the confining steel may have affected the ability of the fresh concrete to
consolidate properly around the head. This would have resulted in the drop in capacity. It should
also be noted that the configuration of the confining steel was not ideal for restraining the critical
splitting stresses produced by the anchorage of the head. As the results of the specially detailed
specimens showed, the critical location of tensile splitting stresses occurs at the upper portion of
the head. The stirrup confining steel passed along the sides and bottom of the head, but not along
the top of the head through the critical section where maximum tensile stresses devel oped. Though
consistent with typical detailing, the confinement that was studied was not ideal for enhancing the
capacity of the head anchorage. Furthermore, whatever the cause of the decreased capacity in the
confined specimens, the results come from only three tests which is not enough to provide

compelling evidence that atrend exists. Thisissue requires further study.
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Figure 7-10:  Effect of confinement on head capacity

7.26 Comparison to Hooked Bars

Results of the two unconfined hook tests are compared to the headed bar resultsin Figure
7-11. Hook 1 refers to standard hook detail 1 and hook 2 refers to standard hook detail 2 (see
Figure 5-10). All of the data are for #8 bar tests. The figure shows that both hooks and headed bars
are substantial improvements over straight, non-headed bars (A ,w/Ap = 0). The plot also shows that
the for relative head areas greater than 2, all but two of the headed bars had greater than or equal
anchorage capacities than comparable hooked bars. The data show the feasibility of using headed

barsin place of hooks.
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Figure7-11:  Bar stress from hooked bars compared with headed bars (#8 sizes)

7.3 COMPARISON OF HEAD CAPACITY TO THEORETICAL M ODELS

7.3.1 Comparison to ACI STM Procedures

The ACI STM procedures [2], like the other existing STM procedures, base the capacity
of nodes and struts on allowable stresses limits at the faces of the nodes and struts (see Section
4.3). In this section, the ACI stress limits are compared with the data from the CCT node
specimens. The strength of the node was checked at the forward face of the node, where it abuts
against the bearing face of the head and the strength of the strut was checked at the face that
adjoins against the CCT node (Figure 7-12).

Bearing of the CCT node was most critical at the face that contacted the bearing area of
the head. At that face, the geometry of the node was rigidly defined by the boundaries of the head

and the face area was equivalent to the net bearing area of the head. The force at the head was
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determined from strain gage measurements close to the head. Bearing stresses at failure were
calculated for all specimens that failed by rupture of the strut and node region. Efficiency factors
for each test were then determined as a fraction of f.’. Figure 713 shows these values plotted

against the relative head areafor the 26 CCT node specimens that failed by rupture.
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Figure 7-12:  Critica node facesfor STM siresses
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Figure 7-13 shows that the bearing capacity of the concrete at the head was much greater
than the uniaxial compression strength of the concrete. There was a trend of decreasing bearing
strength with increasing relative head area. For the smallest heads, the efficiency factor of the
concrete was between 4.0 and 7.5. The efficiency factor dropped off with increasing head size. A
single data point at the far right indicates that the efficiency factor dropped off to 1.0 at a relative
head area of 10.4. There was no apparent difference between the data points from #8 bar tests with
different strut angles. However, there was a significant difference between the data from #8 bar
tests and #11 bar tests. The data for the #11 bar tests were greater than anal ogous data from #8 bar
tests. All of the calculated efficiency factors were greater than the maximum ACI limit of 0.80f
for CCT nodes.

Figure %14 shows the distribution of the efficiency factors for the 26 specimens. The
distribution had an average value of 3.8 with a standard deviation of 1.6. The distribution shape
was not normal.

ACI Limit Average
0.8 3.8

Number of Tests in Range
w
|

11T T T T 1 | I
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Bearing Stress
f b
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Figure 7-14:  Digribution of efficiency factorsfor CCT node bearing results
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The bearing capacity of the strut was analyzed. The face area of the strut was determined
by the boundary conditions at the CCT node. The bottom bearing plate and the geometry of the
head define the shape and dimensions of the lower strut face. Figure 7-15 illustrates the geometry
that can be reasonably assumed for the node/strut intersection. The assumed shape was
trapezoidal. The depth of the trapezoid was dictated by the height of the head, Hyeoq, and the length
of the bearing plate, Lyearing: The top width of the trapezoid was assumed to match the width of the
head, Whead, and the bottom width to match the width of the bearing plate, W pze. The actual cross-
sectional shape of the strut may have been different, but given the geometry of the conditions that
defined the node, the bearing plate and head plate, the trapezoidal assumption was reasonable
within the dictates of STM analysis.

The area of the strut, A«yt, Was calculated as described above and the force in the strut
was determined from the measured bar force and the measured bearing reaction. Using this data,
bearing stresses at failure were calculated for 25 CCT specimens that failed by rupture. One
specimen, CCT-08-45-01.18-1 was omitted because data for the bar force were lacking. This
specimen had a damaged strain gage at a critical location and the total bar force could not be
calculated properly. The calculated strut bearing stresses were divided by f to determine
efficiency factors. The distribution of these efficiency factors is plotted in Figure 7-16. Figure 7-16
shows that there were distinct differences between the #11 bar tests and the #8 bar tests. The
lowest efficiency factor was 0.87. All of the data were greater than the ACI maximum strut limit
of 0.85f¢' for uniaxial struts. The struts in the CCT node specimens would most likely be assumed
to be bottle shaped in an analysis and subject to a maximum efficiency factor of 0.51 because they
were unreinforced. The distribution of all specimens was non-normal because of the distinct

differences between the #8 and #11 bar results. The average efficiency factor for the #11 bar tests
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was 0.95 and the average efficiency factor of the #8 bar tests was 1.37. The overall average was

124.

L
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i. Side view of strut and node geometry
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ii. Oblique view of strut and node geometry

Figure 7-15:  Geometry of the strut/node intersection at the CCT node
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Figure 7-16:  Didribution of efficiency factors for strut bearing at the face
adjacent to the CCT node

The proceeding analyses suggest that a single efficiency factor cannot be applied to the
design of the CCT nodes. The bearing stress that can be supported by the head was not constant
but seemed to vary inversely with relative head area (Figure 7-13). The bearing stress that could
be supported by the strut seemed to be affected by bar size or the geometric variations between the
larger and smaller bar size tests. In both analyses, the estimated bearing stresses were always
greater than the ACI alowable. The AClI STM procedure provided an extremely conservative

estimate of capacity.
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7.3.2 Comparison to Modified CCD Approach

DeVries [42] developed modified Concrete Capacity Design (CCD) formulas for
calculating the anchorage capacity of headed bars in mass concrete. In Section 3.4.4, the work
performed by DeVries was reviewed and summarized. Data from the CCT nodes were compared

to the two models recommended by DeVries. concrete breakout and side blow-out.
7.3.21 Comparison to Concrete Breakout Model

The concrete breakout failure mode applies to headed bars with very shallow embedment
lengths. The anchorage lengths of the headed bars tested in the CCT nodes (measured from the
head to the critical crack location) were generally in the 59d, range which should normally
qualify as shallow embedment. The model neglects contributions from bond of the bar. The
concrete breakout model is most dependent on the embedment depth, the concrete strength, and
the cover conditions which affect the projected breakout area, Ay. Figure 7-17 shows how the
embedment depth and projected breakout area were defined for capacity calculations. The
definition of the projected breakout area was modified to accommodate the slanted failure surface
of the CCT node specimens.

Calculated concrete breakout capacities were very low and did not vary with increases in
relative head area. The model does not recognize changes in capacity with increased head area
except in the manner in which head dimensions affect the breakout surface, which is a very slight
effect. In Figure 718, measured bar stress at the head is plotted against the calculated values.
There was no correlation between the concrete breakout model and the measured results. The
failure behavior of the CCT node specimens did not resemble the failure behavior that the

breakout model is based on, so the lack of correlation is unsurprising.
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Figure 7-17:
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7.3.2.2 Comparison to Side Blow-Out Model

Many of the CCT node specimens failed by splitting the strut transversely. The lateral
rupture of the concrete caused by the splitting was similar to the side blow-out blowout failures
observed by DeVries for deeply embedded bars. DeVries side blow-out model is primarily
dependent on concrete strength, head area, concrete cover, and the projected side blow-out area,
Ansb- Figure 7-19 shows the projected side blow-out areas used for the different specimen series.
The portion of the projected side blow-out area that crossed beyond the critical crack location
(assumed at the lower-back boundary of the diagonal compression strut) was subtracted from the
area. The side blow-out capacity was calculated for al of the CCT specimens that failed by
rupture. In Figure 720, measured bar stresses at the heads are plotted against the calculated
stresses.

Figure 7-20 shows that the side blow-out model appreciably underestimated the results of
the CCT nodes. Mean and standard deviation were calculated for the ranges of
measured/calculated ratios for the side blow-out model (Table 7-3). The mean values of the #8's
and #11's were close showing that the model accounted for the differences between bar sizes that
was observed in the raw data (Figure 7-9). The overal coefficient of variation was 19% which
compares favorably to the coefficient of variation of 30% reported by DeVries for his data [42].
However, the method provided a very poor overall average of 2.6. The form of the side blow-out
eguation is promising and could be adapted for design purposes by manipulating the coefficients

of the equation.
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Figure 7-19:  Projected side blow-out areas for various CCT specimen series
Measured/Calculated Values
Bar Numper of Range |Mean Standgrd
Size | Specimens Deviation
#8 8 1.87-4.02| 2.67 0.53
#11 19 2.08-3.24| 2.52 0.40
All 27 1.87 -4.02| 2.63 0.49
Table 7-3: Statigtica data for accuracy of side blow-out model
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7.3.3 Comparison to ACI Bearing Capacity M odel

The ACI bearing capacity model was used to calculate the contribution of the head to the
tie bar anchorage. The bearing capacity equation depends on three main variables: the net head
area, Ann, the concrete compressive strength, £', and the notional area projected beneath the
surface of the loaded plate, A,. The notional area is primarily dependent on the cover conditions
and is limited to four times the bearing area by the ACI provisions. As discussed in Section 3.5.4,
this limitation is very severe. Research by Niyogi [90] and Hawkins [60] has shown that the limit
should be much higher, around 40 times the bearing area. For the following analysis, the effect of
a limitation on notional area was examined, and the bearing model was found to fit the measured
data much better without it. Furthermore, the notional area was simply defined as the largest

square that fit within the cover limitations provided by the CCT node specimen even for
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rectangular heads. Vertically oriented heads would typically project a larger notional area than
other heads because their proportions fit the shape of the CCT specimen better. However, in
keeping with the assumption that head orientation will likely be random in actual construction, it
is recommended that the notional area should generally be assumed to be square for single heads
attached to single bars. This removed many complications associated with head shape in the
analysis of the CCT nodes and from foreseeable design approaches using bearing as a failure

model for headed bars. Figure 7-21 shows the notional areas that were used.
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Figure 7-21:  Notiond areas for bearing andysis of CCT nodes

Figure 7-22 presents the measured and calculated values for the heads using the bearing
model and shows that the model performed better than the previous models. Except for one point,

the dataare well distributed around the equality line.
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Figure 7-22:  Correation of measured and ca culated values for bearing model

Mean and standard deviation were calculated for the range of measured/calculated ratios
for the bearing model (Table 7-4). The mean was 0.92 and the standard deviation was 0.18 giving
a coefficient of variation of 20% similar to the side blow-out model. Figure 723 shows the
distribution of the measured/calculated ratios. The distribution was slightly skewed towards low

values.

Measured/Calculated Values
Bar | Number of Standard
Size | Specimens Range Mean Deviation
#8 8 0.66 -1.35| 0.96 0.19
#11 19 0.68-1.06 | 0.83 0.13
All 27 0.64-1.35| 0.92 0.18

Table 7-4: Statistical datafor accuracy of ACI bearing model
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Figure 7-23:  Didtribution plot of measured/caculated ratios for bearing mode

7.4 DEVELOPMENT OF A CAPACITY M ODEL FOR HEAD BEARING

Both the side blow-out and the bearing model s discussed in the previous section provided
reasonable models for the anchorage capacity provided by the head. However, an investigation
was performed to determine if a better model could be developed. Throughout Chapter 3 the
similarities between the behavior of headed bars, anchor bolts, and bearing plates was emphasized.
The side blow-out model developed from research performed on anchor bolts and headed bars.
The bearing model developed from studies of bearing plates on concrete blocks. Though
developed to describe different phenomena, these models depend on a number of the same
variables: bearing area (A ), concrete cover (cq or JA_Z ), and the concrete strength (f.'). The
primary differences between the models are the exponent applied to the concrete strength and the
radial stress disturbance factor (Y ;) which is applied to anchor bolts and headed bars, but not

bearing plates. In this section, the collected data base of headed bar tests, deeply embedded anchor
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bolt tests, and bearing plate tests are analyzed to produce one model that adequately predicts the
capacity in al three situations.

A variety of literature sources was reviewed to collect a sizable database of test data that
could be used in a regression analysis. Table 75 lists the sources that were collected. The
following criteriawere used to select appropriate test results for the database:

Headed bar tests in which the capacity provided solely by the head could be
determined. Thus only the deep embedment tests from the University of Texas in
which the deformed bar portion was sheathed with PVC were used because the
published capacity data reflected anchorage provided by the head alone without any
contribution from bond. The CCT test data of this study could also be used because
strain gage instrumentation allowed for the head capacity to be separated from the
total bar capacity.

Anchor bolt tests in which the embedment depth to side cover ratio was greater than
or equal to five. This criteria was used in the University of Texas headed bar pullout
teststo separate deeply embedded bars from shallow embedded bars.

Bearing block tests in which the side cover to block depth ratio was at least two. This
included all concentrically loaded cube tests. This ratio was selected because it
represented the majority of the available data. Furthermore, only tests in which the
bottom surface of the block was fully supported by arigid medium were included.
Tests in which the aspect ratio of the head or bearing plate was less than 2.1. This
restriction is examined in section 7.4.4.

Tests in which no confinement was provided near the head or bearing plate.
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Within the restrictions imposed by the above criteria, 544 test results were selected for the
database. This number included 100 results from headed bar tests (18.4% of the total), 69 results
from anchor bolt tests (12.7% of the total), and 375 results from bearing plate tests on concrete
(68.9% of the total). Though the database was heavily loaded with bearing capacity tests on
concrete blocks, the results presented in this section show that the headed bar and anchor bolt tests
are well calculated by the proposed models, and the behavior of those tests can be treated in the

same fashion as the behavior of the bearing tests.

Source of of Data ,
fc ﬁl_ CZ
Test Values (ksi)* A c,
UT Deep Embedment Headed Bar 73 28-64 1.0-3.8 1.0-15.2
[42]
UT CCT Node Tests “ 27 3.1-4.2 21-6.2 1.1-1.3
(present study)
Breen [31] Anchor Bolt 17 3.2-55 2.0-3.7 3.1-4.0
Lee & Breen [68] “ 7 22-54 2.6-35 4.0-6.4
Lo [58] “ 16 3.0-55 1.3-36 3.0-6.0
Hasselwander [58] “ 9 2.6-55 15-4.1 3.4-12.0
Furche & Eligehausen “ 20 3.8 29-74 3.8-75
[49]
Shelson [106] Bearing Block 12 5.6-6.7 2.8-8.0 1.0
Au & Baird [24] “ 12 45-81 1.4-4.0 1.0
Hawekins [60] “ 73 1.7-7.6 1.0-6.8 1.0-6.0
Niyogi[90, 91] “ 119 1.4-7.3 1.0-8.0 1.0-4.0
Williams [116] “ 159 26-9.8 1.0-10.2 1.0-94
All Headed Bar Tests 100 28-6.4110-6.2 |1.0-152
All Anchor Bolt Tests 69 22-55113-741]3.0-120
All Bearing Block Tests 375 | 1.4-98(1.0-10.2|1.0-9.4
All Tests 544 14-98|1.0-10.211.0-15.2

*Equivalent Cylinder Strength Values

Table 7-5: Summary of sources for collected database of headed bar, anchor
bolt, and bearing tests
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Table 7-6 lists the dependency of the bearing and side blow-out models to the primary
variables that have been shown to be the most significant factors affecting capacity. Both models
are proportional to side cover, g, and the square root of bearing area, (An,)>°. They are also
related to concrete strength, but differ in the power assigned to the concrete strength. Bearing is
directly proportional to compression strength, £, while the side blow-out model is directly
proportional to concrete tensile strength represented by the square root of compression strength,
(f)°°. Furthermore, the side blow-out model allows for an increase in capacity due to the
influence of the secondary side cover, ¢. In developing a new model for head capacity, these
variables (f;', Ann, €1, and ¢;) were selected as the most important factors influencing capacity. The

form of the new model was selected to be a product of three factors:

A factor for bearing area and side cover, A nn( 2c1/,/Anh ). Thisfactor isexpressed in

a form similar to that of the bearing model, as a product of bearing area and the

square root of the ratio of supporting area to bearing area, ./A,/A, . If the
supporting areais taken as square in shape, then A, is equal to 4c,°. The bearing area
notation is changed from A; to A, Thus the term 1/Az/A1 translates to

2c, / JA,, , theform used in the proposed model.

A factor for concrete strength. Two possible forms were examined: one in which the
power of the concrete strength was constant and one in which the power of concrete
strength varied based on the 2c; / m ratio. Niyogi [91] noted that the dependency
of bearing strength on concrete strength changed as the bearing plate size shrunk
relative to the bearing block size. As the bearing plate size was decreased, the

capacity was no longer directly proportional to £, but some lesser power of f..
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Hawkin's [60] formula for bearing capacity was related to terms that contained both

fo and 1/E The relative contributions of these terms in Hawkin's formula are

dependant on values of A; and ./A,/A, . Thus the contribution from concrete

strength was related to the relative sizes of the bearing area and the supporting area.
These two previous investigations noted a dependency of the concrete strength
contribution on geometric considerations. This dependency is explained in Figure 7-
24. When the ratio of bearing area to supporting areais near 1.0, loading is primarily
uniaxial (like a cylinder test) and capacity is proportional to compression strength.
As the ratio of bearing area to supporting area shrinks, failure of the bearing plateis

governed by resistance in the surrounding concrete to the splitting caused by

wedging action of the plate. Thus capacity is proportional to tensile strength or 1/E .
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Figure 7-24:  Relation of concrete power to 201/ A, rdio
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A factor recognizing the contribution provided by the secondary cover dimension, c;.
A form similar to that used in the side blow-out model was examined in which this
factor is linearly dependent on the ratio of secondary cover to minimum cover. The
factor equals 1.0 when the ¢,/c; ratio equals 1.0 and rises as the c,/c; ratio increases.

Upper limits were examined for thisfactor aswell.

These factors were examined in regression analyses to develop best-fit models that
calculated bearing capacity for the collected database listed in Table 75. After an
extensive investigation, which is not detailed in this report, two potential models were
developed. These models are listed below and justified by the discussion contained in the
subsequent subsections. Table 7-6 lists the relation of these models to the significant

variables discusses previously.

M odel #1.
® i} gfAmn/ 20
. | ¢ ®pc Qefl §F s
Bearing Capacity, P= A , C2.6Y & T T + (7-1)
g g A, 8245 +
(4]
with Y =0.7+ 0.3‘;—2 £18 (7-2)
1
M odel #2:
. . @& @p. 0 0
Bearing Capacity, P= A | go.gv C—L () (7-3)
e nh g g
with Y = 0.6+ 0.4% £20 (7-4)
1
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P = head capacity (kips)

Y = radial disturbance factor

Ann = net head area(in?)

C1 = minimum cover dimension (in)

C; = secondary cover dimension (the smallest cover dimension measured
perpendicular to the minimum cover) (in)

f¢ = concrete cylinder strength (ksi)

Relation to Significant Variables:
Failure Concrete Bzzﬁgg M|g|ircri1:m Secsc?gceiary
Model Strength Area Cover Cover
Bearing f. (A1) | (A0S 1 -
Side Blow-Out | (f)*® A,)°° c, 0.7+0.1(c,/c,)
Proposed # 1 | (f,)*5(AR (A Y08 c, 0.7+0.3(c,/c,)
Proposed # 2 f. (A, c, 0.6+0.4(c,/c,)

Table 7-6: Various models for head capacity

7.4.1 Effect of Cover/Head Bearing Area Ratio

Normalized bearing capacity is plotted against the ratio 2c1/m in Figure 7-25 for
the collected database. Bearing capacities were normalized against f.', Y, and A . The plot shows
that a linear relationship exists between the normalized capacities and the 2c1/ A, ratio. The
plot also shows that this relationship is unlimited up to values of ch/m = 10, the upper limit
within the database. This trend justifies the inclusion of thech/m term in equations 7-1 and
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7-3. Furthermore, no limits were placed on the contribution to capacity provided by 2c, / A, as

isthe case in the bearing capacity equation provided in the ACI code [2].
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Figure 7-25:  Normalized bearing capacity versus 2c1/ A, raio

7.4.2 Effect of the Secondary Cover

DeVries [42] accounted for the effect of second cover dimension in the form of a radial
disturbance factor, Y. Smilar factors were included in the proposed models, however, the
proposed factors allow for greater increases to capacity from the secondary cover. DeVries Y
factor was designed to equal 1.0 when a headed bar was close to only one edge and to decrease to
0.8 as a corner condition was approached. The proposed Y factors were designed to do the

opposite. They equal 1.0 under the corner condition and increase as the headed bar is moved away
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from the corner. In order to compare the two equations for Y, they must both be normalized to
reflect the same boundary limits. Normalized bearing capacity is plotted against the c/c; ratio in
Figure 7-26. The three equations for Y have been plotted against the datain order to compare their
predictive capacities. DeVries Y factor has been normalized to equal 1.0 when the c,/c; ratio is
equal to 1.0. Equations 7-2 and 7-4 have also been adjusted to normalize the differences between
coefficients in Equations 7-1 and 7-3. The plot demonstrates there is a clear increase in capacity as
the secondary cover dimension is increased. This increase ceases after the non-critical cover
dimension begins to exceed about 4 times the minimum cover dimension (c,/c; = 4). The increase

to capacity issignificant and is underestimated by DeVries' Y factor.

3.2

2.6_ T .._...__..__..__..__..__..._..._..._..._.:.__..__..__..__..._..._..._..._...__..
° Equations 7-2 and 7-4
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Figure 7-26:  Normalized bearing capacity versus cover ratio, C,/Cy
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7.4.3 Effect of Concrete Strength

Normalized bearing capacity is plotted against concrete strength in Figure 7-27. Best-fit

trend lines based on linear relationships to ;' and 1/E are plotted against the data. Figure 7-27

shows that, between the two fixed powers of concrete strength, the capacity is best predicted with

an exponent of 1.0. The bearing data are divided into two groups:. data with 201/ A, ratiosless

than or equal to 2.0 and data with 2C1/1/Anh ratios greater than 2.0. At low concrete strengths

(less than 6 ksi), the data from these two groups are fairly well intermixed. However, at higher

concrete strengths, there is some indication of divergence between the two groups. The data with

lower 2C1/1/Anh ratios are generally higher than the data with 2C1/1/Anh ratios greater than 2.0,

but the trend is slight.
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Figure 7-27:  Normdized bearing capacity versus concrete strength, f’, with
trend lines for relationshipsto fc' and \/E
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The data are plotted against the proposed model with the variable concrete exponent in
Figure 728. The data are divided into two plots for clarity. The top plot presents data with

ch/JAnh ratios between 1.0 and 2.0. The bottom plot presents data with 2cl/ A, ratios

greater than 2.0. The proposed model does not have a single trend line within a given range of

2c, / JA,, values, therefore, the bounds of the proposed model are presented in each plot for the

appropriate ranges. The best fit of the proposed model was provided by:

. 60A5(1+m /2c1)
Concrete Factor = 2.6—-+ (7-5)
§2.4

2
with variables as defined previously.
The proposed model fits the data slightly better than the relationship provided by f.' with
an exponent of 1.0. However, the improvement may not be significant enough to justify the use of
the complex concrete exponent. A simple, single exponent of 1.0 would be preferable for design

purposes. The best fit provided by a concrete strength factor with an exponent of 1.0 provides a

maximum bearing pressure of 0.9f. when ch/JAnh is equal to 1.0. The variable exponent
provides a maximum bearing pressure of 1.1f.’ when ch/JAnh is equal to 1.0. Which model

makes more sense? For the most part, the experimental data were provided by cube tests. The

concrete strength used in the model is based on cylinder strengths however. When 2c, / A, is

equal to 1.0, the model is providing a conversion from cylinder strength to cube strength which

should equal about 1.1f;" to 1.2f’. The other extreme of 2c, / JA,, values corresponds with the

bearing of a deformed bar lug which has a very small dimensions compared with the surrounding
concrete. This situation corresponds to bond stress, which isrelated to 1/{ . Thus, at the extremes
of 2c, / JA . the variable exponent model fits the considerations of mechanics better than the

simple model based on f;’ with a constant exponent of 1.0.
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Figure 7-28:  Normalized bearing capacity versus concrete strength, ', with
trend lines for the proposed concrete exponent term
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7.4.4 Effect of Aspect Ratio

Though the aspect ratio of the bearing plates and heads was restricted for the dataused in
the database, a number of additional tests from outside of the database were accessed in order to
examine the effect of aspect ratio. 82 additional tests from among the sources listed in Table 7-5
fit the criteria used to select the database, yet had aspect ratios greater than 2.1. Almost all of these
tests were bearing block tests. The data points with large aspect ratios were from strip load tests on
concrete blocks. Figure 7-29 plots the measured/calculated values against aspect ratio. Model 1
(Equation 71) was used to calculate capacity values. A similar analysis using model 2 was
conducted and produced similar results.

Figure 7-29 shows that much scatter exists in the data. However, there is a slight trend of
decreasing capacity with increasing aspect ratio. This reduction in capacity is most likely due to
the neglect of head shape in the proposed models. Both models treat the unloaded area, A,, as
being square and equal to 4c,? rather than using an area geometrically similar to the loading area,
Aj. For larger aspect ratios this simplification becomes unrealistic and results in lower capacities.
A trend of the data suggests an adjustment to capacity equal to:

Aspect Ratio Factor = (45 — Aspect Ratio)/44 (7-6)
This reduction is only 2.5% for the largest aspect ratio used in the database, 2.1. This differenceis
smaller than the scatter seen in the data indicating the models are reasonable for large aspect ratios
and that a limit larger than 2 could be recommended for the model. A limit of 4 would result in an

average reduction of only 7% according to the trend line.
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Figure 7-29:  Effect of head aspect ratio on capacity

7.4.5 Aqgoregate Size Effect

No consideration was given to differences in aggregate size among the tests included in
the database. Differences in the relative size of the specimen dimensions to the maximum
aggregate size have been shown to affect the capacity of tests when all other variablesare similar
[12]. In general, a decrease in capacity is expected as the maximum aggregate size becomes
smaller relative to the specimen dimensions. The cover/aggregate size ratio was determined for
524 of the 544 tests included in the database. Aggregate size was not reported in the study by
Furche and Eligehausen [49]. The measured/calculated ratios of the specimens are plotted against

the cover/aggregate size ratio in Figure 7-30. Calculated capacities were determined using model 1
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(Equation 7-1), however, the trends were the same when cal cul ations were performed using model

2.

1.80 T
L 0 D [ Ratantates BERIRPR. PR S D SEPRIP SEVIRERIEY SRR S S

8 Lo e R < e B o R B e e B

=

[ o

> 1.20 |-Gy I B G B OO R | e e 8

3 PEE S o

g 1.00 [t g B R s g ......... S B (S IR g

o

S o [8 ]

S o080} {88C0c|Bogg g8 g F |8 ol

S

g

S 0.60 e e S 1 DL 20T [T R AR SR A -

(2]

8 )

2 040 e T N RN RN R TR T IR EELTYT NUTTI CIXTTINTT iy FOpUpuiny SRR R N I
0.20 = [ e e e e e
0.00— )

0.5 1 2 3 45 10 20 30 4050 100

Cover Dimension _ G

Maximum Aggregate Size ~ d,

Figure 7-30:  Size effect on capacity

Figure 730 shows that reductions in the aggregate size had no significant effect on
capacity. The analysis plotted in Figure 7-30 used the cover as the critical dimension for analysis
of size effect. The data were also analyzed using bearing plate dimensions (estimated by m )
as the critical dimension. Again, no trend was found related to relative aggregate size. Niyogi [91]
noted a size effect in his study, however, over the collected database, which includes test
specimens cast and cured under a variety of environmental conditions, the scatter in the data is

more significant than any trend that may exist related to size effect.
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7.4.6 Regression Analysisof Proposed Models

The proceeding sections have been presented to justify the selection of variables chosen
for the proposed models. Two models were proposed: Equation 71 and Equation 7-3. The first
model contains avariable exponent for concrete strength. The second model uses a constant
exponent of 1.0 for the concrete strength. Both models fit the data well, but the second was much
simpler. Statistical analysis was performed for each model. The results of those analyses are
presented in this section.

Table 77 presents the statistical information for the two models of bearing. The first
model (Equation 7-1) performed better than the second (Equation 7-3) among each subgroup of
the data (headed bars, anchor bolts, and bearing tests) and over the entire database. However, the
difference was not great. Model 1 had an overal coefficient of variation of 17.5% and model 2
had an overall coefficient of variation of 19.6%. Model 1 provided a closer agreement between the
mean values of the three test types than model 2 (0.95 — 1.03 versus 0.90 — 1.04). This indicates

that model 1 does a slightly better job of representing each test type equally than model 2 does.

Table 7-7:

Measured/Calculated Values
Model Range Mean Star)de_lrd Coeffl.ue-:nt
Deviation | of Variation
# 1 (Equation 8-1)
Headed Bars 049 -1.46 | 095 0.17 18.1%
Anchor Bolts 0.59 - 1.40 0.98 0.20 20.2%
Bearing Blocks 0.46 - 1.55 1.03 0.17 16.5%
All Tests 0.46-1.55| 1.00 0.18 17.5%
# 2 (Equation 8-3)
Headed Bars 0.53 - 1.63 0.97 0.20 20.7%
Anchor Bolts 0.55 - 1.27 0.90 0.19 21.3%
Bearing Blocks 0.50 - 1.73 1.04 0.19 18.2%
All Tests 0.50-1.73| 1.01 0.20 19.6%

Statigtica datafor proposed models of bearing capacity
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Figures 731 and 7-32 present the distributions of measured/calculated values for both
models. Model 1 has a more normal distribution than model 2, which is slightly skewed towards
low values. The plots also show that the distributions of the headed bars and anchor bolts line up
better with the total distribution for model 1. It is evident that model 1 works better than model 2,
however, model 2 uses a much simpler equation. A final recommendation must consider the
performance of the model and the ease by which it can be used. Model 2 works reasonably and is

much more simple than model 1 and is thus recommended.
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The preceding analysis has been based on mean capacity. An exclusion factor must be
applied to provide a lower bound to the test results. A 5% exclusion was chosen as an acceptable
lower bound. The probability of an unsafe test outcome is plotted against exclusion factor in
Figure 7-33. The probability that an unsafe test would occur was determined by integrating the
distribution plots in Figures 7-31 and 7-32 and plotting those results against the
measured/calculated ratio. To produce a 36 exclusion of test results, models 1 and 2 require

factors, nsy, of 0.72 and 0.68 respectively. A 5% exclusion factor of 0.7 would be appropriate for
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both models. In addition to the 5% exclusion factor, a strength reduction (f) factor that accounts
for potential understrength of materials and deviations from tolerable dimensions should also be

applied. The recommendation of an acceptable f factor is not made at thistime.
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Figure 7-33:  Probability of unsafe test outcome as a function of excluson factor

Table 7-8 lists the ranges, averages, and standard deviations of the CCT node data under
proposed model 1. The distribution of measured/calculated ratios for model 1 is plotted in Figure
7-34. The data show that the new model predicts capacity much better than the side blow-out and
bearing models did. The average measured/calculated ratios are closer to 1.0 with less variation.

The distribution of the data was more normal than the distribution was for the ACI bearing model.
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Table 7-9 lists the ranges, averages, and standard deviations of the CCT node data under
proposed model 2. The distribution of measured/calculated ratios for model 2 is plotted in 7-35.
The data show that models 1 and 2 produced very similar results to one another. The mean of
measured/calculated ratios was the same under each model. Model 2 had a slightly better
coefficient of variation than model 1 for the CCT node data: 18.2% versus 18.6%. The
distributions of the two models were similar in shape. Appendix B summarizes the statistical data

for proposed models 1 and 2 for al of the test serieslisted in Table 7-5.

Measured/Calculated Values
B_ar Numper of Range Mean Star_ldgrd
Size | Specimens Deviation
#8 8 0.63-1.39| 0.93 0.19
#11 19 0.75-1.15| 0.91 0.14
All 27 0.63-1.39| 0.93 0.17

Figure 7-8:

Statistica datafor accuracy of modd 1 (CCT node tests)

Measured/Calculated Values

B.ar Numper of Range |Mean Star_ldgrd
Size | Specimens Deviation
#8 8 0.65-1.32| 0.94 0.18
#11 19 0.74 - 1.15| 0.90 0.14
All 27 0.65-1.32| 0.93 0.17

Figure 7-9: Statigtica datafor accuracy of modd 2 (CCT node tests)
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7.5 CONTRIBUTION FROM BOND

The development length equation from ACI 12.2.3 (equation 21 in Chapter 2 of this
report) was used to calculate the contribution to anchorage from bond that would occur over the
deformed bar length. Calculated bar stresses were then compared to the measured stress data
collected from strain gages on the headed bars. The contribution to bar stress from bond was
determined by the difference in strain readings between the strain gages at 1d, (immediately
behind the head) and 7d; (approximately the location of maximum development for most of the
CCT node test bars) along the length of the bar. The difference in bar stress over the 6d, length
was then used to determine average bond stress over that length. A total of 30 tests were used in
the CCT node database for bond analysis.

Measured bond stress (normalized to a concrete strength of 4 ksi) at failure is plotted
against relative head area in Figure 7-36. It is clear from the plot that the bond stress at failure
decreased as the relative head area was increased. As discussed in the last chapter (section 6.1.2),
development of the headed bars was a two stage process: bar force was first resisted by bond
which would then break down allowing the head to carry a greater component of the bar force.
Final capacity tended to consist of head bearing plus some residual bond resistance. Peak bond
stresses occurred and then began to decrease before the maximum capacity of the tie bar was
reached. The degree to which bond stress declined before failure of the specimen depended on the
size of the head. A non-headed bar failed once bond stress reached its peak capacity. A bar with a
small head would experience only a slight loss in bond before the head reached its ultimate
capacity and failure occurred. A bar with alarge head experienced a large loss of bond before the
head achieved its peak capacity and failure occurred. This trend is demonstrated by the data in

Figure 7-36. Bond stresses at failure decreased as the head size increased.
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The bond stress determined by the ACI development length equation is also plotted in

Figure %36. The calculated bond stress was determined by rearranging the ACI development

length equation to determine bar stress, then converting that bar stressinto bond stress:

. + O
R
pdyLqy b b g POplg
10 - a&+K_0
Uy = — xff e 2 7-8
bond 3 c><g‘ db B ( )

For the bond analysis of the CCT node specimens, (¢ + K)/dy, was equal to its maximum limit,

2.5. Concrete strength was normalized to 4 ksi. Additionally, the calculated bond stress was

divided by 0.9 to remove the built-in saf ety reduction factor from the ACl equation.
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Figure 736 shows that most of the measured bond stresses were greater than the ACI
calculated bond stress. The four non-headed bars had an average bond stress of about 1.4 ksi
which is more than twice the calculated value. The high bond stresses may be due to the
confinement provided by the vertical compression at the CCT node or platen restraint provided by
the rigid bearing plate. If the compression stress played a role in enhancing bond, then differences
should be seen between the specimens with different strut angles. The magnitude of the vertical
compression stress was a function of the strut angle of the CCT node configuration. Such a trend
would be hard to discern from Figure 7-36 because the datain that figure are also affected by head
size. In order to determine if vertical compression played arole in enhancing the bond stress, peak
bond stresses were determined from each CCT node test. Rather than using the bond stress
measured when the specimen achieved its ultimate capacity, the peak bond stress that occurred
during the loading seguence of the node specimen was used to examine the influence of
compression stress.

In Figure 737, peak measured bond stress is plotted against the vertical compression
stress that was present at the time of the peak bond. Vertical compression stress was determined
by the load cell measurement of the bearing reaction at the CCT node. The bearing reaction was
simply divided by the area of the bearing plate to determine vertical compression stress at the
node. Between lateral compression stresses of 0.1f' and 0.7f.', no clear trend is apparent in the
data, and there is much scatter. All of the measured bond stresses were greater than the bond stress
calculated using the ACI equation. However, the lack of a clear trend in the relationship between
bond stress and lateral compression stress suggests that lateral compression stress may not be the
cause of the enhanced bond stress. Rather, the paten restraint provided by the rigid bearing

support may have a more significant effect on bond.
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Two studies have proposed models for increases in bond stress with increasing lateral
compression: Untraeur and Henry [112] and Thrd [111]. These models were applied to the ACI
calculated bond stress to determine if they fit the data measured from the CCT node tests. They are
plotted in Figure 7-37. The Thrd model fits the data better than the Untrauer and Henry model,

however, the data are so scattered, that no definite conclusion of behavior can be asserted.
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Figure 7-37:  Measured peak bond stress versus vertica compression stress

In Figure 738, peak bond stress is plotted against relative head area. The peak bond
stresses are much more constant than the failure bond stresses, but there still seemed to be atrend
of decreasing capacity with increasing head size. This trend may be due to changes in the relative

anchorage stiffness between the head and the deformed bar as the head size become larger. Larger
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head sizes experienced less slip than did the smaller head sizes. Thisincrease in the stiffness of the
end anchorage of the bar may have prevented optimum bond from occurring. As the head became
larger, it becomes a stiffer component of the bar anchorage, thus attracting more of the anchorage
force, possibly away from the bond. Thiswould account for the decrease in peak bond stress asthe

relative head area was increased.
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Figure 7-38:  Measured peak bond stress versus relative head area

Statistical analysis was performed of the failure bond and the peak bond stresses. Tables
7-10 and 7-11 present the statistical data for the sets of peak and failure data. Figures 7-39 and 7-
40 present the distributions of measured/calculated values. The ACI bond stress equation was very
poor for calculating the failure bond stress, though it was conservative for most tests. The ACI

eguation was even more conservative for peak bond. The average peak bond was nearly twice the
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predicted bond stress. The lateral compression model proposed by Thré would account for the
high peak bond values. However, the effect could also be due to platen restraint. Furthermore, it is
the bond at failure that matters, not the peak bond. The bond at failure is the product of two
effects. Firgt, it isincreased by the lateral compression stresses and/or platen restraint in the CCT
node. Second, it is diminished by the nature of the anchorage failure, which necessitates that bond
deteriorates before bar force can be transferred to the head. These two actions counter each other

and the final bond that results does not fit the existing models of bond stress.

Table 7-10:

Table 7-11:

Measured/Calculated Values
B_ar Num_ber of Range Mean Star_ldz_alrd
Size | Specimens Deviation
#8 9 0.50-2.86] 1.72 0.55
#11 21 0.38-2.111] 1.35 0.47
All 30 0.38-2.86| 1.61 0.58

Statigtical datafor accuracy of ACI bond equation in predicting the

falure bond
Measured/Calculated Values
Bar | Number of Standard
Size | Specimens Range  |Mean Deviation
#8 11 1.27-2.11] 1.60 0.23
#11 28 1.30-2.94] 2.08 0.43
All 39 1.27-2.94] 1.95 0.44

Satistical datafor accuracy of ACI bond equation in predicting the

peak bond
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7.6 SUMMARY

Headed bar anchorage is achieved through contributions from bond and bearing on the
head. These behavior of these two components are not independent of each other (head capacity
affects the magnitude of bond stress at failure). However, the capacities provided by each can be
determined separately and added to find the total anchorage capacity. The data for these two
components from the CCT node tests were analyzed separately in this chapter. The combination of
these two componentsis dealt with in Chapter 10.

Two models for the capacity of head bearing were recommended. These models were
shown to adequately model the behavior of the measured head capacities from the CCT node tests
as well a variety of additional headed bar tests, anchor bolt tests, and bearing plate tests on

concrete blocks. The following model was recommended:

@ @y 0§ 0
Bearing Capacity, P= A go.gv L) (7-9)
e nh Q [}
with Y = 0.6+ 0.4% £20 (7-10)
1
P = head capacity (kips)
Y = radia disturbance factor

Ann = net head area(in?)

C; = minimum cover dimension (in)

C; = secondary cover dimension (the smallest cover dimension measured
perpendicular to the minimum cover) (in)

f¢ = concrete cylinder strength (ksi)
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The ACI model for bond stress was examined as a possible candidate for the bond data
measured from the CCT node tests. This model was found to provide very poor, though
conservative results. Bond stress at failure was influenced by lateral compression and/or platen
restraint in the CCT node and the breakdown in bond that occurs as bar stressis transferred to the
head. These two influences greatly affected the bond behavior and prevented the ACI model from
working. This model must be modified in order to work under the conditions of CCT node
confinement and the effect of head bearing.

Additionally, the following observations were noted:

Head capacity increased linearly with increases in the ratio 201/ A ., - There was

no limit to the increase in head capacity up to ZCl/JA = 10, the upper limit of

available test data. Thislimitis 5 timesthe current ACI limit of 2.

Head capacity increased linearly with increases in the ratio ¢,/c; with an upper limit
on the cy/c; ratio between 3 and 4.

Head capacity increased with increasing concrete strength. The order of the

relationship seemed to be variable with exponents between 0.5 and 1.0. The value of

this exponent was inversely proportional to the 2c; / A, ratio. The exponent was

1.0 when 2c1/1/A -+ egualed 1.0 and dropped off to 0.5 as ch/JA . approached

infinity. However, a reasonable model of head capacity could be achieved using a
single exponent of 1.0 for the concrete strength.

The peak bond stress achieved by the headed bars averaged twice the ACI predicted
bond stress most likely due to the active confinement provided by vertical

compression and/or platen restraint in the CCT node. This increase was best modeled
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by the recommendations of Thro [111]. However, the peak bond stress was not as
important to capacity asthe bond stress at failure.

There was some indication that peak bond stress was affected by the head size and
decreased slightly asthe relative head area became larger.

The bond stress at failure was less than or equal to the peak bond stress. The failure
bond stress was equal to peak bond stress for non-headed bars but decreased as the
head size became larger.

Final anchorage was achieved by a combination of peak head capacity and
diminished bond capacity.

In the CCT nodes, head orientation had a small effect on capacity. Optimal head
performance was provided when the head was oriented such that the long axis was
perpendicular to the vertical splitting plane. For al other tests, the head capacity was
not significantly affected up to an aspect ratio of 3. Within this limit, the decrease in
capacity fell within the limits of scatter.

Decreases in strut angle resulted in a longer development length for the bar. The
longer development length provided a greater contribution from bond and allowed
for smaller head sizesto achieveyield.

Limited test data showed that confinement in the form of stirrups did not improve the
capacity of the head. However, stirrup confinement did change the behavior of the
strut-and-tie model allowing for a longer development length, thus enhancing the

total anchorage capacity of the bar.

A summary of al CCT nodetest resultsis provided in Appendix C.
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Chapter 8: Lap Splices. Specimen Fabrication and Testing
Procedures

8.1 INTRODUCTION

In this chapter, the details of the fabrication and testing of 27 lap splices are discussed.
Figure 81 shows a photo of the lap splice test setup. The lap splice specimens consisted of 10"
thick, 13" long slabs. The primary tensile reinforcement was spliced at the midspan of these
specimens. Loading of the specimens was designed to place this middle portion under constant
moment creating tension on the top surface so that cracks could be observed and recorded. Load

was applied until the splice failed or the lapped bars yielded.

Tie Down Beams

Lap Zone |

L s

Specimen

Load Rams

Figue81: A typicd lap splicetest
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8.2 SPECIMEN DETAILS

As with the CCT node specimens, both confined and unconfined lap splices were tested.
In unconfined specimens, no transverse reinforcement was placed within the lap zone and for one
foot on either side of the lap zone. Figure 82 shows the basic reinforcement layout for an
unconfined specimen. Three #8 bars were lapped in the top layer of reinforcement of the
specimen. Four #5 continuous bars were placed in the bottom of the beam. The #5 bars provided
moment capacity for lifting and moving the specimen after failure and for positioning the
transverse reinforcement. #3 closed hoop stirrups were tied around the two layers of longitudinal
bars starting at a distance 12" from the end of the lap length. The stirrups provided a stable
reinforcing cage for ensuring that the headed bars retained their position during casting. All
reinforcement chairs, spacers, and lifting inserts were placed outside of the lap splice zone.
Center-to-center bar spacing of the lapped bars was either 6” or 10" (6dy, or 10dy). The width of
the specimen was atered to accommodate the bar spacing: 25" for 6” spacing and 36" for 10"
spacing. Two inch clear cover was provided over the lapped bars so that the lever arm, d, of the #8
top reinforcement was about 7.5”. Clear cover over the headswas at least 1.375”.

The initial four lap splice tests used different details. The basic dimensions of the
specimens were the same. However, #5 headed bars were tested and placed in both the top and
bottom layers of the specimen. First the specimen was loaded in one direction to test one layer of
bars, then flipped to place load in the reverse direction and test the other layer of bars. Thus the
first four tests were conducted with just two specimens. This test practice was begun as a
convenience in order to produce more tests from each specimen. But after the first set of tests, this

practice was found to be unsatisfactory because the first layer of reinforcement could not be

323



properly tested without unduly damaging the opposite layer before its test. Ledesma s M S thesis
[67] can be referenced for moreinformation on theinitial lap splice tests.

Two confinement details were studied. The first detail consisted of hairpin tie-downs at
either end of the bars in the lap zone. In the second detail, transverse bars were placed over the
lapped bars in the middle of the lap zone and connected to bars in the bottom of the beam using U-
shaped ties with 90° hooks. Figure 8-3 shows the basic configuration and Figure 8-4 shows photos
of the two details.

The hairpin confinement detail was envisioned to cross the failure crack that formed in
the lap zone and tended to split the cover concrete. It appeared that the best confinement for the
bars would come from a detail that intercepted horizontal splitting cracks through the plane of the
lap. Thus the hairpins, which encircled the lap bars and tied back directly into the underlying
concrete, seemed like an ideal detail. The hairpins were designed to be easily dropped down over
the individua lap bars and tied off against the bottom layer of reinforcement. Figure 8-5 shows the
dimensions of the hairpin bars. The hairpins were usually tied into the reinforcement cage so that
they were not in direct contact with the surface of the lap bars. Confined lap tests were performed
with #2, #3, and #4 hairpins.

The transverse tie-down detail was used once. This detail was developed to confine the
compression struts that were idealized as forming between the heads of the lap bars using a strut-
and-tie model. The Ushaped ties were envisioned to confine the struts both transversely and
vertically. The ties and transverse bars were fabricated from #3 bars. Figure 85 shows the

dimensions of the transverse and tie-down bars.
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I. Hairpin Confinement Detall

Hairpin Tie Downs

il. Transverse Tie-Down Detail

Transverse Bars

Figure8-3:  Thetwo types of lgp splice confinement details tested
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I. Hairpin Confinement Detall

Figure 8-4. Photos of the two lgp splice confinement details

327



{ | & [ % [ i
L= L A
LS
B
- 4
T TR |
r
1
#2,#3, or
#4 bar - 2”7 inner 4>‘ 17—
N radius |
A
Y
2" inner
in S % @r g radius %
N~
I 2.5” extension
©
_vY
v #3 crossbar
Section A-A Section B-B
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0
—

#3 bars
#3 par—1| (transverse)

#5 bottom bar

Section A-A

Figure 8-6: Dimengons of the transverse tie-down confinement detall

Two concrete mixes were used. Concrete was supplied by a local company. Table 81

lists the concrete mix proportions. A nominal maximum aggregate size of 0.75" was specified.
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Mechanical properties of the hardened concrete were determined using standard 6” diameter
cylinders. Compression strength, splitting tensile strength, and modulus of elasticity were
measured just prior to and just following tests of a group of specimens with the same concrete.
Initially, only compression strength was measured. Tests were performed according to ASTM

standards C39 (compressive strength), C496 (splitting tensile strength), and C469 (modulus of

eladticity) [6, 7, 8]. Table 8-2 lists the measured properties from each cast.

Mix Proportions by Weight
Mix Coarse Sand Water Portland  Flyash w/c
Aggregate Cement Ratio
A 45.7% 37.2% 6.4% 7.7% 3.0% 0.60
C 47.5% 36.3% 6.8% 7.3% 2.2% 0.72
Table8-1: Concrete mix proportions
Concrete Cast Age f. fet E.
Batch Date (days) (psi) (psi) (ksi)
Al 7/12/99 42 5700 - -
C1i 10/8/99 42 3200 - -
C2 10/29/99 31 3700 - -
C3 1/20/00 28 4000 440 3800
C4 5/2/00 45 4200 - 3800
C5 9/26/00 69 3500 400 4000
Cé6 5/17/01 35 3800 360 4000
Table8-2: Hardened concrete properties
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The concrete strength was 5700 psi for the first four specimens. For the remainder of the
tests, the concrete strength ranged between 3000-4000 psi. The concrete strength was reduced to
increase the likelihood of splice failure rather than bar yielding. Specimens were cast four at a
time in the test position. Concrete was placed using a bucket and vibrated into position. The
specimens were covered with plastic after casting and left for one full week before removal of the

formwork. Formwork was fabricated from standard lumber and plywood and reused several times.
8.3 SPECIMEN | NSTRUMENTATION

Three types of instrumentation were used during the testing:
Strain gages were placed on the lapped bars so that the strain gradient along the bars
in the lap zone could be determined and on the confining bars to provide information
on effectiveness of thetiesin resisting splitting.
Linear potentiometers were used to measure end and midspan deflection of the
specimen.

A pressuretransducer was used to monitor the load placed on the specimen.

Figure 87 shows the placement of strain gages in the lap zone. Strain gages were placed
at regular intervals along the lap length on of each of the lap bars. Gage placement typically
extended until slightly beyond the lap length. For the longer lap lengths, an additional gage was
placed on the top of each |ap bar to provide an indication of any strain differential across the depth
of the bar due to local bending. In one specimen, the headed bars were debonded along the lap
length. Gages were placed underneath the debonding wrap at two locations: next to the head and at

the end of the lap length.
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I. Lg=3"(gage spacing at L /2)
S—

157 15 15
ii. Lg=5"(gage spacing at L/3)

1.67" 1.67" 1.67" 1.67"
ii. Lg=8"(gage spacing at L /4)

v. L, =14" (gage spacing at L/7)

Figure8-7:  Spacing of srain gages for various lap lengths
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Figure 8-8 shows the placement of strain gages on the hairpins. Because the bond of the
hairpins was not an issue (they were positively anchored by 90° bends), the gages on the hairpins
were wrapped with a debonding tape for a length of 2.5” to increase the “active length” of the
gage. This was to insure that the gage reading would reflect the effects of any splitting cracks
propagating from the surface of the lap bars even if those cracks did not intersect the exact
location of the strain gage and also permitted placing of the strain gage further from the 90° bend.
In the first tests with hairpins, gages were placed on only one leg of the hairpins and they were
wrapped with aluminum foil tape. On the last hairpin specimen tested, two gages were used for
each hairpin (one on the outside of each leg) and electrical tape was used. The elastic tape was

easier to apply and worked as well asthefoil tape provided several layers were applied.

@2.5”

Electrical Tape Wrap

Figure8-8:  Instrumentation of hairpin bars

Gages were placed on both the transverse and tie-down bars of the transverse tie-down
confinement. Figure 89 shows the placement of strain gages on the transverse and tie-down bars.

Strain gages on the transverse bars were placed within 1" of adjacent tie-down locations. It was
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assumed that the transverse bars would be most effective near the center of the compression struts
that form between the heads of the lap bars. The gages on the transverse bars were wrapped in
electrical tape to extend their active length across the space crossed by the tie down bars. Gages
were placed on both legs of the tie down hoops. Like the hairpin bars, they were wrapped in

electrical tapeto extend their active length.

i.  Transverse Bar Instrumentation

7 | 9" 5"

>l < >l< >l >
>l >« ,“ >

@ | |0 |0 |0 | e

A
A

A

West «—> East
ii. Tie-Down Instrumentation

1 A o
@2.5” *
Yy

o

Figure8-9: Instrumentation of transverse tie-down confinement
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8.4 LOAD SETUP

The basic setup for the lap splice specimens is shown in Figure 8-10. A photo of the test
setup was also provided in Figure 81. The specimen was pushed upward in the middle by four
hydraulic rams (2 on either side of the lap zone). The ends of the specimen were restrained
downward by reaction beams tied to the strong floor of the lab. This load configuration placed the
center of the specimen under negative moment (the top of the specimen in tension). Loading
through negative moment provided the advantage of putting the test zone on the top of the
specimen. This made the surface of the lap zone visible so that cracks could be easily mapped and
pictures taken.

The force from the load rams was distributed into the specimen through 6” wide and 10"
deep steel I-beams that extended the full width of the specimen. The hydraulic rams were
connected in parallel through the hydraulic lines so that each ram would carry the same pressure.
Thetie down reaction forces at the ends of the specimen were distributed through pinned rollers so
that uneven loading of the specimen would not occur. These rollers were added after the first four
tests that used #5 headed bars. Prior to the addition of therollers, the flanges of the reaction beams
rested directly on the concrete surface. Support pedestals were placed underneath the specimen to
support it prior to loading and to catch the ends of the specimen should failure result in complete

loss of capacity.
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Figure8-10:  Load setup for lap splice specimens

8.5 TESTING PROCEDURE

The specimen was moved from the casting bed into position and placed on the support
pedestals shown in Figure 8-10. The strain gage wires were then connected to the data acquisition
system and the linear potentiometers were placed at midspan and at the tie down locations
underneath the specimen. The reinforcement layout within the lap zone was drawn on the surface
of the specimen to facilitate the interpretation of the cracking behavior and for recording the
position of cracks.

A hand pump provided hydraulic pressure which was monitored by the data acquisition
system and by a pressure dial gage. During the test, the beam was lifted from the support to
engage the tie rods that transferred the load reaction into the strong floor. Load was applied in 1-2
kip increments until first cracking generally at about 6 or 7 kips of load. Thereafter load was
applied in 0.5-1 kips increments until failure appeared imminent (indicated by excessive cracking
or a softening of the stiffness of the specimen). Thereafter, load was applied in increments of

about 0.2 kips. Failure was generally marked by a sudden loss in load capacity and appreciable
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deflection. The failures were brittle when the splice failed, but the bottom layer of continuous bars
provided residual capacity and prevented complete release of the load in the specimen. Cracks
were marked and pictures were taken of the top surface of the specimen at 3-5 kip intervals. Crack
recording generally took about 5 minutesto complete.

Fabrication of four specimens required about 10 to 12 weeks. The most time consuming
task was installation of the large number of strain gages on the lap bars and confining steel.
However, once fabricated, four specimens could be tested in a week. Preparation of a specimen

before testing required about 6-8 hours and the actual testing took 45 minutesto 1 hour.
8.6 LAP SPLICE VARIABLES

Twenty-seven lap splice tests were performed. The first four tests provided useful
information in defining the test procedure. However, the usable data acquired from those tests was
minimal. For the remaining tests, the concrete strength was lower, the relative lap lengths (Lg/dp)
were shortened, the bar size was increased to #8 bars, and the amount of instrumentation placed on
the bars was significantly increased. Five basic variables were studied: head size and shape, lap

length, lap configuration, bar spacing, and confining steel.
8.6.1 Head Size/Shape

Three basic head sizes were tested: no heads, small heads, and large heads. Non-headed
bars were tested to provide a reference for the headed bar results. Small headed bar results were
provided by tests using HRC’s Xtender product (relative head area equal to 1.18, see Table 5-3).
Large headed bars included ERICO’s Lenton Terminator and a reduced size HRC friction-welded
head. HRC provided friction-welded headed bars with half-size rectangular heads (1.5” x 3.0").

These two head types were tested against one another with all other variables unchanged and

337



found to behave in a very similar manner. Thus the two large head types were treated
interchangeably in the data analysis though they provided slightly different relative head areas
(Lenton’s 4.04 versus HRC's 4.70) and different head shapes (Lenton’s circular versus HRC's
rectangular). Though these heads were called "large,” this designation was arbitrary. There are
larger possible head sizes (HRC makes heads with relative head areas up to 10). However, the
head sizes that were chosen corresponded to the larger head sizes that are currently manufactured
and can potentially be retrofit to existing bars under field conditions (ERICO's Lenton Terminator
which can be threaded onto an existing bar). Retrofit applications in which headed bars could be
spliced with existing bars were of particular interest to TXxDOT, the project sponsor. Thus the
designation of "large," taken within the context of the lap splice tests, is not intended as a general

qualification for arelative head area of 4.
8.6.2 LapLength

Lap lengths ranged from 3" to 14”. Lap lengths are referred to by the relative lap length,
Ls/dy (lap length divided by the bar diameter). Lap length was measured between the bearing faces
of the heads of opposing lapped bars. Practical lap length would also incorporate the thickness of
the heads on the bars (an out-to-out lap length). However, from a performance standpoint, the
bonded Iap length of headed bars (the length of deformed bar inside of the head faces) is probably

amore important parameter than out-to-out lap length.
8.6.3 Lap Configuration

An important application for lapped headed bars appears to be closure strips in precast
construction. In such a situation, it is desirable that the headed bar ends protruding from two

adjoining precast segments be offset from one another as much as possible so that overlapping is
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avoided and placement of the segments is facilitated. Thus, for placement, the optimum lap
configuration results when opposing headed bars are non-contact to produce equal spacing
between opposing bars. The optimum configuration for force transfer through the development of
compression struts would be to place opposing bars in direct contact with one another. Pairs of
specimens using both lap configurations were tested to examine the effect of contact versus non-

contact placement of lapped bars. Figure 8-11 illustrates the two possibilities.

i. Non-Contact
Configuration
Sp
2
ii. Contact
Configuration
db + dh >

2

Figure8-11: Non-contact and contact |gp configurations
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8.6.4 Bar Spacing

Bar spacing refers to the center-to-center separation of bars outside of the lap zone.
Within the lap zone, the center-to-center separation is shortened because the opposing lap bars
double the number of bars within the given width of the specimen. However, the bar spacing
outside of the lap zone effects the spacing within the lap zone. A smaller bar spacing would
usually weaken the capacity of the lap because the splitting stresses from bond would be more
closely concentrated. However, a smaller bar spacing might improve the effectiveness of a headed
bar lap because the compression struts forming between the heads are steeper and shorter. Bar
spacing is referred to by the relative bar spacing, sy/dy, (the center-to-center bar spacing divided by

the bar diameter).
8.6.5 Confinement

Two confinement details were studied: hairpin and transverse tie-down details. The
hairpin tests were easily defined by a parameter termed the tie-down ratio, Ag/Ap. This ratio
defined the amount of confinement by the area of tie-down steel crossing the potential splitting
crack divided by the area of the lapped bar. For the hairpin detail, two hairpins were provided for
each lapped bar. Thus 4 legs are tying down each lapped bar. The tie-down ratio is then 4x the
area of the hairpin bar divided by the area of the lapped bar. For a specimen with #3 size hairpins
and #8 lap bars, the tie-down ratio is then 4*(0.11 in?)/(0.79 in?) = 0.56. All confined tests were
performed with #8 size lap bars. Thus, four tie-down ratios define the hairpin tests: 0.00 (no
hairpins), 0.20 (#2 hairpins), 0.56 (#3 hairpins), and 1.01 (#4 hairpins).

A tie-down ratio can also be defined for the single transverse tie-down test. This detail
had seven #3 tie-down hoops with two legs each. Thus 14 legs were tying down 6 lap bars. The

tie-down ratio was then 14*(0.11 in?)/6*(0.79in%) = 0.32.

340



8.7 NOMENCLATURE AND L IST OF SPECIMENS

In this section, a standard nomenclature for identifying lap splice specimensis presented.
Ledesma [67] developed a standard nomenclature in his report on the early lap splice tests.
However, his nomenclature has been altered slightly when used in this report. The identifying
terms within his nomenclature have been re-arranged to reflect the importance of the various
parameters. Table 8-3 provides an example of the nomenclature that will be used in this report and
descriptions of the different identifiers.

The example given in Table 83 is for a lap splice that had #8 bars with half-size HRC
heads. It had an 8dy, lap length and 10dy, bar spacing with a staggered lap. The specimen was
confined with #2 hairpins. Some further examples are provided below:

LS-05-01.39-12-10(C)-1: #5 bar size with small Xtender heads; 12d;, lap
length (7.5") and 10d, bar spacing (6”), lap bars
were positioned in contact with one another.

LS-08-04.04-14-10(N)-1-DB: #8 bar size with large Terminator heads; 14dy, lap
length (14”) and 10dy, bar spacing (10”); lap bars
were non-contact; the bars were debonded along

the lap length.

Table 84 isalist of al lap splice tests, including the early #5 bar tests. Thetableliststhe
specimen, the head type (the shape: circular or rectangular, can be distinguished from the
dimensions given; d, refers to head diameter), the concrete batch used to cast the specimen, the

date the specimen was tested and special notes regarding the test.
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Designates Lap 1. Bar
Spice Test

2. Relative

Size Head Area

3. Lap

Length

| |
VoYY

LS-08-O4.70-08-1P(N)-1-H0.25

g

t

4. Bar 5. Lap 6. Test 7. Special
Spacing Configuration ~ Number Notes
|dentifier Description Choices
1. Bar Size - the size of the tie bar 05...... #5
in standard ASTM sizes. 08....... #8
2. Relative Head Area -given to four 00.00 - 11.90
significant digits.
3. Lap Length -divided by d,. 03-14
4. Bar Spacing -divided by d,. 06 - 16
5. Lap Configuration -refer to (O T Contact
Figure 9-11. (N)..Non-Contact
6. Test Number - gives the number 1....1st Test
for repeated tests 2....2d Test
7. Special Notes - Information for
non-standard tests (optional):
H - Hairpin Confinement; followed HO0.00 - H1.01
by the tie-down ratio, A, /A,
TTD - Transverse Tie-Down Detall
Confinement
DB - Debonded along lap length
Table8-3: Nomenclature of the lap splice test identifiers
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Specimen ldentification Head Type | Concrete | Test Date Notes
LS-05-01.39-12-16(C)-1 d,=0.97 Al 08-18-99
LS-05-01.39-12-16(C)-2 d,= 0.97” Al 08-19-99 Trial
LS-05-01.39-12-10(C)-1 dy=0.97” Al 08-23-99 Tests
LS-05-11.90-11-10(C)-1 2.0" x 2.0 Al 08-20-99
LS-08-00.00-05-10(N)-1 no head c1 11-19-99 Non-
LS-08-00.00-08-10(N)-1 no head c3 02-15-00 | Headed
LS-08-00.00-12-10(N)-1 no head c4 06-07-00 Tests
LS-08-01.18-03-06(N)-1* d, = 1.48" c2 12-03-99 Small
LS-08-01.18-05-10(N)-1 d, = 1.48" c2 11-29-99 Head
LS-08-01.18-05-10(C)-1 d, = 1.48" c2 12-02-99 Tests
LS-08-01.18-08-10(N)-1 d, = 1.48" c3 02-16-00
LS-08-04.70-03-06(N)-1 1.5" x 3.0 c1 11-12-99
LS-08-04.70-05-06(N)-1 1.5" x 3.0” c2 12-07-99
LS-08-04.70-05-10(N)-1 1.5" x 3.0 c1 11-18-99
LS-08-04.70-05-10(C)-1 1.5" x 3.0 c1 11-17-99 Large
LS-08-04.70-08-10(N)-1 1.5" x 3.0 c3 02-18-00 Head
LS-08-04.04-08-10(N)-1 dy, = 2.25” c3 02-17-00 Tests
LS-08-04.70-12-10(N)-1 1.5" x 3.0” c4a 06-09-00
LS-08-04.04-12-10(N)-1 d, = 2.25" Cé6 06-25-01
LS-08-04.04-14-10(N)-1 d, =225 C5 11-27-00
LS-08-04.04-14-10(N)-1-DB dy, = 2.25" C5 11-28-00
LS-08-00.00-08-10(N)-1-H0.25 no head c4 06-12-00
LS-08-04.70-08-10(N)-1-H0.25 1.5"x 3.0 c4 06-14-00
LS-08-04.04-08-10(N)-1-H0.56 d,=2.25" C5 11-29-00 | Confined
LS-08-04.04-08-10(N)-1-H1.01 d,= 2.25” C5 11-30-00 Tests
LS-08-04.04-12-10(N)-1-H0.56 d,= 2.25" cé 06-27-01
LS-08-04.04-12-10(N)-1-TTD d,=2.25" C6 06-28-01

Table 8-4:

* instrumentation spacing of 5” lap length

List of dl lap splice tests




Chapter 9: Lap Splices. Behavior During Testing and Data
Trends

The behavior of the lap splice test specimens is discussed in terms of: cracking

development, stress and strain, |oad-deflection response, failure modes, and overall trend behavior.

9.1 CRACKING BEHAVIOR AND FAILURE M ODES

Specimen LS-08-04.04-12-10(N)-1 represents a typical lap splice test. This specimen had
lapped #8 bars with large heads (A w/Ap = 4.04), a 12" lap length with bars in a non-contact lap
configuration, and 10" center-to-center bar spacing outside of the lap zone. This specimen was
unconfined. The concrete compressive strength was 3800 psi and the splitting tensile strength was
360 psi. The development of cracking in this specimen is outlined in Figures 9-1a through 9-1c.

Cracking initiated outside of the lap zone at the location of the closest stirrups (Figure 9-
13, part i). This behavior was observed in all lap splice tests; first cracking always occurred at the
same locations. First cracking within the lap zone occurred along the line of heads at each end of
the lap (part ii) at a slightly higher load. As additional load was applied, these cracks propagated
across the width of the specimen and new transverse cracks occurred at regular intervals along the
length of the specimen. Transverse cracks frequently cut across the width of the specimen at a
slight diagonal (part iii) and could indicate that some twisting was caused by the load arrangement
or possibly by the non-symmetric arrangement of the lap barsin the beam.

The first longitudinal crack occurred along one of the lap bars at a load of 12.6 kips
(Figure 9-1b, part iv). Longitudinal bond splitting cracks were common in the headed bar tests and
occurred as bond along the deformed bars deteriorated and stress was transferred to the heads. As

this process continued and the heads began to carry most of the bar force, diagonal cracks began to
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appear within the lap zone (part v). Diagonal cracks occurred along strut paths between opposing
heads of the lap and indicated the formation of a strut-and-tie mechanism of force transfer in the
lap zone. Once the formation of diagonal cracks along the strut paths initiated, crack development
within the lap zone became extensive (part vi). Failure occurred soon afterwards (Figure 9-1c, part
vii). Failure typically was sudden with nearly no moment capacity remaining.

Following failure of the specimen, additional deformation was imposed on the specimen
until the cover over the lap zone spalled from the bars. This allowed viewing of internal crack
patterns (Figure 9-2). Spalling of the concrete cover was caused by two mechanisms: (1) bond and
wedge splitting caused by tension in the lap bars and (2) prying caused by the curvature of the
specimen and bending moments in the lap bars at large deformations beyond the point at which

the splicefailed (Figure 9-3).



Figure 9-1a:
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iv. P =12.6Kkips
The first longitudinal
splitting crack appears.

V. P =14.2 kips
Diagonal cracks along the
lap splice struts begin to ———

form. More longitudinal %Z
3

splitting cracks appear
over the bars.

vi. P =15.7kips
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further across the length of | ¢ \
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Figure9-1b:  Crack development in atypica unconfined lap splice test
(specimen LS-08-04.04-12-10(N)-1) (continued)
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Vi. P =16.6 kips

Failure. Diagonal cracks
extend the full length of
the lap zone. Extensive
cracking occurs over
many of the heads.

~—.

]
=
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Figure9-1c:  Crack development in atypica unconfined lap splice test
(specimen LS-08-04.04-12-10(N)- 1) (continued)

Figure 9-2: Photograph of failed lap splice specimen with cover removed from
lap zone (specimen LS-08-04.04-12-10(N)-1)



Inspection of the internal crack patternsisimportant for understanding the mechanism of
force transfer. A photograph of another large headed specimen (L S-08-04.70-10(N)-1) is shown in
Figure 9-4. The internal cracking pattern reveals wedges at the heads and diagonal cracks
propagating from edges of the heads to opposing lap bars. The diagonal cracks indicate that force
transfer from the head occurred along struts projected at diagonals. Because force transfer between
opposing bars occurred along diagonal strut lines, the full lap length was not utilized for
anchorage of the bars. The anchorage point of a lap bar begins where the projected struts from
opposing bars intersect that bar (Figure 9-5). The angles of these struts were measured in several
specimens and were typically at about 55° from the axis of the bar. Furthermore, the full
anchorage length of headed bars was not activein bond. A short length next to the head was taken
up by the formation of a concrete wedge. The typical wedge length was approximately equal to the
side dimension of the head. For rectangular heads, the wedge length was approximately equal to
the geometric average of the sides. Figure 96 shows close up photos of concrete wedges for
circular and rectangular head shapes. The wedges of the lap splice specimens were flattened along
the horizontal plane of the lap and projected along the sides of the head into the paths of the struts.
Projection of the concrete wedge into the path of the strut occurred in many CCT node tests as

discussed previously.
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i. Wedge and Bond Splitting (caused by bar tension)

ii. Prying (caused by beam curvature)

Figue9-3:  Causesof cover spdling inlap zone

Concrete Wedge

Wedge Length
/

A

Bonded Lap
Length Length

Strut Paths

Figure 9-4. Features of force transfer in lap zone (photo of specimen LS-08-
04.70-12-10(N)-1)
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Figure9-5:  Strut modd for lap splices

R TS 2
ii. Rectangular Head
(LS-08-04.04-12-10(N)-1) (LS-08-04.70-08-10(N)-1)

Figure 9-6: Photos of concrete wedges in lap splice specimens

9.1.1 Effect of Lap Length

The effect of lap length on cracking behavior is demonstrated by four large-headed
specimens with varying lap lengths. Crack patterns at failure are shown for specimens with lap

splicelengths of 5, 8, 12, and 14 bar diametersin Figure 9-7.
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L, = 5d,
(LS-08-04.70-05-10(N)-1)

L, = 8d,
(LS-08-04.04-08-10(N)-1)

LS = 12db
(LS-08-04.04-12-10(N)-1)

L, = 14d,
(LS-08-04.04-14-10(N)-1)

Figure9-7.  Crack paternsfor large headed specimens with different lap
lengths
At alap length of 5dy, the internal crack pattern (photos on the right in Figure 9-7) shows
that the failure surface propagated along direct paths between opposing heads. This crack pattern
suggests that the lap length was so short that force transfer occurred directly between the heads

with no contribution from bond. As the lap length was increased to 8dy, the failure surface
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propagated from the heads to points on the opposing bars in front of the heads. This crack pattern
indicates that the anchorage length of the bars included a portion of the deformed bar length over
which bond was active. Subsequent increases in lap length did not change the internal crack
pattern significantly. However, the external crack pattern of the 14dy, lap specimen was much more
extensive than the companion specimens with shorter laps. This occurred because this specimen
nearly reached yield before it failed. The increase in moment capacity alowed the specimen to

reach ahigher curvature, which consequently caused more extensive cracking.
9.1.2 Effect of Head Size

The effect of head size on cracking behavior is demonstrated by three specimens of
various head size (LS-08-00.00-08-10(N)-1, LS-08-01.18-08-10(N)-1, and LS-08-04.04-08-10(N)-
1). These specimens had 8dy, non-contact laps and were cast in the same group. Crack patterns at
failure are shown for non-headed, small-headed, and large-headed specimensin Figure 9-8.

The internal crack patterns showed that all three specimens demonstrated similar
behavior. Transfer of force between opposing bars was accomplished by struts propagating at
roughly 55° angles to the axes of the bars. The non-headed specimen demonstrated more
longitudinal bond splitting cracks at failure than did the other two. The large headed specimen
demonstrated more diagonal strut cracks than did the small- and non-headed specimens. The
small-headed specimen developed zig-zag crack mtterns on its surface that nearly perfectly
mimicked the flow of strut forces between bars. Overall, however, the basic mechanism of force

transfer was unchanged by head size.
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No Head
A, /A, = 0.00
(LS-08-00.00-08-10(N)-1)

Small Head
A /A, =118
(LS-08-01.18-08-10(N)-1)

Large Head
A A, = 4.04
(LS-08-04.04-08-10(N)-1) |

Figure9-8:  Crack patterns for specimens of different head sizes (Ls = 8dy)

9.1.3 Effect of Lap Configuration

Two lap configurations were tested: contact and non-contact. Two pairs of tests with 5d,
lap lengths provided data on the effect of lap configuration. Small- and large-headed bars were
tested under both configurations. Crack patterns at failure are presented for these specimens in
Figure 9-9.

External crack patterns show that less cracking occurred when lapped bars were placed in
contact with one another. External crack patterns of adjacent lap tests showed fewer longitudinal

and diagonal cracks within the lap zone. Examination of the internal cracking pattern of the large-
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headed contact splice shows diagonal cracks propagating between the non-adjacent opposing bars.
It appearsasif the headed bars devel oped unsymmetrical strutsto the opposing bars on both sides.
Thus the behavior does not seem to have differed much from the non-contact case, except that the

strut mechanism of force transfer became distorted by the unsymmetrical spacing of bars.

i. Small Heads

Non-Contact
(LS-08-01.18-05-10(N)-1)

Contact
(LS-08-01.18-05-10(C)-1)

ii. Large Heads

Non-Contact
(LS-08-04.70-05-10(N)-1)

Contact
(LS-08-04.70-05-10(C)-1)

Figure9-9:  Crack patterns for contact and non-contact lap splices (Ls = 5dy)
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These test results derive from specimens of avery short lap length (Ls =5dp). Analysis of
the effect of lap length on the mechanism of force transfer (Section 9.1.1) has shown that the 5d},
lap length was too short for anormal transfer of stressinvolving both bond and head bearing. Thus
the tests presented in this section probably do not present a complete picture of the effect of lap

configuration. This variable should be studied in tests of longer lap lengths.
9.1.4 Effect of Debonding

Two companion specimens provided information on the effect of debonding (L S-08-04-
04-14-10(N)-1 and LS-08-04.04-14-10(N)-1-DB). These two specimens used large-headed bars
with a 14dy,, non-contact lap. Crack patterns at failure for these two specimens are shown in Figure
9-10.

Much less cracking developed in the debonded specimen. The cracks that did form,
however, reached much larger crack widths than the bonded specimen. Transverse cracking in the
debonded specimen occurred close to heads. Distinct diagonal cracks formed between two sets of
opposing heads. Cracking around the heads in bonded specimens was typically complex with
indications of bursting having occurred. This behavior was not evident in the debonded specimen.
Following failure of the debonded specimen, the concrete cover in the lap zone could not be
loosened even after large deformation was imposed on the specimen. Thus no photos of the

internal crack pattern could be obtained.
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I. Bonded Bars il. Debonded Bars
(LS-08-04.04-14-10(N)-1) (LS-08-04.04-14-10(N)-1-DB)

\
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N——t

Figure9-10:  Crack patterns for bonded and debonded lap splices

9.1.5 Effect of Confinement

Two confinement details were tested: hairpins and the transverse tie-down detail. Crack
development of a typical hairpin specimen (LS-08-04.04-12-10(N)-HO0.6-1) is outlined in Figures
911a and 911b. Crack development of the hairpin specimens resembled typical unconfined
specimen cracking. First cracking in the lap zone initiated near the heads (Figure 911a, part i).
There was then gradual development of longitudinal and diagonal cracks within the lap zone as
unconfined case and marked by extensive cracking in the lap zone (Figure 9-11b, part v).

Examination of the internal cracking revealed that the hairpins had modified the shape of
the concrete wedges at the heads (Figure 9-12). The wedges were enlarged to include the hairpins
located at the heads. These hairpins seemed to have the effect of enhancing the head area. The
hairpins away from the heads were located in the concrete mass outside of the anchorage length

and thus were not activein the force transfer mechanism of the lap splice.
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I. P =7.6 kips
First cracking in the lap
zone occurs along the

6
heads and the tops of the C z

hairpins.

il P =10.9 kips
A diagonal crack forms
at the edge of the lap zone.
Additional transverse
cracks form outside of the
lap zone.

iil. P =14.0Kkips
Diagonal cracks extend
into the lap zone.

| ]JQ—c\

Y

Figure9-11ac Crack development in atypica hairpin confined lap splice test
(Specimen LS-08-04.04-12-10(N)-1-HO0.6)
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iv. P =17.0Kkips
The first longitudinal cracks
appear in the lap zone.
Diagonal cracks extend
across the length of the
lap zone.

V. P=17.6 kips
Failure. Longitudinal and
diagonal cracks extend
across the length of the
lap zone.

I

i
x

Figure9-11b: Crack development in atypica harpin confined lap splice test
(specimen LS-08-04.04-12-10(N)-1-H0.6) (continued)

7

Figure9-12:  Internd cracking with hairpin confinement (specimen LS-08-
04.04-12-10(N)-1-H0.6)
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Crack development of the specimen with the transverse tie-down detail is outlined in
Figures 913a through 913c. Crack development in this test did differ in some aspects from the
unconfined tests and the tests with hairpin confinement. First cracking in the lap zone occurred
over the transverse bars rather than the heads (Figure 9-13a, part i). These cracks never propagated
across the full width of the specimen. Full width transverse cracks formed just outside of the lap
zone (part ii). Longitudinal and diagonal cracks formed within the lap zone (Figure 9-13b, parts iv
& V), however, their progression was checked by the presence of the transverse steel. Diagonal
cracks propagated from the heads to the point on the opposing bar that crossed underneath the
transverse steel rather than the head of the opposing bar (parts v & vi). At failure (Figure 9-13c,
part vii), some diagonal cracks appear within the panels of the transverse stirrup cage. Residual
capacity remained in the specimen after failure (part viii). The concrete cover over the lap zone
could not be spalled off even after severe deflection had been imposed on the specimen.

Crack patterns at failure for unconfined, hairpin confined, and the transverse tie-down
confined specimens are provided in Figure 914 for comparison. The transverse tie-down detail
provided much more effective confinement than the hairpins. The hairpins enhanced the bearing
area of the heads, but the similarities between the crack development of unconfined and hairpin
confined specimens would indicate the hairpin detail did not fundamentally alter the strut-and-tie
mechanism of force transfer between bars. However, the transverse tie-down did by providing a
transverse tie component into the model. This method was a much more efficient means of

improving the capacity of the lap splice.
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Figure9-13ac  Crack development in the transverse stirrup cage test (specimen
LS-08-04.04-12-10(N)-1-TTD)
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iv. P =15.1 kips

Longitudinal cracks begin
to form at the edge of the
lap zone. Transverse
cracks in the lap zone
continue to propagate.

V. P=17.3 kips

=

Diagonal cracks form within
the lap zone.

Vi. P =18.5 kips

)
S

"

Extensive cracking within
and outside of the lap zone.

S

‘>

Figure9-13b:  Crack development in the transverse stirrup cage test (specimen
LS-08-04.04-12-10(N)-1-TTD) (continued)
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vii. P =19.0 kips
Maximum capacity.

)
CTe

v
=<8

y

L) f J).l /
i
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Figure9-13c.  Crack development in the transverse stirrup cage test (specimen
LS-08-04.04-12-10(N)-1-TTD) (continued)
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i. Unconfined
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Figure9-14:  Crack patterns at failure for unconfined and confined specimens
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9.2 STRESS/STRAIN DEVELOPMENT

Stresses along the headed barsin the lap splice tests developed in a manner similar to that

in the CCT node tests. Anchorage consisted of a two stage process: an initial period when

resistance was provided primarily by bond, then atransition in which bond deteriorated and stress

was transferred to the head. The bond and head bearing components of bar stress for specimen LS-

08-04.70-12-10(N)-1 (large heads, 12d;, lap length) are plotted in Figure 915. This plot closely

resembles aplot for CCT node tests presented in Figure 6-14.

Figure 9-15:
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The effect of the variables on this basic stress and strain behavior is examined in the

following subsections.
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9.2.1 Effect of Head Size

Stress profiles along headed and non-headed lapped bars are presented in Figure 9-16.
The two profiles have similar shapes: arisein stress starting from the end of the bar and flattening
in the tail end of the lap zone. The profile for the headed bars lies above the profile for the non-

headed bars. The offset is due to the additional capacity provided by the heads.

12d, Lap Length

A
\

80— N
= 0] “Large Heads
::/ 60 — (LS-08-04.70-12-10(N)-1)
a i :
L 50
U’) -
g 40 oo NO Heads
o . (LS-08-00.00-12-10(N)-1)
© 30 ST SO S
g A
% 20:
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T 1 T T T 1T T T T 1
-10 8 6 4 -2 0 2 4 6 8 10

Distance Along |
Lap Length (1/d,) (F_ of Lap

Figure9-16: Stress profiles for headed and non-headed lap splices (Ls = 12dy)

The stress data presented in Figure 9-16 were used to determine bond stress profiles for
the non-headed and headed bar tests. Bond profiles for the headed bar test are plotted in Figure 9-

17. The bond profile for the non-headed bar test is presented in Figure 9-18.
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Figure9-17:  Bond profilesfor a headed bar lap splice (specimen LS-08-04.70-
12-10(N)-1)

The bond profile of the headed bar reinforces many of the observations gathered from the
cracking behavior. Bond drops to zero at a point before the end of the lap length. That point is the
anchorage point of the bar and corresponds with the distance determined by the intersection of
struts drawn between opposing bars (roughly 10d, for the specimen in Figure 917). Near the
head, the drop off in bond between 3-5d,, suggests that bond terminates at about 2dy,. This most
likely occurs because the concrete wedge which forms between 02d, prevents further stress

transfer along that length of bar. Thus, the anchorage length available for bond should not include
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the wedge length. Profiles for peak bond and bond at failure are plotted in Figure 9-17. The fina
bond profile (at failure) resembles the peak bond profile except for some drop in stress near the
anchorage point. The change in profile indicates that bond deterioration occurs away from the

head.
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Figure9-18: Bond profilesfor a non-headed bar 1ap splice (specimen LS-08-
00.00-12-10(N)-1)

The non-headed bond profile was different in shape from the headed bond profile. Higher

bond stresses were observed closer to the end of the bar. This was expected since there was no
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bearing wedge that interfered with bond. The anchorage point occurred at roughly the same
location as the headed bars. The location of the anchorage point is primarily a function of lap
length and the spacing between opposing bars. Head size was not expected to affect the location of
the anchorage point and the data in Figures 9-17 and 9-18 support that conclusion. The magnitude
of local bond stresses for the non-headed bars was approximately that found for the headed bars.
The average peak bond stresses of the two specimens depicted in Figures 917 and 918 were

nearly the same (0.91 ksi and 0.94 ksi respectively).
9.2.2 Effect of Lap Length

The effect of lap length on bond isillustrated in Figure 9-19. Peak bond stress profiles for
8dy, 12dy, and 14dy, lap lengths are plotted in the Figure (specimens LS-08-04.04-08-10(N)-1, LS-
08-04.04-12-10(N)-1, and LS-08-04.04-14-10(N)-1). The plots show the anchorage point of the
bars moved closer to the head as the lap length was reduced. As the lap length shrank to 8dy, there
was little bond length left. Furthermore, the magnitude of the bond stress was lower than the bond
stresses measured for the 12dy, and 14dy, lap lengths. An analogous plot for a5dy, test could not be
included because there was no measurabl e contribution from bond.

The contributions from bond and head bearing to splice bar stress are plotted for alarge
headed, 8d}, lap length test (specimen LS-08-04.70-08-10(N)-1) in Figure 9-20. The plot shows the
same trend as was seen in previous plots of bond and head bearing contribution. However, in this
case, the contribution from bond was less than the contribution from the head at all increments
measured during the load process of the test. The lap length was too short for the maximum bond

stresses to develop.
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Figure9-19:  Bond profiles for a headed bar lap splices of varying lap length
(specimens LS-08-04.04-08-10(N)-1, LS-08-04.04-12-10(N)-1,
and LS-08-04.04-14-10(N)-1)
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Figure9-20:  Components of bar stress provided by bond and head bearing ina
lap splice of short length (LS-08-04.70-08-10(N)-1)
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9.2.3 Effect of Confinement

The bond stress profile plot in Figure 9-21 for a hairpin confined specimen (L S-08-04.04-
12-10(N)-1-H0.6) shows that the bond stress profile was not significantly altered by the presence
of the hairpins when compared with Figure 917. The plot in Figure 921 illustrates the primary
flaw of the hairpin detail that was studied in this project. No hairpins were placed along the bond
length of the bars. The hairpin close to the head was located within the wedge length and the
hairpin away from the head was located just outside the anchorage length. Had the two hairpins
been placed along the bonded length, they may have helped prevent deterioration of the bond and
thus enhanced the overall capacity of the lap splice much more efficiently. As detailed, the
locations of the hairpins were poorly chosen and the full potential of the hairpin bars may have
been missed by the tests performed in this study.

Bond stress profiles for the transverse tie-down specimen are shown in Figure 9-22. The
peak bond stress profile resembles that of the unconfined and hairpin confined specimens,
however, the bond stress at failure was much different. At failure, the bond stress had deteriorated
significantly. The anchorage point had shifted to a location only 6d;, from the head and very little
bond was measured along the remaining anchorage length. The final anchorage point was
approximately midway between the transverse confining bars. The average bond over theinitia
10dy, anchorage length was approximately zero at failure. All of the bar stress at failure was carried
by the heads. The capacity of the heads was significantly improved over the unconfined and

hairpin confined tests.
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Figure9-21:  Bond profiles for a headed bar lap splice confined by hairpins
(specimen LS-08-04.04-12-10(N)-1-HO0.6)
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Figure9-22:  Bond profiles for a headed bar lap splice confined by transverse
and tie-down bars (specimen LS-08-04.04-12-10(N)-1-TTD)

9.23.1 Stress Development in the Hairpins

Strain gages were placed on the hairpin bars in order to determine their activity as stress
in the lap splice increased. Hairpin force is plotted against bar stress at the head in Figure 9-23.
The data are from a single bar and its hairpins par 2) from a 12d, lap splice (LS-08-04.04-12-
10(N)-1-HO0.6). The plot in Figure 923 shows that the hairpin further from the head did not

develop any tensile force. This was due to the mistake of placing the further hairpin outside of the
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anchorage length. The hairpin closest to the head did develop some force. The growth of that force
did not initiate until the bar stress reached a level comparable to the maximum stress obtained by
unconfined companion specimens. The head reached a stress at which the unconfined concrete
would have failed in tension. Most likely, that process began and the tensile force in the concrete
was transmitted into the hairpin bar. Force in the hairpin increased even after strain readings from
the headed bar indicated yielding (that particular bar showed signs of yielding, but on average, the
lapped barsin this specimen did not reach stresses as high asyield).

The data in Figure 9-23 represent a specimen with good results from the hairpin
instrumentation. Much of the rest of the strain data from the hairpin bars were erratic and in many
cases, the behavior of the hairpin bars could not be determined. Local strains and sideways
deformation of the hairpins was frequently observed during the post-failure examination of the lap
splice. The hairpin bars were instrumented to determine tensile strains, yet much of the strain
imposed on those bars resembled dowel action. The data in Figure 923 suggest certain tensile
behavior which is plausible, however, there may be other actions occurring between the headed

bars and the hairpins which are not represented by that data.
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Figure9-23:  Hairpin force versus bar stress (specimen LS-08-04.04-12-10(N)-
1-HO.6)

9.2.3.2 Stress Development in the Transverse TieeDown Detail

Strain gages were placed on the transverse bars and tie-down bars of the transverse tie-
down detail. Strain data from the transverse bars are presented in Figures 924 and 925. Strain
datafrom the tie-down bars are presented in Figures 9-26 and 9-27.

Average transverse bar strain is plotted against the lapped bar stress at the headsin Figure
9-24. The plot shows that the transverse bar strain increased almost linearly with the stress at the
heads of the lapped bars. This indicates a very direct link between the heads and the transverse
bars. The #3 transverse bars reached about 40% of their yield strain before the specimen failed.
The strain profile at failure along these transverse bars is plotted in Figure 925. The strains
peaked slightly on the west side of the lap zone where longitudinal and diagonal cracks passed

across the lap zone, but the strain profile was relatively constant across the width of the specimen.
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Figure9-24:  Transverse drain versus splice bar stress (specimen LS-08-04.04-
12-10(N)-1-TTD)
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Figure9-25:  Strain profilesin transverse bars of LS-08-04.04-12-10(N)-1-TTD
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Average tie-down strains are plotted against lapped bar stress at the heads in Figure 9-26.
Unlike the transverse strains, the tie-down bars were not active until the lapped bars had reached
stresses of about 50 ksi at their heads. Furthermore, the tie-downs near the center of the specimen
developed the largest strains. Once these tie-downs became active, they did not gain significant
strain (only about 15% of the yield strain) before the specimen reached its maximum capacity. The
evidence shows that the tie-downs were not part of the primary strut-and-tie mechanism of force
transfer like the transverse bars were. Figure 9-27 shows the strain profiles of the tie-down bars at
failure. Severa of the strain gages on the southern legs of the tie-downs were damaged during
casting, however, a complete profile was determined for the northern legs of the tie-downs. The

profile peaks in the center indicating that as the location of the greater spalling stresses produced

by thelap splice.
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Figure9-26: Tie-down strain versus splice bar stress (specimen LS-08-04.04-
12-10(N)-1-TTD)
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Figure9-27:  Strain profilein tie-down bars of LS-08-04.04-12-10(N)-1-TTD

9.3 LOAD-DEFLECTION BEHAVIOR

Midspan deflection was measured during each test and compared to calculated load
deflection curves based on experimentally determined material properties and moment-curvature
calculations. In most cases the relationship between the calculated and measured deflections was
very good. The use of headed bars in the lap zone did not affect the specimen stiffness and the
deflection data did not provide revealing information about the behavior of the headed bar lap
splices before failure. However, the deflection data did prove useful in illustrating the post-failure
response provided by the headed bar lap splices. Two interesting sets of data are discussed in this

section: bonded versus de-bonded behavior and unconfined versus confined behavior.
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Load-deflection curves for bonded and debonded specimens (LS-08-04.04-14-10(N)-1
and LS-08-04.04-14-10(N)-1-DB) are presented in Figure 928. The bonded specimen data follow
the calculated 10ad-deflection data fairly well. The debonded specimen was clearly less stiff than
the bonded one or the calculated response. This behavior is typical of structural concrete with
debonded tensile reinforcement and was not surprising to observe in the test behavior. The
debonded specimen also had less capacity than the bonded specimen. The most interesting
difference between the two specimens was in the post-failure response. The bonded specimen lost
capacity quickly following its peak. The debonded specimen was slow to fail, reaching a second
peak after its initial failure. The removal of the bond and the detrimental splitting caused by the
bond in the de-bonded specimen allowed the head to sustain a high capacity for longer than was
sustained in the bonded specimen.

Load-deflection curves for unconfined and confined specimens (L S-08-04.04-12-10(N)-
1, LS-08-04.04-12-10(N)-1-H0.6, and LS-08-04.04-12-10(N)-1-TTD) are presented in Figure 9
29. The three specimens had similar behavior before failure. The confined specimens both
achieved higher capacities than the unconfined specimen. The hairpin confined specimen reached
its peak capacity, then lost load gradually. The transverse tie-down confined specimen first
departed from the calculated load-deflection response, then reached its peak. The point where the
transverse tie-down confined specimen began to re-acquire load after departing from the
calculated |oad-deflection response corresponds with the rise in tie-down strain shown in Figure 9-
26. The initiation of strain development in the tie-downs was related to mechanisms associated

with failure and loss of stiffness.
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Figure9-28:  Load-deflection curves for bonded and debonded specimens
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Figure 9-29: L oad-deflection curves for unconfined and confined specimens

9.4 TRENDSINTHE DATA

9.4.1 Effect of Lap Length and Head Area

Normalized bar stress is plotted against lap length in Figure 9-30. Bar stress increased at
alinear rate with increases in lap length. Non-headed and headed bar results fell along linear paths
that paralleled one another. The relationship of headed bar stressto |ap length seemed to equal that
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of non-headed bar stress plus a constant. The bar stress predicted by the ACI formula for
development length was generally too low compared with the non-headed test results. However, it
should be kept in mind that the non-headed data set consists of only three tests.

The data from Figure 930 are represented in Figure 931 with a secondary axis for
anchorage length. The strut-and-tie mechanism of force transfer between opposing lapped bars
results in an anchorage length for the lapped bars that isless than the lap length. Due to the details
of bar spacing and lap configuration in the test specimens of this study, the anchorage length was
generally about 2d, less than the lap length which is the offset used in Figure 9-31. The straight
line from the xaxis intercept at 2dy, and passing through the non-headed data points fits that data
well. The trend of the headed bar data show the same slope with a stress offset of about 20 ksi and

suggests that headed bar capacity is equal to the capacity from bond of a deformed bar and a

contribution from head bearing.
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Figure9-30: Bar dressversuslap length
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Figure9-31: Bar stress versus anchorage length

Normalized bar stress provided by the small and large heads is plotted against lap length
in Figure 932. This dot indicates that the lap length affected head capacity. The contribution
from the heads was not a constant. A secondary scale at the top of the plot helps to explain the
effect of lap length. All of the tests of lapped bars were performed with embedment depth to cover
ratios less than 5.0. Thus the mode of failure in these many of the tests with small 1ap lengths (5d,
or less) may be more akin to shallow embedment concrete breakout failure than the bearing
failures recorded in the CCT node tests. At larger lap lengths (8dy, or greater), the head capacity
seems to level off and attain a constant value related to head size. Observations of cracking

patterns (discussed in Section 9.1.1) support this conclusion.

383



Anchorage Length
Cover Dimension

0.0 1.0 2.0 3.0 4.0 50
| I | I | L | L | 1 |

50 -
S 4011 8 -
55 1 ;
T < andl
m 5 30 o
5 g i .
N T 201
SF ST
5 104 o] o Small Heads
P - ® |arge Heads
0_ |

1
0 2 4 6 8 10 12 14
Lap Length (1/d,)

Figure9-32:  Bar dtress at the head versus lap length

9.4.2 Effect of Head Shape

Two large head shapes were studied: circular and rectangular. The two shapes had nearly
the same area (Ann/Ap = 4.04 for circular heads and 4.70 for rectangular heads), thus comparison
of companion specimens with circular and rectangular heads provides a reasonabl e indication of
the effect of head shape in the lap splice tests. Load-deflection curvesfor circular and rectangular
headed bar specimens are plotted in Figure 933 (specimens LS-08-04.04-08-10(N)-1 (circular)
and LS-08-04.70-08-10(N)-1 (rectangular)). The specimens had the same lap length (8d,) and
were cast from the same concrete. The only difference between the two was head shape.

The load-deflection curves for the two specimens show almost identical responses. The

change in head shape did not effect the capacity or stiffness of the specimens. Based on these tests,
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head shape was not considered to be a significant test variable. Subsequently, data from circular

and rectangular tests were considered interchangeable inanalysis.
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Figure9-33:  Load-deflection curvesfor circular and rectangular heads

Though head shape is not a consideration for bar capacity, it is a detailing concern. Head
orientation is not easy to control during the construction of areinforcement cage. Rectangular and
square heads pose the problem that their orientation will change the clear cover over the heads.
Thus, in detailing of square and rectangular heads, the cover should be selected such that the
minimum is used in meeting code cover requirements. This problem is especially important for
rectangular heads. A constant cover will be present only for circular heads. Figure 934 is

reproduced from Ledesma [67] who discussed thisissue.
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Figure9-34:  Concrete cover for various head shapes (after Ledesma[67])
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9.4.3 Effect of Bar Spacing

Two specimens with bars spaced at 6dy, and 10d;, provided an indication of the effect of
bar spacing (LS-08-04.70-05-06(N)-1 and LS-08-04.70-05-10(N)-1). The capacities of these two
specimens are compared in Figure 9-35 and show that bar stress was reduced by about 15% with a
40% reduction in bar spacing. These results come from specimens with only a 5dy, lap length. At
such a short lap length, the lapped bars do not develop any capacity from bond. The effect of bar
spacing on specimens with longer lap lengths (in which bond would provide a greater contribution

to capacity) cannot be extrapol ated from these results alone.
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Figure9-35:  Theeffect of bar spacing on bar stress (Ls = 5dy)
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9.4.4 Effect of Lap Configuration

A non-contact lap configuration is preferable for precast applications because it
minimizes the potential of overlap conflicts between opposing layers of bars. However, a contact
lap configuration may provide more efficient force transfer resulting in a greater splice capacity.
The effect of lap configuration was studied in two pairs of specimens. small heads (LS-08-01.18-
0510(C)-1 and LS-08-01.18-05-10(N)-1) and large heads (LS-08-04.70-05-10(C)-1 and LS-08-
04.70-05-10(N)-1). The capacities of these pecimens are compared in Figure 10-36. A 33%
increase in bar stress resulted when small headed bars were placed in contact with one another,
however, there was virtually no increase for large headed bars (only 1%). When placed in contact
with one another, bars with small heads can generally be placed closer than bars with large heads,
thus the small headed, contact splice results also reflect closer bar spacing than those with large
heads. Since the specimens had only a short, 5dy, lap length, the mechanism of force transfer may
not be the same as would occur for longer lap lengths. Therefore, the effect of lap configuration on
specimens with longer lap lengths (in which bond would provide a greater contribution to

capacity) remains to be eval uated.
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9.4.5 Effect of Debonding

In order to distinguish the capacity provided by head bearing from the capacity that is
provided when bond acts in conjunction with head bearing, one specimen was tested with a
debonding wrap placed over the deformations of the bars within the lap zone. The capacity of the
debonded specimen (LS-08-04.04-14-10(N)-1-DB) is compared with a companion bonded
specimen (LS-08-04.04-14-10(N)-1) in Figure 937. These tests were performed with long lap
lengths (14dy,) in order to accentuate the contribution from bond.

Debonding resulted in a lower total bar stress, however, the debonded bars had a much
higher (by 40%) contribution from head bearing than did the bonded bars. The reason for this
increase is explained in Figure 938. In Chapter 7, head capacity was shown to be related to the
two cover dimensions, ¢; (the minimum cover) and ¢ (the secondary cover). In the bonded
specimen, bond-splitting cracks propagating from the opposing lap bars extend into the concrete
region surrounding the heads. The cover dimensions are defined based on the extent of the bond

splitting cracks. With bonded bars, splitting cracks may emanate from the opposing bars and the
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side cover dimension is about half of the spacing between opposing lapped bars. In the debonded
case, there are no bond splitting cracks and the side cover may be taken as half of the spacing
between heads, or twice that in the bonded case. As aresult, higher head capacities resulted when
bars were debonded, but, as the data in Figure 9-37 show, a smaller total capacity results because
of the corresponding loss in bond. These test results illustrate that even though bond can
deteriorate dramatically as stress is transferred to the head, it can still provide a significant

contribution to anchorage capacity if the lap length islong enough.
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Figure9-37:  Theeffect of debonding on bar stress (Ls = 14dy)
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9.4.6 Effect of Confinement

The effect of confinement on capacity was examined using the results from two groups of
specimens: tests with hairpin confinement and lap lengths of 8dy, and tests with unconfined,
hairpin confined, and transverse tie-down confined splices and lap lengths of 12dy,.

The hairpin confinement detail provided only tie-down (or tie-back) confinement for the
headed bars. This type of confinement was easily defined by the tie-down confinement ratio, the
ratio of tie-down steel to longitudinal steel in the lap zone. Normalized bar stressis plotted against
confinement ratio in Figure 939 for non-headed and large headed bars with 8dy, lap length. The
plot shows a gradual increase in bar stress with increasing confinement ratio. Hairpins with bar
sizes of #2, #3, and #4 produced increases of 22%, 36%, and 43% over unconfined bars

respectively. There was no corresponding increase for the single non-headed bar test; however, the
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hairpins were not placed where they could enhance bond strength as discussion in Section 9.2.3.
Improvements in capacity from the hairpins resulted from their influence on the head bearing
capacity. Normalized bar stress at the head is plotted against confinement ratio in Figure 9-40. The
bar stress provided by the head increased by 50% over unconfined bars when hairpins of #3 or

greater bar size were placed next to the head.
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Figure9-39:  Normalized bar stress versus confinement ratio (Ls = 8dp)
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Figure9-40: Normédlized bar stress at the head versus confinement ratio (Ls =
8dp)

Because none of the confined specimens achieved yield at a lap length of 8d, and
significant improvement from additional confining steel was unlikely, subsequent confinement
studies were performed on specimens with a 12d, lap length. The capacities of an unconfined
specimen  (LS-08-04.04-12-10(N)-1), a hairpin confined specimen (LS-08-04.04-12-10(N)-1-
H0.6), and a transverse tie-down confined specimen (LS-08-04.04-12-10(N)-1-TTD) are
compared in Figure 941. Hairpins increased the capacity by only 5% at 12dy, (In contrast, the
capacity was increased by 36% at 8dy), and the capacity provided by the head declined slightly.
The transverse tie-down detail improved the capacity by 11%. As discussed in Section 9.2.3,

transverse bars provided a much more efficient confinement detail than did tie-down bars.
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Figure9-41: Theeffect of confinement type on bar stress (Ls = 12dy)

9.5 SUMMARY

The behavior of the lap splice specimens during testing has revealed that the mechanism
of force transfer consists of broad struts that propagated between the heads and straight bar
deformations of opposing bars (Figure 95). These struts propagated at angles of approximately
55° from the longitudinal axes of the bars and their intersection with opposing bars determined the
anchorage points (critical locations for bar development) of those bars. Development of the headed
bars within the anchorage length consisted of a combination of bond and head bearing. Aswith the
headed bars used in the CCT nodes, anchorage was a two stage process in which bar stress was
first carried by bond, the gradually transferred to the head as bond deteriorated. The bonded length
of the bar was equal to the anchorage length deducted by the wedge length. The wedge length was
the bar length taken up by the formation of the concrete bearing wedge and was approximately

equal to the side dimension of the head.
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Thefollowing additional observations were noted:
Head size did not affect the mechanism of force transfer between opposing |apped
bars.
Below alap length of 5dy, (the spacing between lapped bars), the mechanism of force
transfer was entirely between the heads of the lapped bars and there was no
contribution from bond to the lap capacity. Furthermore, the capacity provided by
the heads was | ess at the short (5dy, or less) lap lengths.
Head shape did not influence head capacity, but is a significant detailing concern
because of clear cover considerations. Circular heads provide the smallest minimum
clear cover for agiven head area.
Debonding of the lapped bars resulted in a fewer number of surface cracks that
developed greater widening than for a companion bonded specimen. Debonding also
resulted in a loss of stiffness. Debonding significantly increased the capacity and
performance of head bearing, but the overall capacity was reduced due to the loss of
abond contribution.
Hairpin confinement did not change the fundamental mechanism of force transfer in
the lap zone. Hairpins placed near the heads helped to improve the anchorage
performance of the heads, but the improvement in capacity was modest. The details
of the placement of the hairpins tested in this study may not have reflected the
optimal use of the hairpins. Placement of the hairpins within the center of the lap
zone rather than the ends may have improved their efficiency.
The transverse tie-down detail provided better confinement of the lap zone. The

transverse bars of this detail were more active than the tie-down bars. The transverse
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bars improved the lap capacity by atering the mechanism of force transfer in the lap
zone. Strain development in the transverse bars was directly linked to the bar stress
carried by the heads. The tie-down bars of this detail did not develop strain until
failure of the specimen was imminent. The tie-down bars then became active as part
of a secondary failure mechanism accompanied by a severe loss of stiffness in the

specimen.

A summary of all lap splicetestsis provided in Appendix D.
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Chapter 10: Development of a Design M ethodology for Headed
Bars and Recommendations for Code Provisions

10.1 INTRODUCTION

In this chapter the lap splice data are compared with capacities computed using the
proposed bearing model that was developed from the CCT node tests. Bond data from the lap
splice tests are combined with data from the CCT node tests to develop modification factors for
the effects of head size, lateral stress, and/or platen restraint at the node. Finally, the proposed
bearing models are combined with a modified bond model and compared with the results of this

and other headed bar studies.

10.2 COMPARISON OF LAP SPLICE RESULTSTO RECOMMENDED BEARING
M ODEL

Measured head capacities were compared to the proposed bearing model developed in
Chapter 7. Two models were proposed in that chapter, the second of which was selected for usein

design because of its simplicity. Thismodel is presented below:

: : ®2c 0 .
Bearing Capacity, P= A ,0.9Y & ) (10-1)
nh ﬂ
with Y = 0.6+ 0.4% £20 (10-2)
1
P = head capacity (kips)
Y = radia disturbance factor

Apn = net head area(in?)
C; = minimum cover dimension (in)
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C2 secondary cover dimension (measured perpendicular to ¢;) (in)

fe

concrete cylinder strength (ksi)

The bearing capacities of the headsin bonded and de-bonded tests were cal culated using
cover dimensions, c¢; and c;, as discussed in Section 9.4.5 and shown in Figure 9-38.
Measured/cal culated ratios for the heads are plotted against lap length in Figure 10-1. These ratios
decreased as the lap length dropped below 8dy,. The ratios were also low for the small-headed bar
tests. Only the large-headed bars with lap lengths of 8dy, or greater compared well with the
proposed model. As discussed in Section 9.4.1, failure of the specimens with small lap length (of
5d, or less) occurred by a different mode than the specimens with larger lap lengths. Thus the
failure of the model to reflect measured head capacities accurately at smaller lap lengths was
expected.

The distribution of the measured/calculated ratios is shown in Figure 10-2. The statistical
information is also presented in Table 10-1. The data are divided between specimens of lap length
less than 8dy, and those greater than or equal to 8dy. For the longer lap lengths, the average

measured/cal culated ratio was 0.95 and the coefficient of variation was 16%.

Measured/Calculated Values

Lap | Number of Standard

Length | Specimens Range | Mean Deviation
< 8d, 7 0.41-0.87| 0.69 0.15
>8d, 7 0.64-1.08| 0.95 0.15
All 14 0.41-1.08| 0.82 0.20

Table10-1:  Statigtical datafor accuracy of recommended bearing modd (Iap
splice tests)
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10.3 EVALUATIONOF BOND DATA

Aswith the CCT nodes, peak bond stresses and failure bond stresses were determined for
the lap splice specimens. Lap splice peak and failure bond stress are plotted against lap length in
Figure 10-3. The peak bond stress was equal to the failure bond stress for non-headed and small
headed bars. However, the bond stresses at failure for the large-headed bars were substantially less
than peak bond stresses for the same bars. Furthermore, much less bond was developed at failure
for large headed bars than small headed or non-headed bars. This agrees with the trend seen in the
CCT node data (Figure 7-34). Additionally, the failure bond stress was effected by lap length. For

a given head size, the failure bond stress increased with increasing lap length. At alap length of

5dp, no bond stress was devel oped for the bars with large heads.
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Figure 10-3: Bond dress at falure versus lap length

By combining the results of the lap splice tests with lap lengths greater than or equal to

8dy and the CCT node results, a more complete picture of the bond stress behavior emerges. The
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bond data from the CCT node tests were influenced by two factors: lateral compression and/or
platen restraint in the CCT node and the decline in bond stress associated with head size. In the lap
splice tests, only one of these factors is present: the decline in bond stress associated with head
size. Peak bond stress data from the lap splice and CCT node tests were compared in order to
determine a normalizing factor for the lateral compression and/or platen restraint that occursin the
CCT nodes. Distribution plots of peak bond stress for the CCT node and lap splice tests are
presented in Figure 10-4. The average peak bond stresses for the two data sets were 0.81 ksi (lap
splices) and 1.25 ksi (CCT nodes). The average peak bond stress in the CCT nodes was about 1.5
times the average peak bond stress that occurred in the lap splice tests. This ratio was used to

normalize the CCT node failure bond data with respect to the lap splice tests.

Average Peak Bond Average Peak Bond
Lap Splice Tests CCT Node Tests
(0.81 ksi) (1.25 ksi)
97 |
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Figure 10-4:  Peak bond stress distributions for 1ap splice and CCT node tests
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Normalized failure bond stresses from the CCT node and lap splice tests were used to
determine a modification factor for the reduction in bond at failure that is related to head size.
Bond stress at failure is plotted against relative head area in Figure 10-5. Bond stress at failure
decreased from an average value of about 1.0 ksi to 0.3 ksi over the range of relative head areas
from 0.0 to 5.0. The single data value at arelative head area of 10 suggests that further reduction
did not occur beyond the drop to 0.3. The following equation is proposed as a reasonable

approximation of thetrend in the data:

Head Size Reduction Factor, ¢ =1.0 - 0.7?3\”;—/(;%% 0.3 (10-3)
0 g

Ann = net head area(in?)

Ap = bararea(in?
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Figure 10-5: Bond stress at failure versus relative head area (Iap splice and CCT
node data)
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Using the normalization ratio that accounts for compression stress and/or platen restraint
in the CCT nodes and the head size factor proposed in equation 10-3, bond stresses at failure were
predicted for all of the CCT node and lap splice tests. The measured/calculated ratios are
summarized in Table 10-2. The distribution of the ratios is presented in Figure 10-6. Measured
bond stresses averaged about twice the bond determined from the ACI equation for development
length. The distribution plot indicates considerable scatter in the data and several tests with very
high measured bond stresses. The ACI equations provided a very conservative estimate of the
bond stresses that occurred in the CCT node and lap splice tests. However, some of the disparity
may result from the particular reinforcing bars and concrete mixes used in this study. A broader
study including reinforcing bars of different sizes from different suppliers and concrete mixes

would provide better insight as to the effect of those parameters.
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Figure10-6:  Didribution plot for bond stress at failure data
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Measured/Calculated Values

Test Numper of Range Mean Standgrd

Type Specimens Deviation
CCT Node 30 0.90-3.72| 2.08 0.64
Lap Splice 8 1.21-4.65| 2.22 1.10
All 38 0.90-465]| 2.11 0.75

Table10-2:  Statistical datafor accuracy of modified ACI bond stress at failure

10.4 COMBINED BOND AND HEAD BEARING

In Section 7.4, the CCT node test data were combined with data from other studies of
headed bars, anchor bolts, and bearing blocks to develop a model for head bearing capacity. In the
preceding section (10.3), bond data from the CCT node and lap splice tests were combined in
order to develop a modification factor bond stress in headed bars. In this section, the CCT node
data and the lap splice data are combined with data from various other headed bar studies in order
to evaluate the accuracy of the proposed head bearing and modified bond capacity model when
they are combined to predict total headed bar anchorage capacity.

In addition to the two sets of tests from this study, three other studies provide data for
headed bars that are anchored by a combination of bond and head bearing. The five test groups are
listed in Table 10-3. For each study the ranges of the test variables found to be most important are
listed: concrete strength (f.'), relative head area (A.w/Ap), relative cover dimension (c,/dy), and

relative anchorage length (Lg/dp).
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Number Ranges for Variables
of Data )
Source Voo |t Ann Cy L
(ksi) A, d, d,

UT CCT Node Tests 27 3.1-42]10.0-104] 28-3.0 7.0
UT Lap Splice Tests 8 3.6-411] 00-4.7 2.5 6.0 - 12.0
UT Deep Embedment [42]
* Unconfined Tests 15 3.0-39] 47-90|18-24]|76-18.3
* Confined Tests 20 3.0-39] 47-90]18-24)87-122
UT Beam-Column [26]
» “Side Blow-Out Failures” 18 32-57]21-74]116-26]58-123
e Shear-Related Failures 14 33-58] 21-74)17-26] 5.8-9.8
Kansas Pullout Tests [119]
* Unconfined Tests 3 4.9 104 25 11.0
* Confined Tests 13 49-5.0 104 25-35 10.9

* h,/d, presented for UT Beam-Column
and Kansas Pullout studies

Table10-3:  Research studies of bonded headed bars

The term anchorage length has been used occasionally throughout this report and can
easily be confused with two other terms: development length and embedment depth. In order to
clarify the following discussion, these three terms are defined below:

Development length (Lg) is the length required for a straight bar to develop by
bond. The development length can be determined from the design equations
provided in the ACI [2] or ASSHTO [1] code provisions. ACI development length is
frequently used throughout this report.

Embedment depth (hg) is the length measured along the bar from the bearing face
of the head (or the end of a straight bar) to the surface of the member in which the

bar is anchored.
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Anchorage length (L ;) is the length measured along the bar from the bearing face of
the head (or the end of a straight bar) to the point of peak bar stress. The point of
peak bar stress (or anchorage point) generally coincides with the intersection of the
bar and the leading edge of the strut(s) that the bar anchors. Thislength often defines
the available length in which the bar can be anchored and is sometimes referred to in

thisreport as the avail able anchorage length.

The distinctions between embedment depth and anchorage length are clarified in Figure 10-7. As
this figure shows, the anchorage length is generally shorter than the embedment depth.
Furthermore, a strut-and-tie model is necessary in order to determine the available anchorage

length.

Embedment

\
Anchorage | Depth, hy
Length, L,
y

A\

Figure 10-7:  Didtinction between embedment depth and anchorage length

Because the proposed models for bond and head bearing were developed from the CCT
node and lap splice data, the combined model provided good estimations of the test results. The
head bearing model was designed to provide an average measured/calculated ratio of 1.0 and the
modified ACI bond model provided conservative estimates for the bond contribution. Thus the
combined results gave average calculated values that were | ess than the average measured results.
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Statistical results of the combined bond and head bearing analysis are listed in Table 10-4. The
distribution of measured/calculated ratios for the CCT node and lap splice testsis plotted in Figure
10-9. The combined models provided an average measured/calculated ratio of about 1.3 with a

coefficient of variation of 20%.
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Figure 10-8:  Didtribution of measured/caculated ratios for CCT node and lap
splice tests (bond plus bearing) (current study)
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Measured/Calculated Values

Test Number of Standard

Type Specimens Range Mean Deviation
CCT Node 30 0.86-2.07| 1.30 0.25
Lap Splice 8 0.84-160]| 1.22 0.29
All 38 0.84-2.07| 1.30 0.26

Table10-4:  Satistical datafor CCT node and lap splice tests (bond plus head

bearing) (current study)

Thirty-five tests from the University of Texas deep embedment study [42] used bonded
headed bars. These tests were analyzed using the recommended bearing model and the modified
bond model. The statistical results of that analysis are listed in Table 10-5 and the distribution of
the results is plotted in Figure 10-10. The combined model provided slightly more conservative
results for that study than for the CCT node and lap splice tests. The average measured/cal cul ated
ratio was about 1.5 with a coefficient of variation of 25%. The distribution of the

measured/cal culated ratios was skewed towards a value of 1.0. The median value of test results

was about 1.3, which was close to that for the CCT node and lap splice tests.
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Figure 10-9:  Digtribution of measured/caculated ratios University of Texas
deep embedment tests [42] (bond plus bearing)
Measured/Calculated Values
Test Number of Standard
Type Specimens Range | Mean Deviation
Unconfined 15 1.04 -2.32| 1.58 0.40
Confined 20 1.08-2.51] 1.51 0.38
All 35 1.04-251| 1.54 0.39
Table10-5: Statistical datafor University of Texas deep embedment tests [42)

(bond plus head bearing)

The two remaining studies: the University of Texas beam-column tests [26] and the

University of Kansas pullout tests [119], provided an additional 48 test results to compare against
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the proposed models. When analyzed, the results of these studies did not compare well with the
combined bond and head bearing model. The statistical data for the beam-column and pullout
studies are listed in Tables 10-6 and 10-7. The measured/calculated ratios for these two studies
were 0.78 for the beam column tests (“side blow-out” failures) and 0.56 for the pullout tests. The
reasons for these poor results can be found by analyzing the strut-and-tie mechanisms within these

specimens and examining the results rel ative to embedment depth and anchorage length.

Measured/Calculated Values
Failure Number of Standard
Mode Specimens Range | Mean Deviation
“Side Blow-Out” 18 0.47-121| 0.78 0.21
Shear Related 14 0.28-0.89 | 0.58 0.19
All 32 0.28-1.21| 0.69 0.22
Table10-6:  Satidicd datafor Universty of Texas beamcolumn tests[26]
(bond plus bearing)
Measured/Calculated Values
Failure Num_ber of Range |Mean Standqrd
Mode Specimens Deviation
Unconfined 3 0.39-0.43| 0.41 0.02
Confined 13 0.50-0.66 | 0.58 0.06
All 16 0.39-0.66 | 0.56 0.09
Table10-7:  Statidica datafor University of Kansas pullout tests [119] (bond

plus bearing)

Almost al of the beam-column and Kansas pullout tests had embedment/cover ratios less

than 5.0; the limit specified for deep embedment tests in the University of Texas study [42] and
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for applying the side blow-out and proposed bearing capacity models. Measured/cal culated ratios
are plotted against embedment/cover ratio for the two studies in Figure 10-10. Almost al of the
measured strength capacities were less than the computed values. There is the suggestion of an
upward trend with measured/calculated ratios approaching and surpassing 1.0 at larger
embedment/cover ratios. The range of embedment/cover ratios in the beam column and Kansas
pullout studies is comparable to the range of anchorage length/cover ratios found in the lap splice
tests for which the proposed model worked well. However, the embedment depths of the bars in
the beam-column and Kansas pullout tests were probably greater than the anchorage lengths
available for the bars in those tests. Thus, the anchorage length/cover ratios of the beam-column

and Kansas pullout studies may be substantially less than the anchorage length/cover ratios of the

lap splicetests.
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Figure 10-10: Measured/calculated ratio versus embedment/cover ratio
(Univerdty of Texas beam-column and Kansas pullout studies)
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The joint region of a typical beam-column specimen is reproduced in Figure 10-11. A
strut-and-tie model is super-imposed onto the layout of the joint. The strut-and-tie model reveas
that the critical anchorage point of the headed bar did not coincide with the edge of the column.
The anchorage length of the headed bar for the specimen shown in Figure 10-11 was much less
than its embedment depth. Similarly, examination of the Kansas pullout tests using strut-and-tie
models revealed that the anchorage lengths of those bars were also smaller than the embedment
depths (Figure 10-12). If anchorage length/cover ratios were used instead of embedment
depth/cover ratios in Figure 10-10, the data would shift to the left of the plot. Examination of the
beam-column test results revealed that the specimens with the best measured/predicted ratios had
either long embedment depths (with corresponding long anchorage lengths) or closely spaced
stirrups directly over and under the headed bars. Stirrups placed close to the headed bars facilitated
strut development at shallow angles to the headed bars and allowed the anchorage (peak stress)
point of the bars to move closer to the edge of the column, thus increasing the anchorage length.

The results of the beam-column tests and Kansas pullout tests highlight the importance of
the distinction between embedment depth and anchorage length. This importance is further
reinforced by recalling the catastrophic collapse of the Sleipner A offshore platform (which is
reviewed in Section 3.4.5.1) [38, 63]. In the analysis and design of this offshore platform, the
anchorage point of an important headed bar tie had been assumed at the edge of a tri-cell support
wall rather than from strut-and-tie models. This assumption resulted in the detailing of the tie with
avery short anchorage length that could not develop the yield capacity of the bar. The mechanism
of collapse for the tri-cell wall was subsequently governed by failure of thetie. The collapse of the
Sleipner A offshore platform can be attributed to a confusion between embedment depth and

anchorage length. Anchorage length, not embedment depth, is the variable that governs the
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contribution from bond and the governing mode of failure, which will either be the bearing mode

examined in this study or concrete breakout.

i. Strut-and-Tie Model ii. Typical Crack Pattern
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Figure10-11: Strut-and-tie modd for beam-column specimen
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i. Strut-and-Tie Model ii. Typical Crack Pattern

Figure 10-12: Strut-and-tie mode for Kansas pullout specimen

10.5 RECONFIGURATION OF PROPOSED M ODEL INTO DESIGN FORMAT

A proposed model of headed bar anchorage has been developed and compared against a
wide variety of test results. The final step is to convert the model into a more usable design form
and to state limitations on the applicability of the model.

From a designer’s perspective, the decision to use headed bars follows from a need to
shorten development length to meet dimensional limits of the structure. The designer will be faced
with a situation in which the necessary development length, Ly, of a bar will not fit with the
available anchorage length, L. Thus the designer may choose to use a headed bar to solve the
problem. The next question posed by the designer is “What size head will need to be placed on

this bar in order to meet the anchorage length limitation?’” This question points the way to the
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design form for the proposed method. The designer begins by knowing the following: basic
development length, Ly, and available anchorage length, L, The designer will dso know such
variables as concrete strength, f.', and cover dimensions, ¢; and c,. The unknown variable is head
size, which can be expressed by the relative head area, Aw/Ayp. Thus, the model equations must be
re-arranged in order to solve for relative head areain terms of the known quantities listed above.

The following procedure is recommended:

1. Basic development length, Ly, is calculated and compared to the available anchorage
length, L,.

2. If Ly is greater than L, and space considerations preclude the use of a hooked bar, a
headed bar becomes the most likely solution.

3. The contribution from bond to anchorage capacity, fspong, IS determined. The basic

bar stress provided by bond can be calculated simply as:

f < bona :&l%y xC
Lig
where ¢ = areduction factor for the deterioration related to head size (For
now, a constant value of 0.3 is assumed. The selection of this
factor isdiscussed in Section 10.5.1.).
(L./L4)X, = the bar stress that would be expected at L, assuming linear

development of stressin the bar over Lqy (Figure 10-13).
4. The contribution that must be provided by the head isthen f .., =f, - f

y s,bond *

5. Theminimum relative head areaisthen determined based on fs pead.
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Figure10-13: Development of bar stress for a non-headed bar

In order to use the preceding process, the modification factor for head size, ¢, must be selected and
the formula for head capacity must be re-arranged to solve for relative head area. Finaly, a

minimum anchorage length should be recommended for the method.
10.5.1 Bond Modification Factor for Head Size

In preceding sections, the modification factor for head size, c, was related to the known
relative head area of the bar. The factor would be much more convenient if it could be related to a
variable such as the anchorage length, L, that is known before the head size is determined. Using
the recommended capacity equations for bearing capacity and bond modified by the head size
factor, combinations of relative head area and anchorage length that provide a bar stress of 60 ksi
were plotted in Figure 10-14. The results plotted in Figure 10-14 indicate a very strange
relationship between relative head area and anchorage length for low values of concrete strength
(f¢' = 3 kd). At 85 — 100% of the development length, the results suggest that the addition of a
head can make the required anchorage length longer than the basic development length of the bar.

The proposed modification factor for head size is based on test results representing a limited range
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of anchorage lengths (about 30% of lg maximum). It is unlikely that these results can be
extrapolated to longer anchorage lengths. The resultsin Figure 10-14 are the result of doing so.
The head size modification factor is plotted against anchorage length in Figure 10-15. It
can be seen that there is not a simple relationship between the modification factor and anchorage
length. Furthermore, the relationship is not always unique (as for the cover dimensions listed in
Figures 10-14 and 10-15 and a concrete strength of 3 ksi). For the time being, it is suggested that
the modification factor for head size be taken as a constant equal to 0.3, which can be considered
appropriate for anchorage lengths shorter than 30% of Lg. This conservative assumption limitsthe
designer to consider very little bond stress over a very short anchorage length. Many designers
will find that the contribution from bond under these conditions is so small that it will be easier to
ignore bond altogether and design the head to carry the full yield strength of the bar. Thoughiitis
unrealistic to so severely restrict the contribution from bond and doing so will require
unnecessarily large heads in many instances, there is not enough available data to provide any
other recommendation at thistime. The topic of bond in headed bars requires further investigation,
particularly for headed bars with small relative head areas (< 3) and moderate to long anchorage

lengths (La = 30 — 90% of Ly).
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10.5.2 Equation for Relative Head Area

Equation 10-1 provides a head bearing capacity (P) in kips based on severa variables
including net head area (A ). This equation would be more useful re-arranged to provide relative
head area (A n/Ap) as afunction of bar stress (fshead) iN ksi. Equation 10-1 is so re-arranged in the
following derivation (the 5% exclusion factor determined in Section 7.4.6 has been included):

@&oc 0 O

% 1
Bar Stress = (Head Capacity)/Ap = §09xn,, A, S—"yf T /A (10-3)

g SAwgy o

1.26 %[A . xc, xy X
nh lxy c (10_4)

fshead: m (—Ab

_ [pd?
Substitute /A, T@Ogdb,
A C .
fq heaa =1.26% A—”: ﬁxy X (10-5)
A, .C :
f o heat = 14X [ XL xy f (10-6)
b b
Now re-arrange to solve for the relative head area,
Ap _ 1 G Jorew (107
A, 14y ¢ f,
A @1 dy Fopem®
Am E1 O Fsnens (10-9)

C

0
A, &4y ¢ f_ 5
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All variables are as defined at the beginning of the chapter. Equation 10-8 can be used to solve for

the relative head areathat is necessary to provide a given contribution to bar stress, fs head-
10.5.3 Minimum Anchorage L ength

The proposed model for head bearing is based on tests in which the minimum anchorage
length was at least 6dy,. The model is not applicable when the anchorage length is less than 6d,,. At
shorter anchorage lengths, a different mode of failure occurs. Furthermore, analysis of the lap
splice tests and the University of Texas beam-column tests revealed the importance of strut-and-tie
modeling in determining the available anchorage length, L, It is highly recommended that the
proposed headed bar anchorage model only be used when strut-and-tie modeling has been applied
to determine critical anchorage points for ties and available anchorage lengths. The potential to
confuse embedment length with anchorage length is great and can lead to catastrophic over-

estimations of capacity.
10.6 RECOMMENDED CODE PROVISIONS

Recommended headed bar design provisions are proposed for the mechanical anchorage
sections of the ACI [2] and AASHTO [1] codes. The following changes are recommended for
Sections 12.6 and R12.6 of the ACI code. Similar changes are recommended for Section 5.11.3 of
the AASHTO code with appropriate adjustments to article numbering. Changes and additions are
italicized for emphasis:

12.6 M echanical anchorage

12.6.1 (no changes)
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12.6.2 Test results showing the adequacy of mechanical devices other than headed
bars shall be presented to the building official. Headed bars are permitted provided they
conformto the provisions of 12.6.3 through 12.6.4.

12.6.3 Development of reinforcement shall be permitted to consist of a combination of
mechanical anchorage plus bond along the anchorage Iength of reinforcement between
the point of maximum bar stress and the mechanical anchorage. The stress provided by
bearing of the head dhall conform to 12.6.3.1 and the stress provided by bond shall
conformto the provisions of 12.6.3.2.

12.6.3.1 The bar stress provided by bearing of the head, fs nead, Shall be computed

by
fshead = 1.4 x\/ﬂxaecl g%/ xf
A §d_m
with
v =06+0482% 20
C g
where
Asn = net bearing area of the head (neglecting the bar area), in’.
c; = theminimum cover dimension measured to the center of the bar, in.
c; = theminimum cover dimension measured perpendicular to the axis of
c,,0ften referred to as the secondary cover dimension, in.
Y = theradial disturbance factor.

12.6.3.2 Thebar stress provided by bond, fs pong, Shall be computed by

a0
fs,pond = C ><fy ——

Lig
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where

L, = thebonded anchorage length as determined by the provisions of 12.6.6,
in.
Ly = thedevelopment length of a non-headed bar of the same diameter as

determined fromthe provisions of 12.2, in.

¢ = thereduction factor for head size, 0.3 (a more exact expression to be

determined by future research)

The anchorage length, L,, shall be measured from the point of maximum bar stress
to the bearing face of the head. Anchorage length less than 6d, shall not be
permitted. Appropriate strut-and-tie models shall be used to determine critical
sections at which the maximum bar stress occurs.
12.6.4 Any connection between the head and the bar shall be permitted provided the
full bar stress expected from the head can be developed at the connection without slip of
the reinforcement relative to the head. Furthermore, the head shall be sufficiently rigid to
provide optimal bearing across the entire head area. Test results demonstrating the
adequacy of the head-bar connection shall be provided to the appropriate building
official (The requirements of this provision should be addressed by ASTM. At the time

when a suitable provision exists, the language of this provision can be adjusted to

reference ASTM specifications.)

R12.6 Mechanical anchorage

R12.6.1 (no changes)
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R12.6.3 Total development of a bar with a mechanical anchorage is determined by
summing the mechanisms that contribute to the anchorage. These are, the capacity in
bearing of the mechanical anchorage and the bond along the anchorage Iength between
the mechanical anchorage device and the critical section.
R12.6.3.1 The expression for the bar stress provided by the head can be re-
arranged to solve for the minimum head area that is necessary to provide a given
bar stressrequirement.
R12.6.3.2 A reduction factor of 0.3 isincluded to account for the decrease in bond
that occurs asbar stressis transferred to the head. Tests indicate that bond stress
generally peaks and begins to decline before the peak bearing stress on the head is
developed. Test results have shown that the equation for the bar stress provided by
the head is unsafe for anchorage lengths less than 6d,. At such short anchorage
lengths, the importance of properly determining the critical section necessitates that
strut-and-tie modeling techniques be used to determine the critical section. Improper
determination of the critical section can lead to an over-estimation of the available
anchorage length and may result in the determining of a head size that is too small
or a cut-off point that does not provide sufficient anchorage length to develop the
headed bar.
R12.6.4 The provisions assume that failure between the bar and the head are precluded.
Any connection type is allowed that is sufficient to develop the strength of the bar and to
engage the head without slipping. The provisions also assume failure of the head in

flexure to be precluded as bearing pressureis applied.
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Sections 12.6.1 through 12.6.3 have been changed to alter terminology and to permit the
use of headed bars without test results showing the adequacy of the bars for the intended
application. Sections 12.6.3.1, 12.6.3.2, and 12.6.4 have been added to address the design issues of
headed bars. The term anchorage length has been substituted for embedment length. The constant
reduction (0.3) for bond stress is very conservative and should be examined in future research.
Section 12.6.3.2 limits the minimum anchorage length and requires strut-and-tie modeling in the
determination of the anchorage length. Section 12.6.4 addresses the quality assurance of the head
to bar connection. It is intended to be flexible enough to permit a variety of head types. The
necessary requirements for the strength and stiffness of the head to bar connection and the
flexibility of the head plate have already been addressed to a limited extent in the ASTM A-970
standard for headed bar manufactures. This standard is still under development. At a time when

the standard is compl ete, Section 12.6.4 can be replaced by acitation to ASTM A-970.

10.7 SUMMARY

The lap splice data were compared to the recommended bearing capacity model proposed
in Chapter 7. The model was found to work well for tests with lap splices greater than or equal to
8dy. Bond data from the lap splice tests were combined with bond data from the CCT node testsin
order to develop a modification factor for the reduction in failure bond that is associated with
increasing head size. Data from the CCT node and lap splice tests as well as three additional
headed bar studies were compared to the combined bond and head bearing model. The combined
model worked well for tests with longer anchorage |ength/cover ratios (>2.5).

A method for using the proposed bond and bearing models in design was recommended.
The modification factor for bond was found to be unrealistic for long anchorage lengths (between

85-100% of lg) and further study was recommended. The model for bearing capacity was re-
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arranged to solve for arequired relative head areain terms of the bar stress that must be carried by
the head. Equations 10-9 and 10-10 present the final model. Additionally, it was recommended
that available anchorage length should be determined using appropriate strut-and-tie models and
that a minimum anchorage length of 6d;, should be applied to headed bars. Draft language for code

specifications was also provided.
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Chapter 11: Design Examples

Three design examples are provided to illustrate the recommended design guidelines for
headed bar anchorage. The first example, a bracket design, illustrates a CCT node problem. The
second and third examples are of lap splice gpplications. Each example was chosen to emphasize
important practical concerns for detailing of headed bars. For some of the examples, the
shortcomings of the current recommendations are dramatized in order to underscore the necessity

for additional research.
11.1 BRACKET DESGN

The first example consists of a bracket attached to a column. The dimensions and loads
are shown in Figure 11-1. The bracket supports a transfer beam with a vertical reaction of 100
kips. Horizontal restraint between the bracket and the transfer beam is prevented by use of a
neoprene bearing pad. The column supports an axia load of 250 kips and a shear of 10 kips at its
top. A concrete compression strength, £', of 5 ksi and a steel yield stress, {, of 60 ks are
assumed. Due to the space limitations within the bracket, headed bars will be used for the
bracket’ stie bars.

Design of the column results in a 16” x 16" cross-section with #8 bars in each corner
(Figure 11-2, part i). The width of the bracket is equal to the width of the column, 16”. A 5” x 14"
neoprene pad is assumed. Free-body forces at the section between the bracket and the column are
used to design the tie steel for the bracket (Figure 11-2, part ii). The center-line of the tie is
assumed to be 3" below the support surface of the bracket. This depth would provide alarge cover
for conventional bars, but if headed bars are used for the bracket tie then additional cover must be

provided to accommodate the heads.
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Figure 11-1:  Loadsand dimensionsfor bracket problem
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Figure11-2:  Column cross-section and free body forces on bracket
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In this example, the headed bar is treated as a tie in a strut-and-tie model, and the ACI
safety reduction (f) factor of 0.75 is applied. The depth of the compression block is assumed to be

about 2”, making thetieforce, T, and the required tie steel, As:

T =100 Kips*—2 =714 kips

w_ 2"

15- 2%

T =714kips=fAf, =(0.75)(60ks)As
71.4 kips

Required tiesteel, Agc= ——————— =1.59in?
(0.75)(60 ksi)

This tie steel can be provided by 3 #7 bars (As = 3*0.60 in? = 1.80 in?). These bars are spaced
evenly within the available distance between the vertical column bars (Figure 11-3). This provides
a center-to-center spacing of 4.6” between the #7 bars and a side cover dimension of 3.4” for the
two outside bars. The top cover dimension is 3”. The minimum cover dimension will be one half

of the bar spacing, ¢, = 4.6/2=2.3". The secondary cover dimension, c,,is3.0".

Vertical Column Bars

P
#7 Tie—’w\(/\

Bars © o o ‘Tf
v
B[ DO Ny

3.4” 4.6” 4.6" 3.4”

Figure 11-3:  Spacing of bracket tie bars
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Anchorage of the horizontal bracket tie must now be satisfied. The CCT node and the
diagonal compression strut in the bracket must first be dimensioned. Because few redlistic
guidelines are available for dimensioning nodes, completion of this step is largely a matter of
guesswork. However, in this case the pad dimensions define at least the length of the node. The
CCT node was assumed to be 3" tall and as long as the bearing plate, 5°. The diagonal
compression strut was assumed to have a slope of about 54°, the angle defined by the centroids of
the bracket forces. This geometry locates the point of critical bar development at a distance of
roughly 7” from the face of the column wall (Figure 12-4). The distance from the critical
development point to the far edge of the bearing plate is 6”, which is equal to almost 7d;, for thetie

steel, more than the minimum anchorage length for headed bars.

7” 6”

<
4>

5”

|<—>

\/

Figure11-4:  The available anchorage length within the bracket
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Since the minimum anchorage length is provided, the heads can now be sized. The cover
dimensions, ¢; and ¢, have aready been determined from bar spacing considerations. The
anchorage length and the concrete strength are known. The bars are designed for 60 ksi of stress.

First, the contribution from bond is estimated:

f
Development length, Lq = % w'v_n abd

_ 3(0.875") 60,000 psi (1)(1.3)()(1)
40 1/5,000 psi (2.1

=34.5in

L ' . .
Contribution from bond, fspong = 0.3 xL—a ¥, =03 xsf—SXGO ksi=3.1ksi
p .

Note, that in the calculation for the contribution from bond, the full anchorage length was used
with no deduction for the wedge length in front of the head. The expected contribution from bond
was only 3.1 ksi, which is about 5% of the required bar stress, a negligible amount. This example
shows that the current recommendations for bond of headed bars allow such little bond that there
is amost no point in performing the step of calculating the bond contribution. The head can

simply be sized to carry the full bar stress, 60 ksi:
Bar stress demand on the head, fsneag = fy = 60 ksi

Radial disturbance factor, Y =0.6 + 0.4(c,/c;) = 0.6 +0.4(3'/2.3") = 1.12
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Bar stress provided head, fspead = 1.4 {ha&c—l%fc
Ab db %)

60ks = 14 | Am _ ?2'3 _21.12)(5 ksi)
| (0.60 in?) &0875" 5

z . .2
60 ksid g0875"g. 1 U

A
Required relative head area, —2* = : : a
& @A, és ksi 5 & 23 o (LA(L1) g

=85

The required gross head area, A gn = %a% + 1%0\b =(85+1)(060in?) =5.7 in’
b @

This area can be provided by a square head that is 2/,” x 24/,” or acircular head that is
2%,” in diameter. The circular heads will provide a minimum clear cover of 1'/g", slightly under
the requirements for exterior exposure. The square heads can provide more clear cover over the
head if special attention is given to positioning and orientation of the heads during construction.

Thefinal detail isshownin Figure 11-5.

i. Top View ii. Side View
3 #7 Tie Bars with
s 2 3/,” Diameter
« 167 e 15" Circular Heads
sy | :

] L I _E, } Horizontal
4.6” ,} o : ! < Stirrups
4674 . Required by

<. ga— ACI 11.9.4

3.4”* /\;

Figure 11-5:  Find detall for bracket

430



11.2 DETAILING OF PRECAST PANEL CLOSURE STRIP

The second example is the detailing of a closure strip between precast panels of an
elevated walkway. The walkway will consist of precast slab panels that will be made continuous
by the casting of a closure strip at the supports. Continuity of the longitudinal bars will be
achieved by lap splicing within the closure strip. The closure strip is limited to a 10" width
requiring the use of headed barsfor the lap splice.

Plan and elevation views of the walkway are provided in Figure 11-6. The walkway is
10'-10" wide with a 16'-8” span length. The slab is 6” thick with 13 #5 bars spaced at 10” for the
longitudinal steel. The walkway supports its own weight (75 psf) plus an additional 10 psf for
railing and other dead load. The live load is 85 psf. Continuous moment capacity across supports
isrequired to carry ultimate load. A concrete strength of 5 ksi is assumed.

To facilitate the placement of the panels, the headed longitudinal bars are detailed with an
offset to one side of the panel. The offset allows alternate panels to be rotated, providing a non-
contact lap splice with maximum spacing between opposing bars in the closure strip. This
minimizes the risk of conflicts in bar placement when the panels are dropped into place. This lap
configuration provides a 5" space between opposing lapped bars (Figure 11-7). The lap length
must provide room for head thickness (*/,” or less) and some positioning tolerance (*/,” each side).
A 7.5” lap is assumed. The resulting anchorage length is determined assuming a strut angle of 55°
between opposing bars. The anchorage length is 4” which is equal to 6.4dy, amost the minimum

alowed.
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Figure 12-6:  Plan and devation views for precast dab problem
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Figure 11-7:  Anchorage length of lap splice
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It is assumed that the bars will be epoxy coated. This should have no effect on head
capacity, but will make the bond contribution negligible. For convenience, the contribution from
bond is ignored and the head is sized to carry the full yield stress, 60 ksi. The side cover
dimension is taken as half the distance between opposing bars: 5”/2 = 2.5”. The top and bottom
cover dimensions are half the slab thickness: 6"/2 = 3". Thus, ¢; = 2.5” and ¢, = 3". Theminimum

head sizeis calculated as follows:

Radial disturbance factor, Y =0.6 + 0.4(c,/c;) = 0.6+ 0.4(3"/2.5") = 1.08

.2
Am 1 9 Fone

*
Relative head ar = —
& A, §1.4Y c, f. g

[

@ 1 0625 60 ksig'

-1

§(L4)L08) 25 5ksij

2\ o . .
Gross head area, A g = éA"h +17A, = (39+1)(03Lin*) =1.5in
b %]

The required head size can be provided by a circular head with a 1.4” diameter. The final detail is
shown in Figure 11-8. Transverse bars in the lap zone are recommended. Additionally, headed
studs welded to the support girder will provide a connection between the slab and the support and

tie-down confinement for the lap.
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i. Top View
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ii. Side View
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Figure 11-8:  Find detall for closure dtrip

11.3 BENT CAPEXTENSION

The final design example is for the extension of a typical bridge bent cap. This example
will illustrate a problem that requires a different approach for the selection of head size than in the
previous examples. Whereas anchorage |ength had been a known variable that was used to select a

head size in the previous problems, this example will require the selection of a head first and then
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the calculation of a required anchorage length. Furthermore, several of the shortcomings of the
current research will be demonstrated. The examination of this problem will reveal that it cannot
be solved using the recommendations of this report.

The extension of an existing bent cap requires that the existing concrete be removed to
expose the longitudinal bars. This is a time consuming process for the contractor. The amount of
concrete removed is dependant on the length of longitudinal bar that must be exposed for splicing.
Reductions in lap length result in less concrete removal for the contractor and provides savingsin
time and labor. The use of headed bar lap splices shows great potential for achieving the shorter
lap splices desired for this particular problem.

A standard Texas Department of Transportation plan for a bent cap supporting a24’ wide
roadway is shown in Figure 11-9. The problem requires that the roadway supported by the bent
cap be expanded to 38'. This requires the retrofit extension of the bent cap by 14’'. The bent cap
extension must have full continuity with the existing bent cap. Splicing of the new longitudinal
steel with the original longitudinal steel must be accomplished. In this scenario, headed bars will
be examined as a means of shortening the required lap length between the new longitudinal bars

and the existing longitudinal bars.
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i. Existing Bent Cap for 24’ Roadway
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iii. Retrofit Bent Cap for 38’ Roadway
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»|
I | |

Lapped New
Bars Concrete

Figure 11-9: Dimensions of bent cap

The designer might wonder if the existing longitudinal bars must be retrofitted with heads
in order to provide a reduced splice length or if headed bars can be lapped against the old non-
headed bars and still provide a reduction in splice length. The mechanism for force transfer
between a headed and non-headed bar is shown in Figure 11-10. While the anchorage length that
is provided by the lap may be adequate for the headed bar, the non-headed bar will be unable to

develop in that length. The full yield stress will not be developed in the non-headed bar because
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the full development length has not been provided. The capacity of the lap will be limited to the
capacity of the weaker anchorage, which will be provided by the non-headed bar. There is no
benefit to providing a head on one lapped bar if the opposing bar is not headed. Thus, the existing
bars must be retrofitted with heads, and head selection must be based on the feasibility of
retrofitting a head to the existing bars. Friction-welded heads cannot be field-fitted, but the other

two currently available head types can be attached in the field.

anchorage length, L, adequate
to anchor headed bar |

< >

L, < L4 not adequate to
develop a non-headed bar

Figure 11-10: Headed/non-headed bar lap splice

Xtender forged heads can be added in the field. They provide a relatively small bearing
area and would require along bonded length to achieve yield. According to the product literature,
6 to 7 bar diameters (for #6 - #11 bar sizes) must be exposed in order to properly fit the upsetting
vise over the end of the bar and apply the head. Since more than 6 — 7d, would have to be exposed
to developed a headed bar lap, the contractor would probably choose to use the mechanical

coupling system that accompanies the Xtender heads rather than use a headed lap splice which
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would require more concrete removal. The mechanical coupling system is promising for the
problem but is not considered here because it does not illustrate the issues of a headed bar lap.

The Lenton Terminator threaded head can also be used in the field. These heads provide a
larger bearing area and require less bonded length of bar to achieve yield. The Lenton Terminator
will be used as the case study head in this example. The longitudinal bars in the bent cap are #11
size. The #11 head produced by Lenton has a 3" diameter and is 1'%/15” long. The relative head
areais 3.53.

The lap splice in this problem can not be as neatly arranged as the splice in the previous
problem. There is not enough space for al bars with heads to fit in a single layer in the lap zone.
Thus the lap has to have an "over-under”" configuration (Figure 11-11). Furthermore, the bars will
probably be placed in contact with one another. This research study has dealt primarily with non-
contact lap splices and there is little guidance available for designing the contact splice in this
problem. In the very limited series of tests in which contact splices were compared to non-contact
splices, the contact splices had a capacity greater than or equal to the non-contact configuration.
The splice in this example will be treated as if it were laid out in a non-contact configuration
within a single layer. However, the legitimacy of this approach has not been verified by
experimental investigation. The side cover dimension for a non-contact splice would be %/, of the
spacing between bars, 8.9"/4 = 2.2”. The top and bottom cover dimensions are 3.2”. A concrete

strength of 5 ksi isassumed. The capacity provided by the head is:
Radial disturbancefactor, Y = 0.6+0.4(3.2"/2.2") = 1.18

2 ' .2| . . .
fonead = 14 ,h%ai%f = 14353822 91.18)(5 ksi) =24.2 ks
A, &d, g el4l" g
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Figure 11-11: Over-under lap splice

Because the head size is known, the bond reduction factor that was determined in Chapter
10 can be used. This formulawas not included in the proposed design provisions, but will be used
in this example in order to determine the minimum anchorage length that might be used. The
formulafor the head size reduction factor was:

%nh/Ab 93
g

Head Size Reduction Factor, ¢ =1.0- 0.7 0.3 (11-1)

The head size reduction factor for thisproblemis:

¢ = 10- 072239 51
eb50g

The stress required from bond and the head size reduction factor are used to calculate a required

anchorage length. The lap length magnification factor for this Class C splice isignored.

Required stress from bond, fspona = 60 ks —24.2ks = 35.8ksi

3d, f
Development length (top cast assumed), Ly = —2 x2- xi__
40 /f_ &+ Ktr o
Al'c — T
d, 5
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_ 3(L41) 60,000 psi(1)(1L3)(1)(1)

= 46.7in
40 \/5,(1:0 psi (2.5)

The required anchorage lengthis:

358 ksi 457
60 ksi 051

=54.6"

L
x_d =
C

The calculation shows that the addition of the head increased the necessary anchorage length from

the non-headed case. This example points out one of the shortcomings of the available research. It

is not expected that the anchorage length of the headed bar should be longer than its corresponding

non-headed development length. This result reflects the lack of data for headed bar tests with

moderate to long anchorage lengths. Furthermore, there is no guidance as yet for the analysis of

contact lap splice or of the over-under lap configuration used in this problem. Further research on

these issues is required. The calculation of anchorage length would provide the final step of this

problem. It would tell the contractor how much of the existing bar must be exposed to provide the

lap.
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Chapter 12: Summary and Conclusions

12.1 SUMMARY

A test program was conducted to study the anchorage behavior of headed bars in CCT
nodes and lap splices. The goal of the testing was to determine the viability of headed bars to
shorten development Iengths and alleviate congestion in complex structural details. CCT node and
lap splice specimens were selected to simulate commonly occurring anchorage situations where
development length and congestion are important factors.

Sixty-four CCT node specimens were tested. The nodes in the specimens were anchored
by asingle tie bar (Figure 12-1). The variablesin the study were: anchorage type (straight, headed,
or hooked bar), relative head area (An/Ap = 0.0 to 10.4), strut angle (s = 30°, 45°, or 55°), tie
bar size (#8 or #11), and the level of confinement (none or #3 closed hoop stirrups placed at 6” or
3"). Specimens were instrumented to measure the bearing reaction at the CCT node, strain along
the anchorage portion of the tie bar, and head slip. The cracking behavior was also observed and

recorded.

CCT
Node

A

\ Headed Tie Bar

Rigid
Bearing
Plate

Figure12-1:  Typical CCT node from the test program
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Twenty-seven lap splice specimens were also tested. Slab specimens were fabricated with
alap splice at midspan. The slabs were loaded in flexure, placing the lap splicein tension. The lap
splice consisted of headed or non-headed bars placed in asingle layer (Figure 12-2). The variables
in the study were: head size (A w/Ap = 0.0 to 4.7), lap length (Lg/dp = 3 to 14), bar spacing (sp/d, =
6 or 10), lap configuration (lapped bars in contact or not), debonded versus bonded bars, and
confinement type (no confinement, hairpin confinement, or transverse bars in the lap zone).
Specimens were instrumented to measure the load on the specimen, strain along the bars within
the lap zone, and midspan deflection of the slab. The cracking behavior was also observed and

recorded.
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Bar Spacing, s,

Figure 12-2:  Plan view of typicd lgp solice

Test results were analyzed and reported. Conclusions from the tests were used to develop
recommendations for the design of headed bar anchorage in CCT nodes and lap splices. Design
examples were provided to illustrate the use of the design guidelines. Suggestions for future

research are provided at the end of this chapter
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12.2 CONCLUSIONS

Conclusions fromthe tests are summarized in the following subsections. The conclusions
are divided into three categories: conclusions about the anchorage of headed bars that were drawn
from all of the test data, specific conclusions about the behavior of CCT nodes, and Secific

conclusions about the behavior of lap splices.
12.2.1 Anchorage Capacity of Headed Bars

The following conclusions about the anchorage capacity of headed bars were drawn from
the data collected in the study:

The anchorage process of headed bars consists of two stages. In the first stage,
anchorage is carried aimost entirely by bond stress, which peaks as the first stage
ends. In the second stage, the bond begins to deteriorate allowing bar stress to be
transferred to the head. Throughout the second stage, bond declines and head bearing
increases. The second stage ends with yield of the bar or bearing failure of the
concrete at the head. As aresult of this behavior, peak bond and peak head bearing
can not occur simultaneously. The capacity of the bar at failureis determined by the
peak bearing capacity plus some contribution from reduced bond along the bar
between the head and the point of peak bar stress.
The bearing capacity of the heads was similar to the side blow-out capacity of
deeply embedded anchor bolts and the bearing capacity of rigid plates on concrete.
The bearing behavior of these three elements (headed bars, anchor bolts, and bearing
plates) can be treated similarly in analysis. A formula was developed to determine
the bearing capacity of rigid heads and plates which is dependent on four variables:

the net bearing area (A nn), the cover dimensions (¢, and ¢;), and the concrete cylinder
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strength (f¢'). The equations for calculating nominal bearing capacity for arigid head

are reproduced below:
®2c, 9 :
Nominal Bearing Capacity (Kips) = N, (A ) xéA—lh;ﬂXY xf (12-1)
v =06+04822%20 (12-2)
Cl ﬂ

Ann = net bearing area of the head (in?)
C1 = minimum cover dimension over the bar (in)
Cc; = minimum cover dimension over the bar measured orthogonal to c; (in)
f¢ = concretecylinder strength (ksi)
Nsey, = 5% exclusion factor, 0.7
Y = radia disturbance factor (afunction of the cover dimensions)

This model was used to compute capacities obtained from bearing, anchor bolt, and
headed bar studies. The average calculated strength (omitting nse,) was equal to the
average measured strength with a coefficient of variation of 20%.

The modd for bearing capacity can be rewritten for determining either the bar
stress (fsnead) Provided by agiven relative head area (A nn/Ap) or the necessary relative

head areato provide a given bar stress:

A 5
fonead = 2N, x/ rh xgﬂ%« X (12-3)
Ab db 7]



.2
Am _21 xixd_bx_fsheadg (12-4)
A, ng,, Y ¢ f. g

-l

fshead = thebar stresssupplied by or required from the head (ksi)

&
1]

the bar cross-sectional area (in?)

dp the bar diameter (in)

A minimum anchorage length of 6d, is required for applicability of Equations 12-
3 and 12-4 to headed bars. For short anchorage lengths, a different failure mode
occurs and the model is unconservative for predicting capacity.

The failure bond stress can ke directly related to head size. The larger the relative
size of the head, the smaller the bond stress sustained at failure. Among the CCT
node tests and lap splice tests of this study, this relationship was found to be linear
with a minimum bond stress of 30% the peak bond stress that occurs during the first
stage of bar anchorage.

The bearing capacity of the head was not significantly improved by confinement
in the form of hoop stirrups or hairpins. Previous studies have shown that it is
very difficult to improve the anchorage of a headed bar with confining steel. It is far
more economical to improve the bearing capacity by simply increasing the size of
the head.

Confinement appeared to help sustain bond stresses during the second stage of
headed bar anchorage when bar stress is transferred to the head. The effect of

confinement on the bond stress of headed bars requires further study.



The anchorage length of a headed bar must be distinguished from its
embedment depth. The potential confusion between these two concepts can lead to
dangerous detailing mistakes. In order to prevent unsafe anchorage conditions, strut-
and-tie modeling must be used to determine the critical development points for
headed bars. Anchorage length is measured from the critical development point (the
point where yield capacity in the bar must be achieved) to the bearing face of the
head and is frequently shorter than the actual embedment depth (which is measured
from the bearing face of the head to the closest concrete surface or edge through
which the bar passes). Anchorage length determines the straight length of deformed
bar available for bond and reduces the bearing capacity of the head if it istoo short.
Slip of the head was decreased as head size was increased for a given anchorage
length. Slip occurs in two stages. insignificant head slip occurs before the head
attains most of its capacity. Once the capacity in bearing is reached, slip initiates and
the head provides little resistance to movement with failure occurring quickly
thereafter.

Head shape and aspect ratio had no significant effect on capacity. However,
because head orientation cannot be controlled under field conditions, circular heads
provide the most reliable control of clear cover over the head. The choice of head
shape should be based on detailing considerations such as clearance and congestion.
Headed bars provide a feasble subgtitute for hooks. Headed bars can achieve

equal or superior performance to comparable hooked bars depending on head size.
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12.2.2 CCT Node Behavior

The following conclusions about the behavior of CCT nodes were drawn from the data
collected in the study:

The critical development point of the tie bar in a CCT node can be estimated as the

intersection of the tie bar and the edge of the diagonal cmpression strut that is

anchored by that tie bar (Figure 12-3).

Y ‘\k
< > Critical

Anchorage  Development
Length, L, Point

Figure12-3:  Criticd development point for a CCT node

The state of stress at a CCT node reverses on either side of the critical crack.
Beneath the CCT node, compression stresses from the lower bearing plate neck
inward to equilibrate spatially with the bearing face of the headed bar. This creates a
region of vertical and transverse compression. This region begins at the bearing face
of the head and extends to the surface of the critical diagonal crack where
development of the bar begins. On the other side of the crack, radial splitting stresses
created by bond of the reinforcing bar cause a state of tension within the concrete

(Figure 12-4).
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Figure12-4: The state of stress at the CCT node

CCT nodes fail by mechanisms related to anchorage. Non-headed bars fail by
pullout from the node. Headed bars fail when bearing stress at the head exceeds the
bearing capacity of the concrete. Failure of a CCT node anchored by a headed bar is
explosive, resulting in rupture of the node and struts. Rupture is characterized by
crushing just above the head and lateral splitting of the diagonal strut. The extent to
which these two characteristics occur depends on head size and orientation.

The devdopment of the truss mechanism is a staged process. The strut-and-tie
mechanism has a preference to transfer force along the most direct path between
loads or reactions. In a Dregion with stirrups or other reinforcement capable of
acting as tension ties, force isinitialy transferred along a straight path from the point
of load application to the CCT node. Only after extensive cracking and softening of
the primary strut, are stirrups utilized to form secondary strut paths. The formation of
secondary strut paths may not occur until after the peak capacity of the member has

been reached.



The anchorage length in the CCT node zone can be increased by confinement.
Changes in the strut-and-tie mechanism (provided by adding vertical stirrups) alow
the critical development point of the headed bar to move away from the primary
CCT node. Due to the increases in anchorage length, bond stress can act over a
longer portion of the bar, increasing the total anchorage capacity.

Variationsin strut angle do not effect the bearing capacity of the head or the bond
stress devel oped by the bar. However, strut angle does effect the anchorage length of
the bar. Shallow strut angles allow a longer length of bar to be included within the
bounds of the diagonal strut, moving the critical development point away from the
head and increasing anchorage length. The increase in the anchorage length of thetie
bar resultsin a higher anchorage capacity for thetie.

Bond stress within a CCT node is significantly improved by lateral compression
and platen restraint. In the current study and tests reported in the literature, little
change in bond stress has been observed with changesin lateral compression, which
tends to indicate that lateral compression is not as influential as platen restraint.
Platen restraint may provide significant increases in bond stress and should be a
subject for future study.

CCT nodes anchored by bars with 180° hooks are taller than analogous nodes
anchored by headed or non-headed bars. The height of the node is increased to the
full height of the hook. The centroid where the strut and tie forces intersect seems to
occur just inside the bend of the hook. A hooked bar anchorage fails by splitting the

node and struts laterally.
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The dimensions of CCT and CCC nodes are much smaller than the dimensions
suggested in the AClI and AASHTO code provisions. Furthermore, the stresses
sustained by these nodes are much higher than the stresses allowed under the current
code provisions. The ultimate strength of nodes may be completely controlled by
anchorage considerations. The allowable stress requirements for nodes and struts
require further experimental investigation.

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 is primarily related to anchorage and that the current stress
limits for nodes are unredlistic. It is possible that CCT nodes cannot be failed in
compression if anchorage of the tie bars is satisfied. The stress limitsimposed by the

code provisions may be unnecessary.
12.2.3 Lap Splice Behavior

The following conclusions about the behavior of lap splices were drawn from the data
collected in the study:

The mechanism of stress transfer between opposing barsin non-contact lap splices

is by struts acting at an angle to the direction of the bar. The resulting strut-and-tie

mechanism causes the lapped bars to have anchorage lengths that are less than the

lap length. The struts between lapped bars were observed to occur at an angle of

about 55° to the axis of the bar (Figure 12-5).
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Figure 12-5:  Mechanism of stress transfer between opposing lapped bars

A minimum anchorage length of 6d, is required to properly develop the bearing
capacity of the head. Provided the anchorage length islonger than 6dy, the lap length
does not effect the basic mechanism of stress transfer. At shorter anchorage lengths,
the mechanism of failure was different.

Head size and shape do not effect the mechanism of stress transfer.

Determination of cover dimensions, ¢; and ¢, must account for the extent of bond
splitting cracks propagating from opposing lapped bars. Data from the tests of this
study indicated that the side cover dimension should be taken as half the distance
between opposing lapped bars.

Bar spacing effects splice capacity due to the change in side cover dimension
provided for the heads. Smaller bar spacing resultsin reduced head capacity.
Debonding of the lapped bars eliminated bond splitting cracks and increased the
side cover dimension to the full center-to-center distance between opposing |apped
bars. This eliminated the bond contribution to anchorage, but significantly improved
the bearing capacity of the head due to the increase in side cover dimension. If the

behavior of the debonded test is indicative of the behavior of epoxy coated bars (in
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which the bond is partially obstructed by the epoxy coating), then less bond stress
and greater head bearing capacity can be expected compared to analogous uncoated
lapped bars. Tests of epoxy coated, |apped, headed bars should be conducted in order
to verify this behavior and to gauge the extent of the differences from uncoated,
headed bars.

Transverse confining bars paralel to the plane of the lap splice and placed within
the cover concrete over the splices provide the best confinement for lapped bars.
Transverse bars help to reinforce the angled struts between opposing bars and are
integrated into the strut-and-tie mechanism of stresstransfer.

Tie-down or tieback confinement perpendicular to the plane of the lap splice does
not significantly improve lap splice performance. Such confinement does not become
active until peak capacity is nearly achieved and primarily helps by providing
residual capacity after the peak capacity has passed. Tie-down reinforcement in the
form of hairpins might be best placed along the bonded Iength of the headed bars
whereit may help to sustain peak bond stress until failure.

Contact lap splices may have a greater capacity than non-contact lap lices,
however, the only tests conducted with contact lap splices had very small lap lengths
and anchorage lengths were less than 6d,. Additional tests on the effect of lap

configuration should be conducted at longer lap lengths.
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12.3 SUGGESTIONSFOR FUTURE RESEARCH

Further studies of headed bars are recommended. The following experimental goals are

suggested:

1

The bond developed by headed bars is still uncertain. The current study has shown
that the failure bond of a headed bar is less than the peak bond. However, the
magnitude of the reduction in bond is unknown for many cases. Headed bars with
long anchorage lengths and small heads were not studied. Additional tests of such
headed bars are recommended. Furthermore, the effects of confinement and
variations in concrete strength on the failure bond have not been addressed. These
issues require additional experimental investigation.

Studies of epoxy coated headed bars should be performed. Epoxy is not expected to
effect the bearing ability of the head, but its effect on bond and the magnitude of
bond splitting cracks for lapped headed bars (which effects side cover and,
subsequently, head capacity) is unknown.

Additional studies of lapped headed bars investigating the effect of lap configuration
(contact versus non-contact) at long lap lengths should be performed. Primarily, the
changes in the strut-and-tie mechanism of force transfer between opposing bars
should be determined.

Proof tests that examine the ultimate and service level performance of headed bars
should be conducted. Such tests should be designed for anchorage controlled failure.
Previous large-scale studies have only explored the feasibility of headed bars for
specific applications without examining the effects of premature anchorage failure

on the ultimate capacity and behavior of the whole structural member. In all cases,
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the head sizes were sufficiently large to provide yielding of the headed bars. What is

needed is averification of the proposed design models for application specific tests.

Additional node tests should also be performed. Among the goal's of such research should

be included:

1

Tests to determine realistic dimensions for nodes and the stress limits that can be
sustained. The use of instrumentation to measure the flow of stresses around nodes
may prove useful for this.

The determination of the critical anchorage points for bars anchored in CTT nodes.
The effect of anchorage on node capacity should be defined. Two specific questions
should be answered: what is required to satisfy anchorage at anode and, if anchorage
is satisfied, can anode fail in compression?

A better understanding of the effects of platen restraint and lateral compression is
required. Does lateral compression by itself effect bond? When can platen restraint
be relied on, and how much does it effect bond? How much does platen restraint
effect allowable stresses in CCC nodes?

Confinement of nodes should be studied. Effective means to provide confinement for
nodes should be determined, or even if confinement of nodesis practical.

Finally, the effectiveness of secondary steel such as stirrupsin developing alternative
strut paths should be determined. What degree of cracking is required for secondary
strut paths to form and will they enhance capacity when they form? Will too much

stiffness be lost by the time secondary strut mechanisms form?



Appendix A: Instrumentation and M echanical Properties of
Reinforcing Bars

Tensile and flexural properties were measured for the different stocks of deformed bars
used in the research. Much of the data for the performance of the headed bars were determined
from strain gages placed on the surface of the deformed bars. Because this type of instrumentation
was so pervasive in the research, it isimportant to discussit in detail. Mechanical property tests of

bar samples were always calibrated with regard to strain gage measurements.
Al INSTRUMENTATION OF REINFORCING BARS

Reinforcing bars were instrumented by adhering foil strain gages to the surface of the
bars. The strain gages were used to determine strain data for the bars and thus cal cul ate stress and
force values for the bars. Gages placed on the surface of the bars interfere with bond by covering
the ribs of the deformed bar. In order to reduce any such effect, gages were placed over the main
ribs of the bar (Figure A-1). Since the main rib already interferes with direct bearing on the

transverse ribs, it was reasoned that placement there would produce the least interference from the

gages.
Bearing on Ribs Ribs
<
\A \A \A 5
'\
= ]
= 4
f \ Main Rib
Strain Gage

Figure A-1.  Placement of strain gage on main rib of bar
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Figure A -2 shows photos of a bar in the progress of being instrumented. First, a section of
the main rib is ground down to a flat, level surface. This grinding was done with a hand-held
grinder. Because the grinding was done by hand, the surface the gage was adhered to was not
always precisely machined. Some misalignment and non-flatness could occur for each gage. This
imprecision causes the gage data to have some error that will be discussed in the next section.
Once the surface was cleaned, electronic foil gages were then adhered to the bar as per the
instructions provided by the manufacturer (All of the gages used in the project were purchased
from Measurements Group, Inc.). Once the gages had been attached and soldered to insulated
three-wire leads, the gage was covered by a quick setting epoxy. The epoxy coating provided a
hard, waterproof armor for the gage that protected it during the casting process.

Two different gage sizes were used. A /5" gage length was used for bars #4 and smaller
(Measurements Group product EA -06-125BT-120). A '/, gage length was used for bars #8 and

larger (M easurements Group product EA -06-250BG-120).
A.2  TENSLE PROPERTIES

The instrumentation placed on the tie bars used in the test specimens provides data on
strain values only. In order to convert the strain data into the more useful stress and force
equivalents, one must have previously measured several mechanical properties of the bars: the
area (A) and first moment of inertia (I) properties of the bar cross-section and the modulus of
elasticity of the steel (E). Pure tension tests of instrumented bar specimens were designed to

provide values for the product AE.
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i. A flat smooth surface
is ground onto the
main rib of the rebar.

li.  Electronic foil strain
gages are adhered to
the ground surfaces.

li. Insulated 3-wire
leads are soldered
onto the strain gages
(covered by a white
water-proof acrylic
lacquer in this photo).

Iv. A clear epoxy coating
is placed over the
gages and the leads
to protect them
during the casting
process.

Figure A-2:  Stepsin the bar instrumentation process
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Short lengths of sample bars were instrumented with strain gages and pulled in tension in
a universal load machine. Data from the gages provided information on the bar strain (€. Data
from the load machine provided information on the tensile force in the bar (Fpy). The two values

arerelated by Hook’ s Law:

s = exE (A-1
Foal A = exE (A-2)
Foale = AE (A-3)

These tests also provided values for the yield stress (fy) of the bars.

Figure A-3 shows the typical layout of a tensile test specimen for a larger bar size.
Between 3 to 6 strain gages were placed on each tensile specimen. No two gages will provide the
exact same reading, therefore multiple gages were used on multiple bar samples to provide values
for the mean bar stiffness (AE) and the standard distribution (s). Samples of /16" diameter plain
round bar and #2, #3, #4, #5, #8, and #11 deformed bar sizes were tested. Bars used in the project

came from avariety of suppliers. At least one bar sample was tested for each supplier.

Atleast 9"to grips | At least 9" to grips

Figure A-3:  Layout of strain gages for #3 and #11 tendle specimens
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Figure A-4 shows typical from a tensile bar test. The data come from a #8 bar provided
by ERICO. The top plot shows the force-strain relationship measured during the test. The bottom
plot shows the slopes calculated from the data in the top plot. A range of slope points from 400ne

to 1900newas averaged to determine the stiffness associated with each gage.

N

Tensile Force (kips)
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-
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16
15 -

Stiffness, A E (kip/1000me)

I I I I I I I
0 500 1000 1500 2000 2500 3000

Measured Strain (1re)

FigureA-4:  Typicd load-strain data from atensile test (# 8 ERICO® bar
group)
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The individual gage stiffnesses from all of the bars of the same size from a given supplier
were averaged to determine the mean stiffness for that bar group. The data range of stiffnesses for
each group was also analyzed to determine standard deviations. The standard deviation was

calculated using the following formula:

Mean Stiffness, AE = %é(AE)i (A-d)

Gage Variance, Var, = ( AE- (AE)i)2 (A-5)

Standard Deviation,s = nil,éi‘l Var, (A-6)
n = number of working strain gages for agroup

(AE); stiffnessvaluefor agiven gagei
Note that a denominator of n-1isused in equation (A-6) rather than n. The subtraction of onefrom
the number of samples acts as a penalty for smaller sample sizes.

Table A-1 summarizes the stiffness values and standard deviations for all bar groups. Bar
groups are sorted by bar size and supplier. Standard deviations are also expressed as percentages
for each group. The bar group with the best (in this case smallest) standard deviation was the %/
diameter plain wire. Thisis most likely due to the fact that no grinding was required to prepare the
bar surface for gage installation. Only a light sanding was needed to prepare the surface for epoxy

adherence to the metal. The uniformity of the manufacture of the plain wire bars was very good.
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The worst standard deviations are found in the #8 bar groups. Most of the #8 bars were tested
early in the research when that bar size was the predominant one used in specimens. At that time,
the skill of the researchersin placing the gages on the bars was not that good. Later tests of #5 and
#11 bars showed improvement of gaging skills. A good indication of the improvement of the
researchers skills in placing gages is demonstrated by comparing two #8 bar groups: ERICOY
and ERICO®. There are two #8 ERICO groups because the limited supply of #8 bars from ERICO
was depleted and additional bars were ordered. Two samples were taken from each shipment of
bars. Samples from the first shipment were tested from 2/10/2000 to 2/11/2000 along with most of
the other #8 bars. Samples from the second shipment were tested on 2/27/2001, one year later.
After ayear of practice, the standard deviation of 10 gages placed by the researchers dropped from
10.6% to 3.4%, a significant improvement. Some of the groups have large standard deviations

because of the imposed penalty for small sample sizes.
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Bar _ Number Totr_:ll Mean Bar Stiffness| s | Yield
Size Supplier | of Bars | Working Ak?arES (xs) AE Stre_ss
Sampled| Gages (kip/1000ne) (%) (ksi)
= Plain Wire
GE) " (%16 f) | L. Stock* 4 16 0.831 + 0.007 0.9% 82
| B Mexican'| 4 12 1.13 £ 0.10 8.4% | 80
5 #3 AlLW.# 3 8 2.61+0.21 7.9% 63
© 44 ALW. 3 9 488+026 | 54% | 60
#95 HRC 4 16 7.46 £0.44 5.9% 60
ERICO 3 12 7.50 £0.31 4.2% 74
#8 HRC 4 17 21.3+£1.8 8.4% 68
T " ERICOW 2 10 19921 10.6% | 61
% = ERiICO®| 2 10 21.3%0.7 3.4% | 65
E &)% AIERICO| 4 20 206+17 82% | -
T AlLW.# 1 4 21.6+£24 11.0% ]| 68
All Bars 9 41 21.0+1.8 8.5% -
#11 HRC 4 19 39.1+2.6 6.6% 63
ERICO 2 11 42.3+2.3 5.5% 67
* | ab Stock

T Lab Stock, Mexican Supplier

* Alamo Iron Works
(Standard Hook sample for # 8's)

Table A-1: Stiffness, AyE, and yield stress, fy, for &l specimen bar sizes

Histograms of the stiffness data ranges for each bar size are presented in Figures A-5
through A-11. The histograms are presented as indications of the normalness of each distribution

of bar group data. They also give agraphical indication of the scatter.
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Figure A-5:  Histogram of /1" diameter plain wire tensiletest data
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Figure A-6:  Higtogram of # 2 bar tendle test data
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Figure A-7:
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Figure A-10: Histogram of # 8 bar tendle test data

466




HRC Bars

Number of Values

Number of Values

0'9€ —
007 =
0'Cy =
O'VY =
09 =
08y =

Stiffness, A E (kip/1000me)

Figure A-11: Histogram of # 11 bar tensile test data

A3 FLEXURAL PROPERTIES

The data from the bending tests were necessary in analyzing the information gathered
from CCT node tests where kinking forces produced large bending strains in the specimen bars.

The tensile tests of the bars provided values only for the axial stiffness of the bars. For complete
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analysis of the data measured in the test specimens, information was also need on the flexural
stiffness properties of the bars. Bending tests of #8 and #11 bar samples were performed to
measure the flexural stiffness values, IE/r, of the various bar groups in those size ranges. Figure A -
12 shows the basic configuration of a bending test for bar samples. The moment was calculated
from the load placed on the bar multiplied by the shear span. Strain was measured by two strain
gages placed in the constant moment region at the midspan of the bar specimen: one on the

compression side of the bar, the other on the tension side.

L N

(N Le. ERELDERL
..-. ' "'.E',_

|—C_L| Compression |4_L|

Gage

Tension
Gage

Figure A-12: Test setup for bending tests of bars
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Once specimens were tested, the data were plotted and the flexural stiffness of each gage
was determined. Figure A-13 shows data from a typical test. Once a strain of about 2400ne was
reached, the outer fibers began to yield and the stiffness of the bar dropped towards zero. Flexural

stiffness values were determined by averaging over arange from 400neto 2400ne.

Moment (kip*in)
N
]

Data Range for Average
Stiffness Determination

3.00 = —0— Compression Gage
275 —O— Tension Gage

2.50 =
2.25—
2.00—
1.75—
1.50—
1.25=—
1.00—

Flexural Stiffness, IE/r
(Kip*in/1000ne)

N

| | | | I | I |
0 500 1000 1500 2000 2500 3000 3500

Measured Strain (nme)

Figure A-13:  Typicd moment-strain data from a bending test (# 8 ERICO® bar
group)
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Data from tensile and bending tests were used to determine the physical properties for the
bars that could be used to analyze strain data for elastic and plastic behavior. The bar is assumed
to have a circular cross-section and the stress-moment rel ationship is used to determine the radius

of the bar from the axial and flexural stiffness values derived in the bar tests:

Moment, M = ST (A-7)

. IE
Moment, M = (Strain, e)T (A-8)

4
Substitute | = % for circular sections:

Moment _ pr‘E

A-9

Strain ar A9
2

Momgnt _ (pr?E) xr (A-10)

Strain 4

Moment _ (AE) % (5-11)

Strain 4

r = barradius (inches)
A = bararea(in?)
I = first moment of inertia(in®)

E = modulusof elasticity (ksi)

Table A-2 lists the flexural stiffness values measured from the bending tests. Calculated

bar radii are also listed.
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Bar . Num. AE \E/r Radius s
size| Supplier | of I ir1000me) | (kip-in/1000ne) r#s) r
Bars (inches) (%)
#8 HRC 2 21.3 2.61 0.490 £0.024 | 4.8%
ERICO@| 2 21.3 2.43 0.457 £0.007 | 1.6%
AllBars | 4 21.0 2.52 0.480 +0.034 | 7.0%
#11 HRC 2 39.1 7.03 0.719£0.016 ] 2.2%
ERICO 2 42.3 7.03 0.664 £ 0.014 ] 2.1%

Table A-2: Flexurd diffness, IE/r, and radii, r, for dl specimen bar Szes

A4 CALCULATION OF BAR FORCES

Given the flexural and tensile properties of the bar, the bar force can be calculated by
using the extreme fiber strain data. Figure A-14 shows a bar instrumented with strain gages 1 and
2 located on the top and bottom fibers of the bar. The instrumented section of bar was located near
a crack across which shear and tensile forces are transmitted. The bar was placed in both tension
and flexure at this location (this was typical of a bar anchored in a CCT node specimen). Figure A -
14 shows the cross-section strain and stress distribution of the bar. Because the stress distribution
was non-uniform and the bar was only partially yielded, it was unrealistic to characterize the bar
by its average strain. Instead, plastic analysis of the section must was performed to determine
resultant axial forces and moments. If the section is assumed to be approximately circular and the
strain distribution linear, then the force on the section can be determined by formulas using the top
and bottom steel strains (e, and e, respectively) and the cross-section and material properties
(area A, radius: r, modulus: E, and yield strain: g,) determined from the bar sample tests described

in the previous sections. The applicable equations are listed on the following pages.
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Bar Cross-Section Strain Profile Stress Profile
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Figure A-14: Bar cross-section strains and stresses

Axial Forcein Bar, P:

Fully elastic behavior:

P=Ee,,pr’ (A-12)

Partially plastic behavior:

P:Ef—3m3+§+q9rz+wageavg+§§”i+q9rz- wagey' (A-13)
i 3 2 g @ 82 g o fV)
Fully plastic behavior:

P=Egpr’ (A-14)

Moment in Bar, M:

Fully elastic behavior:
0

M = Eé%mpr4
e @

(A-15)
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Partially plastic behavior:

M = Eigwc*(ey - ea,g)+ mgi‘éEB +q¥r* +aw8§r2 RENL e (A-16)
’|‘3 g4e2 7] ed 2
Fully plastic behavior:
M =0 (A-17)

e -
m = straingradient, S4-%
2r
. +e
&vg = averagestrain, | > 2
e -e
a = plastic boundary, ym 2. r (seeFigure5-14)
w = plasticwidth, Jirz—azi (see Figure 5-14)
q = plasticangle, sn &2 (see Figure 5-14)
&ro

The above equations are very complex for partially plastic bar behavior, however, they
can be programmed into a spreadsheet and performed automatically. Note also that “fully plastic
behavior” refers to tension yielding of the section. Thus the moment when the section is fully
plastic is zero. The necessity of these complex calculations arose from the curvature induced into

the tensile reinforcement in CCT tests which is discussed in Chapter 6.
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Appendix B: Distribution Plotsfor Bearing Capacity Database

B.1 PROPOSED BEARING CAPACITY M ODEL 1

Distribution plots for proposed bearing capacity model 1 are presented in Figures B-1

through B-14. Model 1 is presented below:

ce o oA 20
_ . ¢ 22 %ef 0 N
Bearing Capacity, P= A , ¢2.6Y &—-"T—°7 + (B-1)
a
with Y =0.7+03%2£18 B2
1

All variables are as defined in Chapter 8.
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FigureB-1.  All headed bar and anchor bolt tests listed in database (model 1)

474



100
Number 375
TR o1 I N B B | S Minimum 0.46
17} Maximum 1.55
2 Average 1.03
“6 60~ ................................................................................................................................... St Dev 017
JCJTS N | SR (N R
S
>
Z 20_ .......................................................................................................................
04 05 06 07 08 09 1.0 1.1 1.2 1.3 14 15 16 17 18
FigureB-2:  All bearing block tests listed in database (modd 1)
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FigureB-3:  Universty of Texas Degp Embedment Tests [42] (modd 1)
10
Number 27
TR - T S Minimum 0.63
0 Maximum 1.39
2 Average 0.93
5 St Dev. 0.17
@
o]
S
>
pd
|
04 05 06 07 08 09 1.0 1.1 1.2 1.3 14 15 16 17 18
FigureB-4:  Univerdty of Texas CCT node tests (current study) (modd 1)
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Number of Tests

Number 17
Minimum 0.62
Maximum 1.33
Average 0.92
St. Dev. 0.21

Figure B-5:
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Breen, 1964 [31] (moddl 1)
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Figure B-6:

Lee and Breen, 1966 [68] (model 1)
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FigureB-8:  Hassdlwander, 1977 [58] (modd 1)
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FigureB-9:  Furche and Eligehausen, 1991 [49] (model 1)
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Figure B-10:  Shelson, 1957 [106] (modd 1)
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FigureB-11: Auand Baird, 1960 [24] (modd 1)
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FigureB-12: Hawkins, 1968 [60] (modd 1)
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Figure B-13:  Niyogi, 1973 [90, 91] (moddl 1)
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Number 159
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FigureB-14:  Williams, 1979 [116] (modd 1)

B.2 PROPOSED BEARING CAPACITY M ODEL 2

Distribution plots for proposed bearing capacity model 2 are presented in Figures B-15

through B-28. Model 2 is presented below:

& &£ 2 Q. 9
Bearing Capacity, P= A gO.QY =L f T (B-3)
e 8\}A nh g g
with Y = 0.6+ 0.4% £20 (B-4)
1

All variables are as defined in Chapter 8.
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Figure B-15:  All headed bar and anchor bolt tests listed in database (model 2)
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Figure B-16:  All bearing block testslisted in database (mode 2)
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Figure B-17:
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Figure B-18:

University of Texas CCT node tests (current study) (mode! 2)
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Figure B-19:

Breen, 1964 [31] (moddl 2)
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Figure B-20:

Lee and Breen, 1966 [68] (model 2)
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Figure B-21:

Lo, 1975 [58] (model 2)
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Figure B-22:

Hassalwander, 1977 [58] (mode 2)
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Furche and Eligehausen, 1991 [49] (modd 2)
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FigureB-24: Shelson, 1957 [106] (model 2)
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FigureB-25: Auand Baird, 1960 [24] (modd 2)

| I I | T I I
04 05 06 07 08 09 1.0 11 12 13 14 15 16 1.7 18

257

20

15

10

Number of Tests

Number 73
Minimum 0.71
Maximum 1.73
Average 1.10
St. Dev. 0.21

04 05 06 07 08 09 1.0 11 12 13 14 15 16 1.7 18

Figure B-26:

Hawkins, 1968 [60] (mode! 2)
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FigureB-27: Niyogi, 1973 [90, 91] (modd 2)
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FigureB-28:  Williams, 1979 [116] (modd 2)



Appendix C: Summary of CCT Node Data

CCT test results are summarized in Tables Gla through Glc. The tables report the
maximum bar stresses at 1d, (next to the head) and 7d, (close to the critical crack) and the
maximum bearing reaction, P (see Figure G1). Important parameters from of the specimens are

also reported.

[ I |

|| ] -
=

P

FigureC-1:  Close-up of CCT node
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Appendix D: Summary of Lap Splice Data

Lap splice test results are summarized in Tables D-1a and D-1b. The tables report the
maximum bar stresses at 2d;, (next to the head) and L, (the point of critical bar development - see

Figure D-1). The maximum moment is also reported. Important parameters from of the specimens

are also reported.

Y

A

FigureD-1:  Close-up of lap splice
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