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CCT Nodes Anchored by Headed Bars—

Part 1: Behavior of Nodes

by M. Keith Thompson, Michele J. Ziehl, James O. Jirsa, and John E. Breen

The anchorage behavior of headed reinforcement in compression-
compression-tension (CCT) nodes was studied experimentally.
Observations of cracking behavior and measurements of strainsin
ties and confining reinforcement, head dlip, and node and strut
capacities are reported. The behavior of unconfined nodes is
compared with confined nodes. Insight into the stress state of the
node is obtained through strain measurements along ties and along
confining steel around the node. The strain data show node failure
to berelated primarily to anchorage of the tie bar. Additionally, the
anchorage of headed reinforcement is explored. Headed reinforcement
anchorage is shown to consist of bond and head-bearing components.
These components develop in separate stages such that bond
generally peaks and begins to decline before head bearing peaks.
The two components do not achieve peak capacity simultaneously.

Keywords: anchorage; reinforcement; strut; ties.

INTRODUCTION

The Texas Department of Transportation (TxDOT)
funded a program to study the feasibility of using headed
reinforcement in bridge structures. After considerable
examination of a variety of potential applications, it was
decided that headed reinforcement provided a promising
solution for many complex discontinuity regions in which
the constraints of geometry provide very little space for
anchorage of reinforcement. Such discontinuity regions
include the ends of bridge bents, anchorage diaphragms, and
deviator blocks in post-tensioned bridges. TxDOT has
conventionally used hooked bars in such situations, but
hooks can sometimes lead to congestion of the reinforcing
cage and make casting difficult. Because compression-
compression-tension (CCT) nodes are a common element
within these discontinuity regions, a program of study focusing
on the behavior of headed reinforcing barsin CCT nodeswas
developed. In acompanion study, the behavior of lap splices
with headed bars was examined. This report is Part 1 of a
two-part article that deals solely with the results of the CCT
node study. In Part 1, data relevant to the mechanics of CCT
nodes and to anchorage of headed reinforcement is
presented. In Part 2, the capacity of nodes is discussed and
several models for determining the capacity of CCT nodes
and headed reinforcement are compared.

Few previous studies have provided experimental data
on CCT nodes or of the anchorage behavior of headed
reinforcement in CCT nodes. An experimental study of CCT
nodes was conducted by Barton et al.1 who tested 10 isolated
CCT specimens anchored by multiple layers of straight 16 mm
bars. The magjority of these specimens failed l:%y anchorage
loss of the tie reinforcement. Armstrong et al.© and Wood,
Kreger, and Breen® studied bridge pier overhangs with
headed bars as the primary tie reinforcement. The end
support represents atypical CCT node situation. Aguilar et al A
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Fig. 1—Unconfined CCT node test specimen.

reported on four tests of deep beams. In two of these beams,
the primary tension reinforcement was anchored by headsin
CCT nodes at the end supports of the beams. In the latter two
studies, the head sizes were large enough to prevent
anchorage failure at the node before yielding of the tie bars.
The cumulative data from these three studies has demonstrated
the difficulty of providing sufficient development length for
straight bars in CCT nodes and the potential of headed
reinforcement for solving this problem. Neither of these
studies, however, has thoroughly explored the conditions for
anchorage failure of headed reinforcing bars. Specific data
are lacking in regards to the mechanisms of anchorage
failure and the general trends in anchorage capacity with
respect to many significant variables, primarily with respect
to head size, concrete cover, concrete strength, strut angle, and
anchorage length. Without such data, guidelines for the
detailing of headed reinforcement at nodes cannot be produced.

RESEARCH SIGNIFICANCE

Sixty-four CCT node specimens were tested. The results
of thesetests provide important experimental information on
the behavior and failure modes of CCT nodes. Furthermore,
the test results provide information on the anchorage
behavior of headed reinforcement. The observations of these
tests provide a basis for developing realistic models of
headed reinforcement anchorage.

TEST PROGRAM
A typical unconfined specimen is shown in Fig. 1. The
critical CCT node is at the bottom left of the specimen,
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created by the intersection of the vertical strut from the
bottom bearing support, the diagonal compression strut from
the point of load application, and the horizontal (tension) tie
bar. A detail of thisnodeisprovided in Fig. 2. Thetie bar was
either asingle 25 or 36 mm bar. The width of the specimen
wastypically six tie bar diameters (6dy,). The bottom bearing
plate wasrigid and always full width, with atypical length of
4d,,. The angle of the diagonal compression strut (O t) Was
varied by changing the point of load application. Specimens
weretested with 30-, 45-, and 55-degree strut angles. Typically,
no secondary steel was placed near the node or along the
length of the strut. However, some confined specimens with
stirrups or special detailsin the node region were tested. The
details of the stirrup-confined node specimens are shown in
Fig. 3. Various head sizes and shapeswere used to anchor the
tiebar. Head size was characterized by therelative head area,
defined as the ratio of net head-bearing area (A,,) to the
cross-sectional area of the bar (Ap). The net head area
excludes the bar area. Head size varied from nonheaded
(relative head area, A/A, = 0.0) to large (A/A, = 104
maximum). Circular, square, and rectangular shaped heads
were tested. Rectangular shaped heads were tested with two
possible orientations: vertical (in which the longer dimension
was placed parallel to the plane of the strut-and-tie model)
and horizontal (in which the longer dimension was placed
perpendicular to the plane of the strut-and-tie model). Some
specimens with hooked tie bars were also tested. Concrete
strength f; was 21 to 28 MPa. The concrete strength was
deliberately kept low to produce failure of the node before
yielding of the tie bar could occur. Details of all tests are
included in Part 2 of this paper.

Slip at the head of the tie bar, the bearing reaction under
the node, deflection at theload point, and strainsalong thetie
bar (via strain gauges) were measured. The typical locations
of strain gauges on the tie bar are shown in Fig. 2. In some
specimens, additional strain gauges were placed on the tie
bar or on confining stirrups or specia reinforcement details
within the diagona strut and node zone. Load was applied
monotonically viaahydraulic ram activated by ahand pump.
Specimens were loaded in 5 to 10 kN increments until the
specimen was perceived to be near failureand thenin 2to 4 kN
increments until failure occurred. The total time of testing
was approximately 45 minutes including several 5-minute
pauses in the loading to mark cracks and take photos.
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Fig. 2—Detail of unconfined CCT node.

25 Fen
-

2 i@ 152 men
o 4 40 TE mar

TE mimi

—
Sirain Gawge Localions

SR e

B mm 10 mm

Fig. 3—Details of confined CCT node specimens.
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Fig. 4—Development of tie bar at various |oad stages.

TEST RESULTS
Unconfined CCT nodes
The mechanics of stress transfer in the node—The crack
pattern for a CCT node specimen with a 25 mm-diameter tie
bar with a76 x 76 mm head (relative head area= 10.4), strut
angle of 45 degrees, and f! of 28 MPaisshowninFig. 4, and
is typical of the node tests. First cracking occurred at the
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Fig. 6—Bond and head bearing components of tie anchorage.
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Fig. 7—Effect of strut angle on anchorage of tie bar.

point of maximum moment (directly beneath the load point).
The measured front bearing reaction P was 64 kN. Subsequent
cracks formed at regular intervals toward the nodal zone
(Crack 2 at P =116 kN and Crack 3 at P = 141 kN) until the
truss mechanism was fully developed. Horizontal bond
splitting cracks formed between adjacent diagonal cracks.
Failure, marked by explosive rupture at the node and spalling
of the end of the beam (the triangul ar concrete section shown
in Fig. 4 above the diagonal strut), occurred at P = 265 kN.
Twenty-two strain gauges were placed along the top and
bottom of the reinforcing bar to measure the stress profile
along the tie. (This particular specimen had more strain
gauge instrumentation than was typical. Each data point in
Fig. 4isthe average of gauge measurementsfrom thetop and
bottom of the tie bar.) Stress profiles from each stage of
cracking demonstrate the evolution of tie anchorage. With
the formation of each successive crack approaching the
noda zone, the anchorage length of the tie bar shortened.
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Eventually, development of maximum bar stress occurred at
a distance of about 7d,, from the bearing face of the head.
There was little change in the shape of the stress profile
following the formation of Crack 3 at about 53% of the
maximum load. Thefinal point of maximum bar stress could
be conservatively estimated as the point where the tie bar
leaves the path of the diagonal compression strut (thisregion
isreferred to as the “ extended nodal zone” in the provisions
of ACI 318 Appendix A).5 Thefinal stress profile, just prior
to failure of the specimen, shows that the head carried about
377 MPa and that an additional 95 MPa was provided by
bond along the bar between the strain gauge closest to the
head and the point of maximum bar stress (about 6d;,). At
failure, about 80% of anchorage was provided by head
bearing and about 20% by bond.

Stress profiles from CCT node tests with headed and
nonheaded tie bars are shown in Fig. 5. Both specimens shared
the following details: the strut angle was 55 degrees, the
concrete strength f{ was 27 MPa, and the diameter of thetie
bar was 25 mm. The headed bar specimen had a 38 x 38 mm
head (relative head area equals 1.9). The CCT node with the
nonheaded tie bar reached a maximum bearing reaction of
250 kN before failure. The stress profile indicated a
maximum bar stress of 346 MPa at a distance of seven bar
diameters (175 mm) from the end of the bar. The rate of
change of the bar stresswithin the anchorage length was very
rapid. Extrapolation of the curveindicated a stress of zero at
the end of the bar. Inclusion of a small head significantly
improved the capacity of the node to 359 kN (a44% increase
over the nonheaded case). The dtress at the end of the tie bar
increased by 207 MPa. The bar stress in the headed bar,
however, wasonly 111 M Pagreater at adistance of 7dy, from
the bar end. The difference in bar stress between the head
and the critical stress point (at approximately 7d,) was
provided by bond along the bar. If the bond along the two tie
bars was the same, then the offset between the two profiles
would be constant. The offset, however, decreased along the
bar length, indicating that bond along the headed bar wasless
than that of the nonheaded bar. Similar behavior was
observed in al of the CCT node tests, with bond at failure
decreasing as larger heads were added to the tie bar.

Using the stress profile data, the components of bar
anchorage provided by bond and head bearing could be
differentiated and tracked. Typical datafor these components
are plotted in Fig. 6. The data were measured in a specimen
with a36 mm-diameter tie bar with a51 x 76 mm head (relative
head area equal to 2.85, head oriented vertically), strut angle
of 45 degrees, and f, of 28 MPa. The bond contribution was
determined from gauges placed at 7d,, from the face of the
head. The early risein the bond component showsthat the bar
force was initially transferred to the concrete primarily by
bond. Asthe bar force increased, however, the bond compo-
nent leveled off, and further increasesin bar stresswere trans-
ferred by head bearing. Eventualy the bond contribution
declined while the head bearing component rose rapidly.
Peak bond stressdid not occur simultaneously with peak head
bearing. At failure, the anchorage capacity of the headed bar
was provided by peak head bearing plus reduced bond.
Larger heads increased head bearing but resulted in larger
decreases in the bond component. Thus, larger head sizes
were generally associated with smaller bond at failure.

Effect of strut angle—The effect of decreasing strut angle
is shown in Fig. 7. Decreases in strut angle caused the strut
path to include more of thetie bar, thusincreasing the length
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Fig. 8—Bar stress at head versus head dlip.

of the extended nodal zone (schematically shown by the
drawings on the left in Fig. 7). Increases in the length of the
extended nodal zone increased the distance between the head
and the point of maximum bar stress, providing a greater
length for bond to act on the tie bar. Increases in the bonded
length of the tie bar increased the overall contribution from
bond to tie anchorage. Asthe bond contribution increased, a
smaller head bearing contribution was necessary to attain
yield stress. Thus, as the strut angle decreased, smaller head
sizeswere required to generate yielding. Thistrend is shown
by the test data plotted on the right in Fig. 7.

Head slip—Head dlip is plotted against the bar stress at the
head in Fig. 8. The bar stress at the head was determined
from a strain gauge placed one bar diameter from the head
face. Data are presented for four specimens with 36 mm-
diameter tie bars. Data for four different head sizes are
shown: no head, 51 x 51 mm, 76 x 76 mm, and 102 x 102 mm
(relative head areas are given in the figure). All specimens
had 45-degree strut angles and concrete strength f! between
27 to 28 MPa. Head dip typicaly did not initiate until
anchorage failure was imminent, and then increased rapidly
up to the point of failure. Initiation of dlip was delayed as
head size increased. For the nonheaded bar (relative head
area equals 0.0), dlip increased rapidly at low stress levels.
The addition of a small head (relative head area equals 1.6)
doubled the peak bar stress at a head dlip of 0.3 mm. An
increase in relative head area from 1.6 to 4.8, however,
increased the bar stress at the head by only about 35% (from
200 to 270 MPa). Increases in head size provided higher
capacity and less dip; however, the rate of increase of stress
at first dlip and at ultimate diminished with larger increases
in head area.

Failure modes—CCT node specimensfailed in one of three
different modes: 1) pullout of the tie bar from the node region
(this mode occurred only for nonheaded, straight bars); 2)
rupture of the node region; or 3) yielding of thetie bar. Figure
9 shows photos of the nonductile failure modes. Unless
yielding of thetie bar occurred, failure was sudden and brittle.

Pullout failure of the tie bar in Fig. 9(a) was indicated by
pronounced widening of the primary diagonal crack at the
edge of the extended nodal zone and horizontal bond splitting
cracks propagating into the CCT node.

Rupture with lateral splitting along the path of the diagonal
strut isshown in Fig. 9(b) for abar with relative head area of
2.8. The strut was cleaved into two distinct pieces along its
length. Between the head and the bottom bearing plate, a
pyramid-shaped zone of concrete was crushed, leaving the
void shown below the head in the close-up view on theright.

Rupture with crushing of the concrete is shown in Fig. 9(c),
along the portion of the strut just above the head (relative
head area equals 4.13). The width of the crushed zone was
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Fig. 9—Photos of node failures: (a) nonheaded bar pullout
failure; (b) headed bar failure with lateral splitting; and (c)
headed bar failure with crushing of concrete.
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Fig. 10—Rupture of nodal zone (rectangular heads).

dlightly greater than the width of the head. The length of the
crushed zone al ong the strut was about 2.5 times the width of
the head. Outside of the zone of crushing, somelateral splitting
of the strut was observed, but not as distinctly as the specimen
shown in Fig. 9(b).

Rupture failures provided the most information regarding
node behavior. Rupture of the node typically exhibited two
characteristics: 1) lateral splitting initiating in the nodal
region that propagated up the diagonal compression strut; and
2) crushing of the concrete between the head and the diagonal
strut path. The degree to which these two characteristics
were present in a rupture failure was dependent on the size
and orientation of the head as shown in Fig. 10. Smaller,
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Fig. 12—Profiles of lateral splitting strain.

vertically oriented heads (that is, for rectangular heads
oriented so that the long axis of the head was perpendicular
to the bottom bearing plate) tended to cleave the concrete
transversely and created more lateral splitting at failure.
Larger, horizontally oriented heads tended to cause more
crushing of the concrete, though some transverse splitting
usually occurred.

Yielding of the tie bar was achieved with large heads. A
ductilefailureisshownin Fig. 11. It isimportant to note that
ductility was achieved even though the node was unconfined
and the strut contained no supplementary reinforcement. All
that was necessary for ductility wasthe provision of sufficient
tie bar anchorage (head bearing plus bond length).

Confined CCT nodes

A limited number of tests of confined CCT node specimens
and specimens with special reinforcement details provided
means for measuring strains in the nodal zone. These
results were useful for understanding the failure modes of
the specimens.

Transverse splitting strains—To better understand the
initiation of lateral splitting during node rupture, one specimen
was specialy instrumented with 11 strain gauges spaced at
51 mm aong the length of the diagonal compression strut and
oriented in the direction of the splitting stress (Fig. 12). This
specimen contained a 25 mm-diameter bar anchored by a
38 x 76 mm head (relative head area equals 4.7). The head
was oriented with the long axis vertical to deliberately
precipitate lateral splitting of the node and strut. The strut
angle was 45 degrees. The strain gauges were attached to
4.8 mm plain steel wire. The concrete strength was 28 M Pa.

Data from this test are presented on the right in Fig. 12.
The transverse strain profile of the diagona compression
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strut is shown for four different load stages. The shape of the
profilesindicatesthat transverse splitting initiates at the ends
of the strut (much like a double punch tensile test). Little
transverse tension ever developed in the middle of the strut.
The maximum tensile strain was approximately equal at the
top and bottom of the strut. The lower strain at the top strain
gauge was likely due to platen restraint from the load plate.
Based on these results, the transverse splitting can be
characterized asthe cleaving of the strut laterally by wedges
that formed at one or both ends of the struit.

In-plane splitting— n another specimen, 10 strain gauges
were placed along the length of the strut to measure splitting
strains in the plane of the specimen (Fig. 13). This specimen
was similar to the previous one, except that the head was
oriented horizontally. Also, asmall plinth was placed on the
top surface of the specimen to provide space for the bars to
which the strain gauges were attached. The concrete strength
was 26 MPa.

Datafrom thistest are presented on theright in Fig. 13. In-
plane strain profiles are presented for two load stages: 1) just
prior to cracking aong the diagonal strut; and 2) after
cracking along the strut. Data are missing from the middle
and lower portion of the plot due to damaged strain gauges.
There was little in-plane tension prior to strut cracking.
Before cracking, the greatest tension in the strut was near the
head of the tie bar. Just prior to cracking, the measured
strains in the nodal region were approximately 300 pe. The
specimen cracked along the strut as the next increment of
load was applied. Capacity immediately dropped. The strain
evidence suggests that the strut cracking was initiated by the
tensile stress created at the head of thetie bar.

Following strut cracking, the drop in capacity was not
recovered. The specimen continued to lose strength as
deformation of the beam increased. With the initiation of
strut cracking, tension within the strut shifted to the middle.
This tension was carried entirely by the instrumentation
detail, which acted as reinforcement for the strut. This detall
was constructed from 4.8 mm-diameter plain steel wire.
With more substantial strut reinforcement, the specimen may
have sustained its precracking peak capacity through larger
deformations. The specimen eventually failed by rupture of
the CCT node and transverse splitting along the strut.

Foecimens confined by gtirrups—Five specimens were tested
with stirrups to confine the nodal zone. Stirrups were used
because they represented a common form of reinforcement
that may be expected at a nodal zone. Two specimens had
nonheaded bars, two had headed bars (38 x 76 mm with the
head oriented vertically) (refer to Fig. 3), and one had a

ACI Structural Journal/November-December 2005
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standard hook. All tie bars were 25 mm in diameter. The
stirrupswere 10 mm-diameter bars bent in closed hoops, spaced
at 76 or 152 mm within the CCT node region (providing
ratios of strut reinforcement, [Ag,/bs] - sin[45 degrees)], equal
t00.0086 and 0.0043, respectively). Additionally, al stirrup-
confined specimens had 45-degree strut angles and concrete
strength equal to 26 M Pa. Strain gauges placed on the stirrup
bars provided useful information about the stress state of the
concrete in that region of the specimen.

Gauges placed on the bottom of the stirrups measured
lateral strainsalong the underside of thetie bar. These strains
are plotted in Fig. 14. The data show two distinct zones of
lateral strain. Within the extended nodal zone, thetie bar was
placed under increasing latera compression as load was
placed on the specimen (as shown by Gauges 1 and 2 in
Fig. 14). The bearing stress uniformly applied across the
width of the specimen at the reaction bearing plate must neck
inward toward the smaller width of the tie bar. The redirection
of this compression stress produces lateral compression
(refer to Fig. 15). Combined with the vertical compression
caused by the compression struts, astate of biaxial compression
is created. Outside of the extended noda zone, radia splitting
caused by bond along the tie bar produced increasing lateral
tension as load was placed on the specimen (as shown by
Gauges 3 and 4 in Fig. 14). Figure 15 schematicaly illustrates
the differences between the two regions.

Gauges placed on the sides of the stirrups measured
vertical strain along the tie bar. These strains are plotted in
Fig. 16. Each data point is the average of two gauges placed
on both side legs of the given stirrup. For most of the test,
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Stirrup 4 (furthest from the node zone) devel oped the highest
tensile strain. Stirrup 1 (located within the nodal zone and
closest to the head) developed a small compressive strain.
All stirrups, however, began to develop significant tensile
strains near failure. Shortly after the formation of Crack 2
(near a bearing reaction of about 275 kN), Stirrup 1 devel oped
tensile strain. Near failure, Stirrup 1 reached higher tensile
strains than the other stirrups. This was most likely a result
of the formation of abearing wedge at the head of thetie bar.
This wedge acted to cleave the concrete, causing large
verticd tension. Evenwith aclosely spaced stirrup to counteract
tension caused by the wedge, capacity was not improved;
however, the stirrup helped to produce a more ductile failure
than that of companion unconfined specimens. The data
from Fig. 14 and 16 are presented in the form of strain
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Fig. 18—Crack patterns at failure for CCT nodes anchoring
headed and nonheaded reinforcement: (a) no confinement;
(b) light confinement (10 mm hoop stirrups at 152 mm); and
(c) heavy confinement (10 mm hoop stirrups at 76 mm).

profiles in Fig. 17. Profiles from a companion nonheaded
specimen are presented for comparison.

Crack patterns at failure for nonheaded and headed
specimens with various amounts of confinement are shown
in Fig. 18. There is little difference between the failures of
the three nonheaded specimens. With or without stirrups,
failure was governed by bar pullout. Additionally, the final
crack pattern was characterized by a wide single crack
propagating from the edge of the bearing plate at the CCT node
to the edge of the load plate at the top of the diagonal strut.

For specimens with headed tie bars, thefinal crack pattern
was more complex and changed with the inclusion of stirrups.
Inthe unconfined specimen, |ateral spalling resulted inaweb
of cracks near the node. These cracks tapered together into a
single diagonal crack that propagated to the top load plate.
The concrete above this crack fractured off asasingle block.
In the heavily confined specimen, diagonal cracking was
distributed into abroad band of closely spaced cracks and no
spalling occurred. The lightly confined specimen showed
transition behavior between the other two. Diagonal cracking
was distributed over a larger band than in the unconfined
specimen, but not as broadly as in the heavily confined
specimen. Some spalling occurred, but not as severe as the
unconfined specimen.

The capacities of the confined specimens with headed
bars are compared to a companion unconfined specimen in
Fig. 19. The data show that bar stress at the head decreased
when confinement was added (Fig. 19(a)). It is possible
that the confinement hindered concrete placement around
the node, resulting in a decrease in head bearing capacity.
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Fig. 19—Capacity of CCT nodes with various amounts of
confinement: (a) bar stress at head; (b) bearing reaction at
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Fig. 20—Truss mechanisms at confined and unconfined
CCT nodes.

For the specimen with stirrups at 76 mm, confinement
caused a 20% decrease in bar stress at the head; however,
there was a 10% increase in the bearing reaction at the node
(Fig. 19(b)). The overall increase to capacity is accounted
for by bond. The bond contribution was increased for two
reasons. First, the stirrup confinement restrained splitting
and resulted in an increase in the bond stress along the bar.
Average bond stresses at failure were calculated using
stress data at two points along the bar (at 1d,, and 7d,, from
the head). The values are plotted in Fig. 19(c). Average
bond stress at failure increased by about 48% with the
addition of 10 mm hoop stirrups at 76 mm. Secondly, the
anchorage length of the tie bar was increased because of
changes to the truss mechanism. The addition of stirrups
provided an alternate path for diagonal compression struts
(refer to Fig. 20). Subsequent fanning of the strut path
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allowed the anchorage length to increase. In addition to the
changes caused to bond stress and the truss mechanism,
stirrup confinement also provided improved ductility and a
better distribution of cracking.

CONCLUSIONS
Behavior of CCT nodes

Based on the results of this study, the following conclusions
can be made:

1. The location of the critical anchorage point (at which
maximum tie bar stress is achieved) in a CCT node can be
estimated as the intersection of the tie bar with the edge of
the diagonal compression strut that is anchored by that tie
bar. This is the boundary of the extended noda zone.
Appendix A of the ACI code® already recommends the edge
of the extended nodal zone as the critical anchorage point.
The results of this study verified that recommendation.

2. The state of stressat aCCT node reversed on either side
of the critical crack. Beneath the CCT node, compression
stresses from the lower bearing plate necked inward to
equilibrate spatially with the bearing face of the headed bar.
Thiscreated aregion of biaxial compression that began at the
bearing face of the head and continued to the edge of the
extended nodal zone. Beyond the extended nodal zone,
radial splitting stresses created by bond of the reinforcing bar
caused a state of tension within the concrete.

3. CCT nodes fail by mechanisms related to anchorage.
Nonheaded bars failed by pullout from the node. Headed
bars failed by explosive rupture at the node. Rupture was
characterized by crushing just above the head and lateral
splitting of the diagonal strut. The extent to which these
two characteristics governed behavior depended on head
size and orientation.

4. Variations in strut angle affect the anchorage length of
the tie bar. Shallow strut angles increased the length of the
extended nodal zone, moving the critical development point
away from the head and increasing the contribution from
bond to anchorage.

5. Stirrup confinement increased the anchorage length of
the tie bar by changing the truss mechanism. Additionally,
bond stress, ductility, and crack control were improved by
the addition of stirrups.

Anchorage behavior of headed bars

6. The anchorage of headed bars was mobilized in two
stages. In the first stage, anchorage was carried almost
entirely by bond stress, which peaked asthe first stage ended.
In the second stage, as bond began to deteriorate, bar stress
was transferred to the head. Throughout the second stage,
bond declined and head bearing increased. The second stage
ended with yielding of the bar or bearing failure of the concrete
at the head. As aresult of this behavior, peak bond and peak
head bearing did not occur simultaneously. The capacity of
the bar at failure was 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.
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7. Bond stress at failure decreases as relative head area
increases. The larger the relative head area, the longer the
interval over which bar stresswas transferred to the head and
bond stress declined. Thus, larger head size was accompanied
by lower bond at failure.

8. Slip of the head decreased as head size was increased.
Slip occurred in two stages: insignificant head slip occurred
before the head attained most of its capacity. Shortly before
peak bearing capacity was reached, slip increased steadily
until failure occurred.
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NOTATION
A, = bararea, mm?
Agh = grosshead area, mm?
Agh = nethead area, Ay, — A, mm?
Ay, = areaof stirrup reinforcement, mm?
b = specimen width or strut width, mm
dy = bar diameter, mm
f¢ = concrete compression strength, from cylinder tests, MPa
fshead = bar stressat head, MPa
P = bearing reaction at CCT node, kN
S = gpacing of stirrup reinforcement, mm
Upong = averagebond stress, MPa
3 = head slip, mm
Ogryt = Strut angle, measured between axis of tie bar and axis of strut
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