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Recent advances in welding technology have made it cost effective to
attach steel plates to reinforcing bars. Headed reinforcing bars have been used in
the construction of offshore oil platforms and there is interest in using headed
reinforcement as longitudinal reinforcement in concrete members. It is felt that
headed reinforcement will offer several advantages over straight and hooked
reinforcing bars such as reduced congestion, lower bond slip and improved
confinement of joints.

Over 140 pullout tests were conducted to determine the effects of several

variables on the anchorage of headed bars in concrete. Variables studied include:
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clear cover, corner placement, close spacing, concrete strength, embedment depth,
development length, transverse reinforcement and head geometry.

The affects of variables on the pullout-cone capacity of headed
reinforcement with low ratios of embedment depth to edge distance were tested.
A pullout-cone failure is characterized by a cone of concrete centered around the
head being pulled out with the headed bar. The critical variables affecting the
pullout-cone capacity were the embedment depth, concrete strength and perimeter
of the head. Edge and corner placement reduced the pullout-cone capacity. The
results of these tests led to a design procedure for the pullout-cone capacity based
on the Concrete Capacity Design Method for anchorage to concrete.

The affects of variables on the blowout capacity of headed reinforcement
with large ratios of embedment depth to edge distance were also considered. A
blowout failure is characterized by a spalling of cover perpendicular to the bar.
The critical variables affecting the blowout capacity were edge distance, concrete
strength and net bearing area of the head. Corner placement and close spacing of
bars reduced the blowout capacity. A design procedure for the blowout capacity
was formulated based on regression analyses of the data and a physical model of
the observed behavior. The design procedure takes into account the primary

variables, close spacing and corner placement.
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The tests showed that headed reinforcement is a viable alternative to
current methods of anchorage. Combining the two design procedures will allow

engineers to design the anchorage of headed reinforcement in a wide range of

applications.
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Chapter 1

Introduction and Background

1.1  Introduction

The importance of transferring force between concrete and reinforcing
steel has been recognized since the first applications of reinforced concrete. Early
practices relied on friction and adhesion between the natural roughness of smooth
bars (bars without additional projections or lugs rolled along the length) and
concrete to transfer force (Figure 1.1). Some construction techniques, such as a
patented method by the French engineer Hennibique, riveted plates to the ends of
smooth reinforcing bars (Figure 1.2) [25]. The bearing of the plates on the
surrounding concrete provided the mechanism for force transfer to anchor the bar
in concrete. Advances in manufacturing of reinforcing steel made it more cost
efficient to use deformed bars (bars with lugs) for reinforcement. The bearing of

the bar deformations or lugs on the surrounding concrete transfers force along the
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Figure 1.1 - Force Transfer for Smooth (Undeformed) Bar

Figure 1.2 - Anchorage Method Used by Hennibique [25]

length of the anchored bar (Figure 1.3). In situations where there is not sufficient
length available for a straight bar to provide anchorage, the bar can be hooked with
either a 90° or 180° hook. The bearing of the hook along with force transfer along
the development length anchors the bar (Figure 1.4). Recent advances in welding
technology have made it cost efficient to weld steel plates to ends of smooth or

deformed bars creating a headed reinforcing bar (Figure 1.5). As with the
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Figure 1.3 - Force Transfer for Deformed Bar

Figure 1.4 - Force Transfer for Hooked Bar

Figure 1.5 - Headed Reinforcing Bar



Hennibique technique, bearing of the plate against concrete anchors the bar, and
when heads are attached to deformed bars, additional force may be transferred

along the length (Figure 1.6).

P
AN

Figure 1.6 - Force Transfer for Headed Bar

The use of headed reinforcement may offer many advantages over straight
or hooked bar anchorages such as improved confinement of joints, the ability to
anchor larger bars than currently possible with hooked bars, lower slip of
reinforcement, improved detailing and improved response to cyclic loading. In
some applications the use of headed reinforcement may reduce the congestion of

the reinforcing cage which would reduce erection time and cost.

1.2 Manufacturing of Headed Reinforcement
Headed reinforcement can be manufactured by a variety of techniques.

The head can be welded to the bar with arc or induction welding or the bar can be



threaded and the head fastened with the threads. The requirements for the
connection are that it must be strong enough to develop the expected bar force
with negligible or acceptable deformations in the connection over the desired life
of the structure. The manufacturing process of headed bars must be reliable and
consistently produce acceptable connections.

One of the methods for manufacturing headed reinforcement is friction
welding. In friction welding the steel head is rotated at approximately 1500 rpm;
the steel bar is then pressed against the spinning head with sufficient force to
generate enough heat of friction between the spinning head and bar to weld the
two elements together (Figure 1.7). Friction welding has been used in the
automotive industry and has produced reliable welds. The bar shown in Figure
1.5 was manufactured with the friction welding process. At the juncture of the bar
and head a torus of steel called flashing forms during the welding process. The
flashing is a byproduct of the process and can be removed without affecting the
connection. The narrowest head that can be attached to a reinforcing bar is
approximately 1.5 times the bar diameter. All the headed reinforcing bars used in

this study were manufactured with the friction welding technique.

1500 rpm

Figure 1.7 - Friction Welding Process



1.3 Applications of Headed Reinforcement

Headed reinforcement is a relatively new product and has not been used in
many applications. Headed reinforcing bars have been extensively used in the
construction of offshore oil platforms where hooked bars have traditionally been
used to anchor longitudinal reinforcement or bars bent for ties and transverse
reinforcement. Hooks and bent-bar ties create a large amount of congestion in the
reinforcing cage which leads to difficulties during construction. Using headed
reinforcement removes the tail extensions of hooks and allows fewer larger bars to
be used, greatly reducing the congestion of the reinforcing cage (Figure 1.8). It
has been found that the use of headed reinforcement can greatly decrease the time
needed to erect the reinforcement resulting in large cost savings [37]. Headed
reinforcement has also been used in a few projects for strengthening and repairing

footings of highway structures.

1.4  Previous Research

Research on headed reinforcement includes studies of friction welded
connections and fatigue life of the connection [46, 47]. Studies have been
conducted on the confinement provided by headed transverse reinforcement in slabs

and walls [32, 35]. Research has also been done looking at the use of headed
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reinforcement for shear reinforcement in beams [7, 8]. Also a few tests which
were part of larger research projects were conducted on beam-column joint
specimens using headed reinforcement for longitudinal reinforcement [15, 38].
None of these previous research projects have focused on variables affecting the

anchorage capacity of headed reinforcement.

1.5  Goals

The data discussed in this report is based on examinations of variables
affecting anchorage capacity and behavior of headed reinforcement in concrete.
The goal of this research is to produce comprehensive design recommendations to
predict the anchorage capacity of headed reinforcement.

The design recommendations should be both rational and transparent. A
rational design recommendation is based on a description or model explaining
observations. In transparent recommendations, the effects of each variable are
obvious by keeping required calculations as simple as possible. While it is
possible to create an accurate equation to predict capacities that is not based on
any model or requires difficult calculations, rational and transparent
recommendations allow an engineer to use the recommendations for situations

that may not have been directly tested or in field situations.



To help propose rational and transparent design recommendations, the
proposed design methods will begin with a characteristic equation. The
characteristic equation will predict the capacity for a characteristic application, for
example a single headed reinforcing bar not affected by edges or close spacing.
The characteristic equation is meant to predict the capacity for a common
situation. ~ For situations with different conditions than the characteristic
application, the value predicted by the characteristic equation is modified by
additional factors. The current ACI provisions for development of hooked bars
follow this pattern. A basic or characteristic value is calculated (the basic hooked
bar development length) and then modified for other conditions (lightweight
aggregate, sufficient number of ties, larger covers than that on which the

characteristic equation is based, etc.).

1.6  Scope

In order to propose design recommendations, over 140 pullout tests were
conducted on headed reinforcing bars. Many factors were tested to determine
their effects on the anchorage capacity and behavior of headed reinforcement.
Included were variables associated with the placement of headed reinforcement in
concrete members: embedment depth, clear cover over the bar, spacing of

adjacent bars and orientation of the heads. Also, variables associated with the



geometry of a headed bar were tested: bar diameter, head size, head shape and
head thickness. In addition variables associated with typical structures such as
transverse reinforcement in the anchorage zone of headed bars and additional
development length were tested. The variables were chosen to create a
comprehensive study of headed reinforcement and were varied over a range of

values that would encompass typical applications of headed reinforcement.
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Chapter 2

Pullout Tests
Overview of Testing and Definitions

2.1 Introduction

Other than yield or fracture of the steel bar, two failure modes will govern
the majority of applications of headed reinforcement in concrete members:
pullout-cone and side blowout. A pullout-cone failure is characterized by a cone
of concrete around the reinforcing bar or anchor bolt being pulled out of the
surrounding concrete as a unit (Figure 2.1). Pullout-cone failures are likely when
the ratio of embedment depth to side cover (distance to the edge of concrete) is
small. For example, an anchor bolt with a shallow embedment placed in the
center of a slab would probably result in a pullout-cone failure when placed in
tension. A series of shallow-embedment pullout tests were conducted to define

the conditions for pullout failures.
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Figure 2.1 - Pullout-Cone Failure

A side-blowout failure is characterized by spalling of a portion of the
concrete cover over the head (Figure 2.2). Side-blowout failures are likely when
the ratio of embedment depth to side cover is large. For example, a headed
reinforcing bar used to provide anchorage for the longitudinal reinforcement in a
beam or column with minimum clear cover over the bar might experience a side
blowout failure when placed in tension. A series of deep-embedment pullout tests
were conducted to define the conditions for side blowout failures. In reinforced
concrete members where headed reinforcement is used, it is assumed the
embedment depth will be much greater than the cover over the bar.

Variables considered in these series of tests include: embedment depth;
development length; clear cover; corner placement; concrete strength; transverse

reinforcement; head orientation; head area; head aspect ratio; head thickness and

12



Figure 2.2 - Side-Blowout Failure

head shape. Definitions of these variables, construction of the specimens, test
procedures, equipment and overviews of the test programs are presented in this

chapter.

2.2 Test Setups

The basic test setup for the shallow-embedment pullout tests is illustrated
in Figure 2.3. The test setup for a bar placed away from an edge is shown in
Figure 2.4 and the test setup for a bar placed near an edge is shown in Figure 2.5.

The shallow-embedment setup consisted of a headed bar with a ratio of

13
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Figure 2.3 - Basic Test Setup for Shallow-Embedment Tests

Figure 2.4 - Shallow-Embedment Test Setup for Center Bar
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Figure 2.5 - Shallow-Embedment Test Setup for Edge Bar

embedment depth to clear cover less than five. With shallow embedments, the
confinement of the concrete from the bearing reaction of the tests may affect the
anchorage strength. To minimize these possible effects, the bearing reactions
from the loading beams were placed far enough away from the anchorage zone so
that the failure cone could develop without interference from the loading
apparatus.

The basic test setup for the deep-embedment pullout tests is shown in
Figure 2.6. Ratios of embedment depth to clear cover greater than five were used.
With deep embedments, the confinement effects of the bearing reaction were
assumed to have little effect on the anchorage strength. For this reason the

loading ram bore directly on the concrete above the anchorage zone. This

15



assumption was verified with a series of tests reported in Section 5.4. To ensure
level and equal bearing on the concrete surface, a steel plate with a single center

hole was grouted to the surface around the bar before testing.

Figure 2.6 - Basic Test Setup for Deep-Embedment Tests
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2.3 Definitions
Embedment Depth

The embedment depth defines the size of a possible pullout cone. The
embedment depth, hg, is defined as the distance from the top, or loaded, surface of
the test specimen to the top of the head (Figure 2.7). In concrete members the
embedment depth for headed reinforcement in tension would be defined as the
distance, parallel with the bar, measured from the head, to a critical section (a

point of maximum stress in the bar).

Loaded Surface—/

(Critical Section)

hy

Figure 2.7 - Embedment Depth

Development Length

The development length, 14, for headed reinforcement is defined as the
length along a deformed bar bonded to the concrete from the head to a critical
section. If a smooth reinforcing bar or bolt is attached to a head, then the

development length is zero. The amount of development length was controlled

17



during testing by sheathing the bars with rigid PVC tubes. The ends of the tubes
were sealed with silicon caulk to prevent any paste from bonding with the bar.
Development length and embedment depth for the test setups are compared in

Figure 2.8.

Loaded Surface —/

(Critical Section)

PVC Sheathing hy
(Unbonded Bar)

Figure 2.8 - Comparison of Embedment Depth and Development Length

Edge Distance, Clear Cover and Spacing

Four parameters associated with cover or spacing of headed reinforcement
are illustrated in Figure 2.9. The minimum edge distance, Cy, is defined as the
distance from the closest edge of concrete to the center of the bar. The distance
perpendicular to C; from the center of the bar to the second closest orthogonal
edge is C; which will always be greater than or equal to C;. All dimensions
measured parallel with C; are denoted with the subscript 1, and all dimensions
parallel with C, are denoted with the subscript 2. Clear cover over the bar, Cy

and C, is defined as the distance from the surface of the bar to closest edge. Ce,
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Figure 2.9 - Cover Parameters
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will always be greater than or equal to C¢;. Clear covers over the head, Cp1 and
Cha, are defined as the distance from the edge of the head to the concrete edge.
Depending on the geometry of the head, Cy, may or may not be greater than Chy.
The head dimensions are denoted as hy and h,. The spacing between the centers
of two adjacent bars is Cgp; and Cgp, depending on the direction (or plane) in
which multiple bars are placed.
Head Orientation and Geometry

In all tabulations and notation used herein, the order of the head
dimensions represents the head orientation with the h; dimension listed first
followed by the h, dimension and t representing the thickness. The head aspect
ratio is defined as the ratio of the largest head plan dimension to the smallest head
plan dimension. For a square head the aspect ratio is 1:1, with higher ratios
representing longer and narrower rectangles. These designations are illustrated in

Figure 2.10.

_______ A__@_h__“,____,@__,.__

G
hl: 55mm hl: 100mm
h2: 100mm h2: 55mm
t: 25mm t: 25mm
Head: 55x100x25mm Head: 100x55x25mm
Aspect Ratio: 1.82:1 Aspect Ratio: 1.82:1

Figure 2.10 - Head Dimensions and Orientation
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Transverse Reinforcement

Transverse reinforcement is described with four parameters: number of
transverse ties, Number; diameter of individual ties, dy.; distance from the head
to the first transverse tie measured along the bar, Sp1; and spacing of remaining
ties, Sy, (Figure 2.11). The area of transverse reinforcement in the anchorage
zone, Ay, is the total area of transverse reinforcement in tension across the failure
plane (the surface of the pullout cone or blowout failure). The number of ties, the
diameter of the ties and the number of legs of each tie crossing the failure plane

providing tensile resistance to the failure determine Aq,.

dbtr

"

Tie

L1

Figure 2.11 - Parameters for Transverse Reinforcement



2.4 Construction of Specimens
Shallow-Embedment Tests

Three large concrete blocks were constructed for the shallow-embedment
pullout tests. Each block was 530mm (21 in.) deep with 8 to 11 headed
reinforcing bars cast within the block. The plan dimensions of the blocks were
1520mm by 2900mm (5 ft. O in. by 9 ft. 6 in.). The bars were spaced far enough
apart to avoid overlap of the anticipated failure surfaces. The blocks were cast in
bolted plywood forms. For two of the blocks a ledge was cast along the two long
sides to provide an area for the bearing reaction for edge and corner bar tests.

The form and bars are shown in Figure 2.12 before placement of concrete.
Various parts of the formwork and supports used to ensure correct placement of
the headed bars are shown in Figure 2.13. A frame was attached to the forms
above the top surface of concrete and the bars were tied to the frame to prevent
movement during casting. The embedment depth of the headed reinforcement
was controlled with a piece of copper tubing placed under the head, supporting the
bar at the proper depth.

After placing the bars in the form, transverse reinforcement, if any, was
placed within the embedment depth. The transverse reinforcement was tied to the
bars and secured to prevent movement during casting. Additional reinforcement

was placed in the forms below the heads, along the ledges, between the bars and
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Figure 2.12 - Forms for Shallow-Embedment Tests

Bar Support Frame
during casting

Transverse
|+ Reinforcement
Additional
Reinforcement
f
I
______ I ——
| @
! l
|
| |
o _ _J. o_ _ _ _ __ e
\Copper Tube and
Threaded Rod

Figure 2.13 - Construction of Shallow-Embedment Specimens
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near the top surface of the block to prevent cracks from extending through the
block which would create difficulties in moving the block after testing. This
additional reinforcement was placed so that it would not interfere with the
formation of the failure around the headed bar.

The concrete was placed directly into the forms using the chute of the
ready-mix concrete truck (Figure 2.14). The concrete was placed in three equal
lifts and vibrated with stinger-type vibrators after each lift. Control cylinders
were also cast at the same time as the block. After placement of the concrete, the
top surface was finished with trowels. Wet burlap was placed on the top of the
block after the surface was finished. The burlap was kept wet for one day after
casting. The blocks were allowed to cure in the forms for approximately one
week before the forms were removed. The blocks and cylinders were stored in the
laboratory until testing and no additional curing procedures were used for either

the blocks or cylinders.

Figure 2.14 - Placement of Concrete for Shallow-Embedment Tests
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Deep-Embedment Tests

Eighteen concrete blocks were constructed for the deep-embedment
pullout tests on headed reinforcement. Each concrete block was 920mm (36 in.)
deep with 4 to 12 headed reinforcing bars cast around the perimeter. The plan
dimensions of the blocks were either 920mm by 920mm (36 in. by 36 in.) or
1220mm by 1220mm (48 in. by 48 in.). The bars were spaced to preclude overlap
of anticipated failure surfaces. The blocks were cast in bolted plywood forms.

The forms and bars are shown in Figure 2.15 before placement of concrete.
Supports and spacers used to ensure correct placement of the headed bars are shown
in Figure 2.16. Wood spacers controlled the amount of cover over the bar and

heads. A frame was attached to the forms above the top surface of concrete.

Figure 2.15 - Forms for Deep-Embedment Tests
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Figure 2.16 - Construction of Deep-Embedment Specimens
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Wood spacers were attached to the frame and the bars were tied to the frame to
provide the desired clear cover over the bar and to secure the bars during
placement of concrete. Likewise, a wood spacer was placed on the interior face of
the form at the head of the reinforcing bar to provide the desired cover over the
head. The top edge of the head spacer was placed below the bearing surface of
the head to avoid altering the bearing and cover at the head. The head was tied to
the form against the spacer to insure the correct cover and to secure the bar during
casting. The embedment depth of the headed reinforcement was controlled with a
length of copper tubing placed under the head, supporting the bar at the proper
depth.

After placing the bars in the form, transverse reinforcement, if any, was
placed in the anchorage zone. The transverse reinforcement was tied to the bar
and secured to prevent movement during casting. Additional reinforcement was
placed in the forms below the heads and near the top surface of the block to
prevent cracks originating at the head from extending through the block and
creating difficulties in moving the block after testing. None of this additional
reinforcement was placed near the anchorage zone of the headed bar.

The concrete was placed directly using the chute of the ready-mix concrete
truck (Figure 2.17). The concrete was placed in three equal lifts and vibrated with

stinger-type vibrators after each lift. Control cylinders were also cast at the same
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time as the block. Two or three concrete blocks were cast at one time. After
placement of the concrete, the top surface was finished with trowels and lifting
anchors were positioned in the concrete. Each block was then allowed to cure for
approximately one week before the form was removed. The blocks and cylinders

were stored in the laboratory until testing without further curing.

iy

Figure 2.17 - Placement of Concrete for Deep-Embedment Tests

2.5  Materials
Concrete

The concrete was delivered by a local ready-mix company. Standard mix
designs were used with nominal strengths between 21 and 69 MPa. The mix
designs used for testing are listed in Table 2.1. No admixtures were used and all

concrete mixes had 19mm (3/4 in.) maximum aggregate size. All mixes were
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Mix Design

UT3000 UT3500 UT4000 UT7000 § UT10000
Nominal £, (psi) 3000 3500 4000 7000 10000

Max. Aggregate (in) 3/4 3/4 3/4 3/4 3/4

Cement (Ib/cyd) 360 370 400 658 714

Fly Ash (Ib/cyd) 0 0 0 0 254

Coarse Aggregate (Ib/cyd) 1884 1876 1862 1712 1665

Fine Aggregate (Ib/cyd) 1435 1432 1422 1280 1371

Water (Ib/cyd) 266 266 267 292 290
Nominal f, (MPa) 21 24 28 48 69
Max. Aggregate (mm) 19 19 19 19 19

Table 2.1 - Mix Designs for Pullout Tests

ordered with a 102mm (4 in.) slump, though the amount of slump measured at the

time of casting varied.

Control cylinders were tested to determine the compressive strength of the

concrete. Three cylinders were tested 7, 14, 21 and 28 days after casting to

determine the strength of the concrete. In addition, three control cylinders were

tested on the day pullout tests were conducted. In Table 2.2, the slump and 28 day

strength for three batches of concrete used for the shallow-embedment pullout

tests are listed and Figure 2.18 is a plot of concrete strength with time. In Table

2.3, the slump and 28 day strength for the eight batches used for the deep-

embedment tests are listed and in Figure 2.19 concrete strength is plotted against

time.
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Concrete Test Mix Design Slump 28 Day Nominal
Batch Blocks f, f,
(mm) (MPa) (MPa)
CB-2 T1 UT10000 165 79 69
CB-5 T2 UT4000 64 34 28
CB-6 T3 UT4000 102 28 28
Table 2. 2 - Concrete Data for Shallow-Embedment Tests
Growth of Concrete Strength
Shallow-Embedment Tests
100
oo+ - -~ --CB-=2
] N e -
- mc-oe
8 60+ S
% + - --4--CBS5
¢ 40 + .
i 1 ', _______ & === & - E
R U A-memmeee FOREEEE A
U N -- & --CB-6
oW : : :
0 7 14 21 28
Age (Days)

Figure 2.18 - Concrete Strengths for Shallow-Embedment Tests
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Concrete Test Mix Design Slump 28 Day Nominal
Batch Blocks f, f.
(mm) (MPa) (MPa)
CB-7 Cl, C2 UT4000 76 26 28
CB-8 C3,C4 UT4000 140 28 28
CB-9 C5, C6 UT4000 216 21 28
CB-10 C7, C8 UT4000 178 23 28
CB-11 C9, C10, C11 UT4000 64 27 28
CB-12 C12, C13 UT3500 51 22 24
CB-13 C15, C16, C17 UT3000 127 21 21
CB-14 C18, C19 UT7000 89 48 48
Table 2.3 - Concrete Data for Deep-Embedment Tests
Growth of Concrete Strength
50 Deep-Embedment Tests
- - & - -CB-7
-- 4 --CB-8
- - & - -CB9
--®--CB-10
—{+—CB-11
—O——CB-12
—tx~—CB-13
—0O—CB-14

Age (Days)

Figure 2.19 - Concrete Strength for Deep-Embedment Tests
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Steel

The headed reinforcing steel was supplied by the sponsor. Three bar sizes
were used for the headed reinforcement: 20; 25 and 35mm diameter. The majority
of the bars had standard head sizes as designated by the manufacturer/sponsor. The
standard head sizes are summarized in Table 2.4. In addition to the bars with
standard head sizes, some 20mm and 25mm bars had 90x90x20mm and
100x55x25mm heads. The bars with large heads were used to determine the role of
head geometry. For some tests the head area was reduced by saw cutting the head
and the head thickness was reduced by removing material with a lathe. The head
aspect ratio and head shape were also changed for a few tests by sawing the heads.
The bars and heads had nominal yield strengths of 500 MPa. The actual yield and
ultimate strengths of the bars and heads are listed in Tables 2.5 and 2.6.

Steel used for transverse reinforcement was obtained locally in traditional
US sizes, #3, #4 and #6. For consistency, these sizes will be reported using metric
equivalents: 10, 12 and 20mm, respectively. Transverse steel had a nominal yield
strength of 420 MPa (60 ksi). Actual yield and ultimate strengths of the
transverse reinforcement are listed in Table 2.7.

Transverse ties were either manufactured in the laboratory with a manual
bending table, or fabricated locally using a hydraulic bending table. The ties were

fabricated in accordance with ACI guidelines.

32



Standard Head Size (mm)
Bar Diameter (mm) Square Rectangular
20 50x50x12 70x35x16
25 70x70x16 80x40x18
35 90x90x20 100x55x25
Table 2.4 - Standard Head Sizes
Bar Diameter (mm) Yield Stress (MPa) Ultimate Stress (MPa)
20 554 679
25 571 709
35 542 686
Table 2.5 - Headed Bar Strengths
Head (mm) Yield Stress (MPa) Ultimate Stress (MPa)
50x50x12 516 655
70x35x16 514 669
70x70x16 505 654
80x40x18 515 660
90x90x20 494 631
100x55x25 508 660
Table 2.6 - Head Strengths
Bar Diameter (inm) Yield Stress (MPa) Ultimate Stress (MPa)
10 503 721
12 434 709
20 420 682

Table 2.7 - Transverse Reinforcement Strengths
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2.6  Testing Procedure

Each bar was tested monotonically in tension until failure. Load was
applied to the bar in stages and slowly to prevent any dynamic effects. The
number of load stages for each bar depended on the expected capacity of the bar
with at least 8 load stages imposed. At each load stage measurements of load,
deflection, strain and crack width were taken. Photographs were taken to record
cracking and failure. After failure, the loose (spalled) concrete cover was
removed and the failure surface was photographed. For some tests, additional
loading after failure was required to loosen the failed cover. For several tests with
transverse reinforcement, loading was continued past peak load until the

transverse reinforcement fractured.

2.7  Equipment and Measurements

The configuration of equipment used in the deep-embedment pullout tests
is shown in Figure 2.20. Similar equipment was used for the shallow-embedment
tests. Figures 2.21 and 2.22 are photographs of the equipment used for the
shallow-embedment and deep-embedment tests respectively. Tensile load was
applied to the bars using a center-hole hydraulic ram. Load was measured with an
electronic load cell and checked with a pressure gauge. The output from the load

cell was monitored and stored with a data acquisition system.
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Grips

Load Cell

Steel Plate and Grout

Slip Wire and Linear Transducer—% l QO Dial Gauge or Linear Transducer
for Lead Deflection for Head Deflection

Figure 2.20 - Test Equipment
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Figure 2.22 - Deep-Embedment Test Setup and Equipment
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For all tests, deflection of the head was measured. A small hole was
drilled into the bottom of the heads and threaded. A piece of threaded rod was
screwed into this hole and extended through the bottom of the form. The copper
tubing used to support the headed bar at the proper depth also acted as sheathing
for the threaded rod and prevented bonding of the rod with the concrete. During
testing a dial gauge or linear transducer was attached to the rod and the head
deflections were recorded. Dial gauge readings were recorded manually, while
linear transducer readings were recorded with the loads by the data acquisition
System.

For several deep-embedment tests with additional development length, the
deflection at the beginning of the development length was also measured. For
these measurements, a small hole was drilled into the bar. A piece of piano wire
was pressed into this hole and crimped. The wire then extended through the
bottom of the form. The wire was sheathed with flexible plastic tubing to prevent
bonding with the concrete. The lead slip deflection measurements were
monitored with a linear transducer attached to the wire and recorded using the
data acquisition system.

Strains on the bottom surface of the head, along the bar and on transverse
reinforcement were recorded with quarter-bridge foil strain gauges. The gauges

were attached to the steel with glue and protected with two layers of waterproofing.
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When gauges were attached to the bars or transverse reinforcement, some of the bar
deformations had to be ground off to provide an adequate contact area on the steel
bar. In these cases, care was taken to avoid reducing the net cross-section of the
bar. Measurements of strain were recorded with the data acquisition system.
Finally, cracking was observed before failure in several tests. When
cracks appeared they were marked on the concrete surface and the width of the
cracks measured. The width was measured with a plastic crack comparator card

and the measurements recorded manually.

2.8 Test Programs

Twenty-one headed reinforcing bars were tested using the shallow-
embedment pullout test. Eight bars were cast in the center of blocks, seven along
an edge and six in a corner.

A total of 123 tests were conducted using the deep-embedment setup.
Seventy-seven single bars were cast along an edge and 40 single bars were cast in
a corner. Six deep-embedment tests were conducted on pairs of closely-spaced

edge bars.
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Chapter 3

Shallow-Embedment Pullout Tests
Effect of Variables on Anchorage

3.1  Overview of Results

The parameters for the 21 shallow-embedment tests are summarized in
Table 3.1. The Test ID describes the concrete block number, T_, and the test
number within each block, B_.

Two failure modes were expected in the shallow-embedment tests,
pullout-cone failure and bar frécture. Three bar fractures were observed and the
remaining 18 tests resulted in pullout-cone failures. Table 3.2 summarizes the
results for the 21 shallow-embedment tests. In Table 3.2 Py is the ultimate
capacity of the anchorage and f. denotes the concrete strength measured on the

day of testing.

39



Test ID Bar dyp Nominal | C,; C, hy I, | Transverse | Nominal
Position Head Reinf. f.
(mm) |  (mm) | (mm)|(mm)| (mm)| (mm) (MPa)

T1B1 Center 20 | 50x50x12 | 457 | 457 | 36 0 None 69
T1iB2 Center 20 70x35x16 )| 457 | 457 | 36 0 None 69
T1B3 Center 20 | 50x50x12 | 457 | 457 | 113 0 None 69
T1B4 Center 20 70x35x16 | 457 | 457 | 113 0 None 69
T1BS Center 35 90x90x20 | 457 | 457 | 80 0 None 69
T1B6 Center 35 |100x55x25] 457 | 457 | 80 0 None 69
T1B7 Center 35 90x90x20 | 457 | 457 | 209 0 None 69
T1B8 Edge 20 | 35x70x16 | 43 | 457 | 111 0 None 69
T1B9 Corner 25 70x70x16 | 84 84 | 136 0 None 69
T1B10 Edge 35 90x90x20 | 65 | 457 | 183 0 None 69
T2B1 Edge 20 50x50x12 | 51 | 457 | 229 0 None 28
T2B2 Edge 20 | 50x50x12 | 51 | 457 | 229 | 229 None 28
T2B3 Edge 20 | 50x50x12§ 51 | 457 | 229 0 STE-1 28
T2B4 Edge 20 | 50x50x12{ 51 | 457 | 229 | 229 STE-1 28
T2B5 Corner 20 50x50x12 1 51 51 | 229 0 None 28
T2B6 | Corner 20 50x50x12 | 51 51 | 229 | 229 None 28
T2B7 Corner 20 50x50x12 1 51 51 | 229 0 STC-1 28
T2B8 Corner 20 50x50x12 ] 51 51 | 229 | 229 STC-1 28
T3B4 Edge 20 | 50x50x12 1 51 | 457 | 229 0 None 28
T3B8 | Corner 20 | 50x50x12 | 51 51 | 229 | 229 None 28
T3B11 | Center 20 50x50x12 | 457 | 457 | 229 0 None 28

Table 3.1 - Parameters of Shallow-Embedment Tests
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TestID} d, Nominal | C; | C, hy Ig | Trans. f, Py Failure
Head Reinf. Mode
(mm) |  (mm) |} (mm)|(mm)|(mm)|(mm) (MPa){ (kN)
T1B1 20 50x50x12 | 457 | 457 | 36 0 None 83 77 Pullout
T1B2 20 | 70x35x16 | 457 | 457 | 36 0 None 83 62 Pullout
T1B3 20 50x50x12 } 457 | 457 | 113 0 None 83 205 | Bar Fracture
TiB4 20 70x35x16 | 457 | 457 | 113 0 None 83 208 | Bar Fracture
T1B5 35 90x90x20 | 457 | 457 | 80 0 None 83 215 Pullout
T1B6 35 | 100x55x25] 457 | 457 | 80 0 None 83 225 Pullout
T1B7 35 90x90x20 | 457 | 457 | 209 0 None 83 490 Pullout
T1B8 20 35x70x16 | 43 | 457 | 111 0 None 83 57 Pullout
T1B9 25 70x70x16 | 84 84 | 136 0 None 83 56 Pullout
T1B10 35 90x90x20 | 65 | 457 | 183 0 None 83 126 Pullout
T2B1 20 | 50x50x12 | 51 | 457 | 229 0 None 33 184 Pullout
T2B2 20 | 50x50x12 | 51 | 457 | 229 | 229 | None 33 148 Pullout
T2B3 20 | S0x50x12 | 51 | 457 1 229 | O STE-1 33 160 Pullout
T2B4 20 | 50x50x12 | 51 | 457 { 229 | 229 | STE-1 33 172 Pullout
T2BS5 20 | 50x50x12 | 51 51 1229] 0O None 33 88 Pullout
T2B6 20 | 50x50x12 ] 51 51 | 229 | 229 | None 33 122 Pullout
T2B7 20 | 50x50x12{ 51 51 | 2291 0O STC-1 33 89 Pullout
T2B38 20 | 50x50x12 ] 51 51 | 229 | 229 | STC-1 33 125 Pullout
T3B4 20 | 50x50x12 | 51 | 457 | 229 0 None 27 149 Pullout
T3B8 20 | 50x50x12 | 51 51 {229] O None 27 57 Pullout
T3B11 20 50x50x12 | 457 | 457 | 229 0 None 27 212 | Bar Fracture

Table 3.2 - Results of Shallow-Embedment Tests
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3.2 General Behavior under Load
A typical load-slip response of a headed bar with shallow-embedment and
no yielding in the bar is shown in Figure 3.1. Slip is measured at the head. In

general, the deflection at the head increases as the load increases. The relationship

Load vs. Head Slip
Test ID: T1B6
800
f.BacUltimateLoad ... ... ......
600 +
% BarYieldLoad ...
= 400 +
&
=] 4
—
200 + —®
'f// ® = [ast Measurement
0 } } } } } } } } }
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
Test ID]| d, Nominal | C; C; hy I; | Trans. f, Py Failure
Head Reinf. Mode
(mm) (mm) (mm) | (mm) | (mm)}| (mm) (MPa)| (kN)
T1B6 35 | 100x55x25) 457 | 457 | 80 0 None 83 225 Pullout

Figure 3.1 - Deflection of Headed Reinforcing Bar with Shallow Embedment

between load and slip is approximately linear at lower loads. As the load
approaches the ultimate capacity of the anchorage, the slip increases and the load-
slip curve begins to flatten out with large increases in deflection with little increase
in load. This general shape for the load-slip curve was observed for all tests,

though the ultimate capacities and slips differed. The pullout-cone failure was
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sudden and the load carried by the anchorage dropped to zero after failure. No
cracking was observed before failure.

The size of the pullout cone varied from test to test and depended upon
placement of the bar, edge distance and head size. A typical pullout cone for an
edge bar test without transverse reinforcement is shown in Figure 3.2. The failure
surface was very large. The length of the failure measured parallel with the edge
was approximately 18001n1ﬁ (6 ft. 0 in.) long. It is unlikely that a failure surface

this large would occur in actual concrete members.

Figure 3.2 - Pullout-Cone Failure of Headed Bar with Shallow Embedment

In several tests, the bar yielded, went through the yield plateau and reached
strain hardening. A typical load-slip diagram for a test reaching the yield load is
shown in Figure 3.3. There was no change in the general displacement or cracking

behavior for the tests that reached strain hardening. Based on these observations,
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Load vs. Head Slip
Test ID: T2B4

Bar Ultimate Load

® = Last Measurement

0 ; } t } t t t } :
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID] d, Nominal | C, C, hy la | Trans. f, Py Failure
Head Reinf. Mode
(mm) |  (mm) |(mm){(mm)|(mm)|(mm) (MPa)| (kN)
T2B4 20 | 50x50x12 } 51 | 457 | 229 | 229 | STE-1 33 172 Pullout

Figure 3.3 - Deflection of Headed Bar with Shallow Embedment and Bar Yielding

yielding of the bar had no impact on the ultimate capacity or behavior of the
anchorage.

The test shown in Figure 3.1 appears to have a higher ultimate slip than
the test shown in Figure 3.3. However, during testing the device measuring the
slip was removed before failure and it is possible that the ultimate slip was not
recorded. The last slip reading is denoted on the figures.

In Figure 3.4, the load-slip diagram for one of the three tests resulting in
bar fracture is shown. The general shape of the load-slip curve was not affected

by bar fracture.
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Load vs. Head Slip
Test ID: T3B11

300
Bar Ultimate Load
S 200 4
< S Bar YieldLoad
- 1
&
[=]
= 100 +
1 ® = Last Measurement
0 t } t } t } t } l
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID]| d, Nominal | Cy C, hy I; | Trans. f. Py Failure
Head Reinf. Mode
(mm) (mm) (mm)| (mm) | (mm) | (mm) (MPa)| (kN)
T3B11 20 50x50x12 § 457 | 457 | 229 0 None 27 212 | Bar Fracture

Figure 3.4 - Deflection of Headed Bar with Shallow Embedment and Bar Fracture

33 Transverse Reinforcement

It is probable that in most applications of headed reinforcement in concrete

members transverse reinforcement will be present near the head. To test the effect

of transverse reinforcement on headed reinforcement with shallow embedments a

series of tests was conducted with transverse reinforcement along the embedment

depth.
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A likely type of transverse reinforcement in concrete members using
headed reinforcement with shallow embedments as the longitudinal reinforcement
is column bars in beam-column joints. In Figure 3.5, a typical detail for a beam-
column joint and how this was modeled in the test setup is shown. Two types of
transverse reinforcement were tested, one type for edge bars and one type for
corner bars. The types are very similar to each other. The two types of transverse

reinforcement tested are shown in Figure 3.6. The number of legs which provide

[
' Column *
I Bar
: ars . Transverse
| Reinforcement
! )
i
i
l
oy~ _N___B o _____
[
: Crackand =~ T T KT T~ -
| Critical Section
A. Beam-Column Joint B. Shallow-Embedment Test Setup

Figure 3.5 - Model of Transverse Reinforcement for Shallow-Embedment Tests
tensile resistance across the assumed failure plane are included in the figure. The
total area of transverse reinforcement along the development length, Ay, is
calculated by multiplying the cross-sectional area of the tie bar by the number of
legs crossing the failure surface and providing tensile resistance and the number of
ties. Based on the assumed surface of the pullout cone, Ay, for all tests is zero and

the transverse reinforcement should have no effect on the behavior. A total of
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eight bars arranged in four pairs (four edge bars and four corner bars) were tested.
The parameters and results for these tests are summarized in Table 3.3. The results
from the four pairs of tests are compared in Figure 3.7. As expected, the
arrangement of transverse reinforcement tested had no affect on the ultimate
capacity of the anchorage. The largest differences in measured capacities for the
four pairs was 14%, which is within normal experimental scatter for concrete tests.
Based on the results of these tests, for transverse reinforcement to increase the
capacity of a pullout-cone failure, it should be placed with a component parallel to
the bar so that the transverse reinforcement will be mobilized by the pullout-cone

failure.

Plan of assumed

Pullout Cone \ Type: STE-1
> - N #of Legs: 0
/
__________ N [o] B RN
! /
\ —_—
\ Edge of Concrete
|
|
|
: Type: STC-1
e - :\ N # of Legs: 0
_lo] !
_______ \_ i g /
\ -

Figure 3.6 - Configurations of Transverse Reinforcement for Shallow-Embedment Tests
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TestID] d, Nominal | C; C, hy I; | Trans. Ay, f, Py
Head Reinf.

(mm) | (mm) |(mm)|(mm)|(mm)j(mm) (mm®) | (MPa)| (kN)
T2B1 20 50x50x12 | 51 | 457 | 229 0 None 0 33 184
T2B3 20 50x50x12 | 51 | 457 | 229 0 STE-1 0 33 160
T2B2 20 50x50x12 | 51 | 457 | 229 1 229 | None 0 33 148
T2B4 20 50x50x12 | 51 | 457 1 229 | 229 | STE-1 0 33 172
T2B5 20 50x50x12 | 51 51 | 229 0 None 0 33 88
T2B7 20 50x50x12 | 51 51 | 229 0 STC-1 0 33 89
T2B6 20 50x50x12 | 51 51 | 229 | 229 | None 0 33 122
T2B8 20 50x50x12 | 51 51 ] 229 | 229 | STC-1 0 33 125

Table 3.3 - Parameters and Results of Shallow-Embedment Tests for Transverse
Reinforcement

Py (kN)

200

Transverse Reinforcement

160

120 4

80 A

40 -

T2B1
T2B3

]

1 [l ]

] ) [}
o <r o~ O o
mm Mm M m m
N N NN N N
= = H =

Test ID

H No Transverse
Reinforcement

O Transverse
Reinforcement

Figure 3.7 - Comparison of Capacities for Tests on Transverse Reinforcement
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The head deflections of two tests with the only difference being the
presence of transverse reinforcement are compared in Figure 3.8. Transverse
reinforcement normal to the bar axis had no effect on the deflection behavior of

the anchorage.

Load vs. Head Slip
Transverse Reinforcement
300
® = Last Measurement
................................. Bar Ultimate Load _
e e n e e Bar Yield Load
T2B6
------ T2B8
0 : : ' : : : ' : :
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID| 4, Nominal | C, C, hy 1, | Trans. f, Py Failure
Head Reinf. Mode
(mm) (mm) (mm) | (mm)}{ (mm) | (mm) (MPa)| (kN)
T2B6 20 50x50x12 | 51 51 | 229 | 229 | None 33 122 Pullout
T2B8 20 50x50x12 | 51 51 | 229 | 229 | STC-1 33 125 Pullout

Figure 3.8 - Deflections of Headed Bars with and without Transverse Reinforcement

49



34 Development Length

The eight tests listed in Table 3.3 can be rearranged into four pairs with
the only variable between tests in each pair being the development length. A
summary of the parameters and results for these four pairs of tests is listed in
Table 3.4. The measured capacities from the tests are compared in Figure 3.9.
For three of the four pairs there was an increase in strength with increased
development length.

Section 12.2.3 of the ACI 318-95 Building Code [1] uses the following
equation to calculate the straight bar development length needed to reach the yield

capacity of the bar, in customary US units:

f
l—d— 3y oy eq. 3.1

d, 40\/3(“1{&)
dy,

where lg is the development length, dy, is the bar diameter, fy is the yield stress of
the bar, f’c is the concrete strength, ¢ is the minimum clear cover over the bar, and
K. is a measure of the amount of transverse reinforcement. Ky is taken as zero
for the shallow-embedment pullout tests. The values of o, B, y and A are factors
for casting position of bar, bar coatings, bar size and light-weight aggregate. For
tl}e shallow-embedment tests all four factors equal 1. Assuming a linear

relationship for bond stress for development lengths less than calculated by
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TestID| d, | Nominal | C; | C; | hy | 1y | Trams.| f£. Py
Head Reinf.

(mm) [  (mm) | (mm)|(mm)|(mm)|(mm) (MPa)| (kN)
T2B1 | 20 | 50x50x12] 51 [ 4571229 O | None | 33 184
T2B2 | 20 | 50x50x12 | 51 | 457 | 229 | 229 | None | 33 148
T2B3 | 20 | 50x50x12| 51 | 4571229 0 | STE-1 | 33 160
T2B4 | 20 | 50x50x12| 51 [ 4571229 [ 229 | STE-1 | 33 172
T2B5 | 20 | 50x50x12 | 51 | 51 | 229] 0 | None | 33 88
T2B6 | 20 | 50x50x12| 51 | 51 | 229 ] 229 | None | 33 122
T2B7 § 20 | 50x50x12| 51 | 51 [ 229] o | SsTC-1| 33 89
T2B8 | 20 | 50x50x12| 51 | 51 [ 229 229 ] sTC-1 | 33 125

Table 3.4 - Parameters and Results of Shallow-Embedment Tests on Development Length

200

160 A

Py (kN)

40 -

Development Length

120 A

80

T2B1

T2B2
T2B3

T2B4

T2BS5

Test ID

T2B6

T2B7

T2BS&

M No Development
Length

O Development
Length

Figure 3.9 - Comparison of Capacities of Shallow-Embedment Tests on Development Length
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Equation 3.1 and rearranging Equation 3.1 leads to an equation for the

development force for a given development length:

1
Fld = d Fy €q. 3.2

where Fyq is the development force, 14 the actual development length, lgacr the
development length from Equation 3.1 and Fy the yield force of the bar. For each
pair of tests listed in Table 3.4, the increase in capacity due to development length
can be predicted using Equation 3.2:

Pupia = Puy + (Flaz ~ Fiar) eq.3.3
where Pypiq 1s the predicted capacity based on the measured capacity of the test
with the least development length, Py;, and the difference between the two
predicted development forces from Equation 3.2 for both tests, Fig; and Fgo.

The measured capacities, the predicted development forces from Equation
3.2 and the predicted capacity from Equation 3.3 for the eight tests are listed and
compared in Table 3.5. Equation 3.3, based on the current ACI code equation for
development length, leads to an increase in capacity due to development length
for the edge bars which is greater than observed, thus unconservative. The

increase in capacity for corner bars is more accurately predicted by Equation 3.3.
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The head deflections for two tests in which the amount of development

length was varied are compared in Figure 3.10. Development length did not

change the general shape of the deflection curve. A decrease in deflection at low

loads was noted with an increase in development length.

Fia2-Fia1 | Pupia

Standard Deviation

Table 3.5 - Prediction of Effect of Development Length on Capacity
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Test ID 1 PU] Fldl Test ID 2 PUZ F]dz PUZ'PUI PUZ/PUPld
(kN) | (kN) (kN) | KN) | (kN) | (kN) | (kN)
Edge T2B1 184 0 T2B2 148 37 -36 37 221 0.67
T2B3 160 0 T2B4 172 37 12 37 197 0.87
Corner{ T2BS5 88 0 T2B6 122 37 34 37 125 0.97
T2B7 89 0 T2B8 125 37 36 37 126 0.99
Maximum  0.99
Minimum  0.67
Average 0.88

0.15



Load vs. Head Slip

Development Length
300
Bar Ultimate Load
AV Sl
5 ................................. Bar Yield Load
- i
8 _..®1;=229mm
= 100 T l¢ = Omm T2B5
I ® = Last Measurement  ________ T2B6
0 } } } } } } } }
0.00 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID| 4, Nominal C, h, I; | Trans. f. Py Failure
Head Reinf. Mode
(mm) (mnm) (mm) | (mm) | (mm) MPa)| kN)
T2B5 20 50x50x12 51 | 229 0 None 33 88 Pullout
T2B6 20 50x50x12 51 | 229 | 229 | None 33 122 Pullout

Figure 3.10 - Comparison of Deflection of Headed Bars with and without Development
Length
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3.5 Concrete Strength

In Table 3.6, the parameters and results of two pairs of tests are listed.
The concrete strength is the only variable between tests in each pair. The
capacities of these tests are compared in Figure 3.11. The effect of concrete
strength on the anchorage capacity of headed reinforcement with shallow-
embedments is difficult to quantify due to the low number of tests and the small
difference in concrete strength. However, based on these limited results it appears
that an increase in concrete strength increased the pullout-cone capacity of headed
reinforcement.

The deflections at the head are compared in Figure 3.12 for two tests with
different concrete strength. The concrete strength did not affect the deflections

over the limited range of comparable load measurements for the two tests.
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TestID] d, Nominal | C,; C, hg 1, | Trans. f. Py Failure
Head Reinf. Mode
(mm) (mm) (mm}| (mm) | (mm) | (mm) MPa)| (kN)

T2B1 20 | 50x50x12 ) 51 | 4571229} O None 33 184 Pullout

T3B4 20 50x50x12 § 51 | 457 | 229 0 None 27 149 Pullout
T2B5 20 50x50x12 | 51 51 | 229 0 None 33 88 Pullout
T3B8 20 50x50x12 | 51 51 | 229 0 None 27 57 Pullout

Table 3.6 - Parameters and Results for Shallow-Embedment Tests on Concrete Strength

Concrete Strength
200
160 - Concrete Strength
g 190 4 M 33 MPa
& 80 127 MPa
40
0 - ;
- <t vy o0
m /M 0 /M
[o\ s} o o
- RS

Test ID

Figure 3.11 - Comparison of Capacities of Shallow-Embedment Tests on Concrete Strength
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Load vs. Head Slip

Concrete Strength

300
® = Last Measurement
................................. Bar Ultimate Load _
e e e Bar Yield Load
T2B5
------ T3B8
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID] d, Nominal | C; C, hy I | Trans. f, Py Failure
Head Reinf. Mode
(mmy) (mm) (mm) | (mm)| (mm)| (mm) MPa)| (kN)
T2B5 20 50x50x12 | 51 51 | 229 0 None 33 88 Pullout
T3B8 20 50x50x12 | 51 51 } 229 0 None 27 57 Pullout

Figure 3.12 - Deflection of Headed Bars with Different Concrete Strengths

3.6  Head Area and Aspect Ratio
The parameters and results for two tests with different head area and head
aspect ratio are listed in Table 3.7. Based on these limited results, the head area

or aspect ratio did not affect the capacity of headed reinforcement with a shallow

embedment.
The deflections at the head for these two tests are compared in Figure 3.13.

The deflection curves of the two tests were nearly identical before the final
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measurements of the tests. The head area and head aspect ratio did not affect

deflections.

3.7  Edge Distance

The edge distances varied from 51mm to 457mm. The parameters and

results for three tests which were identical except for the edge distances are listed

TestID] d, | Nominal A, |Aspect | C C, hy Ia f, Py Failure
Head Ratio Mode
(mm)| (mm) | (mm? (mm) | (mm)| (mm)| (mm)| (MPa)} (kN)
T1B5 35 | 90x90x20 | 8100 1:1 457 | 457 |1 80 0 83 215 | Pullout
T1B6 35 |100x55x25] 5500 | 1.8:1 | 457 | 457 | 80 0 83 225 | Pullout

Table 3.7 - Parameters and Results of Shallow-Embedment Tests on Head Area and Aspect

Ratio
Load vs. Head Slip
Head Area and Head Aspect Ratio
800
R Bar Ultimate Load _

600 + )
I Bar YieldLoad
& T1B5 =
< 400 4 ® = [ ast Measurement
g | |----- T1B6
-

Head: 90x90x20mm

1 s - T °
200 Head: 100x55x25mm

0 t } } } + } ¢ } }
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)

Figure 3.13 - Comparison of Deflections of Tests with Different Heads
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in Table 3.8. In general, increasing the edge distance increased the capacity of the
anchorage. Bars placed in corners had the weakest anchorages while bars placed
far away from edges had the strongest anchorages.

The deflections at the head for these three tests are compared in Figure

3.14. A decrease in deflection at lower loads was observed with increase in edge

distances.
TestID| d, Nominal | C, C, hy lg | Trans. f. Py Failare
Head Reinf. Mode
(mm) |  (mm) | (mm)|(mm)|(mm)|(mm) (MPa)| (kN)
T2B5 20 | 50x50x12 | 51 51 | 229 0 None 33 88 Pullout
T2B1 20 | 50x50x12 | 51 | 457 | 229 0 None 33 184 Pullout
T3B11 20 50x50x12 | 457 | 457 | 229 0 None 27 212 | Bar Fracture

Table 3.8 - Parameters and Results of Shallow-Embedment Tests Comparing Edge Distance

Load vs. Head Slip

Edge Distance
300
® = Last Measurement
............................... Bar Ultimate Load _
g ® BgeBar ] Bar YieldLoad ___
=
&
5 T2B5
Corner Bar
= = = T2B1
T3B11
0.80 1.20 1.60 2.00
Head Slip (mm)

Figure 3.14 - Deflections of Headed Bars with Different Edge Distances
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3.8 Embedment Depth

The measured capacities of the 21 shallow-embedment tests are plotted
against embedment depth in Figure 3.15. There is a trend of increased capacity
with increased embedment depth for each type of bar placement. The embedment
depth defines the size of the pullout cone and the extent of the failure surface.
Increasing the embedment depth should enlarge the failure surface and therefore

the capacity.

Embedment Depth
600
< Center 3
--' AEdge .' - - Center
= 400 +| o Corner
Z
&= 1
e - Ed
200 + ¢ é‘__..g-e--
| ' AT L
3 A o A-"'8"Corner
0 t } t } f
0 100 200 300
hy (mm)

Figure 3.15 - Comparison of Capacities versus Embedment Depth
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The deflections at the head for two identical tests with different

embedment depths are compared in Figure 3.16. As with development length, the

general shape of the deflection curve was not affected by the embedment depth.

Unlike development length, there was no decrease in deflections at lower loads

with increased embedment depth.

Load vs. Head Slip

Embedment Depth
300
® = Last Measurement
200 drnennnn S PEAICREEEEEEEEEEREED Bar Ultimate Load _
% e ] Bar Yield Load
-] T r
< .
e .
= 100 +
! ‘5—3_6_. T1B1
/K' g=omm L T1B3
0 4 } } } } } } } }
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)
TestID] d, Nominal | C; C, hy Ia | Trans. f, Py Failure
Head Reinf. Mode
(mm) (mm) (mm)| (mm) | (mm) | (mm) (MPa)| (kKN)
T1B1 20 50x50x12 | 457 | 457 | 36 0 None 83 77 Pullout
T1B3 20 50x50x12 | 457 | 457 | 113 0 None 83 205 | Bar Fracture

Figure 3.16 - Comparison of Deflections of Headed Bars with Different Embedment Depths
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3.9 Summary

Based on results of 21 pullout tests on headed reinforcement with shallow
embedments: embedment depth, bar position and concrete strength were the
primary factors affecting the anchorage capacity of headed reinforcement with
shallow embedments. Development length generally increased the anchorage
capacity. The amount of increase could roughly be predicted using current code
provisions for straight bar anchorages. Based on limited data, the amount of head
area or head aspect ratio did not increase the capacity. Also the arrangement of

transverse reinforcement tested did not affect the ultimate strength.
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Chapter 4

Shallow-Embedment Pullout Tests
Comparison with Concrete Capacity Design Method

41  Introduction

After reviewing the results of the 21 shallow-embedment pullout tests, the
primary variables affecting the pullout-cone capacity of headed reinforcement
were identified as embedment depth, concrete strength and edge distance. The
Concrete Capacity Design method (CCD) is a comprehensive method for
predicting the pullout-cone capacity of anchor bolts and headed studs. The CCD
method is a rational and transparent approach for design and is the basis for the
proposed Chapter 23 governing anchorage to concrete in the ACI 318 Code. In
this chapter, the CCD method will be outlined and the results from the shallow-
embedmen’; tests will be compared with the capacities predicted by the CCD
method. Adjustments to the CCD method for headed reinforcement will be

proposed.
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4.2 Concrete Capacity Design Method

The Concrete Capacity Design [17] method is based on a physical model
in which the driving force is the tension on the bolt and the tension is resisted by
an assumed distribution of stress in the concrete over a failure area. At ultimate
load, the tension on the bolt is equal to the resisting capacity.

The assumed failure surface is a pyramid with its point at the head of the
anchor, a square base and a height equal to the embedment depth (Figure 4.1).
The concrete resists the load with a uniform distribution of tensile stress over the
area of the pyramid base. The tensile capacity of the concrete is assumed to be a
function of the square root of the compressive strength. The base area of the
failure pyramid increases with the square of the embedment depth. However, it
has been found that due to size effects from fracture mechanics theory, the
resistance capacity of the concrete does not increase with the square of the
embedment depth. The CCD pullout capacity of a single anchor bolt or headed

stud unaffected by close spacing or edge influences is:
P,, = 0.0155h;° /£, eq. 4.1
where Py is the ultimate capacity in kN, f. is the compressive strength of

concrete in MPa and hq is the embedment depth in mm. The coefficient 15.5

represents a collection of constants and calibration factors. Equation 4.1 is the
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Plan

Elevation

Figure 4.1 - CCD Pullout Cone

When an anchor bolt is placed near an edge or corner, the available failure

Ay
= Pyo
Ano

Py

assumed area for a single anchor away from an edge:

65

hy

best-fit characteristic equation for the characteristic application of an anchor bolt:

a single anchor not influenced by edges or adjacent anchors.

area is less than assumed for Equation 4.1 and the resistance is reduced. The
assumed size of the failure pyramid for an anchor away from an edge is a square
measuring 3h4 on each side and the area is 9h,> (Fi gure 4.2). To take into account

the reduced failure area, Pyo is multiplied by a ratio of the available area and the

eq. 4.2



5 | g ]

1.5h,

3hd ‘

L

1.5h,

. 2
-t o - Ano = 9]

Figure 4.2 - CCD Failure Area
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where Ay is the available area and Ano equals 9h4>. Failure areas, Ay, for typical
edge placements are shown in Figure 4.3.

For groups of closely spaced anchor bolts the failure surfaces overlap and
the capacity of the group is less than the combined capacity of an equal number of
single anchors. The available failure area, Ay, is shown for several typical groups
in Figure 4.4. Note that for a group it is possible for Ay to be greater than Ayo.
However, Ax cannot be greater than Ano times the number of anchors in the
group. In other words the ratio of Ax to Ano can be greater than one but not
greater than the number of anchors in the group being considered. Equation 4.2
treats the group as one large anchor and will provide the capacity of the group as a

whole. To find the ultimate load that could be placed on one anchor in a group,

—»| C, |~—P 1.5, — C; [<@— 1.5h,
CZ
1.5h4
1.5hy 1.5hy
C, < 1.5hy C;<1.5h; C,y<1.5hy
An=(C;+1.5hy)(3hy) An=(C+1.5h)(Cy+ 1.5hy)

A. Edge Placement

Figure 4.3 - CCD Failure Area for Edge Placements
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Ci— 1.5h,
Ci—p] |-t {15h

[
1.5hy #csp
1.5hy 1.5hy
C;<1.5h; Cgp<1.5hy C,<15h; C,<1.5h; Cgp<1.5hy
Apn=(C+Cqpt1.5hy)(3hy) An=(C+1.5hy)(Cy+ Cgp+1.5hy)
A. Edge Placement B. Corner Placement

Figure 4.4 - CCD Failure Area for Groups

assuming that all anchors in the group are loaded equally, the capacity from
Equation 4.2 is divided by the number of anchors in the group. One of the
advantages of the CCD method over previous design methods for anchor bolts is
the simplicity of calculating the failure area for anchors near an edge or for groups
of anchors.

In addition to the reduction in capacity due to the decrease in failure area
for edge placement or close spacing, the capacity is further reduced due to
disturbances in the symmetrical state of stress which exists in the characteristic
application of an anchor away from edges. To take this reduction into account the

characteristic capacity is further modified:
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A
Py = —-¥Py, eq. 4.3
Ano

where W is a factor taking into account the stress disturbances:

Cy
hy

¥ =0.7+0.3

<10 eq. 4.4

where C; is the minimum edge distance. Note that 1.5hg corresponds to the
assumed failure area, Ano, for the characteristic application. For anchors near
three or four edges and when the largest edge distance, Cyax, is less than 1.5hg
then the hyg term in Equations 4.1, 4.2 and 4.4 is limited to the largest edge

distance, Cpay, divided by 1.5.

4.3 Comparison of Results

The primary variables of the CCD method are the embedment depth,
concrete strength and edge distance, matching the conclusions discussed in the
previous chapter. The CCD method does not take into account transverse
reinforcement which was found to have essentially no affect on the capacity in the
shallow-embedment tests. The CCD method was developed for studs, bolts and
expansion anchors which are generally smooth and hence does not take into
account development length. It was found in the shallow-embedment tests with
deformed reinforcement, development length does add capacity, though ignoring

this increase would be conservative. The failure surface in the CCD method is
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assumed to be 1.5hy from the bar. For edge bar tests on headed reinforcement it
was observed that the extent of the failure surface was approximately 1.5hg from
the bar measured perpendicular to the edge (Figure 4.5). The extent of the failure
surface was approximately 4hy from the bar measured parallel with the edge
(Figure 4.6). For corner bar tests, the failure surface was approximately hy from

the bar (Figure 4.7).

Figure 4.5 - Extent of Failure Surface for Edge Bar with Shallow Embedment
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Figure 4.7 - Extent of Failure Surface for Corner Bar with Shallow Embedment
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In Figure 4.8, the capacities for the 21 shallow-embedment tests of headed
reinforcement are compared with the capacities predicted by the Best-Fit CCD
method using the applicable modifications for edge or corner placement. The
calculations for each test are summarized in Table 4.1. The CCD method
underestimated (conservatively predicted) the capacity for 16 of the 21 tests. The
CCD method underestimated the capacities for seven of eight center bar tests, five
of seven edge bar tests and four of six corner bar tests. For the three center-bar
shallow-embedment tests which resulted in a bar fracture, the CCD method
underestimated the capacity of two tests. (In practice, the capacity provided by
the CCD method is limited to the yield strength of the bar; however, this limit was
ignored.) The capacities of all four tests with development length were
underestimated by the CCD method. Three of the four tests whose capacities
were less than provided by the CCD method (the CCD method was

unconservative) had a concrete strength of 83 MPa.
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Py Measured vs. Py Predicted

CCD Method
600
1 e Center Bars .
E 400 m Edge Bars
= A Corner Bars
5 3 Py Meas. / Py Pred.
a Maximum: 2.52
] ¢ o . .
= 200 4 . Minimum: 0.61
oy 1 A [ | Average: 1.34
s Std. Deviation: 0.53
0 t } t } t
0 200 400 600
Py Predicted (kN)

Figure 4.8 - Comparison of Predicted Capacities from CCD Method with Measured
Capacities of Shallow-Embedment Tests
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Test ID - Center Bars
T1B1 | T1B2 | TiB3 | TiB4 | T1B5 | TiB6 | T1B7 | T3B11
d;, (mm) 20 20 20 20 35 35 35 20
hy (mm) 50 70 50 70 90 100 90 50
h; (mm) 50 35 50 35 90 55 90 50
t (mm) 12 16 12 16 20 25 20 12
C; (mm) 457 457 457 457 457 457 457 457
C, (mm) 457 457 457 457 457 457 457 457
hy (mm) 36 36 113 113 80 80 209 229
1; (mm) 0 0 0 0 0 0 0 0
Trans. Reinf. | None None None None None None None None
f. (MPa) 83 83 83 83 83 83 83 27
Pyo (kN) 31 31 170 170 101 101 427 279
A, (mm?) 11664 | 11664 | 114921 | 114921 | 57600 | 57600 { 393129 | 471969
A, (mm?) 11664 | 11664 | 114921 | 114921 | 57600 | 57600 | 393129 | 471969
AJAL 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PSI 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Pycep (KN) 31 31 170 170 101 101 427 279
Py (kN) 77 62 205 208 215 225 490 212
Pu/Pycep 2.52 2.03 1.21 1.23 2.13 2.23 1.15 0.76

Table 4.1a - Calculations of CCD Capacities for Shallow-Embedment Tests on Center Bars
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Test ID - Edge Bars
T1B8 | T1B10 | T2B1 | T2B2 | T2B3 | T2B4 | T3B4

d;, (mm) 20 35 20 20 20 20 20
h; (mm) 35 90 50 50 50 50 50
h, (mm) 70 90 50 50 50 50 50
t (mm) 16 20 12 12 12 12 12
C; (mm) 43 65 51 51 51 51 51
C; (mm) 457 457 457 457 457 457 457
hy (mm) 111 183 229 229 229 229 229
13 (mm) 0 0 0 229 0 229 0
Trans. Reinf. | None None None None | STE-1 | STE-1 | None
f. (MPa) 83 83 33 33 33 33 27
Pyo (kN) 165 350 309 309 309 309 279

A, (mm?) 69764 | 186386 | 271022 | 271022 | 271022 | 271022 | 271022
A, (mm?) 110889 | 301401 | 471969 | 471969 | 471969 | 471969 | 471969

AA,, 0.63 0.62 0.57 0.57 0.57 0.57 0.57
PSI 0.78 0.77 0.74 0.74 0.74 0.74 0.74
Pycen (kN) 81 167 132 132 132 132 119
Py (kN) 57 126 184 148 160 172 149

Pu/Pucep 0.71 0.76 1.39 1.12 1.21 1.30 1.25

Table 4.1b - Calculations of CCD Capacities for Shallow-Embedment Tests on Edge Bars
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Test ID - Corner Bars
T1B9 | T2B5 | T2B6 | T2B7 | T2B8 | T3BS§

dy, (mm) 25 20 20 20 20 20
hy (mm) 70 50 50 50 50 50
h, (mm) 70 50 50 50 50 50
t (mm) 16 12 12 12 12 12
C; (mm) 84 51 51 51 51 51
C; (mm) 84 51 51 51 51 51
hy (mm) 136 229 229 229 229 229
14 (mm) 0 0 229 0 229 229
Trans. Reinf. | None None None | STE-1 | STE-1 | None
f. (MPa) 83 33 33 33 33 27
Pyo (kN) 224 309 309 309 309 279
A, (mm?) 82944 1 155630 | 155630 | 155630 | 155630 | 155630
A, (mm?) 166464 | 471969 | 471969 | 471969 | 471969 | 471969
AJA L 0.50 0.33 0.33 0.33 0.33 0.33
PSI 0.82 | 0.74 0.74 0.74 0.74 0.74
Pyccp (kN) 92 76 76 76 76 69
Py (kN) 56 88 122 89 125 57

Py/Pyccn 0.61 1.16 1.61 1.17 1.65 0.83

Table 4.1c - Calculations of CCD Capacities for Shallow-Embedment Tests on Corner Bars
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44  Coefficient Adjustment

The Best-Fit CCD method underestimated the capacities for a majority of
the tests on headed reinforcement. The CCD method is based on tests of anchor
bolts which typically have smaller heads than the headed reinforcing bars tested.
One way to adjust the CCD method for headed reinforcement is to change the
coefficient in the characteristic equation. Because different types of anchors have
different net bearing areas, different coefficients for different types of anchors are

used in the characteristic equation. The value of 0.0155 in Equation 4.1 is for
headed anchors when the bearing stress at failure at the head is less than 13\/E .
If the bearing stress at the head is higher, then the coefficient is reduced to 0.0135.

For the twenty-one shallow-embedment tests, the average bearing stress at the

head at failure was 8.3\/E with a range from 1.4\/E to 18.6\/E . Since the

bearing stress at the head, on average, was less than 134/ f; perhaps a coefficient

larger than 0.0155 could be used.
A new coefficient, k, was calculated from a linear regression analysis on
the measured capacities for the 18 shallow-embedment tests that resulted in

pullout-cone failures:

Py =k AN ‘I’\/Ehﬁ's eq. 4.5
Ao
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From the regression analysis, k is 0.0186. The measured capacities from the 18
pullout-cone failures are compared with the predicted capacities using this new
coefficient in Figure 4.9. The calculations for each test are summarized in Table
4.2. The new coefficient results in a slightly better fit with the data than the CCD
equation based on anchor bolts. The average values of the measured capacity
divided by the predicted values using the new coefficient was 1.15 with a standard

deviation of 0.46 compared with 1.34 and 0.53 using the original coefficient of

0.0155.
Py Measured vs. Py Predicted
CCD Method with Adjusted Coefficient - k=0.0186
600
1 & Center Bars 79
E m Edge Bars
;‘; 400 1 A Corner Bars
5 1 Py Meas. / Py Pred.
E Maximum: 2.10
S 200 + i Minimum: 0.51
o 1 A n Average: 1.15
$_2mr Std. Deviation: 0.46
0 t } t } +
0 200 400 600
Py Predicted (kN)

Figure 4.9 - Comparison of Predicted Capacities from CCD Method with New Coefficient
and Measured Capacities of Shallow-Embedment Tests
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Test ID - Center Bars
T1B1 | T1B2 | TiB5 | TiB6 | T1B7

d;, (mm) 20 20 35 35 35
h; (mm) 50 70 90 100 90
hy (mm) 50 35 90 55 90
t (mim) 12 16 20 25 20
C; (mm) 457 457 457 457 457
C, (mm) 457 457 457 457 457
hy (mm) 36 36 80 80 209
Iq (mm) 0 0 0 0 0
Trans. Reinf. | None None | None None None
f. (MPa) 83 83 83 83 83
Pyo (kN) 37 37 121 121 512

A, (mm?) 11664 | 11664 | 57600 | 57600 | 393129
A, (mm?) 11664 | 11664 | 57600 | 57600 }| 393129

A/An, 1.00 1.00 1.00 1.00 1.00
PSI 1.00 1.00 1.00 1.00 1.00
Pyccp (KN) 37 37 121 121 512
Py (kN) 77 62 215 225 490

Py/Pyccp 2.10 1.69 1.77 1.86 0.96

Table 4.2a - Calculations of CCD Capacities with New Coefficient for Shallow-Embedment
Tests on Center Bars
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Test ID - Edge Bars
T1B8 | T1B10 | T2B1 | T2B2 | T2B3 | T2B4 | T3B4

d;, (mm) 20 35 20 20 20 20 20
h; (mm) 35 90 50 50 50 50 50
h; (mm) 70 90 50 50 50 50 50
t (mm) 16 20 12 12 12 12 12
C; (mm) 43 65 51 51 51 51 51
C, (mm) 457 457 457 457 457 457 457
hy (mm) 111 183 229 229 229 229 229
Iy (mm) 0 0 0 229 0 229 0
Trans. Reinf. | None None None | None | STE-1 | STE-1 | None
f. (MPa) 83 83 33 33 33 33 27
Pyo (kKN) 198 419 370 370 370 370 335

A, (mm?) 69764 | 186386} 271022 | 271022 | 271022 | 271022 | 271022
A, (mm?) 110889 | 301401 | 471969 | 471969 | 471969 | 471969 | 471969

ALA,, 0.63 0.62 0.57 0.57 0.57 0.57 0.57
PSI 0.78 0.77 0.74 0.74 0.74 0.74 0.74
Pycep (kN) 97 200 158 158 158 158 143
Py (kN) 57 126 184 148 160 172 149

Pu/Pyccp 0.59 0.63 1.16 0.93 1.01 1.09 1.04

Table 4.2b - Calculations of CCD Capacities with New Coefficient for Shallow-Embedment
Tests on Edge Bars
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Test ID - Corner Bars
T1B9 | T2B5 | T2B6 | T2B7 | T2BS | T3BS

d,, (mm) 25 20 20 20 20 20
h; (mm) 70 50 50 50 50 50
h, (mm) 70 50 50 50 50 50
t (mm) 16 12 12 12 12 12
C; (mm) 84 51 51 51 51 51
C, (mm) 84 51 51 51 51 51
hy (mm) 136 229 229 229 229 229
1 (mm) 0 0 229 0 229 229
Trans. Reinf. | None None None | STE-1 | STE-1 | None
f. (MPa) 83 33 33 33 33 27
Pyo (kN) 269 370 370 370 370 335

A, (mm?) 82944 | 155630 | 155630 | 155630 | 155630 | 155630
A, (mm®) 166464 | 471969 | 471969 | 471969 | 471969 | 471969

AJA,, 0.50 0.33 0.33 0.33 0.33 0.33

PSI 0.82 0.74 0.74 0.74 0.74 0.74
Pycep (kN) 110 91 91 91 91 82
Py (kN) 56 88 122 89 125 57

Pu/Pycep 0.51 0.97 1.34 0.98 1.38 0.69

Table 4.2¢ - Calculations of CCD Capacities with New Coefficient for Shallow-Embedment
Tests on Corner Bars
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4.5 Adjusting for Head Area

The provisions of the proposed ACI 318 Chapter 23 [3] for anchorage to
concrete allow the size of the available pullout cone to be measured from the
effective perimeter of the head (Figure 4.10). This allows increases in capacity for
anchor bolts with washers or for headed reinforcement which typically has heads
larger than those on anchor bolts. The provisions limit the size of the effective
perimeter for washers or plates attached to anchor bolts. However, it is reasonable
to ignore this for headed reinforcement, since the heads are thicker than typical
washers, and assume the effective perimeter is that of the head. (The effect of
head thickness is discussed further in Section 5.8.) The only factor in the CCD

method that changes with this approach is the value for Ay, and the ratio of

1.5h, h, 1.5h,
- —
1.5hy
o hy
1.5hy

An=(3hg+h;)(3h+hy)

Figure 4.10 - Pullout-Cone Failure Area Based on Effective Perimeter
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An/Ano which can now be greater than one for a single anchor. The value of Ay
increased by an average of 36% when taking into account the size of the head for
the 18 shallow-embedment tests resulting in pullout failures.

The measured capacities for the 18 shallow-embedment tests resulting in
pullout failures are compared to the predicted capacities from the CCD method
taking into account the head size in Figure 4.11. The calculations for each test are
summarized in Table 4.3. Taking into account the head size resulted in better
predictions of the pullout capacity of headed reinfbrcement. The average value of
the measured capacity divided by the predicted capacity was 1.01 with a standard
deviation of 0.28. The average was closer to unity than using the CCD method or
the CCD method with the new coefficient, and the standard deviation was the
lowest of the three approaches.

In the previous chapter, two testsvwhich were identical except for head
area and head aspect ratio were shown to have nearly identical ultimate capacities.
For these two tests the head areas differed by over 45%. However, the assumed
failure area using the CCD method and taking into account the perimeter of the

heads differed by less than 9%.
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Py Measured vs. Py Predicted
CCD Method Accounting for Head Size

600
1 ¢ Center Bars .
é 100 4 m Edge Bars
2 A Corner Bars
5 1 Py Meas. / Py Pred.
§ Maximum: 1.46
‘e ..
= 200 + Minimum: 0.48
D-.D 1 A n Average: 1.01
A WA Std. Deviation: 0.28
0 t } } } }
0 200 400 600

Py Predicted (kN)

Figure 4.11 - Comparison of Predicted Capacities using CCD Method with Head Area and
Measured Capacities for Shallow-Embedment Tests
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Test ID - Center Bars
T1B1 | TiB2 | TiB5 | TiB6 | TiB7

d;, (mm) 20 20 35 35 35
h; (mm) 50 70 90 100 90
h, (mm) 50 35 90 55 90
t (mm) 12 16 20 25 20
C; (mm) 457 457 457 457 457
C, (mm) 457 457 457 457 457
hy (mm) 36 36 80 80 209
13 (mm) 0 0 0 0 0
Trans. Reinf. | None | None None None None
f. (MPa) 83 83 83 83 83
Pyo (kN) 31 31 101 101 427

A, (mm?) 24964 | 25454 | 108900 | 100300 | 514089
A, (mm?) 11664 | 11664 | 57600 | 57600 | 393129

AJA,, 2.14 2.18 1.89 1.74 1.31
PSI 1.00 1.00 1.00 1.00 1.00
Pycep (kN) 65 67 191 176 558
Py (kN) 77 62 215 225 490

Pu/Pyccp 1.18 0.93 1.13 1.28 0.88

Table 4.3a - Calculations of CCD Capacities with Head Area for Shallow-Embedment Tests
on Center Bars
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Test ID - Edge Bars
T1B8 | T1IB10 | T2B1 | T2B2 | T2B3 | T2B4 | T3B4

d;, (mm) 20 35 20 20 20 20 20
hy (mm) 35 90 50 50 50 50 50
h; (mm) 70 90 50 50 50 50 50
t (mm) 16 20 12 12 12 12 12
C; (mm) 43 65 51 51 51 51 51
C, (mm) 457 457 457 457 457 457 457
hy (mum) 111 183 229 229 229 229 229
14 (mm) 0 0 0 229 0 229 0
Trans. Reinf. | None None None None | STE-1 | STE-1 | None
f. (MPa) 83 83 33 33 33 33 27
Pyo (kN) 165 350 309 309 309 309 279

A, (mm®) 91481 | 245696 | 309172 | 309172 ] 309172 | 309172 | 309172
A, (mm®) 110889 | 301401 | 471969 | 471969 | 471969 | 471969 | 471969

A /A, 0.82 0.82 0.66 0.66 0.66 0.66 0.66
PSI 0.78 0.77 0.74 0.74 0.74 0.74 0.74
Pucep (kN) 106 220 150 150 150 150 136
Py (kN) 57 126 184 148 160 172 149

Pu/Pyccop 0.54 0.57 1.22 0.98 1.06 1.14 1.09

Table 4.3b - Calculations of CCD Capacities with Head Area for Shallow-Embedment Tests
on Edge Bars
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Test ID - Corner Bars
TiB9 | T2B5 | T2B6 | T2B7 | T2B8 | T3BS

d;, (mm) 25 20 20 20 20 20
h; (mm) 70 50 50 50 50 50
h; (mm) 70 50 50 50 50 50
t (mm) 16 12 12 12 12 12
C; (mm) 84 51 51 51 51 51
C; (mm) 84 51 51 51 51 51
hy (mm) 136 229 229 229 229 229
1g (mm) 0 0 229 0 229 229
Trans. Reinf. | None None None | STE-1 | STE-1 | None
f. (MPa) 83 33 33 33 33 27
Pyo (kN) 224 309 309 309 309 279

A, (mm?) 104329 | 175980 | 175980 | 175980 | 175980 | 175980
A, (mm?) 166464 | 471969 | 471969 | 471969 | 471969 | 471969

A /A, 0.63 0.37 0.37 0.37 0.37 0.37

PSI 0.82 0.74 0.74 0.74 0.74 0.74
Pycep (kN) 116 86 86 86 86 7
Py (kN) 56 88 122 89 125 57

Pu/Pycco 0.48 1.03 1.42 1.04 1.46 0.74

Table 4.3c - Caleulations of CCD Capacities with Head Area for Shallow-Embedment Tests
on Corner Bars

87



4.6 Design Equation

In the proposed Chapter 23 for the ACI 318 Code, the proposed
characteristic design equation for the pullout capacity of anchors has a coefficient
of 0.0089 or 1/112:

hy*VE,
o = 13 eq. 4.6
In Figure 4.12, the measured capacity of the 18 shallow-embedment tests that
resulted in pullout-cone failures are compared with the predicted values based on
Equation 4.6 with all modification factors and taking into account the head
perimeter. The calculations for each test are summarized in Table 4.4. The
design method underestimated the capacity for 15 of the 18 tests. The three tests
with capacities lower than predictions based on Equation 4.6 (the CCD method
was unconservative) were edge or corner bars tests with a concrete strength of 83

MPa. From these results, basing the failure area on the perimeter of the head

accurately models the effect of head area and head aspect ratio.
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Py Measured vs. Py Predicted
CCD Design Method Accounting for Head Size

600
1 & Center Bars .
E 400 H Edge Bars
g A Corner Bars
= 1 Py Meas. / Py Pred.
5 Maximum: 2.54
o . .
= 200 + ‘ Minimum: 0.84
o 1l a Average: 1.76
Std. Deviation: 0.49
0 } } } } }
0 200 400 600
Py Predicted (kN)

Figure 4.12 - Comparison of Predicted Capacities with CCD Design Method with Head Area
with Measured Capacities of Shallow-Embedment Tests
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Test ID - Center Bars
T1B1 | TiB2 | T1B5 | T1B6 | T1B7

d;, (mm) 20 20 35 35 35
h; (mm) 50 70 90 100 90
h, (mm) 50 35 90 55 90
t (mm) 12 16 20 25 20
C; (mm) 457 457 457 457 457
C; (mm) 457 | 457 457 457 457
hy (mm) 36 36 80 80 209
1y (oo 0 0 0 0 0
Trans. Reinf. | None None None None None
f. (MPa) 83 83 83 83 83
Pyo (kN) 18 18 58 58 246

O

A, (mm?) 24964 | 25454 | 108900 | 100300 | 51408
A, (mm?) 11664 | 11664 | 57600 | 57600 | 393129

AyA 2.14 2.18 1.89 1.74 1.31
PSI 1.00 1.00 1.00 1.00 1.00
Pucep (kN) 38 38 110 101 321
Py (kN) 77 62 215 225 490

Pu/Pyccp 2.05 1.62 1.95 222 1.52

Table 4.4a - Calculations of CCD Design Capacities with Head Area for Shallow-
Embedment Tests on Center Bars
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Test ID - Edge Bars
T1B8 | T1B10 | T2B1 | T2B2 | T2B3 | T2B4 | T3B4

d;, (mm) 20 35 20 20 20 20 20
h; (mm) 35 90 50 50 50 50 50
h, (mm) 70 90 50 50 50 50 50
t (mm) 16 20 12 12 12 12 12
C; (mm) 43 65 51 51 51 51 51
C, (mm) 457 457 457 457 457 457 457
hy (mm) 111 183 229 229 229 229 229
15 (mm) 0 0 0 229 0 229 0
Trans. Reinf. | None None None None | STE-1 | STE-1 | None
f. (MPa) 83 83 33 33 33 33 27
Pyo (kN) 95 201 178 178 178 178 161

A, (mm?) 91481 | 245696 | 309172 | 309172 | 309172 | 309172 | 309172

A,, (mm?) 110889 | 301401 | 471969 | 471969 | 471969 | 471969 | 471969

A/A,, 0.82 0.82 0.66 0.66 0.66 0.66 0.66

PSI 0.78 0.77 0.74 0.74 0.74 0.74 0.74
Pycep (kN) 61 127 87 87 87 87 78
Py (kN) 57 126 184 148 160 172 149

Py/Puccep 0.93 1.00 2.12 1.7 1.85 1.98 1.90

Table 4.4b - Calculations of CCD Design Capacities with Head Area for Shallow-
Embedment Tests on Edge Bars
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Test ID - Corner Bars
T1BY9 | T2B5 | T2B6 | T2B7 | T2BS T3BS

d;, (mm) 25 20 20 20 20 20
h; (mm) 70 50 50 50 50 50
h; (mm) 70 50 50 50 50 50
t (mm) 16 12 12 12 12 12
C; (mm) 84 51 51 51 51 51
C; (mm) 84 51 51 51 51 51
hy (mm) 136 229 229 229 229 229
1y (mm) 0 0 229 0 229 229
Trans. Reinf. | None None None | STE-1 | STE-1 | None
f. (MPa) 83 33 33 33 33 27
Pyo (kN) 129 178 178 178 178 161

A, (mm?) 104329 | 175980 | 175980 | 175980 | 175980 | 175980
Apo (mm?) 166464 | 471969 | 471969 | 471969 | 471969 | 471969

AA,, 0.63 0.37 0.37 0.37 0.37 0.37

PSI 0.82 0.74 0.74 0.74 0.74 0.74
Pycep (kKN) 67 49 49 49 49 45
Py (kN) 56 88 122 89 125 57

Pu/Pucep 0.84 1.78 247 1.80 2.53 1.28

Table 4.4c - Calculations of CCD Design Capacities with Head Area for Shallow-Embedment
Tests on Corner Bars
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Chapter 5

Deep-Embedment Pullout Tests
Effect of Variables on Anchorage

5.1 Overview of Results

The deep-embedment test specimens were expected to fail in one of two
modes, a side-blowout failure with spalling of the concrete cover over the heag{ or
bar fracture. No bar fractures of headed reinforcement were observed thdli'gh
many tests reached bar stresses well into the strain hardening range. 108 of the
tests on single bars and all six tests on closely spaced paired bars resulted in side-
blowout failures. The results of the 108 single bar tests are summarized in Table
5.1 and the results of the 6 tests on closely spaced bars are summarized in Table
5.2. In these tables, Py is the measured capacity (ultimate load) of the anchorage

and f', denotes the concrete strength on the day of testing.
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Test ID d, Nominal C, C, 1 Trans. f, Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)
CI1B1 25 70x70x16 35 457 0 None 25 239
C1B2 25 70x70x16 48 457 0 None 25 283
C1B3 25 70x70x16 48 457 0 None 25 272
C2B1 25 70x70x16 35 35 0 None 25 97
C2B2 25 70x70x16 48 48 0 None 25 179
C2B3 25 70x70x16 48 48 0 None 25 157
C2B4 25 70x70x16 60 60 0 None 25 197
C3B1 35 100x55x25) 51 457 0 None 29 285
C3B2 35 | 55x100x25) 51 457 0 None 29 284
C3B3 35 | 100x55x25] 64 457 0 None 29 330
C3B4 35 | 55x100x25] 64 457 0 None 29 335
C3B6 20 35x70x16 18 48 0 None 29 55
C3B7 20 35x70x16 30 35 0 None 29 64
C4B1 35 90x90x20 45 457 0 None 29 403
C4B2 35 90x90x20 51 457 0 None 29 476
C4B3 35 90x90x20 64 457 0 None 29 491
C4B4 35 90x90x20 76 457 0 None 29 512
C4B6 25 40x80x18 33 53 0 None 29 59
C4B7 25 40x80x18 45 65 0 None 29 106
C5B1 35 | 100x55x25] 64 457 305 None 21 474
C5B2 35 | 55x100x25) 64 457 305 None 21 477
C5B3 35 100x55x25] 64 457 610 None 21 526
C5B4 35 | 55x100x25] 64 457 610 None 21 496
C5B5 20 50x50x12 38 38 0 None 21 67
C5B6 20 50x50x12 38 38 152 None 21 105
C6B3 35 90x90x20 76 457 305 None 21 562
C6B4 35 90x90x20 76 457 610 None 21 613
C6B5 25 40x80x18 45 66 152 None 21 147
C6B6 25 40x80x18 45 66 305 None 21 192
C6B7 25 40x80x18 45 66 457 None 21 179

Table 5.1 - Parameters and Results of Deep-Embedment Tests
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TestID | d, Nominal C, C, ly | Trams. | f. Py
Head Reinf.

(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)

C7B1 35 | 90x90x20 | 89 457 0 None 24 589
C7B2 35 | 90x90x20 | 102 | 457 0 None 24 609
C7B3 35 | 100x55x25 ] 102 | 457 0 None | 24 460
C7B4 35 | 55x100x25| 102 | 457 0 None | 24 464
C7B5 25 | 40x80x18 | 58 78 0 None | 24 158
C7B6 25 | 40x80x18 | 71 91 0 None | 24 193
C7B7 25 | 40x80x18 | 46 91 0 None 24 87
C8B1 35 | 90x90x20 | 89 89 0 None | 24 355
C8B2 35 | 90x90x20 | 127 | 127 0 None 24 502
C8B3 35 | 100x55x25] 89 89 0 None | 24 283
C8B4 35 | 100x55x25 | 127 | 127 0 None 24 411
C8B5 20 | 35x70x16 | 30 457 0 None | 24 127
C8B6 20 | 70x35x16 | 45 457 0 None 24 177
C8B7 20 | 35x70x16 | 45 457 0 None 24 155
C9B1 35 | 55x100x25) 64 457 | 305 | TE-1 27 591
C9B2 35 | 55x100x25| 64 457 | 305 | TE-1 27 604
C9B3 35 |55x100x25| 64 457 | 305 | TE-1 27 621
C9B4 35 | 55x100x25| 64 457 | 305 | TE-1a | 27 598
C9B5 25 | 70x70x16 | 61 61 305 | None 27 263
C9B6 25 | 70x70x16 | 61 61 305 | TC-1 27 301
C9B7 25 | 70x70x16 | 61 61 305 | TC-1 27 298
C10B1 35 | 55x100x25| 64 457 | 305 | None 27 581
C10B2 | 35 |55x100x25] 64 457 | 305 | TE-2 27 581
CI10B3 | 35 |55x100x25| 64 457 | 305 | TE-2 27 583
C10B4 | 35 |55x100x25| 64 457 | 305 | TE-2 27 564
C10B6 | 20 | s0x50x12 | 38 76 305 | None 27 185
C10B7 | 20 | 50x50x12 | 38 114 | 305 | None 27 178
Cl11B3 | 35 | 90x90x20 | 64 457 | 305 | TE-1a | 27 660
Cl1B4 | 35 | 90x90x20 | 64 457 | 305 | TE-2 27 632
CI1B7 | 20 | 70x35x16 | 38 114 | 305 | None 27 196

Table 5.1 - Continued
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Test ID d, Nominal C, C, 1y Trans. f, Py
Head Reinf.

(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)
CI12B1 35 90x90x20 64 64 305 TC-1 21 404
C12B3 35 90x90x20 64 127 305 TC-1 21 496
C13B1 35 | 55x100x25f 64 457 305 TE-3 21 517
C13B2 35 | 55x100x25| 64 457 305 TE-3 21 553
C13B3 35 | 55x100x251 64 457 305 TE-3 21 549
C13B4 35 90x90x20 64 457 305 TE-3 21 581
C13B5 25 40x80x18 61 61 305 TC-1 21 234
C13B6 25 40x80x18 61 61 305 TC-1 21 273
C13B7 25 70x70x16 61 61 305 TC-1 21 278
C15B1 35 57x57x16 45 305 0 None 19 162
C15B2 35 40x80x16 45 305 0 None 19 185
C15B3 35 70x70x16 45 305 0 None 19 221
Cl15B4 35 49x99x16 45 305 0 None 19 217
C15B5 35 | 55x100x25] 45 305 0 None 19 194
C15B6 35 80x80x16 45 305 0 None 19 283
C15B7 35 90x90x16 45 305 0 None 19 374
C16B1 25 33x33x16 45 305 0 None 19 93
C16B2 25 57x57x12 45 305 0 None 19 154
C16B3 25 57x57x16 45 305 0 None 19 168
C16B4 25 57x57x20 45 305 0 None 19 176
C16B5 25 40x80x12 45 305 0 None 19 162
C16B6 25 40x80x16 45 305 0 None 19 163
C16B7 25 40x80x18 45 305 0 None 19 180
C16B8 25 40x80x20 45 305 0 None 19 149

Table 5.1 - Continued
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Test ID dy Nominal C C, L Trans. £, Py
Head Reinf.
(mm) (mm) (nm) | (mm) | (mm) (MPa)| (kN)
C17B1 25 33x98x12 45 305 0 None 19 144
C17B2 25 33x98x16 45 305 0 None 19 165
C17B3 25 33x98x20 45 305 0 None 19 199
C17B4 25 70x70x12 45 305 0 None 19 238
C17B5 25 70x70x16 45 305 0 None 19 235
C17B6 25 70x70x20 45 305 0 None 19 222
C17B7 25 49x99x16 45 305 0 None 19 222
C17B8§ 25 | 55x100x25| 45 305 0 None 19 233
C17B9 25 80x80x12 45 305 0 None 19 285
C17B10 25 80x80x16 45 305 0 None 19 331
C17B11 25 70x70x16 45 305 0 None 19 183
C17B12 25 77x77x16 45 305 0 None 19 193
C18B1 35 | 55x100x25) 45 305 0 None 44 411
C18B2 35 | 55x100x25] 51 305 0 None 44 432
C18B3 35 | 55x100x25( 64 305 0 None 44 517
C18B4 35 90x90x20 45 305 0 None 44 555
C18B5 35 40x80x25 45 305 0 None 44 238
C18B6 35 40x80x25 64 305 0 None 44 330
CI19B1 35 70x70x20 45 305 0 None 44 360
C19B2 35 70x70x20 64 305 0 None 44 470
C19B3 25 40x80x25 45 305 0 None 44 287
C19B4 25 40x80x25 25 305 0 None 44 196
C19B5 25 57x57x16 45 305 0 None 44 295
C19B6 25 57x57x16 30 305 0 None 44 261

Table 5.1 - Continued
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Test ID d, Nominal (o8 C, Cspa Iy Trans. f, Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) | (mm) (MPa) | (kN)
C12B5 25 40x80x18 25 457 102 0 None 25 135
C12B6 25 40x80x18 25 457 152 None 25 182
C12B7 25 40x80x18 38 457 102 None 25 167
C12B8 25 40x80x18 38 457 152 None 25 188
C18B7 25 40x80x18 25 457 102 None 44 204
C19B7 25 40x80x18 25 457 152 None 44 224

(o) [l fa) Far) fen]

Table 5.2 - Parameters and Results of Deep-Embedment Tests on Paired Bars

Fifteen tests resulted in an unexpected failure of the top bearing, or loaded,
surface (Figure 5.1). This failure was characterized by a spalling of the top edge
of concrete directly under the applied load. When a bearing failure occurred the
test was stopped. If the damage to the concrete was not too severe, attempts were
made to retest the bar by creating a reaction frame with steel beams on top of

plates placed on sound concrete and tied down to the specimen using the lifting

Figure 5.1 - Bearing Failure of Loaded Surface
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inserts (Figure 5.2 and 5.3). During retesting either a side blowout would occur
or the lifting inserts would fail. The parameters and results of the 15 tests with
bearing failures are summarized in Table 5.3. In Table 5 .3, Pyy is the highest load
reached during the first test which resulted in the bearing failure and Py, is the
highest load reached during retesting. Since it was not possible to gauge what
damage was done to the anchorage during the first loading sequence, the
capacities of these 15 tests will not be compared with the other tests that resulted

in blowout failures.

Tie Down

Lifting Insert

Beam
4

Bearing Failure

Figure 5.2 - Setup for Retesting after Bearing Failure
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Figure 5.3 - Setup for Retesting after Bearing Failure

Test ID d, Nominal C, C, 1s Trans. f. Py, Py2
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN) | (kN)
C1B4 25 70x70x16 60 457 0 None 25 177 247
C3B3 20 35x70x16 18 35 0 None 29 35 56
C4B5 25 40x80x18 20 40 0 None 29 53 72
C5B7 20 50x50x12 38 38 305 None 21 105 95
C6B1 35 90x90x20 45 457 305 None 21 481 | #N/A
C6B2 35 90x90x20 45 457 610 None 21 460 | #N/A
C9B8 25 70x70x16 61 61 305 None 27 123 290
C10B5 20 50x50x12 38 38 305 None 27 100 134
Cl11B1 35 90x90x20 45 457 305 None 27 #N/A | #N/A
C11B2 35 90x90x20 45 457 610 None 27 402 | #N/A
C11BS5 20 70x35x16 38 38 305 None 27 43 128
C11B6 20 70x35x16 38 76 305 None 27 153 147
C12B2 35 90x90x20 64 64 305 None 21 320 340
C12B4 35 90x90x20 64 64 305 None 21 370 | #N/A
C15B8 35 90x90x20 45 305 0 None 19 360 394

Table 5.3 - Parameters and Results of Deep-Embedment Tests with Bearing Failures
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5.2 General Behavior Under Load

A typical load-slip response of a deeply embedded headed bar with no
development length is shown in Figure 5.4. The slip was measured at the head.
In general, head deflection was observed immediately on the application of load.
As the load neared the peak or ultimate load the slip increased rapidly. At fajlure,
the side cover spalled in a sudden brittle fashion and the load dropped

significantly with a large increase in displacement. For bars with no development

Load vs. Head Slip
Test ID: C19B5

Bar Yield Load

Load (kN)

0 t } + } + } }
0.00 0.40 0.80 1.20 1.60 2.00
Head Slip (mm)

TestID | 4, Nominal (o C, lg | Trans.] f, Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa) | (kN)
CI9B5 | 25 | 57x57x16 | 45 305 0 None | 44 295

Figure 5.4 - Deflection at Head for Bar without Development Length
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length or transverse reinforcement in the anchorage zone, there was no cracking
until failure was imminent. Cracks were observed in some tests forming around
the head just before failure.

The amount of spalled concrete varied from test to test. After failure, any
loose cover was removed. A wedge of concrete was observed to have formed at
the head (Figure 5.5). This observation is similar to behavior reported by
Hasselwander [21]. The size and shape of the wedge varied with the size and
aspect ratio of the head. For many of the tests, the wedge did not remain intact

after failure. It was observed in some tests that when additional deformation was

Figure 5.5 - Wedge of Concrete Observed on Head after Failure
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applied after failure, the wedge of concrete bore against the inside face of concrete
and forced the head outward with sufficient force to permanently bend the bar
near the head (Figure 5.6).

In several tests, the bar yielded, went through the yield plateau and entered
strain hardening. Yielding was characterized by a large displacement of the ram
with no increase in measured load. During yielding there was no marked increase
in deflection of the head. There was also no change in the cracking behavior of
the concrete around the yielded bar. Based on these observations it appears that
yielding of the bar had no impact on the ultimate blowout capacity or behavior of

the anchorage.

Figure 5.6 - Head Movement after Failure
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For bars with development length, a crack formed at the start of the
development length and propagated down to the head as load increased (Figure
5.7). However, this crack was not directly involved with the final blowout failure.
When the cover was removed, it was observed that concrete was sheared at the

lugs along the development length (Figure 5.8).

Figure 5.7 - Cracking along Development Length during Testing

When substantial transverse reinforcement was present in the anchorage
zone, the headed bar maintained a larger portion of the ultimate load after failure
through large deflections. All tests with transverse reinforcement had some
development length and exhibited the same cracking behavior as bars with similar

development length and no transverse reinforcement.
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Figure 5.8 - Shearing of Concrete at Lugs

5.3  Deflections

In Figure 5.9, the deflection curves for three tests: C3B4 with no
development length or transverse reinforcement; C5B2 with 305mm of
development length and no transverse reinforcement and C9B1 with 305mm of
development length and transverse reinforcement, are compared. All three tests
were edge bars with identical edge distance, Cy; bar diameter, dy; head, hyxh,xt;
and nominal concrete strength, f.. The addition of development length

significantly increased the load at which initial slip was noted.
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Load vs. Head Slip

800
S Bar_Ultimate Load _
600 +
o e . TTT————_Ba r Yield Load
Z T CI9BI -
3 Ay = 157mm?
Q
-
200 C3B4
Iy = Omm B
Ay = 0mm?
0= } } } } } } } } }
0.00 0.40 0.80 1.20 1.60 2.00

Head Slip (mm)

Test ID dy Nominal C, C, 1y Trans. f, Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)
C3B4 35 | 55x100x25] 64 457 0 None 29 335
C5B2 35 | 55x100x25] 64 457 305 None 21 477
C9B1 35 | 55x100x25) 64 457 305 TE-1 27 591

Figure 5.9 - Comparison of Head Slips for Various Deep-Embedment Tests

In Figure 5.10 the head slips for two tests are compared. The two tests
were identical except one test, C5B2, had no transverse reinforcement, and C13B4
had a large amount of transverse reinforcement near the head. The large amount
of transverse reinforcement near the head made little difference in the ultimate
capacity but substantially increased the level of load maintained at any given slip
after the peak load was reached. C5B2 with no transverse reinforcement had

essentially no reserve while C13B4 with transverse reinforcement maintained a
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Load vs. Head Slip

B S Bar Ultimate Load

0 } } } } } ; ;
0.00 2.00 4.00 6.00 8.00
Head Slip (mm)
Test ID d, Nominal C, C, | Trans. f. Py
Head Reinf.

(mm) (mmy) (mm) | (mm) | (mm) (MPa)| (kN)

C5B2 35 | 55x100x25] 64 457 305 None 21 477

C13B2 35 | 55x100x25] 64 457 305 TE-3 21 553

Figure 5.10 - Effect of Transverse Reinforcement on Head Slip
load approximately equal to the capacity of C5B2 through a deflection 4 to 10
times greater than the head slip at the peak load.

In Figure 5.11, the head and lead slip are compared for one test. The lead
slip was measured at the beginning of the development length. Initially the lead
slip was greater than the head slip at all loads before ultimate but after ultimate
was reached and the concrete cover had spalled off, the values were

approximately equal.
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Load vs. Head and Lead Slip
Test ID: C13B4

800
Toeer oo iiiioen.....__...BarUltimate Load

600 +
o e e —— Bar Yield Load )
@ | -
g 400
k ¥

200 +

0 t : : : : i : : =
0.00 0.40 0.80 1.20 1.60 2.00

Head Slip (mm)

TestID | 4, Nominal C, C, ly | Trams. | f£. Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)

CI13B4 35 90x90x20 64 457 305 TE-3 21 581

Figure 5.11 - Comparison of Head and Lead Slip

54  Embedment Depth

For headed bars with deep embedments, it was assumed that an
embedment depth of 762mm would be sufficient to cause a side blowout failure
for the range of edge distances tested. It was also assumed that if the embedment
depth was deep enough to cause a blowout, increasing the depth would not change
the capacity of the anchorage. This was supported by results reported by
Hasselwander [20]. Further, it was assumed that the bearing reaction from the

loading on the top surface of the concrete block would have little or no effect on
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the anchorage capacity. To verify these assumptions two pairs of tests were
conducted with the only variable being the embedment depth. For a pair of edge
bars and a pair of corner bars, one bar had an embedment depth of 762mm and the
other 508mm. All four bars were 25mm diameter with a 70x70x16mm head and
no development length or transverse reinforcement. The edge distance, Cy, for the
edge bars was 48mm. The edge distance in both directions, C; and C;, was 48mm
for the corner bars. The parameters for this series of tests are summarized in
Table 5.4.

The capacities from the four tests are summarized in Figure 5.12. All four
bars resulted in side blowout failures. For both pairs of tests the bar with the
deeper embedment had a higher capacity. The edge bar with the larger
embedment had 4% more capacity and the corner bar with the larger embedment
had 14% more capacity. These differences can be attributed to experimental

scatter.
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TestID | d, Nominal o} C, hy f, Py
Head
(mm) (mm) (mm) | (mm) | (mm) | (MPa) | (kN)
C1B2 25 | 70x70x16 | 48 457 | 762 25 283
C1B3 25 | 70x70x16 | 48 457 | 508 25 272
C2B2 25 | 70x70x16 | 48 48 762 25 179
C2B4 25 | 70x70x16 | 48 48 508 25 157

Table 5.4 - Parameters and Results for Tests on Embedment Depth

Embedment Depth

300

250

C1B2 § CIB3
200 -

M h; = 762mm
[ hy = 508mm

150 A

Py (kN)

C2B2 | C2B3

100 -

50

Edge Bars Corner Bars

Figure 5.12 - Comparison of Capacities for Tests with Different Embedment Depths
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5.5 Head Orientation

One of the major differences between the headed reinforcing bars in this
study and anchor bolt tests reported in the literature was the shape of the head.
The head on a cast-in-place headed anchor bolt is usually round. For the headed
reinforcing bars of this study, the heads were square or rectangular. Since the
shape of the head for anchor bolts was not a variable there is no data on effects of
head shape and head orientation. To measure the effect of head orientation a
series of tests was conducted on edge bars with rectangular heads. The series
consisted of 6 pairs of tests with the only variable between the bars in each pair
being the head orientation. The parameters for these tests are summarized in
Table 5.5. All twelve tests resulted in side blowout failures.

The capacities from these pairs of tests are compared in Figure 5.13. For
four of the six pairs there was less than 2% difference in the capacity of the
anchorage. The maximum difference in capacity of 14% was observed in the pair
of 20mm bars, C8B6 and C8B7. From these observations it was concluded that
the head orientation had no effect on the capacity of the anchorage. All
subsequent tests with rectangular heads were placed with the long side parallel

with the face of the concrete (hy<h,).
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TestID | d, Nominal C, C, 1y f. Py
Head
(mm) (mm) (mm) | (mm) | (mm) | (MPa) (kN)
C3B1 35 100x55x25 51 457 0 29 285
C3B2 35 55x100x25 51 457 0 29 284
C3B3 35 100x55x25 64 457 0 29 330
C3B4 35 55x100x25 64 457 0 29 335
C5B1 35 100x55x25 64 457 305 21 474
C5B2 35 55x100x25 64 457 305 21 477
C5B3 35 100x55x25 64 457 610 21 526
C5B4 35 55x100x25 64 457 610 21 496
C7B3 35 100x55x25] 102 457 0 24 460
C7B4 35 55x100x25 ] 102 457 0 24 464
C8B6 20 70x35x16 45 457 0 24 177
C8B7 20 35x70x16 45 457 0 24 155
Table 5.5 - Parameters and Results of Tests with Different Head Orientation
Head Orientation
600
400 — -
é mh;>h,
D-:D [ ]]2 > h1
200 +- — — — —
0 - : ‘ ' : :
P o <t — o o <t on <t O I~
/g A m | M om m m m m m m
&) O [xa B8] vy N vy ~ I~ o0 o0
O] Q0O |G ®] L Q OO
Figure 5.13 - Comparison of Capacities of Tests with Different Head Orientations
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5.6 Transverse Reinforcement

In most applications of headed reinforcement in concrete members, it is
likely there will be transverse reinforcement near the head. Since side blowout
failure involves the tensile capacity of the concrete cover, transverse
reinforcement should provide additional tensile strength and increase the capacity
of the anchorage. Hasselwander [20] made a preliminary conclusion on the basis
of two tests that transverse reinforcement did increase the side blowout stren gth of
anchorage of anchor bolts with washers. Cote and Wallace [15] also concluded
that transverse reinforcement would increase the side blowout anchorage capacity
of headed reinforcement based on the results of three knee-joint tests.

Six different types of transverse ties were used to model different
configurations of transverse reinforcement. The four types of ties tested for edge
bars are shown in Figure 5.14 and the two types of ties used for corner bars are
shown in Figure 5.15. The number of legs which provide a component (parallel to
C; for edge bars or to Cy or C;, for corner bars) of tensile resistance across the
concrete splitting failure plane are included in the figures. All tests in the series for
transverse reinforcement had 305mm of development length and the ties were all

located along this development length. The total area of transverse reinforcement
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Figure 5.14 - Tie Configurations for Edge Bars
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Figure 5.15 - Tie Configurations for Corner Bars
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along the development length, Ay, is calculated by multiplying the cross-sectional
area of the tie bar by the number of legs and the number of ties.

A total of 27 bars, fourteen edge bars and thirteen corner bars, arranged in
seven groups were tested. The type and amount of transverse reinforcement was
varied. The parameters for these tests are summarized in Table 5.6. Three of the
tests resulted in bearing failures, the parameters of these tests (C9B8, C12B2 and
C12B4) are included in Table 5.6 for completeness. The results of the 24 tests
resulting in blowout failures are summarized in Table 5.7. Included in Table 5.7
is a normalized capacity for each test, Py, which takes into account variations in
concrete strength, f’c. The measured capacities, Py, were normalized by:

PUNI = PU[ %ZJ €q. 5.1

C

where f'. was the measured concrete strength on the day of testing.

In Figure 5.16, the normalized results from 11 edge bar tests on 35mm
bars with 55x100x25mm heads are compared. The transverse reinforcement
provided had essentially no affect on the ultimate capacity in these tests. Results
from the other tests with transverse reinforcement showed similar results. Neither
the types or amount of transverse reinforcement significantly affected the ultimate

capacity.

116



Test ID d, Nominal G, C, Transverse Reinforcement
Head Type | dpy | Num. Sp1 S, Ay
(mm) (mm) (mm) | (mm) (mm) (mm) | (mm) | (mm?)
C9B1 35 | 55x100x25] 64 457 | TE-1 10 2 102 102 157
CIB2 35 | 55x100x25] 64 457 | TE-1 10 2 51 102 157
C9B3 35 | 55x100x25] 64 457 | TE-1 10 4 51 51 314
Co9B4 35 | 55x100x25] 64 457 | TE-la] 10 2 51 51 314
C10B1 35 | 55x100x25] 64 457 ] None 0 0 0 0 0
C10B2 35 | 55x100x25| 64 457 | TE-2 10 2 102 102 0
C10B3 35 | 55x100x25] 64 457 | TE-2 10 2 51 102 0
C10B4 35 | 55x100x25] 64 457 | TE-2 10 2 51 51 0
C11B3 35 90x90x20 64 457 | TE-1la| 10 2 51 102 314
CliB4 35 90x90x20 64 457 } TE-2 10 2 51 102 0
C13B1 35 | 55x100x25| 64 457 | TE-3 12 1 0 0 226
C13B2 35 | 55x100x25) 64 457 } TE-3 20 1 51 0 628
C13B3 35 | 55x100x25| 64 457 | TE-3 20 1 0 0 628
C13B4 35 90x90x20 64 457 | TE-3 12 1 0 0 226
C9B5 25 70x70x16 61 61 None 0 0 0 0 0
CI9B6 25 70x70x16 61 61 TC-1 10 2 102 102 314
CIB7 25 70x70x16 61 61 TC-1 10 2 51 102 314
C9B8 25 70x70x16 61 61 TC-1 10 4 51 51 628
C12B1 35 90x90x20 64 64 TC-1 12 1 0 0 226
C12B2 35 90x90x20 64 64 TC-1 20 1 0 0 628
C12B3 35 90x90x20 64 127 | TC-1 20 1 0 0 628
C12B4 35 90x90x20 64 64 TC-2 20 1 0 0 628
C13B5 25 40x80x18 61 61 TC-1 20 1 51 0 628
C13B6 25 40x80x18 61 61 TC-1 20 1 0 0 628
C13B7 25 70x70x16 61 61 TC-1 20 1 0 0 628

Table 5.6 - Parameters for Tests with Transverse Reinforcement
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Test ID d, Nominal C; C, Type Ay f. Py Puni
Head
(mm) (mm) (mm) | (mm) (mm?) | (MPa)| (kN) | (kN)
C9B1 35 | 55x100x25] 64 457 | TE-1 157 27 591 591
C9B2 35 | 55x100x25) 64 457 | TE-1 157 27 604 604
C9B3 35 | 55x100x25]| 64 457 | TE-1 | 314 27 621 621
Co9B4 35 | 55x100x25] 64 457 | TE-la| 314 27 598 598
C10B1 35 | 55x100x25) 64 457 { None 0 27 581 581
C10B2 35 | 55x100x25] 64 457 | TE-2 0 27 581 581
C10B3 35 | 55x100x25) 64 457 | TE-2 0 27 583 583
C10B4 35 | 55x100x25] 64 457 | TE-2 0 27 564 564
C11B3 35 90x90x20 64 457 | TE-1a| 314 27 660 660
Cl1B4 35 90x90x20 64 457 | TE-2 0 27 632 632
C13B1 35 | 55x100x25] 64 457 | TE-3 | 226 21 517 456
C13B2 35 | 55x100x25] 64 457 | TE-3 | 628 21 553 488
C13B3 35 | 55x100x25] 64 457 | TE-3 | 628 21 549 484
C13B4 35 90x90x20 64 457 |} TE-3 | 226 21 581 512
C9B5 25 70x70x16 61 61 None 0 27 263 263
C9B6 25 70x70x16 61 61 TC-1 ]| 314 27 301 301
CoB7 25 70x70x16 61 61 TC-1 | 314 27 298 298
C12B1 35 90x90x20 64 64 TC-1 | 226 21 404 356
C12B3 35 90x90x20 64 127 | TC-1 | 628 21 496 437
C13B5 25 40x80x18 61 61 TC-1 | 628 21 234 206
C13B6 25 40x80x18 61 61 TC-1 | 628 21 273 241
C13B7 25 70x70x16 61 61 TC-1| 628 21 278 245

Table 5.7 - Results from Tests with Transverse Reinforcement
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Transverse Reinforcement

35mm Bars with 55x100x25mm Heads
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Test ID
TestID | d, Nominal | C; C, ly | Trans. | f£. Py Pu;
Head Reinf
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN) | (kN)
C9B1 35 55x100x25 64 457 305 TE-1 27 591 591
C9B2 35 55x100x25 64 457 305 TE-1 27 604 604
C9B3 35 55x100x25 64 457 305 TE-1 27 621 621
C9B4 35 55x100x25 o4 457 305 | TE-la 27 598 598
C10B1 35 55x100x25 64 457 305 None 27 581 581
C10B2 35 55x100x25 64 457 305 TE-2 27 581 581
C10B3 35 55x100x25 64 457 305 TE-2 27 583 583
C10B4 35 55x100x25 64 457 305 TE-2 217 564 564
C13B1 35 55x100x25 64 457 305 TE-3 21 517 586
C13B2 35 55x100x25 64 457 305 TE-3 21 553 627
C13B3 35 55x100x25 64 457 305 TE-3 21 549 623

Figure 5.16 - Comparison of Capacities of Tests with Transverse Reinforcement
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The main influence of transverse reinforcement was on the residual
strength after failure. For bars with no transverse reinforcement, the capacity of
the anchorage dropped to less than 30% of the ultimate capacity after blowout
failure occurred and continued to decline with increased displacement. Similar
behavior was observed for bars with transverse reinforcement placed away from
the head. For bars with a large amount of transverse reinforcement placed near
the head, the strength of the anchorage did not decrease as precipitously at failure
and dropped only after large head displacements. A few of the tests retained 80%
of the ultimate capacity at very large amounts of head slip. The residual strength
was maintained until the ties fractured.

Strain gauges were placed on several transverse ties. In Figure 5.17, the
tie force calculated from the measured strains using a modulus of 200,000 MPa
for one test is shown along with the head deflection of the test. During the initial
loading both the tie force and head deflection were essentially zero, suggesting
that the compression and tension struts were parallel making the perpendicular tie
force zero. As the loading increased both the tie force and head deflection began
to increase. Based on this observation, as the wedge of concrete formed on the
head, cracks may have begun to form in the cover around the head and the head
moved outward due to the bearing of the wedge on the interior concrete,

mobilizing the tie. As the load neared ultimate, both the head deflection and tie
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Figure 5.17 - Comparison of Tie Force with Head Deflection
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force increased rapidly. Also at ultimate, the cover spalled off and the head
moved outward with only the tie restraining it, mobilizing the tie further. After
failure the tie force held the head and wedge against the remaining concrete,
providing anchorage until the tie fractured.

Based on results from these tests, transverse reinforcement did not
contribute to the ultimate capacity of the anchorage. The ductility (maintaining
load after failure through large deflections) of the anchorage was increased by
placing a large amount of transverse reinforcement (A, approximately 50% of the

bar area) near the head.

5.7 Development Length

One major difference between headed reinforcement and anchor bolts is
the presence of deformations along the length of the headed reinforcing bar.
Bearing of the lugs on the surrounding concrete along the available development
length may provide additional capacity. It is unclear how the two modes, head
bearing and lug bearing, will interact. A total of eleven tests resulting in blowout
failures were conducted with varying development lengths. In addition to these
tests, all the tests with transverse reinforcement included development length.

The eleven bars, six edge bars and five corner bars, were divided into five

groups with the only variable among bars within a group being development

122



length. The parameters for these tests are summarized in Table 5.8. The
capacities of the 11 tests are compared in Figure 5.18. In general, the results of
these tests show a slight increase in capacity with increased development length.
Six tests with development length and transverse reinforcement were
instrumented with strain gauges located on the bar near the head. The forces in a
bar determined from strain measurements are plotted against the applied load in
Figure 5.19. Since the gauge is located near the head, the vertical axis represents
the portion of the total load carried by the head. The diagonal line represents the
force carried by the head if there were no development length, that is, the total
load on the bar. Under initial loading, the force carried by the head is very small
and nearly all the force is being transferred along the development length. As the
load increases the head carries an increasing portion of the load. The cracking
behavior observed indicates that radial stresses develop along the development
length.  During loading, a single crack formed at the beginning of the
development length and propagated down to the head. As this crack opened, the
development strength along the bar degraded and the portion of bar force carried
by the head increased. At failure the development length carried approximately
33% of the total load based on data from six tests with strain gauges near the

head.
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Test ID d, Nominal C C, 14 f. Py
Head

(mm) (mm) (mm) | (mm) | (mm) | (MPa) | (kN)
C5B1 35 100x55x25| 64 457 305 21 474
C5B3 35 100x55x25] 64 457 610 21 526
C5B2 35 | 55x100x25] 64 457 305 21 477
C5B4 35 | 55x100x25] 64 457 610 21 496
C6B3 35 90x90x20 76 457 305 21 562
C6B4 35 90x90x20 76 457 610 21 613

C5B5 20 50x50x12 38 38 0 21 67
C5B6 20 50x50x12 38 38 152 21 105
C6B5 25 40x80x18 45 66 152 21 147
C6B6 25 40x80x18 45 66 305 21 192
C6B7 25 40x80x18 45 66 457 21 179

Table 5.8 - Parameters and Results of Tests with Development Length

Development Length
800 T (o)
- vy O v o n o o™ N o~
[ o o= o S n v O wn
N \O o \O o \D i - N <t
600 ]
> ]
< 400 A
=
=9 .
200 94—
0 : : :i—l :
N o <t o0 <t v \O v \O o~
A & R A g8 ol E88
OO VO OO U U 00O
Test ID

Figure 5.18 - Comparison of Capacities of Tests with Development Length
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Bar Force at Head

Test ID: C9B3
800

600 +
400 +

200 1

Bar Force at Head (kN)

800

Total Applied Load (kN)

Test ID dy Nominal G C, 1y Trans. f, Py

Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa)| (kN)
CO9B3 35 55x100x25 64 457 305 TE-1 27 621

Figure 5. 19 - Bar Force at Head versus Total Bar Load

After reviewing many studies on development length, Orangun [39]
proposed the following equation for average bond stress along development

length with all terms in customary US units:

A f ;
W= [1.2—}- 3Cc; + S0d, S :l\/a eq.5.2

d, Il 500sd,

where dy, is the bar diameter, Cc; the minimum clear cover, la the development
length, Ag the area of transverse reinforcement, fye the yield stress of the
transverse reinforcement, s the spacing of transverse reinforcement and f,c the

concrete compressive strength. Orangun’s equation takes into account the effect
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of spacing, cover and transverse reinforcement. Once the average bond stress is
known the development force can be calculated by multiplying the average bond
stress by the surface area of the bar along the development length.

Fiq = plgmdy, eq. 5.3
The measured ultimate capacity and the predicted bond force from Equation 5.3
for pairs of tests with the only variable being development length or amount of
transverse reinforcement are tabulated in Table 5.9. The differences between the
measured loads and predicted boﬁd force are also listed. To calculate the
predicted bond force for tests with transverse reinforcement, the spacing of the
ties was taken to be the development length divided by the number of ties. For
each pair a predicted capacity, Pyp;, was calculated by adding the difference
between the two predicted development forces to the measured capacity of the

first test:

Pupy = Py; + (Fia2 — Fiar) eq. 5.4
This value, Pyp;, was compared with the measured capacity of the second test.
Statistical measures of the comparison are included on Table 5.9. The Orangun

equation accurately predicted the increase in capacity for tests with varying

development length.
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TestID1| Py Figg |TestID2 | Py, Fiuz | Puz-Pui | Fiez-Fia1 | Pupr | Pua/Pup
(kN) | (kN) (kN) | (kN) (kN) (kN) (kN)
C5B1 474 139 C5B3 526 206 52 66 540 0.97
C5B1 474 139 C5B4 496 206 22 66 540 0.92
C5B2 477 139 C5B3 526 206 49 66 543 0.97
C5B2 477 139 C5B4 496 206 19 66 543 0.91
C6B3 562 153 C6B4 613 232 51 79 641 0.96
C9B1 591 209 C9B2 604 209 13 0 591 1.02
C9B1 591 209 C9B3 621 363 30 153 744 0.83
C9B1 591 209 CoB4 598 260 7 51 642 0.93
C9B2 604 209 C9B3 621 363 17 153 757 0.82
C9B4 598 260 C9B2 604 209 6 -51 547 1.10
CoB4 598 260 C9B3 621 363 23 102 700 0.89
C10B1 581 158 Cl10B2 581 158 0 0 581 1.00
C10B1 581 158 C10B3 583 158 2 0 581 1.00
C10B2 581 158 CI0B3 583 158 2 0 581 1.00
C10B4 564 158 C10B1 581 158 17 0 564 1.03
C10B4 564 158 C10B2 581 158 17 0 564 1.03
C10B4 564 158 C10B3 583 158 19 0 564 1.03
Cl1B4 632 158 C11B3 660 260 28 102 734 0.90
C13B1 517 172 C13B2 553 230 36 58 575 0.96
C13B1 517 172 C13B3 549 230 32 58 575 0.96
C13B1 517 172 C13B4 581 172 64 0 517 1.12
C13B2 553 230 C13B4 581 172 28 -58 495 1.17
C13B3 549 230 C13B2 553 230 4 0 549 1.01
C13B3 549 230 C13B4 581 172 32 -58 491 1.18
C5B5 67 0 C5B6 105 44 38 44 111 0.95
C6B5 147 61 C6B6 192 84 45 23 170 1.13
C6B5 147 61 C6B7 179 107 32 47 194 0.92
C6B7 179 107 C6B6 192 84 13 -23 156 1.23

Table 5.9 - Predicted Anchorage Capacity based on Orangun's Equation
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TestID1| Py Figr [TestID 2 Py, Figz | Puz-Pui | Flaa-Fiar | Purr | Puz/Pups

(kN) | (kN) &N) | &N) | (kN) (kN) | (kN)
CO9B5 263 115 C9B6 301 217 38 102 365 0.82
CI9B5 263 115 COoB7 298 217 35 102 365 0.82
C9B7 298 217 CI9B6 301 217 3 0 298 1.01
C12B1 404 195 C12B3 496 260 92 65 469 1.06
C13B5 234 192 C13B6 273 192 39 0 234 1.17
C13B5 234 192 C13B7 278 192 44 0 234 1.19
C13B6 273 192 C13B7 278 192 5 0 273 1.02

Maximum 1.23
Minimum  0.82
Average 1.00
Standard Deviation 0.11
Table 5.9 - Continued

The current ACI 318-95 [1] provisions for development length reflect the
approach of Orangun’s equation. Section 12.2.3 contains Equation 12-1 with all

terms in customary US units:

g 3 £y oy

= e eq. 5.5
d, 40\/E(C+Ktr]
db

where lg is the development length, dy, the bar diameter, f, the yield stress of the
reinforcing, f'. the concrete strength and ¢ the smallest clear cover. The terms o,
B. v and A are factors for reinforcement location, bar coating, reinforcement size
and lightweight aggregate concrete, respectively. For this study of headed
reinforcement all four factors are 1.0. K, is a transverse reinforcement index.

The development length from Equation 5.5 is the length required to reach the
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TestID1] Py, Fig [TestID2 | Py, Fiz | Puz-Pui | Fiaz-Fiar | Purr | Pua/Pum
(kN) | (kN) (kN) | (kN) (kN) (kN) (kN)
C5B1 474 57 C5B3 526 113 52 57 531 0.99
C5B1 474 57 C5B4 496 113 22 57 531 0.93
C5B2 477 57 C5B3 526 113 49 57 534 0.99
C5B2 477 57 C5B4 496 113 19 57 534 0.93
C6B3 562 71 C6B4 613 142 51 71 633 0.97
CO9B1 591 93 COoB2 604 93 13 0 591 1.02
CI9B1 591 93 C9B3 621 121 30 28 619 1.00
CI9B1 591 93 CoB4 598 121 7 28 619 0.97
C9B2 604 93 C9B3 621 121 17 28 632 0.98
CoB4 598 121 C9B2 604 93 6 -28 570 1.06
CoB4 598 121 C9B3 621 121 23 0 598 1.04
C10B1 581 64 C10B2 581 64 0 0 581 1.00
C10B1 581 64 C10B3 583 64 2 0 581 1.00
C10B2 581 64 C10B3 583 64 2 0 581 1.00
C10B4 564 64 C10B1 581 64 17 0 564 1.03
C10B4 564 64 C10B2 581 64 17 0 564 1.03
C10B4 564 64 C10B3 583 64 19 0 564 1.03
Cl11B4 632 64 C11B3 660 121 28 57 689 0.96
C13B1 517 93 C13B2 553 106 36 14 531 1.04
C13B1 517 93 C13B3 549 106 32 14 531 1.03
C13B1 517 93 C13B4 581 93 64 0 517 1.12
C13B2 553 106 C13B4 581 93 28 -14 539 1.08
C13B3 549 106 C13B2 553 106 4 0 549 1.01
C13B3 549 106 C13B4 581 93 32 -14 535 1.09
C5B5 67 0 C5B6 105 17 38 17 84 1.25
C6BS 147 20 C6B6 192 40 45 20 167 1.15
C6B5 147 20 C6B7 179 59 32 40 187 0.96
C6B7 179 59 C6B6 192 40 13 -20 159 1.21

Table 5.10 - Predicted Anchorage Capacities based on ACI Provisions for Development
Length
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yield force in the bar. Assuming a linear relationship, the bond force for other

development lengths can be calculated by:

1
Fg = —34—F, eq 5.6

where 14 is the development length provided, laacr the development length from
Equation 5.5 and Fy the yield force of the bar.

The analysis that led to Table 5.9 was repeated except the predicted bond
force is based on the ACI provisions and Equation 5.6. The results are listed in
Table 5.10. As with the Orangun equation, the ACI pl'ovisidns accurately predict

the increase in capacity from development length.

5.8  Head Geometry

The heads on studs and anchor bolts are usually made by upsetting the end
of the bar. Because of the manufacturing process, the head is circular or
hexagonal and the total area of the head is limited to approximately three times
the bolt area. The manufacturing process for headed reinforcement allows many
different shapes or sizes of heads to be attached to a reinforcing bar. Flexibility in
the shape and size can be useful during construction. For example, if only round
heads are available then the closest possible spacing is controlled by the diameter

of the head. Using rectangular heads allow closer spacing while providing the
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TestID1| Py Fia1 JTestID2 | Py, Fiaz | Pua-Pui | Fie-Fua1 | Puri | Pua/Pum
(kN) | (kN) (kN) | (kN) (kN) (kN) (kN)
CIOB5 263 67 CI9B6 301 86 38 19 282 1.07
C9B5 263 67 COB7 298 86 35 19 282 1.06
COB7 298 86 COB6 301 86 3 0 298 1.01
C12B1 404 105 C12B3 496 121 92 16 420 1.18
C13B5 234 76 C13B6 273 | 76 39 0 234 1.17
C13B5 234 76 C13B7 278 76 44 0 234 1.19
C13B6 273 76 C13B7 278 76 5 0 273 1.02

Maximum  1.25
Minimum  0.93

Average 1.05

Standard Deviation  0.08

Table 5.10 - Continued

same bearing area. In the construction of offshore platforms, reinforcing bars with
rectangular heads are used because of the close spacing required between bars. In
typical concrete members, rectangular heads can be used to place bars near a face
to help control cracking and still provide cover over the head (Figure 5.20). Also,
the thickness of the head can be adjusted for headed reinforcement. The head can
be between a thin flexible or a thick rigid plate. The optimum thickness provides
the desired performance using the least material.

Since previous studies on studs and anchor bolts have not reported effects
of head geometry, a series of tests was conducted in which head geometry (head
area, head aspect ratio, head shape and head thickness) was varied. A total of 28
tests were conducted on edge bars. All tests in this series had no development

length or transverse reinforcement. The specimens were constructed and tested at
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Figure 5.20 - Comparison of Spacing for Circular and Rectangular Heads

the same time so the concrete strength was thé same for all tests. Both 25mm and
35mm diameter bars were tested and the edge distance, Cy, was constant. The
parameters and results for the 28 tests are summarized in Table 5.11. All but one
test resulted in a side-blowout failure.

The head sizes and shapes were altered by using band saws to cut the
length and width of the heads to the desired size. A lathe and cutting tool were
used to cut the thickness down to the desired size. These methods were not
perfectly accurate so the final head dimensions were measured before placing the
bars in concrete. In Table 5.12, the nominal and actual head dimensions and
geometric properties are listed. Two tests, C17B11 and C17B12, had octagonal
heads to simulate circular heads and are denoted with an asterisk. The head
dimensions listed for these two tests represent the out-to-out dimension of the
head, L. The listed dimensions and equations for the various geometric properties

are shown in Figure 5.21.
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4.7  Conclusion

The Concrete Capacity Design method for the pullout capacity of anchor
bolts can also be used to predict the pullout capacity of headed reinforcement.
The CCD method is based on tests of anchor bolts. To take into account the
larger heads typical of headed reinforcement, the assumed failure area should be

based on the perimeter of the head, assuming the head has adequate stiffness.
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Test ID d, Nominal C C, | 9 f. Py
Head
(mm) (mm) (mm) | (mm) | (mm) | (MPa) (kN)
C15B1 35 57x57x16 45 305 0 19 162
C15B2 35 40x80x16 45 305 0 19 185
C15B3 35 70x70x16 45 305 0 19 221
C15B4 35 49x99x16 45 305 0 19 217
C15B5 35 55x100x25 45 305 0 19 194
C15B6 35 80x80x16 45 305 0 19 283
C15B7 35 90x90x16 45 305 0 19 374
C15B8 35 90x90x20 45 305 0 19 #N/A
C16Bl1 25 33x33x16 45 305 0 19 93
C16B2 25 57x57x12 45 305 0 19 154
C16B3 25 57x57x16 45 305 0 19 168
C16B4 25 57x57x20 45 305 0 19 176
C16B5 25 40x80x12 45 305 0 19 162
C16B6 25 40x80x16 45 305 0 19 163
C16B7 25 40x80x18 45 305 0 19 180
C16B8 25 40x80x20 45 305 0 19 149
C17B1 25 33x98x12 45 305 0 19 144
C17B2 25 33x98x16 45 305 0 19 165
C17B3 25 33x98x20 45 305 0 19 199
C17B4 25 70x70x12 45 305 0 19 238
C17B5 25 70x70x16 45 305 0 19 235
C17B6 25 70x70x20 45 305 0 19 222
C17B7 25 49x99x16 45 305 0 19 222
C17B8 25 55x100x25 45 305 0 19 233
C17B9 25 80x80x12 45 305 0 19 285
C17B10 25 80x80x16 45 305 0 19 331
C17B11* 25 70x70x16 45 305 0 19 183
C17B12* 25 77x77x16 45 305 0 19 193

Table 5.11 - Parameters and Results of Tests on Head Geometry
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Test ID d, Nominal Actual Nominal Actual
Head Head Ay S, I, Ay S« I,

(mm) (mm) (mm) | (mm*) | (mm®) | (mm*) | (mm?) | (mm®) | (mm*)
C15B1 35 37x57x16 | 54x54x16 | 3200 | 2432 | 19456 ] 2916 | 2304 | 18432
C15B2 35 40x80x16 | 38x78x16 | 3200 | 1707 | 13653 | 2964 | 1621 | 12971
C15B3 35 70x70x16 | 68x68x16 | 4900 | 2987 | 23893 | 4624 | 2901 | 23211
C15B4 35 49x99x16 | 46x100x16] 4900 { 2091 | 16725 4600 | 1963 | 15701
C15B5 35 55x100x25 | 55x100x25] 5500 | 5729 | 716151 5500 | 5729 | 71615
CI15B6 35 80x80x16 | 78x77x16 | 6400 | 3413 | 27307 | 6006 | 3285 | 26283
C15B7 35 90x90x16 | 90x90x16 | 8100 | 3840 | 30720 ] 8100 | 3840 | 30720
C15B8 35 90x90x20 | 90x90x20 | 8100 | 6000 | 60000 | 8100 | 6000 | 60000
C16B1 25 33x33x16 | 32x30x19 | 1100 | 1408 | 11264 | 960 1805 | 17148

C16B2 25 57x57x12 | 55x54x11 | 3200 | 1368 | 8208 | 2970 | 1089 | 5990
C16B3 25 S57x57x16 { 55x54x16 | 3200 | 2432 | 19456 | 2970 | 2304 | 18432
C16B4 25 57x57x20 | 56x55x20 | 3200 | 3800 | 38000 3080 | 3667 | 36667

C16B5 25 40x80x12 | 40x80x12 [ 3200 960 5760 | 3200 960 5760
C16B6 25 40x80x16 | 40x80x17 | 3200 | 1707 | 13653 3200 | 1927 | 16377
C16B7 25 40x80x18 | 40x80x18 | 3200 | 2160 | 19440 3200 | 2160 | 19440
C16B8 25 40x80x20 | 38x78x20 | 3200 | 2667 | 26667 2964 | 2533 | 25333

C17B1 25 33x98x12 | 31x100x13 | 3200 792 4752 T 3100 873 5676
C17B2 25 33x98x16 | 34x100x16| 3200 | 1408 | 11264 ] 3400 | 1451 | 11605
C17B3 25 33x98x20 | 32x100x19 | 3200 | 2200 | 22000 | 3200 | 1925 | 18291
C17B4 25 70x70x12 | 70x70x12 | 4900 | 1680 | 10080 | 4900 | 1680 | 10080
C17B5 25 70x70x16 | 70x70x16 | 4900 | 2987 | 23893 | 4900 | 2987 [ 23893
C17B6 25 70x70x20 | 69x66x20 § 4900 | 4667 | 46667 | 4554 | 4400 | 44000
C17B7 25 49x99x16 | 49x100x16 | 4900 | 2091 | 16725 | 4900 | 2091 | 16725
C17B38 25 J55x100x25 | 55x100x25] 5500 | 5729 | 71615 5500 | 5729 | 71615
C17B9 25 80x80x12 | 79x79x12 | 6400 | 1920 | 11520 ] 6241 | 1896 | 11376
C17B10 25 80x80x16 | 78x78x15 | 6400 | 3413 | 27307 | 6084 | 2925 | 21938
C17B11* 25 70x70x16 | 67x67x16 | 4100 | 2987 | 23893 ) 3719 | 2859 | 22869
C17B12* 25 77x77x16 | 75x75x16 | 4900 | 3285 | 26283 | 4660 | 3200 | 25600

Table 5.12 - Nominal and Actual Head Sizes for Tests on Head Geometry
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Figure 5.21 - Head Dimensions and Geometric Properties
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Head Area

The total head area was varied from a minimum of two times the bar area
to a maximum of thirteen times the bar area. The minimum head size is typical of
a headed stud while the maximum size represents an upper limit of the expected
sizes for headed reinforcement. The measured capacities of the tests are plotted
against the actual total head area in Figure 5.22 for the 27 tests resulting in side-
blowout failures. The general trend is for increasing load with increasing head
area. The relationship between capacity and head area for these tests appears to be

linear with the capacity being in direct proportion to the head area.

Head Area
500
400 +
i .
_ .
Z 3001 .
et T .
& 200 + "‘ g ¢ -
100 + *
0 t } t i } } t } }
0 2000 4000 6000 8000 10000
Ay, (mm?)

Figure 5.22 - Comparison of Capacities with Head Area
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Head Aspect Ratio

Fifteen of the 27 tests in this series were arranged into six groups with the
only variable between tests in each group being the aspect ratio of the head. The
parameters and results for these 15 tests are listed in Table 5.13. Included in this
table is a normalized capacity, Pynz, to account for slight differences in head area
among the tests of each group. Pyn, is calculated by dividing the measured

capacity, Py, by the actual head area and multiplying by the nominal head area:

A .
h(Actual)

this equation is based on the previous observation that the capacity seems to be
directly proportional with head area. The normalized capacities of these tests are
compared in Figure 5.23 and show no clear relationship between aspect ratio and
capacity.
Head Shape

To compare the efficiency of square and rectangular heads with circular
heads two octagonal heads were tested. It is possible the corners of square heads
may not be utilized in bearing and be wasted material. Results from the tests with
rectangular heads showed the concrete wedge forming on the entire head and not
on a circle inscribed within the perimeter of the head which suggested that the

corners were utilized and the head shape did not matter.
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Pynz (kN)

Nominal | Test ID | Nominal Nominal Py Punz
Ay Head Aspect Ratio

(mm?) (mm) (kN) (kN)

3200 C15B1 | 57x57x16 1:1 162 178

C15B2 | 40x80x16 2:1 185 200

3200 C16B2 | 57x57x12 1:1 154 166

C16B5 | 40x80x12 2:1 162 162

C17B1 |33x98x12 3:1 144 149

3200 C16B3 | 57x57x16 1:1 168 181

C16B6 | 40x80x16 2:1 163 163

C17B2 | 33x98x16 3:1 165 155

3200 C16B4 | 57x57x20 1:1 176 183

C16B7 | 40x80x20 2:1 149 149

C17B3 | 33x98x20 3:1 199 199

4900 C15B3 | 70x70x16 1:1 221 221

CI15B4 | 49x99x16 2:1 217 231

4900 C17B5 | 70x70x16 1:1 235 235

C17B7 | 49x99x16 2:1 222 222

Table 5.13 - Parameters and Results for Tests on Head Aspect Ratio

Aspect Ratio
300
200 B B!
] 2:1
100 - E3:1
0 - = : '
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Figure 5.23 - Comparison of Capacities for Tests on Head Aspect Ratio
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To determine the effect of head shape, the results of three tests were
compared; one test with a square head and two tests with octagonal heads. The
octagon was chosen, since it was an easily fabricated shape that approximated a
circle. One octagonal head was designed so that it would have the same out-to-
out dimensions as the square head and the second so it would have the same area
as the square head. The parameters and results are summarized in Table 5.14.
Listed in this table are the measured ultimate capacity, Py, and a normalized
capacity Pyns. Puns is a normalization of the measured capacities with respect to

the actual head area and the head area of the square head, 4900mm>:

_ﬂ)ﬂ_J 0q58

Pyns = Py
[ A (Actual)

In Figure 5.24, the normalized capacities for these three tests are compared. There

appears to be no effect on capacity due to head shape. There is a 15% difference

between the high and low normalized capacities, but this is within normal scatter

for concrete testing.
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Test ID dy Nominal Actual Nominal { Actual Py Puns
Head Head Ay, Ay
(mm) (mm) (mm) (mm?) (mm?) (kN) (kN)
C17B5 25 70x70x16 | 70x70x16 4900 4900 235 235
C17B11* 25 70x70x16 | 67x67x16 4100 3719 183 241
C17B12* 25 77x77x16 | 75x75x16 4900 4660 193 203
Table 5.14 - Parameters and Results for Tests on Head Shape
Head Shape
300 Square Octagonal Octagonal
{ Nom. Ay=4900mm® Nom. A,=4100mm®> Nom. A,=4900mm?>
~ 200 -
z
&
g
&~ 100 -
O .

Figure 5.24 - Comparison of Capacities of Tests on Head Shape

C17B5

C17B11
Test ID
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Head Thickness

Providing a head with more thickness than necessary results in a waste of
material. Also attaching a very large head with inadequate thickness may produce
a head where only a small portion of the head area effectively resists the load.
Before testing it was assumed that the head thickness should be designed to avoid
yielding of the head steel. It was also assumed that once a head thickness was
determined to avoid yielding, further increase in the thickness would not increase
the capacity of the anchorage.

Fifteen of the 27 tests can be arranged into five groups, with two to four
tests in each group where the only variable between tests in a group is the head
thickness. The parameters, results and results normalized with respect to the
nominal area, Pynz (see Equation 5.7), for the 15 tests are summarized in Table
5.15. The normalized capacities are compared in Figure 5.25. In general there is
very little difference in the normalized capacities with respect to head thickness
for each group.

In addition to measuring the load and deflection of the headed
reinforcement, gauges were placed on the heads to measure the strain in the heads.
Gauges were on the bottom of the heads at one, two or four of the positions shown
in Figure 5.26. The gauges were meant to be placed at the face of the bar;

however, accurate placement was difficult when attaching the gauges. The final
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Test ID d, Nominal Actual Py Punz
Head Head Ay S,

(mm) (mm) (mm) (mm2) | (mm3) (kN) (kN)
C16B2 25 57x57x12 | 55x54x11 2970 1089 154 166
C16B3 25 57x57x16 | 55x54x16 2970 2304 168 181
C16B4 25 57x57x20 | 56x55x20 3080 3667 176 183
C16B5 25 40x80x12 | 40x80x12 3200 960 162 162
C16B6 25 40x80x16 | 40x80x17 3200 1927 163 163
C16B7 25 40x80x18 | 40x80x18 3200 2160 180 180
C16B8 25 40x80x20 | 38x78x20 2964 2533 149 161
C17B1 25 33x98x12 | 31x100x13| 3100 873 144 149
C17B2 25 33x98x16 | 34x100x16| 3400 1451 165 155
C17B3 25 33x98x20 | 32x100x19| 3200 1925 199 199
C17B4 25 70x70x12 | 70x70x12 | 4900 1680 238 238
C17B5 25 70x70x16 | 70x70x16 4900 2987 235 235
C17B6 25 70x70x20 | 69x66x20 | 4554 4400 222 239
C17B9 25 80x80x12 | 79x79x12 6241 1896 285 292
C17B10 25 80x80x16 | 78x78x15 6084 2925 331 348

Table 5.15 - Parameters and Results for Tests on Head Thickness

Head Thickness
Nominal A, (mm?) and Actual t (mm)
3200 3200 3200 4900 4900
1116 20 1217 18 131619 1216 20 1215
™ on <t i \O I~ oo — N N <t n O ey 2
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VLU VULVLL VLU ONONS) O o

Figure 5.25 - Comparison of Capacities for Tests on Head Thickness
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Figure 5.26 - Strain Gauge Locations

location, Xgg, was measured from the outside of the head to the center of the
gauge.

The measured strains in the heads for three tests are shown in Figure 5.27.
The three tests had a nominal head area of 3200mm? and a 2:1 aspect ratio. The
yield strain shown on the graph was calculated from the actual yield stress of the
heads and a modulus of 200,000 MPa. Ata given load the strains decrease with
increasing thickness, as expected. The curves are nearly linearly until failure is
imminent at which point the strains increase rapidly. The head for test C16B5
reached strains higher than the calculated yield strain before the ultimate load was

reached. However, these strains did not reduce the anchorage capacity.
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Head Strain vs Load

6000 Nominal Head Area: 3200mm?
omina ea ea: mm C16B5
+ Aspect Ratio: 2:1
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Load (kN)
Test ID d, Nominal G C, 14 Trans. f, Py
Head Reinf,
(mm) (mm) (mm) | (mm) | (mm) (MPa) | (kN)

C16B5 25 40x80x12 45 305 0 None 19 162
C16B6 25 40x80x16 45 305 0 None 19 163
C16B8§ 25 40x80x20 45 305 0 None 19 149

Figure 5.27 - Comparison of Head Strains

The head can be modeled as a cantilever beam with a distributed load by
assuming the head is fixed at the bar and assuming a uniform distribution of
bearing stress over the head. =~ With this model it is possible to predict the
moment, stress and strain at sections in the head for a given load (Figure 5.28).
This model is very similar to the approach used for the design of footings. A total
of 77 gauges were attached to heads of 52 tests. For each gauge, the head strain
was calculated at the location of the gauge for the highest measured load with a

corresponding strain measurement below the calculated head yield strain. The
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Figure 5.28 - Head Thickness Design Parameters and Equations
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calculated strains are compared with the measured strains in Table 5.16. The
measured strains were on average 88% of the predicted strains with a 48%
standard deviation. The calculated strains were not consistently higher or lower
than the measured strains. There appears to be no pattern in the variation with
respect to development length, head thickness or ratio of bearing stress to concrete
compressive strength.

In Table 5.17, the predicted strains are compared with the measured strains
for readings from one test. At low loads the calculated strains are much higher
than measured. As the load increases the calculated strains get closer to the
measured values. From these results it would appear that at low loads the
distribution of bearing stress on the head is higher at the bar than at the edges
with a resultant force closer to the bar than the assumed uniform distribution. If
the resultant of the distribution is closer to the bar, the calculated moment, stress
and strain would be lower than predicted by a uniform distribution of bearing
stress. It also would appear from these results, that as the load is increased the
distribution becomes more uniform. Since only one gauge was placed on each
side of the head, it is not possible to verify changes in the distribution of bearing
stress as load increased, however; assuming uniform bearing stress at failure

appears to be a reasonable model.
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TestID| d, Actual Gauge Xy P Measured | Predicted | Meas./Pred.
Head Location Strain Strain Strain
(mm)| (mm) (mm) | (kN) x10° x10°
C3B1 35 | 100x55x25| Inside 325 | 222 1060 1251 0.85
C3B1 35 | 100x55x25] Outside | 32.5 | 222 1110 1251 0.89
C3B2 35 | 55x100x25 Left 32.5 267 1405 1504 0.93
C3B2 35 | 55x100x25 Right 32.5 267 1515 1504 1.01
C3B3 35 | 100x55x25| Inside 32.5 306 2500 1724 1.45
C3B3 35 | 100x55x25] Outside | 32.5 306 1215 1724 0.70
C3B4 35 | 55x100x25 Left 32.5 | 316 1905 1780 1.07
C3B4 35 | 55x100x25] Right 325 ) 316 1910 1780 1.07
C9B1 35 | 55x100x25 Left 32.5 | 577 1575 3250 0.48
C9B1 35 | 55x100x25] Right 325 | 577 1520 3250 0.47
C9B2 35 | 55x100x25 Left 325 | 575 1160 3239 0.36
C9B3 35 | 55x100x25} Right 32.5 | 578 1165 3256 0.36
C9B4 35 | 55x100x25| Right 32.5 | 580 1430 3267 0.44
C9B5 25 70x70x16 Right 22.5 254 1760 1712 1.03
COB6 25 70x70x16 Left 22.5 294 775 1982 0.39
CI9B6 25 | 70x70x16 Right 22.5 | 294 865 1982 0.44
C9B7 25 70x70x16 Left 22.5 288 670 1942 0.35
C9B7 25 | 70x70x16 Right 22.5 | 288 575 1942 0.30
C10B1 | 35 | 55x100x25 Left 32.5 | 532 1000 2997 0.33
C10BI1 | 35 |55x100x25] Right 32.5 | 532 1140 2997 0.38
C10B2 35 | 55x100x25 Right 32.5 548 1060 3087 0.34
C10B3 35 | 55x100x25 Right 32.5 566 1430 3188 0.45
C10B4 | 35 |55x100x25| Right 325 | 542 1460 3053 0.48
C11B3 [ 35 | 90x90x20 Inside 27.5 | 607 665 2425 0.27
CIIB3 | 35 | 90x90x20 | Outside | 27.5 | 607 490 2425 0.20
Cl1B4 35 90x90x20 Left 27.5 606 1440 2421 0.59
C11B4 | 35 | 90x90x20 Right 275 | 606 1240 2421 0.51
C15B1 | 35 | 54x54x16 Inside 9.4 150 70 405 0.17
CI5B1 | 35 | 54x54x16 | Ouside | 15.7 { 150 215 1131 0.19
C15B2 35 38x78x16 Left 20.3 177 2240 2176 1.03
C15B2 35 38x78x16 Right 17.3 177 1760 1580 1.11
C15B3 35 68x68x16 Left 16.8 207 965 945 1.02
C15B3 | 35 | 68x68x16 Right 18.0 | 207 660 1084 0.61

Table 5.16 - Comparison of Measured and Predicted Head Strains
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TestID| d, Actual Gauge XM P Measured | Predicted | Meas./Pred.
Head Location Strain Strain Strain
(mm) (mm) (mm) | (kN) x10° x10°
C15B4 | 35 | 46x100x16 Left 325 | 193 2865 3318 0.86
C15B5 | 35 | 55x100x25 Left 307 | 175 1150 380 1.31
CI15B5 | 35 |55x100x25] Right 33.8 | 175 1035 1066 0.97
CI15B6 | 35 | 78x77x16 Left 264 | 264 1675 2154 0.78
C15B6 35 78x77x16 Right 23.1 264 1675 1649 1.02
C15B7 | 35 | 90x90x16 | Outside | 29.2 | 333 2005 2343 0.86
C16B2 | 25 | 55x54x11 Inside 10.9 | 180 900 1073 0.84
C16B3 | 25 | 55x54x16 Inside 155 | 156 780 889 0.88
C16B3 | 25 | 55x54x16 | Outside | 10.9 | 156 90 440 0.20
C16B5 | 25 | 40x80x12 Right 21.6 | 120 2325 2160 1.08
C16B6 | 25 | 40x80x17 Left 19.8 | 157 2070 1183 1.75
C16B6 | 25 | 40x80x17 Right 23.6 | 157 2580 1681 1.53
C16B7 | 25 | 40x80x18 Right 18.5 | 170 1480 998 1.48
C16BS8 25 38x78x20 Right 21.3 141 1370 974 1.41
C17B1 25 | 31x100x13 Left 38.6 87 2320 4425 0.52
C17B2 25 | 34x100x16 Left 33.8 131 2830 3024 0.94
C17B2 | 25 | 34x100x16] Right 36.1 131 2930 3449 0.85
C17B3 25 | 32x100x19 Right 35.3 167 2835 3202 0.89
Cl17B4 | 25 | 70x70x12 Inside 19.1 179 2380 1546 1.54
C17B4 | 25 | 70x70x12 | Outside | 21.6 | 179 1965 1977 0.99
C17B5 | 25 | 70x70x16 Left 17.8 | 225 1515 949 1.60
C17B5 | 25 | 70x70x16 Right 17.5 | 225 1265 918 1.38
C17B5 25 70x70x16 Inside 19.8 225 1385 1175 1.18
C17B5 | 25 | 70x70x16 | Outside | 19.8 | 225 735 1175 0.63
C17B6 | 25 | 69x66x20 Left 16.8 | 207 615 540 1.14
C17B6 | 25 | 69x66x20 Right 20.6 | 207 830 813 1.02
C17B7 | 25 | 49x100x16] Right 31.2 | 209 2570 2709 0.95
C17B8 | 25 | 55x100x25 Left 343 | 219 1420 1237 1.15
C17B8 25 | 55x100x25 Right 28.4 219 995 848 1.17
C17B9 | 25 | 79x79x12 Left 25.4 67 2540 784 3.24
C17B10| 25 | 78x78x15 Left 22.4 | 283 2390 1695 1.41
C17B10 25 78x78x15 Right 25.1 283 1610 2129 0.76

Table 5.16 - Continued
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TestID{ d, Actual Gauge XM P Measured | Predicted | Meas./Pred.
Head Location Strain Strain Strain
(mm) (mm) (mm) | (kN) x10° x10°

C18B1 35 | 55x100x25 Right 30.0 | 396 1670 1901 0.88
C18B2 | 35 | 55x100x25 Right 30.0 | 423 1900 2030 0.94
C18B3 | 35 | 55x100x25 Right 30.0 | 502 1870 2410 0.78
C18B4 | 35 90x90x20 Right 21.5 | 543 1745 1326 1.32
C18B5 | 35 33x82x25 Right 16.5 | 232 1000 889 1.13
C18B6 { 35 | 33x82x25 Right 16.5 | 322 1205 1233 0.98
C19B1 35 68x66x20 Right 10.0 | 348 670 374 1.79
C19B2 | 35 68x68x20 Right 10.0 | 447 170 463 0.37
C19B3 | 25 31x80x25 Right 24,0 | 272 840 1899 0.44
C19B4 | 25 31x80x25 Right 24.0 | 191 1420 1334 1.06
C19B5 | 25 | 54x53x16 Right 11.5 | 283 960 928 1.03
C19B6 | 25 | 55x53x16 Right 11.5 | 251 670 805 0.83
Maximum 3.24
Minimum 0.17
Average 0.88
Standard Deviation 0.48

Table 5.16 - Continued
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C17B7
Gauge on Right Side of Head
Xp = 31mm
Load Measured | Predicted | Meas./Pred.
(kN) Strain Strain Strain
0 0 0
27 99 349 0.28
45 205 583 0.35
68 389 889 0.44
85 553 1109 0.50
102 739 1329 0.56
120 949 1556 0.61
136 1201 1766 0.68
155 1476 2018 0.73
173 1816 2254 0.81
184 2059 2385 0.86
194 2296 2517 0.91
200 2421 2593 0.93
205 2516 2659 0.95
209 2570 2720 0.95
205 2737 2670 1.03
Test ID d, Nominal C, C, 1 Trans. £, Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa) | (kN)
C17B7 25 49x99x16 45 305 0 None 19 222

Table 5.17 - Comparison of Measured and Predicted Head Strains
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Eight of the 27 tests on head geometry reached strains higher than the
calculated yield strain and are summarized in Table 5.18. The readings were
verified by observing the head after failure. The inelastic deformations of the
heads for three tests (C17B1, C17B2 and C17B3) with measured strains higher
than the yield strain can be seen in Figure 5.29. In Figure 5.30, the measured
capacities normalized with respect to nominal head area, Pyn; (see Equation 5.7),
for the 27 tests are plotted against head area, Ap. The tests with head yielding are
differentiated by symbol from the tests without head yielding. It appears that head

yielding did not affect the ultimate capacity.

Test ID d, Actual Calc. Yield | Maximum | % of Yield
Head Strain Strain Strain
(mm) (mm) x10° x10°
C15B4 35 46x100x16 2540 2865 113%
C16B5 25 40x80x12 2575 5425 211%
C17B1 25 31x100x13 2540 9080 357%
C17B2 25 34x100x16 2540 5370 211%
C17B3 25 32x100x19 2540 4940 194%
C17B4 25 70x70x12 2525 7425 2949,
C17B9 25 79x79x12 2470 13455 545%
C17B10 25 78x78x15 2470 3415 138%

Table 5.18 - Summary of Tests with Head Yielding
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Test ID d, Nominal C, G, | Trans. f. Py
Head Reinf.
(mm) (mm) (mm) | (mm) | (mm) (MPa) | (kN)
C17B1 25 33x98x12 45 305 0 None 19 144
C17B2 25 33x98x16 45 305 0 None 19 165
C17B3 25 33x98x20 45 305 0 None 19 199
Figure 5.29 - Inelastic Deformations of Thin Heads
Head Yielding
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Figure 5.30 - Comparison of Capacities for Tests with and without Head Yielding
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Hawkins [24] conducted tests on the bearing capacity of concrete prisms
by applying a load with a punch through flexible plates. Hawkins concluded that
the flexibility of the plates did decrease the bearing capacity compared to rigid
plates and presented an equation, in customary US units, for minimum thickness
for a square rigid plate:

g3t e-o)

t2 > Y

. 5.
Sc eq. 5.9

a—c¢

2m+

where t is the plate thickness, fy is the plate yield stress, f is the compressive
strength of concrete, K is a factor for the concrete internal angle of friction -
assumed to be 50, ¢ is one-half the side dimension of the load application or
punch area, a is one-half the side dimension of the square plate and b is one-half
the side dimension of the concrete prism. In Figure 5.31, these variables and the
equivalents assumed for headed reinforcement are illustrated. In Table 5.19, the
minimum thickness using Equation 5.9 for the heads tested in this series are listed.
All plates were rigid according to Equation 5.9 even though yielding was

observed in eight plates.
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Figure 5.31 - Hawkins’ Variables for Flexible Plates and Headed Reinforcement Equivalents
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Test ID d, Nominal G, f. Head f, tmin Rigid?
Head
(mm) (mm) (mm) | (MPa) (MPa) | (mm)
C15B1 35 57x57x16 45 19 494 4 Yes
C15B2 35 40x80x16 45 19 508 4 Yes
C15B3 35 70x70x16 45 19 494 5 Yes
C15B4 35 49x99x16 45 19 508 5 Yes
C15B5 35 | 55x100x25] 45 19 508 6 Yes
C15B6 35 80x80x16 45 19 494 6 Yes
C15B7 35 90x90x16 45 19 494 7 Yes
C15B8 35 90x90x20 45 19 494 7 Yes
C16B1 25 33x33x16 45 19 508 2 Yes
C16B2 25 57x57x12 45 19 505 5 Yes
C16B3 25 57x57x16 45 19 505 5 Yes
C16B4 25 57x57x20 45 19 505 5 Yes
C16B5 25 40x80x12 45 19 515 5 Yes
C16B6 25 40x80x16 45 19 515 5 Yes
C16B7 25 40x80x18 45 19 515 5 Yes
C16B8 25 40x80x20 45 19 494 5 Yes
C17B1 25 33x98x12 45 19 508 5 Yes
C17B2 25 33x98x16 45 19 508 5 Yes
C17B3 25 33x98x20 45 19 508 5 Yes
C17B4 25 70x70x12 45 19 505 6 Yes
C17B5 25 70x70x16 45 19 505 6 Yes
C17B6 25 70x70x20 45 19 494 6 Yes
C17B7 25 49x99x16 45 19 508 6 Yes
C17B8 25 ] 55x100x25| 45 19 508 6 Yes
C17B9 25 80x80x12 45 19 494 7 Yes
C17B10 25 80x80x16 45 19 494 7 Yes
C17B11* 25 70x70x16 45 19 505 6 Yes
C17B12* 25 T7x77x16 45 19 494 7 Yes

Table 5.19 - Minimum Thicknesses of Heads Based on Hawkins’ Equation
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Based on studies of anchorage zones for post-tensioned concrete members,
Roberts [40] proposed a criteria for rigid bearing plates limiting the slenderness

and deflections of the plate:

B 0072 eq. 5.10
t f,

where n is the maximum distance from the face of the bar to the edge of the plate,

t the thickness of the plate, E; the modulus of elasticity of the plate and f, the
bearing stress at the plate at the failure load (or design load). Roberts also
proposed that the bending stress in the plate, f;, be less than the yield stress of the
plate. The minimum thicknesses using these criteria are listed in Table 5.20 for
the 27 tests in this series resulting in blowout failures. The measured ultimate
load was used to calculate the bearing stress. The slenderness limit (Equation

5.10) controlled for all 27 tests. Only 5 of the 27 heads were rigid by this criteria.
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Test ID d, Nominal Py Head £, tmin Rigid?
Head
(mm) (mm) (MPa) (MPa) (mm)
CI15B1 35 5Tx57x16 162 494 11 Yes
C15B2 35 40x80x16 185 508 24 No
C15B3 35 70x70x16 221 494 16 No
C15B4 35 49x99x16 217 508 30 No
C15B5 35 55x100x25 194 508 28 No
C15B6 35 80x80x16 283 494 21 No
C15B7 35 90x90x16 374 494 25 No
C15B8 35 90x90x20 93 494 16 Yes
C16B1 25 33x33x16 154 508 6 Yes
C16B2 25 57x57x12 168 505 15 No
C16B3 25 57x57x16 176 505 16 Yes
C16B4 25 57x57x20 162 505 15 Yes
C16B5 25 40x80x12 163 515 26 No
C16B6 25 40x80x16 180 515 27 No
C16B7 25 40x80x18 149 515 26 No
C16B8 25 40x80x20 144 494 25 No
C17B1 25 33x98x12 165 508 35 No
C17B2 25 33x98x16 199 508 37 No
C17B3 25 33x98x20 238 508 40 No
C17B4 25 70x70x12 235 505 21 No
C17B5 25 70x70x16 222 505 20 No
C17B6 25 70x70x20 222 494 20 No
C17B7 25 49x99x16 233 508 34 No
C17B8 25 55x100x25 285 508 35 No
C17B9 25 80x80x12 331 494 26 No
C17B10 25 80x80x16 183 494 21 No
C17B11%* 25 70x70x16 193 503 19 No
C17B12%* 25 77x77x16 571 494 30 No

Table 5.20 - Minimum Thicknesses for Rigid Heads Based on Roberts’ Criteria
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There is insufficient evidence from these test results to show that yielding
or deflections of the head is detrimental to the anchorage capacity. It seems
conservative to design the thickness of the head to resist yielding by using the
cantilever beam or footing model described above. Using this method, the
minimum thicknesses to prevent yielding in the head before bar yield for the
standard heads supplied for this research are listed in Table 5.21. According to
these assumptions, the standard square heads were all supplied with sufficient

thickness, while the two larger standard rectangular heads were undersized.

5.9 Concrete Strength

The mode of failure observed in the deep-embedment tests involved the
splitting of the concrete cover so that the capacity of the anchorage should be a
function of the tensile strength of the concrete. Concrete tensile strength is

generally assumed to a be a function of the compressive strength. Therefore, the

d, Head Bar P, Head tmin Head
£y fy

(mm) (mm) (MPa) (kN) (MPa) | (mm) (mm)
35 100x55 500 500 500 27 100x55x27
35 90x90 500 500 500 18 90x90x18
25 80x40 500 250 500 20 80x40x20
25 70x70 500 250 500 13 70x70x13
20 70x35 500 150 500 16 70x35x16
20 50x50 | 500 150 500 10 50x50x10

Table 5.21 - Minimum Head Thicknesses for Rigid Heads based on Cantilever Beam Model
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compressive strength of concrete would seem to be an important factor in the
anchorage capacity of headed reinforcement. The majority of tests conducted had
concrete compressive strengths between 21 and 29 MPa. To investigate the effect
of concrete strength on the anchorage, a series of tests were conducted with a
nominal concrete strength of 49 MPa. The parameters and results for the 12 tests
of this series are listed in Table 5.22. The sizes of several of the heads tested in
this series were reduced; the actual head sizes and geometrical properties for these
tests are listed Table 5.23. The results from eight pairs of tests where the only
variable between each pair is the concrete strength are compared in Table 5.24.
The ratios of the measured ultimate capacities, concrete strength and square root
of the concrete strengths are compared. The value x in Table 5.24 is the exponent
for the concrete strengths that would predict the increase in capacity and is

calculated for each pair from:

X

Por _[fa eq. 5.11

'

P2 (£,

From the results of these tests, the capacity of the anchorage increases with
increasing concrete compressive strength. The values of x suggest that the
increase in anchorage capacity is less than the increase in concrete strength, in
other words, doubling the concrete strength will result in less than a doubling of

anchorage capacity.
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TestID | d, Nominal C, C, Iy f, Py
Head

(mm) (mm) (mm) | (mm) | (mm) | (MPa) | (kN)
C18B1 35 | 55x100x25| 45 305 0 44 411
C18B2 | 35 |55x100x25| 51 305 0 44 432
C18B3 | 35 |55x100x25| 64 305 0 44 517
C18B4 | 35 | 90x90x20 | 45 305 0 44 555
CI18B5 | 35 | 40x80x25 | 45 305 0 44 238
C18B6 | 35 | 40x80x25 | 64 305 0 44 330
C19B1 35 | 70x70x20 | 45 305 0 44 360
C19B2 | 35 | 70x70x20 | 64 305 0 44 470
CI19B3 | 25 | 40x80x25 | 45 305 0 44 287
C19B4 | 25 | 40x80x25 | 25 305 0 44 196
CI9B5 | 25 | 57x57x16 | 45 305 0 44 295
C19B6 | 25 | 57x57x16 | 30 305 0 44 261

Table 5.22 - Parameters and Results for Tests on Concrete Strength

Test ID dy Nominal Actual Nominal Actual
Head Head Ay S, I, A, S, L

(mm) | (mm) (mm) | (mm?*) | (nm®) | (mm*) | (mm?) | (mm®) | (mm*)
C18B5 35 | 40x80x25 | 33x82x25 | 3200 | 4167 | 52083 2706 | 3438 | 42960
C18B6 35 40x80x25 | 33x82x25 | 3200 | 4167 {52083 2706 | 3438 [ 42969
C19B1 35 70x70x20 | 68x66x20 | 4900 | 4667 | 46667 | 4488 | 4400 | 44000
C19B2 35 70x70x20 | 68x68x20 | 4900 | 4667 | 46667 ] 4624 | 4533 [ 45333
C19B3 25 | 40x80x25 | 31x80x25 | 3200 | 4167 {52083 | 2480 | 3229 | 40365
CI19B4 25 | 40x80x25 | 31x80x25 | 3200 | 4167 | 52083 ] 2480 | 3229 | 40365
C19B5 25 S7x57x16 | 54x53x16 | 3200 | 2432 | 19456 2862 | 2261 [ 18091
C19B6 25 57x57x16 | 55x55x16 | 3200 | 2432 | 19456 3025 | 2347 | 18773

Table 5.23 - Nominal and Actual Head Sizes for Tests on Concrete Strength
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TestID1| Py, foa |TestID2| Py, fo | Pu/Py |fuffe| Ef™ [ x

(kN) | (MPa) (kN) | (MPa)
C18B1 411 44 C15B5 194 19 2.12 2.32 1.52 0.89
C18B2 432 44 C3B2 284 29 1.52 1.52 1.23 1.01
C18B3 517 44 C3B4 335 29 1.54 1.52 1.23 1.04
C18B4 555 44 C4B2 476 29 1.17 1.52 1.23 0.37
C18B5 238 44 C15B2 185 19 1.29 2.32 1.52 0.30
CI19B1 360 44 C15B3 221 19 1.63 2.32 1.52 0.58
C19B3 287 44 C16B7 180 19 1.59 2.32 1.52 0.56
C19B5 295 44 C16B3 168 19 1.76 2.32 1.52 0.67

Maximum 1.04
Minimum 0.30
Average 0.68
Std. Dev.  0.28

Table 5.24 - Comparison of Capacities for Tests with Different Concrete Strengths

510 Cover

The distance from the edge of concrete to the center of the bar was varied
from a minimum of 25mm to a maximum of 102mm. The clear cover over the
bars varied from 13mm to 84mm. The minimum clear cover tested represents an
extreme case where there is no cover over the head and is less than allowed by the
ACI Building Code. A clear cover of 84mm is at the upper end of values
routinely used in construction and would be required where durability concerns
are high or large members are used.

A side blowout failure results in a cone of concrete being pushed away
from the surrounding concrete. Increasing the size of the cone by increasing the
amount of cover should result in increased capacity. The measured capacities for

114 deep-embedment pullout tests, 77 edge bars, 31 corner bars and 6 paired bars
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with close spacing, which resulted in blowout failures are plotted against
increasing edge distance, Cy, in Figure 5.32. The general trend is one of increased
capacity with increased edge distance. The large number of values at edge
distances of 45mm and 64mm are from series where only head geometry or
transverse reinforcement were varied. There is considerable scatter in the data
and the relationship between edge distance and capacity is not obvious.

The parameters and results for several groups of tests where the only
variable was the edge distance are listed in Table 5.25. Assuming that the
capacity varies as a function of clear cover, specifically Cy* then the exponent, z,

can be determined by comparing similar tests. Fifteen pairs of tests are compared
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Figure 5.32 - Measured Capacities versus Edge Distance
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in Table 5.26 and values for z are listed. To account for slight variations in head
area with the groups, the capacities were normalized by the nominal head area,
Pun: (see Equation 5.7). Based on these observations it appears that the capacity
varies with the cover raised to approximately the 0.5 to the 0.6 power. This
preliminary analysis assumes that a headed reinforcing bar with no cover has no
anchorage capacity. Other functions may better describe the relationship between

the edge distance and capacity.

TestID | d, | Nominal C, £, Py | Nominal | Actual | Pyy,
Head Ay Ay

(mm) | (mm) (mm) | (MPa) &N) | mm®) | mm?) | kN)

C4B1 35 [90x90x20| 45 29 403 8100 8100 403
C4B2 35 [90x90x20| 51 29 476 8100 8100 476
C4B3 35 |90x90x20] 64 29 491 8100 8100 491
C4B4 35 [90x90x20] 76 29 512 8100 8100 512
C18B1 35 |55x100x25] 45 44 411 5500 5500 411
C18B2 35 |55x100x25] 51 44 432 5500 5500 432
C18B3 35 [55x100x25] 64 44 517 5500 5500 517
C1B1 25 | 70x70x16] 35 25 239 4900 4900 239
C1B2 25 | 70x70x16] 48 25 283 4900 4900 283
C7B1 35 |90x90x20] 89 24 589 8100 8100 589
C7B2 35 |90x90x20] 102 24 609 8100 8100 609
C18B5 35 | 40x80x25] 45 44 238 3200 2706 281
C18B6 35 [40x80x25] 64 44 330 3200 2706 390
C19B1 35 | 70x70x20| 45 44 360 4900 4488 393
C19B2 35 | 70x70x20| 64 44 470 4900 4624 498
C19B3 25 | 40x80x25| 45 44 287 3200 2480 370
C19B4 25 |40x80x25[| 25 44 196 3200 2480 253
C19B5 25 |57x57x16] 45 44 295 3249 2862 335
C19B6 25 |57x57x16] 30 44 261 3249 3025 280

Table 5.25 - Parameters and Results for Tests on Edge Distance
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TestID1| Cyy Pynzi | Test ID 2 Ci2 Pynzz Punz2/Punat C2/Cyy z
(mm) [ (kN) (mm) | (kN)
C4B1 45 403 C4B2 51 476 1.18 1.13 1.33
C4B1 45 403 C4B3 64 491 1.22 1.42 0.56
C4B1 45 403 C4B4 76 512 1.27 1.69 0.46
C4B2 51 476 C4B3 64 491 1.03 1.25 0.14
C4B2 51 476 C4B4 76 512 1.08 1.49 0.18
C4B3 64 491 C4B4 76 512 1.04 1.19 0.24
C18B1 45 411 C18B2 51 432 1.05 1.13 0.40
C18B1 45 411 C18B3 64 517 1.26 1.42 0.65
CI18B2 51 432 C18B3 64 517 1.20 1.25 0.79
C1B1 35 239 C1B2 48 283 1.18 1.37 0.54
C7B1 89 589 C7B2 102 609 1.03 1.15 0.24
C18B5 45 281 C18B6 64 390 1.39 1.42 0.93
CI19B1 45 393 C19B2 64 498 1.27 1.42 0.67
C19B4 25 253 C19B3 45 370 1.46 1.80 0.65
C19B6 30 276 C19B5 45 330 1.19 1.50 0.44

Maixmuom 1.33
Minimum 0.14

Average (.55

Standard Deviation 0.31

Table 5.26 - Comparison of Effect of Edge Distance on Capacity

Corner Bars

Corner placement of the headed reinforcing bar reduced the size of the
blowout failure and the anchorage capacity. A typical failure for a corner bar is
shown in Figure 5.33. The effect on capacity from corner placement can be seen
in Figure 5.32, where the capacity of corner bars were in general less than edge
bars with identical edge distance. The capacities from five pairs of tests in which

the only variable between pairs is bar position are compared in Table 5.27. The
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corner bars had equal edge distances, C; and C,. On average, comner bars had
approximately 60% the capacity of an edge bar with the same minimum clear
cover. Because of the number of variables and wide range of results it is difficult
to determine how large the second edge distance, C;, has to be for a bar to have
the capacity of an edge bar. It appears that a value of C, three to five times larger

than C; is a reasonable estimate.

Figure 5.33 - Typical Failure Surface for Corner Bar
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dy Nominal C &C, Edge Bar Corner Bar Py/Py;

Head Test ID 1 Py, Test ID 2 Py,

(mm) (mm) (mm) (kN) (kN)
25 70x70x16 35 C1B1 239 C2B1 97 0.41
25 70x70x16 48 C1B2 283 C2B2 179 0.63
25 70x70x16 48 C1B3 272 C2B3 157 0.58
35 90x90x20 89 C7B1 589 C8B1 355 0.60
35 90x90x20 64 C13B4 581 C12B1 404 0.70
Maximum  0.70
Minimum  0.41
Average  0.58
Standard Deviation  0.11

Table 5.27 - Comparison of Capacities of Edge and Corner Bar Tests
Close Spacing

Results from the six tests on paired bars are summarized in Table 5.28.

The ultimate load, Py, is the load on each bar. In general the paired bars followed
the same trends observed with single edge bars: increased capacity with increased
edge distance or concrete strength. The failure surfaces for tests C12B5 and

C12B6 are shown in Figure 5.34. The blowout cones for the test with the closest

spacing, C12B5, overlapped and created one cone while the test with larger

spacing, C12B6, had two distinct cones. In general it appeared that close spacing

had an effect on the capacity similar to corner placement.
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TestID| d, Nominal | C; | Cep, f, Py
Head

(mm) (nm) | (mm)| (mm)| (MPa) (kN)
CI2B5 | 25 | 40x80x18 | 25 | 102 25 135
C12B6 | 25 | 40x80x18 | 25 | 152 25 182
CI2B7 | 25 | 40x80x18 | 38 | 102 25 167
C12B8 | 25 | 40x80x18 | 38 [ 152 25 188
Ci8B7 | 25 | 40x80x18 | 25 [ 102 44 204
C19B7 | 25 | 40x80x18 | 25 | 152 44 224

Table 5.28 - Parameters and Results of Tests on Closely Spaced Bars

A. Failure Surface of C12B5 - Cgp, = 102mm Note Overlapping Cone on Heads

B. Failure Surface of C12B6 - Cgp, = 152mm Note Separate Cones on Heads

Figure 5.34 - Failure Surfaces of Tests on Closely Spaced Paired Bars
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511 Summary

Based on results of 114 deep-embedment pullout tests on headed
reinforcement, clear cover, concrete strength and head area were the primary
factors affecting the anchorage capacity. Development length increased the
capacity and the increase could be predicted using existing equations for straight
bar anchorage capacities. Corner placement or close spacing of bars reduced the
anchorage capacity compared to a single edge bar.

Transverse reinforcement did not affect the ultimate strength but did
increase the level of load maintained and the deformations reached after failure
when large amounts of transverse reinforcement were placed near the head.

Head orientation did not affect the capacity, nor did head aspect ratio or
head shape provided the head had sufficient stiffness. The results indicated that
the thickness could be designed conservatively using a simple cantilever beam
model of the head. Finally, if the embedment depth was large enough to cause a
side blowout failure, additional depth did not increase the capacity of the

anchorage.
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Chapter 6

Deep-Embedment Pullout Tests
Comparison with Previous Research and Design Methods

6.1 Introduction

The basic mechanism for transferring force between headed reinforcement
and surrounding concrete is the bearing of the head on the concrete. This
behavior is similar to anchor bolts and anchorages for prestressing steel, as well as
the bearing capacity of concrete. Several studies have reported the behavior of
bearing loads on concrete, anchor bolts and prestressing anchors leading to code
provisions for these applications.

Before formulating design provisions for deeply embedded headed
reinforcement, the measured capacities from the 108 deep-embedment tests on
edge and corner bars (paired bars are not included) which resulted in blowout
failures will be compared with the equations and methods previously developed

for similar phenomena.
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6.2  Bearing Strength of Concrete
Experimental Studies

Hawkins [23] conducted a series of tests measuring the bearing capacity of
cubic and cylindrical concrete specimens. Hawkins monotonically loaded the
specimens through rigid steel plates until failure. From the results of 38 tests,
Hawkins proposed a failure model and equation predicting the bearing capacity.
A continuation of this research led to the equation for minimum thickness of a
rigid plate previously mentioned. The failure model proposed by Hawkins
consists of a pyramid of concrete forming under the plate and splitting away the
surrounding concrete (Figure 6.1). The proposed failure model is very similar to

the failure mode observed in the deep-embedment pullout tests.

Figure 6.1 - Failure Mechanism Proposed by Hawkins
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In Hawkins’ tests the concrete strength varied from 21 to 50 MPa which is
a similar range of strengths for the deep-embedment pullout tests on headed
reinforcement. The steel plates and covers Hawkins used were larger than those
used in the tests in this program. Variables from the deep-embedment tests not
considered by Hawkins include: transverse reinforcement, development length,
and head (or plate) orientation.

Based on the variables in Figure 6.2, Hawkins proposed the following
equation for a bearing load through a rectangular plate near an edge with all

variables in standard US units:

_:—HT[_( a) ] eq. 6.1
|- X

*

2c

[~
I

Saling

Y

Figure 6.2 - Variables for Equation 6.1 by Hawkins
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where q is the bearing pressure under the plate. The value K is a constant
representative of the internal angle of friction for concrete. K is to be determined
experimentally and is a function of the coarse aggregate size and type. Hawkins
proposed a practical value for K of 50.

Hawkins’ equation can be rearranged to calculate the ultimate load of a
headed reinforcing bar using the variables for headed reinforcement shown in
Figure 6.3. Rearranging the terms (using US standard units) the equation
becomes:

Py = A, f, 1+—K—[ 2C; (3-5"1}—1} eq. 6.2
' h
2\f,

max

max

Figure 6.3 - Headed Reinforcement Variables for Equation 6.2
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The measured capacities from the deep-embedment pullout tests are
plotted against the predicted values from Equation 6.2 in Figure 6.4. Equation 6.2
correlates reasonably well with the measured values, though it underestimates the
capacity of all the edge bar tests and overestimates the capacity (is

unconservative) for many of the corner bars tests.

Measured Py vs. Predicted Py
Equation 6.2 - Hawkins
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Figure 6.4 - Comparison of Measured and Predicted Capacities using Equation 6.2 by
Hawkins
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Code Provisions: ACI 318 Section 10.17
The studies by Hawkins form the basis for Section 10.17 in the ACI
Building Code [1] which governs the bearing strength of concrete. The equation

for bearing capacity of concrete in customary US units is given as:
P, = ¢(0.85fc'A1) eq. 6.3

where A; is the loaded area. When the supporting area is larger than the loaded
area the capacity can be increased by the square root of the ratio of the supporting
area divided by the loaded area. The capacity though cannot be increased by more
than 2. The capacity reduction factor, ¢, is equal to 0.70. Since there are no
uncertainties in the variables for the 108 deep-embedment tests, the capacity
reduction factor is not used for this comparison.

Using Equation 6.3, the measured capacities from the 108 deep-
embedment pullout tests are plotted against the predicted values in Figure 6.5.
The ACI Code equation is very conservative for both edge and corner bars since it
only allows a doubling of the compressive strength of concrete in bearing. The
bearing stress at the head for the 108 pullout tests averaged 2.7 times the concrete
compressive strength with a maximum value of 5.1 times the compressive

strength.
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Measured Py vs. Predicted Py
Equation 6.3 - ACI 318 Section 10.17
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Figure 6.5 - Comparison of Measured and Predicted Capacities using Equation 6.3 from ACI
318 Section 10.17

6.3  Prestress Anchorage
Experimental Studies

Many of the studies of anchorage of prestressing steel were similar to
studies for bearing capacity of concrete. One major difference is the addition of
transverse or confining reinforcement. In the 1970’s, Williams [54] conducted a
comprehensive program on anchorages. He tested both unreinforced and
reinforced specimens and proposed the following best-fit formula for the ultimate

bearing stress in standard US units:
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Ab -0.47
fy = 6921, = eq. 6.4

where f; is the tensile capacity of concrete, Ay, the loaded area and A the unloaded
area. Equation 6.4 is one of the few equations that is based explicitly on the
tensile capacity of concrete. Most approaches use the square root or other
function of the compressive strength.

Using the head area, Ay, for Ay, assuming the unloaded area is:
A=4C? eq 6.5

and assuming the tensile strength of concrete is:

f = 6,f, eq. 6.6

Equation 6.4 can be rewritten for the ultimate capacity of headed reinforcement, in

customary US units, as:

~0.47

Py = 41.52Ah\/a ihz- eq. 6.7
4C7

The measured capacities for the 108 deep-embedment pullout tests are compared

with the predicted capacities of Equation 6.7 in Figure 6.6. The equation seems to

somewhat model the behavior but is very conservative in predicting the capacity.
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Measured Py vs. Predicted Py
Equation 6.7 - Williams
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Figure 6.6 - Comparison of Measured and Predicted Capacities using Equation 6.7 by
Williams

Based on a study of local anchorage zones of post-tensioned concrete
members, Roberts [40] proposed the following equation, in customary US units,

for the bearing capacity:

- /A s)’
PU =ch A*b'Ab 'i“l'fmt core(l——ﬁ) €g. 6.8

where A is the unloaded area and can be calculated for headed reinforcement from
Equation 6.5 and A, is the bearing area (the head area, Ay, for headed
reinforcement). The second term of Equation 6.8 takes into account confinement

from transverse reinforcement and is taken as O for the deep-embedment tests of
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headed reinforcement. The value T takes into account higher strength concrete
and is equal to 0.80 for concrete strengths of 4000 psi and lower and is decreased
by 0.05 for every 2000 psi increase in concrete strength over 4000 psi. The value
I' is 0.65 for concrete strengths of 10000 psi and higher. Rearrénging Equation

6.8 for variables associated with headed reinforcement gives:

A, eq. 6.9

The measured capacities for the 108 deep-embedment tests are compared with the
predicted capacities from Equation 6.9 in Figure 6.7. As with Equation 6.7,

Equation 6.9 models the behavior somewhat and is conservative.

Measured Py vs. Predicted Py
Equation 6.9 - Roberts
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Figure 6.7 - Comparison of Measured and Predicted Capacities using Equation 6.9 by
Roberts
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Code Provisions
A model code proposed by the Comite Euro-International du Beton (CEB)
[11] gave the following equation for ultimate bearing stress for prestressing

anchors in ST units:

f, = foe | A o 53fa eq. 6.10
1.5\ A, 1.5

where fy is the compressive strength and A and Ay, are the same as for Equation

6.4. Using Equation 6.5 for A, and Ay, for Ay, Equation 6.10 can be rewritten for
the ultimate capacity for headed reinforcement in SI units as:

£ 4C? £
Pu=Au g5y <334, %
) ) )

eq. 6.11

The capacities predicted by Equation 6.11 are compared with the measured
capacities for the 108 deep-embedment pullout tests in Figure 6.8. As with the
equations by Williams and Roberts, Equation 6.11 conservatively models the

behavior of headed reinforcement.
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Measured Py vs. Predicted Py
Equation 6.11 - CEB Prestress Achorages
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Figure 6.8 - Comparison of Measured and Predicted Capacities using Equation 6.11 based
on CEB Model Code

6.4  Anchor Bolts
Experimental Studies: University of Texas

Hasselwander [20] studied the behavior of anchor bolts near the edges of
concrete piers. Variables considered in this test program included embedment
depth, clear cover and bearing area. To change the bearing area of the anchor
bolts, washers of various sizes were attached to the anchor bolts. The range of
bearing area sizes tested was similar to the range tested in the deep-embedment
tests reported herein. The clear covers and concrete strengths were also similar to

the deep-embedment tests. Variables from the deep-embedment tests not included
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in Hasselwander’s study include head shape, head aspect ratio, head thickness,
development length and corner placement.

Hasselwander used a test setup that placed the anchor bolts in tension by
simulating a moment on the pier. Unlike the deep-embedment pullout tests, the
bearing reaction was not directly above the anchorage zone. For most of the tests
longitudinal and transverse reinforcement was placed in the anchorage area to
model typical details found in piers. Hasselwander, however, found very little
difference in load-deflection behavior or ultimate capacity with different amounts,
types and locations of pier reinforcement. Increases in ultimate capacity for two
tests with hairpin transverse reinforcement placed near the head were measured.
A wedge of concrete formed on the head at failure and was identical to that
observed in the deep-embedment tests.

Based on the statistical regression analysis of his data, Hasselwander

proposed the following best fit equation with all variables in standard US units:

Py = Ayt |96+ 1421 — L _ eq. 6.12
1-Cw
C'

where A, is the net bearing area, C,, is the clear cover over the washer
(corresponding to Cy), C’ is the clear cover over the bolt (corresponding to Cg,)

and In is the natural log function.
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Equation 6.12 is the only equation found that takes into account the effect
of cover over the head. However, since Hasselwander used only circular heads,
there was always some cover over the bar and the C,/C’ term never approached
unity which would result in a division by zero. In the deep-embedment tests, two
35mm diameter bars had heads with an average width of 33mm. In this case, the
cover over the head was equal to the clear cover and Hasselwander’s equation
cannot be applied. Measured capacities from the 108 deep-embedment pullout
tests on edge and corner bars that resulted in blowout failures are plotted against
the values calculated using Equation 6.12 in Figure 6.9. There is a large amount of

scatter between the predicted and measured values for both edge and corner bars.

Measured Py vs. Predicted Py
Equation 6.12 - Hasselwander
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Figure 6.9 - Comparison of Measured and Predicted Capacities using Equation 6.12 by
Hasselwander
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Hasselwander modified Equation 6.12 to produce an equation better suited

for design:

Py = 01404, -t [0.7+ln(D2C DH eq. 6.13

w

All the variables are in standard US units. Dy, is the diameter of the circular head
and D is the bolt diameter. In Figure 6.10, the measured capacities for the 108
deep-embedment tests are compared with predicted capacities using Equation
6.13. The term Dw was calculated for square and rectangular heads as an

equivalent diameter:

Dy = ﬂL(h’lthz)‘ eq. 6.14

The design equation, Equation 6.13, has less scatter than Equation 6.12,

but scatter is still significant.
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Measured Py vs. Predicted Py
Equation 6.13 - Hasselwander Design
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Figure 6.10 - Comparison of Measured and Predicted Capacities using Equation 6.13 by
Hasselwander

Experimental Studies: University of Stuttgart

Furche and Eligehausen [18] conducted pullout tests on deeply embedded
anchors near an edge of concrete to predict the side blowout capacity of the bolts.
The test setup used by Furche and Eligehausen removed the bearing reaction from
the anchorage zone. The head areas were less than most of the head areas for the
deep-embedment pullout tests. The edge distances tested by Furche and
Eligehausen were within the range used in the deep-embedment tests. Variables

included in the deep-embedment tests on headed reinforcement not considered by
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Furche and Eligehausen include: development length, transverse reinforcement,
corner position and head geometry.
Based on a total of 51 tests with side blowout failures, Furche and

Eligehausen proposed the following equation with all variables in ST units:

Py =16.8my/A £, eq. 6.15
where Py is in N, m is the distance from the edge to the center of the bolt
(corresponding to C;) and A, is the net bearing area (A,). The measured
capacities from the 108 deep-embedment pullout tests are compared with the
predicted values from Equation 6.15 in Figure 6.11. There is reasonable

correlation between Equation 6.15 and the measured capacities of edge bars. The

equation significantly overestimates the capacity of corner bars.
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Measured Py vs. Predicted Py
Equation 6.15 - Furche and Eligehausen
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Figure 6.11 - Comparison of Measured and Predicted Capacities using Equation 6.15 by
Furche and Eligehausen

Code Provisions: Proposed ACI 318 Section 23.11

Equation 6.15 by Furche and Eligehausen was adapted into a design
equation in the recently proposed Chapter 23 governing anchorage to concrete for
the ACI 318 (-98 or -01) Building Code [3].

The proposed design equation in customary US units is of the form:

Py =160c\ A, f, eq. 6.16

where ¢ is the edge distance (C;) and Ay, the net bearing area of the head (Ap).
The measured values from the 108 deep-embedment pullout tests are compared

with the predicted values from Equation 6.16 in Figure 6.12. The correlation
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between this equation and the results is similar to the Furche and Eligehausen

equation. Since it is a design equation it is more conservative. Neither Equation

6.15 or Equation 6.16 takes into account corner placement nor effects of close

spacing.
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Equation 6.16 - Proposed ACI 318 Section 23.11
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Figure 6.12 - Comparison of Measured and Predicted Capacities using Equation 6.14 from

Proposed ACI 318 Section 23.11

Code Provisions: CEB Method

In the CEB Information Bulletin #226, “Design of Fastenings in Concrete -

State-of-Art Report on Design and Application”

[13], a method is outlined for

determining the side blowout capacity of an anchor bolt. This method takes into
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account close spacings, corner placement and head area. Some factors not
included are development length, transverse reinforcement and head aspect ratio
or thickness.

The CEB method begins with a characteristic equation for a single deeply
embedded bolt near an edge with no influences from a second edge or other bolts.

The characteristic equation, in SI units, is of the form:

PUO =k5C1db’\/E €q. 6.17
where Pyy is in N, Cy is the edge distance and dy, is the bolt diameter. The value
ks takes into account the head area and is calculated by:

dﬁ_

ks = 7.2
d;

eq. 6.18

where dy, is the diameter of the head.

The characteristic capacity, Py, is then modified for corner placement or
close spacing by taking into account the changes in the area of the failure surface.
This step is very similar in approach to that used in the Concrete Capacity Design
method for pullout failures of anchor bolts. The CEB method assumes the
blowout failure will be a pyramid with the size of the base of the pyramid being
six times the edge distance on each side of the bolt (Figure 6.13). When the bolt
is near an edge the full pyramid cannot form and the size of the pyramid is

controlled by the second edge distance, C, (Figure 6.14). When bolts are closely
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spaced the resulting failure surface is smaller than the combined failure surfaces
for two individual bolts (Figure 6.15). To take these affects into account the

characteristic capacity, Py, is multiplied by:

Ag eq. 6.19
AC

with
Al =362 eq. 6.20

and A. is the available area for the failure surface.

Section 6C, Elevation

Figure 6.13 - Basic Blowout Failure Area for CEB Method

189



//////

=

’Cz ’ 3C, , Elevation

Placement
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Figure 6.15 - CEB Blowout Failure Area for Close
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In addition, the influence of the corner on the assumed distribution of

stresses is taken into account by multiplying the characteristic value, Pyo, by a

reduction factor:

Y =07+ 0.3& <1 eq. 6.21
- 3G,

The characteristic equation with the two reduction factors provides the blowout
capacity. The capacities predicted by this method are compared with the
measured capacities from the 108 deep-embedment pullout tests in Figure 6.16.
Since this method is valid for closely spaced bars, the results from the six tests on

paired bars are included in Figure 6.16. There is little scatter in the data points,

Measured Py vs. Predicted Py
Equations 6.17 to 6.21 - CEB Anchor Bolts
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Figure 6.16 - Comparison of Measured and Predicted Capacities using CEB Method -
Equations 6.17 through 6.21
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which suggests that the variables included in this approach are valid, but the

method is very conservative.

6.5 Summary

To compare the effectiveness of the various methods for predicting the
capacity of deeply embedded headed reinforcement, statistical measures of the
measured capacities divided by the predicted capacities were calculated. Since
most methods did not take into account corner effects, the results from the deep-
embedments tests on edge bars provide the best comparison. In Table 6.1 the
standard deviation, average, maximum and minimum of the measured ultimate
capacities divided by the predicted capacities from the various equations
discussed for the 77 deep-embedment tests on edge bars are summarized. The
methods are listed in the order that best model the behavior of headed
reinforcement. The best approach should have good correlation with the
measured data by minimizing the standard deviation or scatter. A small standard
deviation would suggest that the method modeled the observed behavior well.
Also, the average, maximum and minimum of the measured capacities divided by
the predicted capacities should be close to unity. If these three values equal 1,

then the method perfectly predicted the capacities of the tests.
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Edge Bars
Py Measured / Py Predicted
Standard | Average | Maximim Minimum

Method Eq. | Deviation
Furche and Eligehausen 6.15 0.25 1.19 1.69 0.82
ACI 318 Proposed Section 23.11 6.16 0.32 1.50 2.15 1.03
Hasselwander 6.12 0.35 0.93 2.13 0.32
Hawkins 6.2 0.37 1.57 2.47 1.13
Hasselwander Design 6.13 0.46 1.75 3.57 1.16
Roberts 6.9 0.51 2.32 3.49 1.52
CEB Method (Anchor Bolts) 6.17... 0.52 2.45 3.47 1.69
Williams 6.7 0.56 2.70 3.84 1.92
CEB Model Code (Prestress) 6.11 0.64 2.76 4.19 1.69
ACI 318 Section 10.17 6.3 0.98 3.26 5.50 1.83

Table 6.1 - Summary of Statistical Measures for Comparisons of Edge Bar Capacities

Equation 6.15 by Furche and Eligehausen had the best correlation (lowest
standard deviation) with the measured datz The proposed ACI design equation,
Equation 6.16, based on Equation 6.15 also performed well. The two equations
by Hasselwander, Equation s6.12 and 6.13, had good correlation but a wider range
of values for average, maximum and minimum. The equation by Hawkins,
Equation 6.2, modeled the behavior surprisingly well given the differences in test
setups and variables. The CEB design method for anchor bolts, Equations 6.17
through 6.21, was quite conservative as were the prestress anchorage methods,
Equation 6.7 by Williams, Equation 6.9 by Roberts and Equation 6.11 from the
CEB Model Code. The ACI equation, Equation 6.3, for bearing capacity of

concrete was very conservative and had the poorest correlation with the data.
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The statistical measures of the methods for the 31 deep-embedment corner
bar tests are listed in Table 6.2. The general trends are the same as for the edge
bar results. The statistical measures for the 108 deep-embedment tests on single

bars are listed in Table 6.3
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Corner Bars
Py Measured / Py, Predicted
Standard | Average | Maximim Minimum

Method Eq. | Deviation
Furche and Eligehausen 6.15 0.26 0.77 1.29 0.38
ACI 318 Proposed Section 23.11 6.16 0.33 0.98 1.63 0.49
Hasselwander 6.12 0.32 0.67 1.92 0.21
Hawkins 6.2 0.38 1.07 1.81 0.45
Hasselwander Design 6.13 0.34 1.10 1.78 0.61
Roberts 6.9 0.54 1.54 2.58 0.69
CEB Method (Anchor Bolts) 6.17... 0.78 2.61 4.33 1.20
Williams 6.7 0.60 1.80 3.01 0.87
CEB Model Code (Prestress) 6.11 0.65 1.85 3.10 0.82
ACI 318 Section 10.17 6.3 0.96 2.41 4.57 0.73

Table 6.2 - Summary of Statistical Measures for Comparisons of Corner Bar Capacities

All Bars
Py Measured / Py Predicted
Standard | Average | Maximim Minimum

Method Eq. | Deviation
Furche and Eligehausen 6.15 0.32 1.07 1.69 0.38
ACI 318 Proposed Section 23.11 6.16 0.40 1.35 2.15 0.49
Hasselwander 6.12 0.36 0.87 2.13 0.21
Hawkins 6.2 0.43 1.42 2.47 0.45
Hasselwander Design 6.13 0.52 1.57 3.57 0.61
Roberts 6.9 0.52 1.57 3.57 0.61
CEB Method (Anchor Bolts) 6.17... 0.60 2.50 4.33 1.20
Williams 6.7 0.70 2.44 3.84 0.87
CEB Model Code (Prestress) 6.11 0.76 2.50 4.19 0.82
ACT 318 Section 10.17 6.3 1.04 3.02 5.50 0.73

Table 6.3 - Summary of Statistical Measures for Comparison of All Deep-Embedment Test
Capacities
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Chapter 7

Deep-Embedment Pullout Tests
Regression Analysis

7.1  Introduction

After reviewing the effects of the individual variables tested in the deep-
embedment tests, the primary variables affecting the anchorage capacity of headed
reinforcement were edge distance, head area and concrete strength. Development
length added strength to the anchorage, while placing the reinforcing bar in a
corner or closely spacing the bars reduced the capacity. Regression analyses were
conducted on the results to determine the best description of these primary
variables and to generate a “best-fit” equation for the blowout capacity of headed

reinforcement.
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7.2 Regression Analysis Procedure

To determine the best description of the main variables affecting the
anchorage capacity, multi-variable non-linear regression analyses were conducted
using the data generated from the deep embedment pullout tests. Based on the
results of the tests, the influence of cover, head area and concrete strength were
considered. It was assumed that the characteristic application of headed
reinforcement would be an edge bar with no development length. Since the goal
was to generate a design equation, the simplicity of the “best-fit” equation was
considered in choosing variables and equations.

The non-linear multi-variable regression analyses were conducted using a
PC-based computer program, NLREG 3.3. NLREG is a program for curve fitting
with virtually no limit on the number of variables or parameters. NLREG uses a
model/trust-region technique for an adaptive algorithm which combines the
Gauss-Newton and Levenberg-Marquardt methods [41].

The output from NLREG includes several statistical measures of the curve
fit in addition to the calculated parameters for the curve fit equation.  Four
statistical measures of the regressions will be presented to gauge which variables
and equations provide the best description of the data. These four measures are
the maximum deviation, average deviation, standard error and proportion of

variance explained.

197



The maximum deviation represents the maximum absolute value of the
difference between the measured value and the predicted value. The average
deviation is the average of the absolute values of the differences. The standard
error measures the variation or scatter of the deviations between the measured and
predicted values.  Finally the “proportion of variance explained” or the
“coefficient of multiple determination”, Rz, is presented. R? is a measure of how
well the curve fit predicts the values and is presented as a percentage. A value of
100% means the curve fit perfectly predicts the measured values while a value of
0% means that the curve fit does no better in predicting the measured values than
using the mean of the measured values. To choose the best equation or
description of a variable for the data, the maximum deviation, average deviation
and standard error should be minimized, while R? should be maximized.

Although there was no restriction on the analysis from NLREG, the
regressions all used power functions for the analyses. Choosing one equation type
reduced the number of regressions performed. Power functions were chosen over
such functions as log and natural log because power functions are usually more
transparent (the results are easier to predict without a calculator) than the log:
functions and are traditionally used for equations describing the behavior of
concrete members and have proven to be effective in modeling behavior of

concrete.
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7.3  Head Area

The first of the three primary variables analyzed was head area. To
determine the best description of the effect of head area, regression analyses were
performed using results from the series of 27 tests on head geometry discussed in
Section 5.10 (See Table 5.17 for the parameters and results of these tests). Head
yielding was measured in several of these 27 tests. Since it was unclear how head
yielding affected the capacity, the regression analyses were repeated using results
from 18 tests in which the head did not yield. The results from these regressions
were not significantly different from the results using all 27 tests.

Four different descriptions were considered for head area: the total head
area, Ay; the net bearing area, A,; and these two values divided by the bar area,
Ay, An/Ap and A /Ay, The basic equation for the regression analyses was:

Py =kV*+B eq. 7.1
where Py is the ultimate capacity, V is one of the four descriptions of head area
and k, x and B are curve fit parameters. Four forms of Equation 7.1 were
analyzed: a linear form with x equal to unity and B equal to 0; a linear form with x
equal to unity and no restraint on B; a power function with no restraint on x and B

equal to 0; and a power function with no restraint on x or B. The results from 16

analyses are summarized in Table 7.1.

199



Reg Py=kV*+B k X B Deviation Std. R?
A\ Max. | Avg. | Error

1 A, 0.294 0.786 | 0.000 | 63.0 | 155 | 22.7 | 86%
2 A, 0.805 0.680 | 0.000 | 509 | 19.8 | 25.7 | 82%
3 Ay/A, 85.9 0.455 | 0.000 | 152 | 358 | 484 | 37%
4 AJA, 109 0.365 | 0.000 | 151 | 36.1 | 48.7 { 37%
5 Ay 0.00115 1.38 88.6 | 59.9 | 135 | 21.0 | 89%
6 A, 0.000395 | 1.51 110 | 447 | 164 | 216 | 88%
7 Ay/A, 2.81 1.58 140 158 | 335 | 48.6 | 39%
8 AA, 435 1.44 143 157 | 33.6 | 48.7 | 39%
9 Ay 0.0480 1.00 | 0.000 | 69.9 | 19.0 | 263 | 81%
10 A, 0.0554 1.00 | 0.000 | 76.1 | 259 | 33.6 | 69%
11 Ay/A, 27.3 1.00 | 0.000 | 153 | 444 | 603

12 AA, 30.7 1.00 | 0.000 | 156 | 49.8 | 67.8

13 Ay 0.0379 1.00 | 47.0 | 61.6 | 144 | 214 | 88%
14 A, 0.0391 1.00 | 668 | 48.7 | 175 | 22.7 | 86%
15 Ay/A, 14.0 1.00 106 154 | 34.6 | 478 | 39%
16 AA, 14.0 1.00 120 154 | 34.6 | 47.8 | 39%

Table 7.1 - Results of Regression Analyses for Head Area

Based on the results from these analyses, the two ratios, Ay/Ay, and A /Ay,
performed poorly and Ay, performed slightly better than A,. The power function

with no restraint on x or B performed the best of the four equation forms. This is

not surprising since this form has the most degrees of freedom.

The most accurate curve fit used the total head area, Ay, and was:

Py = 0.00115A1 8 + 88.6

This equation reasonably models the measured capacities for the 27 tests as shown

in Figure 7.1.
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P, vs. Head Area

— Py=0.00115A," + 88.6
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Figure 7.1 - Comparison of Best-Fit Equation for Head Area (Equation 7.2) with Test
Results

There was little difference in the results of the regression analyses using
the total head area and the net head bearing area. Normally the net bearing area is
used in equations for anchor bolts. One mathematical advantage of using the net
bearing is that it can conceivably equal zero while the total head area is limited to
a minimum equal to the bar area. However, the total head area is easier to
calculate in design.

The analyses that restricted the y-intercept, B, to 0 had results only slightly
less accurate than Equation 7.2. It is intuitive that a headed reinforcing bar with

no head area (and no development length) should have no capacity. However, it is
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not necessarily true that an equation for the blowout capacity of headed
reinforcement should predict no capacity with no head area.

If a bar is placed in concrete with no development length and no head then
the pullout capacity is zero. If a small head, slightly larger than the bar is added,
the pullout capacity would increase but a blowout failure would probably not
occur. Instead a pullout failure characterized by a small cylinder of concrete being
pulled out would occur. A pullout failure should not be confused with a pullout-
cone failure. Blowout, pullout-cone and pullout modes of failure are compared in
Figure 7.2. Only when the head reaches a certain size would a blowout or pullout-
cone failure occur. The possibility of this switch in failure mode could lead to an

equation for blowout capacity with a y-intercept greater than zero.

Blowout Pullout Cone Pullout

Figure 7.2 - Comparison of Possible Failure Modes
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7.4 Concrete Strength

Since blowout failures involve the tensile capacity of concrete, the tensile
strength of concrete may be the most appropriate material property to use in
equations predicting the capacity. However, the tensile strength of concrete is
usually described using the square root or other power function of the
compressive strength. For this reason no regression analyses were conducted with
concrete strength as the only variable and a power function of the compressive

strength of concrete, (f.)*, was used in the following regression analyses.

7.5  Edge Distance

The results from tests on 57 edge bars with no development length were
used to analyze different descriptions of the edge distance. The parameters for
these 57 tests are listed in Table 7.2. The edge distance, head area and concrete
strength were variables for these tests. To account for the variation in head area

and concrete strength the following equation was used for the regression analysis:

Py = kV"A}fS\/E +B eq. 7.3
where V is the variable describing edge distance. The value of 1.38 for the

exponent of Ay, is from Equation 7.2. The square root of the concrete strength was

assumed since this is traditionally used to calculate the tensile strength of
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Test ID d Nominal C, C, 1 f. Py
Head
(mm) (mm) (mm) | (mm) | (mm) | (MPa) (kN)
CI1B1 25 70x70x16 35 457 0 25 239
C1B2 25 70x70x16 48 457 0 25 283
CI1B3 25 70x70x16 48 457 0 25 272
C3B1 35 100x55x25 51 457 0 29 285
C3B2 35 55x100x25 51 457 0 29 284
C3B3 35 100x55x25 64 457 0 29 330
C3B4 35 55x100x25 64 457 0 29 335
C4B1 35 90x90x20 45 457 0 29 403
C4B2 35 90x90x20 51 457 0 29 476
C4B3 35 90x90x20 64 457 0 29 491
C4B4 35 90x90x20 76 457 0 29 512
C7B1 35 90x90x20 89 457 0 24 589
C7B2 35 90x90x20 102 457 0 24 609
C7B3 35 100x55x25 102 457 0 24 460
C7B4 35 55x100x25 102 457 0 24 464
C8B5 20 35x70x16 30 457 0 24 127
C8B6 20 70x35x16 45 457 0 24 177
C8B7 20 35x70x16 45 457 0 24 155
C15B1 35 57x57x16 45 305 0 19 162
C15B2 35 40x80x16 45 305 0 19 185
C15B3 35 70x70x16 45 305 0 19 221
C15B4 35 49x99x16 45 305 0 19 217
C15B5 35 55x100x25 45 305 0 19 194
C15B6 35 80x80x16 45 305 0 19 283
C15B7 35 90x90x16 45 305 0 19 374
C16B1 25 33x33x16 45 305 0 19 93
C16B2 25 57x57x12 45 305 0 19 154
C16B3 25 57x57x16 45 305 0 19 168
C16B4 25 57x57x20 45 305 0 19 176
C16B5 25 40x80x12 45 305 0 19 162
C16B6 25 40x80x16 45 305 0 19 163
C16B7 25 40x80x18 45 305 0 19 180
C16B8 25 40x80x20 45 305 0 19 149

Table 7.2 - Parameters and Results for Deep-Embedment Tests on Edge Bars with No
Development Length
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Test ID dy Nominal G C, 1 f. Py
Head
(mm) (mm) (mm) | (mm) | (mm) | (MPa) (kN)
C17B1 25 33x98x12 45 305 0 19 144
C17B2 25 33x98x16 45 305 0 19 165
C17B3 25 33x98x20 45 305 0 19. 199
C17B4 25 70x70x12 45 305 0 19 238
C17B5 25 70x70x16 45 305 0 19 235
C17B6 25 70x70x20 45 305 0 19 222
C17B7 25 49x99x16 45 305 0 19 222
C17B8 25 55x100x25 45 305 0 19 233
C17B9 25 80x80x12 45 305 0 19 285
C17B10 25 80x80x16 45 305 0 19 331
C17B11* 25 70x70x16 45 305 0 19 183
C17B12* 25 77x77x16 45 305 0 19 193
C18B1 35 55x100x25 45 305 0 44 411
C18B2 35 55x100x25 51 305 0 44 432
C18B3 35 55x100x25 64 305 0 44 517
C18B4 35 90x90x20 45 305 0 44 555
C18B5 35 40x80x25 45 305 0 44 238
C18B6 35 40x80x25 64 305 0 44 330
C19B1 35 70x70x20 45 305 0 44 360
C19B2 35 70x70x20 64 305 0 44 470
C19B3 25 40x80x25 45 305 0 44 287
C19B4 25 40x80x25 25 305 0 44 196
C19B5 25 57x57x16 45 305 0 44 295
C19B6 25 57x57x16 30 305 0 44 261

Table 7.2 - Continued

concrete. The regression analyses for cover were conducted assuming that the y-
intercept of the curve fit was greater than zero. In the development of straight
bars, if the distance from the edge of the concrete to the center of the bar, Cy, was
equal to zero, or the clear cover equal to zero (Figure 7.3) then intuitively there

should be essentially zero capacity. However, with headed reinforcement, there
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Straight Bar Headed Bar

Figure 7.3 - Comparison of Straight and Headed Bars with No Cover
should still be a capacity when the edge distance or cover is zero, since half of the
head still bears against the concrete.

As with head area, a variety of possible descriptions of edge distance were
analyzed. A total of twenty-one were analyzed. The three main cover parameters,
C;, Cg, and Cy, were considered as were each of these three parameters divided
by dp, hy, hy, hyax and hy,. These variables were chosen to determine if bar or
head geometry affected the capacity. Also, three ratios of the cover parameters
were analyzed, Ce/Cy, Cpi/Cy and Cpy/Cey. The results of the regression analyses

are presented in Table 7.3.
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Reg. | Py=kV*A,**f >5+B k X B Deviation Std. | R?
A\ x10e6 Max. | Avg. | Error
1 C, 194 |0670] 114 | 116 | 343 | 448 | 89%
2 Cer 509 |0483| 108 | 117 | 350 | 457 | 88%
3 Cpi 6.33 1.00 | 210 | 345 | 73.9 | 953 | 48%
4 Cy/d, 231 | 0.604 | 903 | 128 | 36.8 | 485 | 87%
5 Cei/dy 297 | 0431 | 89.5 | 125 | 373 | 489 | 86%
6 Cpi/dy 288 | 0312 155 | 400 | 67.2 | 93.3 | 50%
7 Cy/h, 409 |[0520] 61.2 | 108 | 30.0 | 43.3 | 89%
8 Ca/hy 461 | 0438] 66.6 | 108 | 305 | 42.5 | 90%
9 Cpi/hy 334 [ 0.196| 147 | 408 | 67.0 | 952 | 48%
10 Ci/hy 387 | 0481 | 91.0 | 125 | 358 | 48.0 | 87%
11 Ce/h, 433 1 0.398] 90.6 | 118 | 358 | 472 | 87%
12 Cpi/hy 412 0372 158 | 397 | 64.7 | 91.1 | 53%
13 C1/Npin 402 | 0502 | 594 | 116 | 302 | 42.6 | 90%
14 Ce1/Npnin 450 | 0.421] 65.1 | 115 | 31.0 | 42.2 | 90%
15 Cp1/Din 333° ] 0.209 | 146 | 409 | 66.7 | 94.7 | 49%
16 C1/Rpax 413 1 0.637] 96.2 | 121 | 347 | 450 | 88%
17 Cet/Nypax 462 | 0477] 943 | 113 | 355 | 454 | 88%
18 Chi/Npnax 419 0378 | 158 | 397 | 655 | 914 | 52%
19 Ca/Cy 554 148 | 88.1 | 119 | 39.1 | 50.0 | 86%
20 Cp/Cy 344 10256 148 | 406 | 682 | 959 | 48%
21 Cpi/Cqy 368 1.00 | 182 | 373 | 83.8 | 107 | 35%

Table 7.3 - Results of Regression Analyses for Edge Distance

From the results of the regression analyses, the edge distance, C;, and the
clear cover, C., best describe the data. The ratios of bar or head dimensions with
C, and Cg also described the data very well. There was very little difference
between the results from these twelve analyses. The clear cover over the head,
Chu1, and the ratios of Cpy with bar or head dimensions did not perform as well as

ratios of Cy and C¢y. The three ratios of the cover parameters also did not perform

207




as well. It appears that the edge distance is important but the data is not sensitive
to how this factor is described. For simplicity, the edge distance, Cy, or the clear
cover, C., appear to be the best terms to use as variables. The most accurate

equation using C; was:

Py = 0.0000194C AL f¢' 4 114 eq. 7.4

The measured values for the 57 deep-embedment tests are compared with the

predicted values from Equation 7.4 in Figure 7.4.

Measured Py vs Predicted Py
Equation 7.4 - Py= (0.0000194C,%7°A, 18 %) + 114

800
g 600 + +
= . * .
o2 *. 0 ¢
g 400 + . .
5 o ¢
| N ¢
B L [ 4
S 200 + 24
L +
0 } } } } } } }
0 200 400 600 800
Predicted Py (kN)

Figure 7.4 - Comparison of Best-Fit Equation for Edge Distance (Equation 7.4) with Test
Results
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In equations for anchor bolts it is common to use the edge distance.
Anchor bolts are commonly placed after the concrete has been cast and hardened
and often are drilled into place. For construction reasons it is easier to locate the
center of the bolt. For longitudinal reinforcement, protection of the reinforcement
is important and it is traditional to call out the required clear cover over the bar in
construction documents, not the distance to the center of the bar. When headed
reinforcement is to be used as the longitudinal reinforcement and not in anchor
bolt type applications, the clear cover seems the most appropriate variable.
However, both variables for cover can be used to accurately predict the capacity of

the anchorage.

7.6  Best-Fit Equation

Following examples of equations for anchor bolts, the primary variables for
the blowout capacity of headed reinforcement are: edge distance, Cy; net bearing
area, A, and concrete compressive strength, f’c. When headed reinforcement is
being used for main reinforcement of concrete members, the simplest variables are:
clear cover, Cy; total head area, Ay and concrete compressive strength, f.. Both
sets of variables can accurately predict the blowout capacity of headed

reinforcement. However, since the Concrete Capacity Design method for the
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pullout-cone capacity of headed reinforcement is calculated using “Anchor Bolt”
variables, it seems simpler to also use these for the blowout capacity.

Though it is possible that a headed reinforcing bar could have a capacity
with no cover and also possible that the best equation for blowout failures would
predict a capacity if the bar has no head attached, it is not possible for there to be
any capacity if the concrete strength is zero. It is very unusual to find design
equations for reinforced concrete that predict capacities when one of the primary
variables is equal to zero. With this in mind, it is best to use an equation with a y-
intercept of zero.

A regression analysis was performed using the data from the 57 deep
embedment pullout tests with no development length that resulted in blowout
failures and the three primary “Anchor Bolt” variables to produce a best-fit

equation. A power function was used for the curve fit:

Py = kCIA'F eq. 7.5
The regression produced the following equation:

Py = 0.0252C60 A 0-577¢ 0671 eq. 7.6

with Py in kN, C; in mm, A, in mm? and f'. in MPa. Equation 7.6 very accurately
predicted the measured capacities. The maximum deviation between the
predicted and measured capacities was 69.7 with an average of 20.6. The

standard error from this regression was 28.2 and the value of R* was 96%. The
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predicted capacities from Equation 7.6 are compared with the measured capacities

of the 57 deep embedment tests in Figure 7.5.

Py Measured vs Py Predicted
Equation 7.6 - Py=0.0252C,%6% A, %377f 067
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& 200 +
T o
0 ; } } } t } }
0 200 400 600 800
Py Predicted (kN)

Figure 7.5 - Comparison of Measured Capacities with Capacities Predicted by Best-Fit
Equation (Equation 7.6)
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Chapter 8

Deep-Embedment Pullout Tests
Physical Model

8.1 Introduction

In the previous chapter regression analyses were conducted on the results
of the deep-embedment tests to determine the best description of the variables and
to generate a “best-fit” equation for the blowout capacity of headed reinforcement.
While the best-fit equation can accurately predict the capacity, there is no
relationship between the equation and the physical behavior of concrete or headed
reinforcement. One of the major advantages of the proposed Concrete Capacity
Design method for anchorage to concrete is a relationship with a physical model
to describe the behavior of anchor bolts.

In this chapter a physical model for a side blowout failure will be
proposed. Equations predicting the blowout capacity of headed reinforcement
will be generated from this model and compared with the measured capacities and

the best-fit equation from the previous chapter.
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8.2 Physical Model

The basic model for a pullout-cone failure of a headed stud or anchor bolt
is that the bolt force is resisted by a distribution of tensile stress in the concrete
surrounding the anchor. The tensile stress creates the failure plane of the pullout
cone (Figure 8.1). In this model the driving force is the tension in the anchor and
the resisting force is the tensile capacity of the pullout cone of concrete. Most
models have used a circular cone to describe the failure surface. One of the
advantages of the Concrete Capacity Design is the use of a pyramid to describe
the failure surface, which simplifies the calculation of the cone area and the

effects of corner placement or overlapping cones of anchor groups.

Figure 8.1 - Pullout-Cone Failure

213



The basic model used to describe a blowout failure is similar to the model
for a pullout-cone but turned ninety degrees to the tension of the bar. In this
model the edge distance replaces the embedment depth. This model was used by
Furche and Eligehausen [18] in their study of blowout failures of anchor bolts.

As the load on an anchor or headed bar placed near an edge is increased, a
cone or pyramid of compacted concrete forms on the head. The bearing of this
pyramid of concrete on the surrounding concrete creates a quasi-hydrostatic state
of stress in the surrounding concrete (Figure 8.2). The lateral force from this
stress is resisted by tensile stress in the surrounding concrete. The failure surface

is the blowout cone. For this model the driving force is proportional to the tensile

]namd_pm resistine force is the tensile canacity of the blownnt cane

8.3  Equations of the Physical Model

To generate an equation using this physical model the driving force or the
relationship between the tension and lateral load, and the ultimate resisting force
must be determined.

The ultimate resisting capacity, Ry, is equal to the ultimate tensile strength

of the blowout cone which can be calculated by assuming a uniform tensile stress
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¢

Figure 8.2 - Blowout Failure

equal to the tensile capacity of concrete distributed over the area of the failure
surface:

Ry = Ay L eq. 8.1
where Ry is the ultimate resisting force, Ay, the area of the failure surface and f;
the tensile strength of concrete. Units of mm? for area and MPa for stress result in

units of N for Ry.
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Assuming that the failure surface is a square based pyramid with height
equal to the edge distance, C;, and the internal angle, ©, of the pyramid is

constant, then the area of the base is proportional to C; and 6:

Ay, =4C3 tan’ 0 eq. 8.2
or

Apo = (2DC, ) eq. 8.3
where D is tan6 as shown in Figure 8.3

The height and width of blowout failures were measured at the conclusion
of each test. The failure surfaces were very rough and the height and widths were
measured as the greatest overall horizontal and vertical distances as shown in
Figure 8.4. Multiplying these two values results in Ay,. Table 8.1 lists statistical
measures for measured values of Ap,, and calculated values of D and 6. In Figure
8.5, the measured blowout area, Ay,, is plotted against head area, Ay, for the series
of 27 tests on head geometry discussed in Section 5.10. There is no obvious
correlation between Ap, and Ay. The correlation between Ay, and the edge
distance C; for the 57 deep embedment edge bar tests with no development length
is shown in Figure 8.6. In Figures 8.7 and 8.8, 0 is shown to be fairly constant

with head area and edge distance.
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Figure 8.4 - Dimensions of Blowout Failures

Ay, (mm?) D 0
Maximum 411612 5.1 78.8
Minimum 10323 1.4 53.9
Average 130440 3.0 70.9
Standard Deviation 98476 0.7 4.8

Table 8.1 - Statistical Measures of Measured Sizes of Blowout Failures
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Figure 8.6 - Comparison of Blowout Area with Edge Distance
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Figure 8.8 - Comparison of Theta with Edge Distance
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From these results the average value for 8 is 71°. The corresponding value
assumed in the Concrete Capacity Design method for the pullout cone is 55°. The
average value of D is 3, which corresponds well with the results of Furche and
Eligehausen. In their tests the measured diameter of the blowout failure was 6 to
8 times the edge distance, which corresponds to D of 3 to 4.

Assuming D is 3, then Equation 8.3 for Ay, becomes:
Ay, = 36C3 eq. 8.4
This is the same equation used for the basic area of a blowout cone in the CEB

method for anchor bolts discussed in Section 6.4. In Figure 8.9, the measured Ay,

is plotted against C; with the solid line representing Equation 8.4.

Ay, Vs C;
Edge Bars with 1;=0
450000 ~
1 Equation 8.4
Ab0=36C12 ‘
~ 300000 +
g
g 1
< 150000 +
0 }
0 120

Figure 8.9 - Comparison of Blowout Area with Edge Distance and Predictive Equation
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Once the size of the blowout failure is determined, the other half of the
equation for the ultimate resisting force is the tensile strength of concrete.
Concrete tensile strength varies from about 10% to 20% of the compressive
strength and is traditionally specified as a function of the square root of the

concrete strength. Values for the tensile capacity of concrete vary from 0.33 to

0.75 times the square root of the compressive strength (4\/3 to 9\/E in

customary US units). An average value is 0.5\/}: (6\/E in customary US units).

Using this value and converting to kN, the equation for the ultimate resistance,
Ry, becomes:

(36ct )(O.SJE )

R, = = 0.018C2./f. eq. 8.5
U 1000 1\[: q

The driving force, Z, is assumed to be a function of the tensile load on the
bar, P:

Z =oP eq. 8.6

At ultimate the load is Py, and Zy is equal to Ry. Substituting these values into

Equation 8.6 and solving for o leads to:

0.018C2/f.
o= Ry _ 1\/7c eq. 8.7

Py Py
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Using an equation based on the pullout-cone capacity of anchor bolts for Ry,
Furche and Eligehausen proposed a function for o based on the ratio of bearing

stress at the head and concrete compressive strength:

o=0.1 f—t% eq. 8.8
f

c
where f, is the bearing stress under the head at ultimate load and is equal to the
ultimate load, Py, divided by the net head area, A, (note that o has no units). In
Figure 8.10, o from Equation 8.7 is compared with o from Equation 8.8 for the 57
deep-embedment tests with no development length. Equation 8.8 does not fit the

data and a better fit was obtained with the following function for o:

o=0.517 f—l,’ eq. 8.9
f

C
which is also shown in Figure 8.10.

Equation 8.9 can be rewritten as:

eq. 8.10

with Py in kN, A, in mm® and f’c in MPa. Substituting Equation 8.10 into

Equation 8.7 and rearranging yields:

Py = 0.0107(C; )" (A, )3 (f;)o'667 eq. 8.11
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Figure 8.10 - Comparison of Alpha with fb/f'c

In Figure 8.11, the measured capacities for the 57 tests are compared with the
predicted capacities from Equation 8.11. The physical model leads to an equation
which has a reasonable fit with the data.

There are several aspects of the equation from the physical model that
should be noted. First, the assumptions of the physical model naturally lead to an
equation with the three primary variables and excludes factors that were found to
not affect the capacity such as head orientation or aspect ratio. Second, the
equation for o, is based on the bearing stress at the head. The model suggests that

if development length was present, tension in the bar would be transferred out of
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Py Measured vs Py Predicted
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Figure 8.11 - Comparison of Measured Capacities with Capacities Predicted by Equation
from Physical Model (Equation 8.11)

the bar along the development length decreasing the bearing stress at the head and
increasing the blowout capacity. This matches the behavior observed during the
tests. Finally, the physical model also leads to an equation with a y-intercept
equal to zero and units which are algebraically consistent. It is generally accepted
that functions of concrete strength represent stress and result in units of stress
regardless of the exponent. The units of the edge distance are mm and the
bearing area is in mm? Raising edge distance to the 1.33 power and multiplying

by the bearing area raised to the 0.333 power results in units of mm?. Multiplying
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units of stress by units of area results in units of force. The units of the best-fit

equation generated by the regression analysis are not algebraically consistent.

8.4 Equation from Physical Model and Regression

Another approach using the physical model is to determine the equations
for the resistance and driving force algebraically from the best fit equation
generated by a regression analysis of the results. Substituting a general equation

for Ry:
\Y
Ry = k(C;)*m(t, eq. 8.12

and a general equation for o using the ratio of bearing stress at the head and the

concrete compressive strength:

PI/ ’
{&“ eq. 8.13

fC

o=n

into the general relationship of the physical model:

Py = Ell eq. 8.14
o

yields :
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Py = eq. 8.15

which can be rearranged:
1
= +2
k x oz (2
Py = (—m) T (C ) (A 1o (£ ) eq. 8.16
n
Converting the best-fit equation from the regression analysis using the
results of the 57 deep embedment pullout tests on edge bars with no development
length so that Py is in N yields:

Py = 25'2(C1 )0-609 (An )0.577 (f' )0-671

c

eq. 8.17

From which the exponents in Equation 8.16, x, y and z, can be calculated and

substituted into Equation 8.15:

) K(C, )1_44 m(f;)o.zzz

1.37

eq. 8.18
Py
An
f

n
c

The exponent for edge distance, 1.44, is lower than the exponent from the
physical model, 2. The exponent for concrete strength, 0.222, is less than half that
assumed in the physical model which used the square root of concrete strength.

Also the exponent on the ratio of bearing stress and concrete strength, 1.37, differs
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greatly from the value assumed by the physical model which used the square root

of this ratio.

8.5 Summary

Based on a physical model of the observed behavior of deeply-embedded
headed reinforcement an equation was formulated to predict the blowout capacity.
This equation predicted with reasonable accuracy the measured capacities from
the deep-embedment tests. This equation also matched other observed behavior
while using the primary variables. The equation from the physical model had
different importance (or weight) for the variables than the equation resulting from
the regression analysis. Finally, the equation from the physical model had

consistent units and a y-intercept of zero.
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Chapter 9

Deep-Embedment Pullout Tests
Formulation of Design Procedures for Side Blowout Capacity

9.1 Introduction

In the previous chapters regression analyses and a physical model were
used to form equations predicting the side-blowout anchorage capacity of headed
reinforcement. While these equations accurately predict the capacity of a deeply
embedded edge bar with no development length they are inappropriate as design
equations. Adjustments for development length, corner placement and close
spacing must be included. Also, design equations must conservatively predict the

capacity for a wide variety of applications.
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9.2  Review of Equations
The two equations that resulted from the regression analyses and physical
model are functions of the edge distance, Cy; net bearing area, A,; and concrete

strength, f.. The equation from the regression analysis was:

110.671
Py = 0.0252(C,)"*” (a,)""(r.) eq. 9.1
and the equation from the physical model was:
110667
Py = 0.0107(C;)"* (4,)" (£ eq. 9.2

in both equations Py is in kN, Cy in mm, A, in mm? and f'. in MPa.

Both equations are based on the characteristic application of deeply
embedded headed reinforcement: an edge bar with no development length. Both
accurately predict the measured capacities for the 57 deep-embedment tests on
edge bars with no development length. Statistical measures of the measured

capacities divided by the predicted capacities are summarized in Table 9.1.

Measured Py/Predicted Py
Maximium| Minimum | Average | Standard
Equation Deviation
Py = 0.0252C, %6994 0377¢ 0671 1.46 0.82 1.00 0.12
Py = 0.0107C; 37,0333 0667 1.60 0.66 1.07 0.22

Table 9.1 - Statistical Measures of Equations from Regressions and Physical Model
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However, neither equation is suitable for design. The equations are not
transparent in the sense that the results are not easily predicted without the aid of a
calculator nor are the effects of each variable obvious. To make these equations
more transparent the exponents for the variables must be simplified. Common
exponents that are easy to calculate manually include 0.5 (the square root), 1.0,
2.0 and 3.0. As long as the accuracy of the equation is not compromised, these

exponents are preferable.

9.3 Simplification of Concrete Strength Term

Though the exponent for f'; is approximately 0.67 in both equations the
tensile strength of concrete, which controls the blowout capacity, is generally
taken as a function of the square root of the concrete compressive strength. In
Figure 9.1 normalized capacities for 57 deep-embedment pullout tests with no
development length that resulted in side blowout failures (see Table 7.2 for the
parameters and results of these 57 tests) are compared with three functions for
concrete strength. Rearranging Equation 9.1 so that only the concrete strength is

on one side results in the normalized capacities, Pyng., used for this comparison:

PU (Measured)
0.0252C 0 A 0577

Pynte = eq.9.3
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Figure 9.1 - Comparison of Functions for Concrete Strength

The coefficients for the functions of concrete strength are results of regression
analyses. All three functions fit the normalized data well, though at higher
concrete strengths the linear function overestimates the normalized capacities.
Based on this comparison of normalized capacities, the use of the square root of

concrete strength is an acceptable simplification.

9.4 Simplification of Net Bearing Area Term

In Equation 9.1 the exponent for net bearing area is 0.577, while for
Equation 9.2 this exponent is 0.333. These values are close to the square root
function. In the methods for bearing, prestress anchors and anchor bolts discussed

in Chapter 6, the exponent for bearing area varied from 0.5 to 1.5. In Figure 9.2
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the normalized capacities for the 57 edge bar tests are compared with functions of
net bearing area. The normalized capacity, Pynan, results from rearranging

Equation 9.1:

PU(Measured)
PUNAn = 0671 €q. 94

0.252C5%¢

Again, the coefficients for the functions of net bearing area are the results of
regression analyses. The functions with exponents of 1.0 and 1.5 underestimate
the normalized values for smaller head areas and overestimate the values at higher
values of bearing area. The best function for simplifying the bearing area term is

the square root.

Pynan VS Ay
Punan=P1/0.0252(C;>5%) (£ 26"
300 »
A 0.577 P / »
T p 0.33 7 .-
------ 7.64A, Pl
200 4 — = L.90A% R P
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z + 15 P e ST R
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Figure 9.2 - Comparison of Functions for Net Bearing Area
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9.5 Simplification of Edge Distance Term

The exponent for edge distance in Equation 9.1 is 0.609 and 1.33 in
Equation 9.2. Design methods for similar phenomena included exponents
between 1.0 and 2.0 for edge distance. In Figure 9.3 several functions for edge
distance are compared with normalized capacities for the 57 edge bar tests. The
normalized capacities, Pynci, were calculated by rearranging Equation 9.1:

Py
0.252A%°77¢

PUNCl = 0.671 €q. 9.5

C
The functions for edge distance are the results of regression analyses. The

functions with exponents higher than 1.0 underestimate the normalized capacities

Pynci vs C;
PUNC]=Pu/0.0252(An0~577)(f‘co,671)
0 0.609 - —
] - -
i Cl 1.333 // . L
04 T 0.0512C, S
— = 1.55C, S
g — - = = 0.206C, e
& 20T ——— 000278C,*° 2l R
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Figure 9.3 - Comparisons of Functions for Edge Distance
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for small edge distances and overestimate the normalized values at higher values
of edge distance. The function using the square root is very close to the original
value in Equation 9.1. The linear function matches the data well for most of the
range of edge distances tested. Since the square root of concrete strength
describes the tensile capacity it is accepted that the units are MPa. The units
resulting from the square root of the bearing area are mm. For the capacity
equation to result in a unit of force, the edge distance term must also result in
units of mm. Therefore, the linear function for the edge distance is an acceptable

simplification.

9.6  Equation for Characteristic Application

Simplifying the terms of the equations led to an equation in the form:

Py = 0.0170C1\/E eq. 9.6
the curve fit constant, 0.0170, resulted from a regression analysis on the 57 edge
bar tests. Equation 9.6 predicts the blowout capacity of a deeply-embedded edge
bar with no development length. The predicted capacities using Equation 9.6 are
compared with the measured capacities for the 57 edge bar tests in Figure 9.4.
Equation 9.6 was reasonably accurate over the range of measured values. For the

57 tests, the average value of the measured capacity divided by the predicted
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Figure 9.4 - Comparison of Measured Capacities with Capacities Predicted by
Characteristic Equation (Equation 9.6)

capacity was 1.07 with a standard deviation of 0.168, and a range of values from
0.810 to 1.56.

Equation 9.6 is identical in form to the one proposed by Furche and
Eligehausen [18] (Equation 6.13) for the blowout capacity of anchor bolts. The

constant proposed by Furche and Eligehausen, for Py in units of kN, was 0.0168.

9.7 Comparison of Characteristic Equation with Physical Model

The general form of the equation for blowout capacity derived from the

physical model, with Py in N, was:
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R, K(C)Ym(t)

PU = = 2 €q. 9.7

o PV
n {&“
fC

which can be rearranged into:

k 11 y+z
m
PU ( ] i (C1)1+Z (A )1+Z( )1+Z €q. 9.8

n
The characteristic equation, Equation 9.6, can be substituted into Equation 9.8 and
since there are three unknowns: X, y and z, and three equations: the exponents for
C;, A, and f’c in Equation 9.8, the values of x, y and z can be calculated.

Substituting these results into Equation 9.7 yields:

k() m{t)' c1> m

Py, = eq. 9.9
n ———————fA‘“ A
fC
which implies the resistance force, Ry, is:
Ry = km(C;)? eq. 9.10

and is not a function of the concrete strength. However, Equation 9.7 is based on
the assumption o (the denominator of Equation 9.7) varies with the ratio of

bearing stress at the head and the compressive strength of concrete as proposed by
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Furche and Eligehausen. Instead the ratio of bearing stress at the head and tensile

strength of concrete can be assumed using 0.5 w/fc' for the tensile strength.

Replacing f. in the denominator of Equation 9.7 with 0.5\/F , repeating the

C

substitutions and solving for the exponents x, y and z, Equation 9.7 becomes:
0.5
k(Cl)Zm(fc)

Py =
P%
n| 418
054F,

The resistance equation, Ry, is of the same form originally assumed:

eq.9.11

Ry = 36(C;)20.5¢f, eq. 9.12
Based on Equation 9.12 and the characteristic equation, Equation 9.6, the equation

for oo becomes:

PI/
o = 0.0311 An

0.5\f,

Figure 9.5 compares measured values for o based on the measured capacity, Py,

eq. 9.13

and Equation 9.12, for the 57 deep-embedment edge bar tests with the values
predicted by Equation 9.13. Figure 9.6 shows the distribution of o, with the ratio
of bearing stress, fy, and tensile strength, f;. Equation 9.13 provides reasonable

agreement with the measured data, though it should be noted that since the values
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Measured Alpha

Measured Alpha vs Predicted Alpha
Alpha =0.0311(fy/f)

£/t

Figure 9.6 - Comparison of Alpha with f/f;
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for o are grouped so closely together that a variety of functions based on the ratio

of fi/f; could be as accurate.

9.8 Development Length

It was observed during testing that development length along the bar
increased the anchorage capacity of deeply-embedded headed reinforcement. It
was also observed that the increase could be accurately predicted using provisions
for development length in the current ACI code. It is, however, conservative to
ignore the increase in strength provided by development length. In many
applications of headed reinforcement the available development length will not be
significant. For example, in a beam-column joint with headed beam longitudinal
reinforcement, the available development length is less than the depth of the
column. The strength increment provided by development length is likely to be
minimal. Ignoring the contribution from development length will provide reserve
strength and not increase material cost appreciably.

In Figure 9.7 the measured capacities for 20 edge bar tests with
development length along the bar are compared with predicted capacities from
Equation 9.6. The maximum value of the measured capacity divided by the
predicted capacity for this comparison of twenty tests was 1.67 with a minimum

of 1.12. The average value of measured capacity divided by predicted capacity
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was 1.49 with a standard deviation of 0.143. As expected, the characteristic

equation underestimated the capacities for bars with development length.

Measured Py vs Predicted Py
Py=0.0170C,A,**£,%3
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Figure 9.7 - Comparison of Measured Capacities of Bars with Development Length with
Capacities Predicted by Characteristic Equation (Equation 9.6)

9.9 Corner Placement and Close Spacing

The test results showed that corner placement or close spacing of headed
reinforcement reduced the anchorage capacity compared with the characteristic
situation of a single edge bar. In reviewing existing code provisions, the CEB
method [13] for blowout capacity of anchor bolts was a comprehensive approach

covering both corner placement and close spacing.
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In the CEB method, the capacity of corner bolts or groups of bolts is
reduced by a ratio of the available failure surface area and the typical failure
surface area of a single bolt. The area used for the failure surface area of a single
bolt near an edge, Apon (A:” in CEB notation) was identical to the average area

measured for the 77 deep-embedment pullout tests on edge bars:

Apon = 36C3 eq.9.14
The failure area is based on a pyramidal blowout cone with a base measuring 3C;
on each side of the headed reinforcing bar. In Figure 9.8, blowout failure areas,
Ay, are defined for single edge bars, closely spaced edge bars and corner bars.

The characteristic capacity, Pyo, predicted by Equation 9.6 is corrected for corner

placement and close spacing by:

Py

= PUO eq. 9.15
Abon

In Equation 9.6, the blowout capacity is based on the resistance of the available
failure surface area. In the tests on paired edge bars, the tensile load on each bar
was measured and reported. The value calculated using Equation 9.15 would
have to be divided by the number of bars in the group (two for the tests on paired
bars) to determine the ultimate tensile load that can be applied to each bar in the
group. The measured and predicted values reported for tests on paired bars

represent the load on each bar.
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In addition to taking into account the reduced failure surface area, the CEB
method also employs a factor for corner bars. This factor takes into account the

disturbance of radial stresses from a corner. The CEB equation is:

Ye=07+ 0.3—92— <1 eq. 9.16
3C,

Note that the ratio C5/3C; represents the borderline between edge and corner bars
and matches observations made from the deep-embedment tests on corner bars.
The general form of Equation 9.16 is also used in the Concrete Capacity Design
for pullout cone capacity of anchor bolts.

Combining Equations 9.6, 9.15 and 9.16 results in the capacity of headed

reinforcement closely spaced or placed in a corner:

Py = [0.7+ 0.35(-:—2—jﬂ9-0.017cﬂ/Anf; eq. 9.17
1 bon

with the value (0.7+0.3(C,/3C,)) less than or equal to 1.

The measured blowout capacities from 31 corner bar tests and 6 tests on
paired edge bars are compared with the predicted capacities of Equation 9.17 in
Figure 9.9. The measured capacity divided by the predicted capacity ranged from
0.573 to 2.07 with an average of 1.29 and a standard deviation of 0.356. These
procedures for corner placement and close spacing seem to model the behavior of
the tests. However, they are more conservative than the characteristic equation

and there is more scatter in the predicted values.
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Measured Py vs Predicted Py
Py = 0.0170C,A,>f,%3
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Figure 9.9 - Comparison of Measured Capacities of Corner and Paired Bars with Capacities
Predicted by Modified Characteristic Equation (Equations 9.6, 9.15 and 9.16)

9.10 95% Fractile of Characteristic Equation

The final step in formulating the design procedure was to reduce the
constant, 0.0170, in Equation 9.6 to the 95% fractile. To determine the new
constant for the 95% fractile, the measured capacities for the 57 deep-embedment
pullout tests conducted on single edge bars with no development length that
resulted in blowout failures were divided by the primary terms of Equation 9.6:

k=—tU eq.9.18

CyyAf,
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The average and standard deviation of the values of k were then calculated. The

average, E, was 0.0181 and the standard deviation, s, was 0.00286. The 95%

fractile constant was calculated from:
Kgsq, = k —1.96s eq. 9.19

which resulted in a value of kosg, equal to 0.0125, which is slightly lower than the
95% fractile value proposed by Furche and Eligehausen, which for units of kN,

was 0.0134. The design characteristic equation is therefore:

Py = 0.0125C1\/A_DE eq. 9.20
The measured capacities of the 57 characteristic tests are compared with the
values predicted by Equation 9.20 in Figure 9.10. The predicted value from
Equation 9.20 was less than the measured capacity for all 57 tests. The measured
capacities for all 114 deep-embedment pullout tests (77 edge bar; 31 corner bars
and 6 paired edge bars) are compared with capacities predicted using Equations
9.20, 9.15 and 9.16 in Figure 9.11. 112 of the 114 tests, 98%, had measured
capacities higher than predicted. The two bars with measured capacities lower
than predicted were both corner bars, Tests C4B6 and C7B7. The measured

capacities for these two tests were approximately 80% of the predicted design

capacity.

246



Measured Py vs Predicted Py
Py=0.0125C,A, %1%
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Figure 9.10 - Comparison of Measured Capacities of Edge Bars with No Development
Length with Capacities Predicted by Characteristic Design Equation (Equation 9.20)
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Figure 9.11 - Comparison of Measured Capacities of All Deep-Embedment Tests with
Capacities Predicted by Design Equations (Equations 9.20, 9.15 and 9.16)
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9.11 Comparison with Other Research

In previous research projects at the University of Stuttgart and the
University of Texas, the blowout capacity of anchor bolts was investigated. The
results of these projects provide additional comparisons of the effectiveness of the
design equations for the blowout capacity of headed reinforcement (Equations
9.20, 9.15 and 9.16).
University of Stuttgart

Furche and Eligehausen [18] conducted twenty tests on anchor bolts that
resulted in side blowout failures. The parameters for these tests are listed in Table
9.2. The parameters are nominal values taken from tables and the results are
taken from figures presented by Furche and Eligehausen. There may be slight
errors in the data presented in Table 9.2 due to differences between nominal and
actual values and inaccuracies in reading the figures. However, it is assumed that
these errors are less than 5% and insignificant for the comparisons. The second
edge distance was not reported by Furche and Eligehausen and it is assumed that it
was sufficient (greater than 3Cy) for the tests to behave as edge bars. It is also
assumed that the bolts tested had no deformations along the length and therefore

no development length.
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The predicted capacities for the parameters of Furche and Eligehausen’s
tests are compared with the measured capacities in Figure 9.12 The measured

capacity was greater than the predicted capacity for all twenty tests.

Test ID db An C] hd f ¢ PU

(mm) | (mm®) | (mm) | (mm) | (MPa) [ (kN)
F1 25 766 40 400 26 100
F2 25 766 40 400 26 110
F3 25 766 40 400 26 115
F4 25 766 60 400 26 130
F5 25 766 60 400 26 135
F6 25 766 60 400 26 142
F7 25 766 60 400 26 148
F8 25 766 60 400 26 150
F9 25 766 60 500 26 120

F10 25 766 60 500 26 160

F11 25 766 60 500 26 170

F12 25 766 80 400 26 185

F13 25 766 80 400 26 190

F14 25 766 30 400 26 205

F15 25 264 60 400 26 100

F16 25 264 60 400 26 105

F17 25 264 60 400 26 110

F18 25 1100 60 400 26 155

F19 25 1100 60 400 26 178

F20 25 1100 60 400 26 180

Table 9.2 - Parameters and Results of Tests by Furche and Eligehausen
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Measured Py vs Predicted Py
Py=0.0125C,A, 1%
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Figure 9.12 - Comparison of Measured Capacities from Furche and Eligehausen with Design
Equations (Equations 9.20, 9.15 and 9.16)

University of Texas

Fifty-three tests reported by Hasselwander [22] resulted in blowout
failures. The parameters for these tests are listed in Table 9.3. The data from 48
tests, H1 through H48, were used to generate the best-fit and design equations
proposed by Hasselwander (see Section 6.4). In addition, Hasselwander conducted
one test to determine the effect of transverse reinforcement, H49R; one test with
cyclic loading, H50C; and three tests on paired edge bars, H51G, H52G and
HS53G, which were not included in the formulation of his equations but are

included in this comparison. The reported capacities for the paired bars are the
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TestID | d, A, (o8 C, Csp hy f, Py
(mm) | (mm?) | (mm) | (mm) | (mm) | (mm) | MPa) | &N)
H1 25 2660 38 457 0 381 38 276
H2 25 2660 76 457 0 381 27 343
H3 25 2660 | 102 | 457 0 381 24 342
H4 25 2660 76 457 0 508 27 353
H5 44 6556 86 457 0 667 27 622
H6 44 6556 | 111 | 457 0 667 25 665
H7 44 6556 | 137 | 457 0 667 32 793
HS 44 6556 | 137 | 457 0 667 30 748
H9 44 6556 | 175 | 457 0 667 27 947
H10 44 6556 | 111 | 457 0 889 25 638
H11 44 6556 | 137 | 457 0 889 34 838
H12 44 3009 | 111 | 457 0 667 18 303
H13 44 3800 | 111 | 457 0 667 30 692
H14 44 4655 | 111 | 457 0 667 38 663
H15 44 | 11116 | 111 | 457 0 667 19 524
H16 44 6556 | 111 | 457 0 667 37 728
H17 44 | 11116 | 111 | 457 0 667 27 699
H18 32 1572 48 305 0 318 32 228
H19 32 1572 76 305 0 318 32 259
H20 32 1572 | 111 | 305 0 318 32 330
H21 32 1572 | 143 | 305 0 318 32 305
H22 32 1572 76 305 0 318 17 215
H23 32 1572 76 305 0 318 17 204
H24 51 3762 76 406 0 508 33 553
H25 51 3762 | 102 | 406 0 508 36 478
H26 51 3762 | 152 | 406 0 508 36 691
H27 51 3762 | 203 | 406 0 508 33 779
H28 51 3762 | 102 | 406 0 508 15 320
H29 51 3762 | 102 | 406 0 508 15 338
H30 13 831 19 114 0 191 24 51

Table 9.3 - Parameters and Results of Tests by Hasselwander
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TestID | d, A, C, C, Csp hg f, Py
(mm) | (mm?) | (mm) | (mm) | (mm) | (mm) | (MPa) | &N)
H31 13 831 25 114 0 191 24 71
H32 13 831 25 114 0 191 22 75
H33 13 831 32 114 0 191 38 85
H34 13 831 32 114 0 191 21 58
H35 13 443 32 114 0 191 22 68
H36 13 1425 32 114 0 191 22 58
H37 13 1425 38 114 0 191 25 67
H38 13 443 38 114 0 191 24 63
H39 13 1425 38 114 0 191 22 79
H40 13 831 44 114 0 191 27 69
H41 13 831 51 114 0 191 23 80
H42 13 443 51 114 0 191 21 47
H43 13 831 57 114 0 191 21 83
H44 13 443 64 114 0 191 24 93
H45 13 831 25 114 0 254 20 67
H46 13 831 32 114 0 254 21 62
H47 13 831 38 114 0 254 24 78
H48 13 443 38 114 0 254 24 74
H49R 44 6556 | 111 | 114 0 667 37 925
H50C 44 6556 | 111 | 114 0 667 35 717
H51G 25 2660 76 114 | 127 | 381 18 144
H52G 25 2660 76 114 | 254 | 381 27 220
H53G 25 2660 76 114 | 381 | 381 19 169

Table 9.3 - Continued
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ultimate loads measured on each bar. All anchor bolt tests reported by
Hasselwander employed smooth anchor bolts so there was no development length
for any of the tests.

Due to the sizes of Hasselwander’s test specimens, 13 of the tests would
be classified as corner bars with C, less than 3Cy. Equation 9.16 was used to take
into account the disturbance of radial stress patterns on one side by the corner.
However, the test specimens used by Hasselwander were square and the corner
bars had the radial stress patterns disturbed on two sides. To take this into
account the reduction factor (Equation 9.16) was squared to represent both
corners.

The measured capacities of the 53 tests reported by Hasselwander are
compared with the predicted capacities in Figure 9.13. The measured capacities
of 45 tests were higher than the predicted capacities. Of the eight tests with
predicted capacities higher than measured, five were edge bar tests, two were
corner bar tests and one test was on paired edge bars. On average, the measured
capacities of these five edge bar tests were 89% of the predicted design capacity

and 85% for the corner bar and paired bar tests.
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Measured Py vs Predicted Py
Py=0.0125C,A,**£,%°
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Figure 9.13 - Comparison of Measured Capacities by Hasselwander with Capacities
Predicted by Design Equations (Equations 9.20, 9.15 and 9.16)

Combining the 114 tests on deeply embedded headed reinforcement, 20
tests by Furche and Eligehausen and 53 tests reported by Hasselwander, the
measured capacities were greater than the predicted capacities from the design
equations (Equations 9.20, 9.15 and 9.16) for 177 of the 187 tests or 95% of the
data. The measured capacities of these 187 tests are compared with the predicted
design capacities in Figure 9.14. Statistical measures of the measured capacity
divided by the predicted design capacity for various groups of tests are listed in
Table 9.4. Example calculations for the blowout capacity of edge, corner and

paired bars are shown in Table 9.5.
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Measured Py vs Predicted Py
Py=0.0125C,A,>£,%°
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Figure 9.14 - Comparison of Measured Capacities for 187 Tests with Capacities Predicted by
Design Equations (Equations 9.20, 9.15 and 9.16)

Measured Py/Predicted Design Py

Maximiom| Minimum | Average | Standard

Tests Deviation
57 Tests on Edge Bars with 1,=0 2.12 1.10 1.45 0.229
114 Tests on Headed Reinforcement 2.82 0.779 1.65 0.396
20 Tests by Furche and Eligehausen 1.76 1.13 1.43 0.167
53 Tests by Hasselwander 2.46 0.745 1.27 0.313
All 187 Tests 2.82 0.745 1.52 0.394

Table 9.4 - Summary of Statistical Measures for Various Comparisons Based on Design
Equations (Equations 9.20, 9.15 and 9.16)
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Test ID

Edge Corner Paired
C7B4 | C13B1| C2B4 | C9B7 | C12B5 | C12B6
d;, (mm) 35 35 25 25 25 25
h; (mm) 55 55 70 70 40 40
h; (mm) 100 100 70 70 80 80
t (imm) 25 25 16 16 18 18
C; (mm) 102 64 60 61 25 25
C, (mm) 457 457 60 61 457 457
C,p (mm) #N/A | #N/A | #N/A | #N/A 102 152
13 (mm) 0 305 0 305 0 0
Trans. Reinf. | None TE-3 None TC-1 None None
£, 24 21 25 27 25 25
Pyo (kN) 419 246 249 263 81 81
Ap, (mm?) 374544 | 147456 | 86400 | 89304 | 18900 | 22500
Apon (mm?) | 374544 | 147456 | 129600 | 133956 | 22500 | 22500
Apo/Aon 1.00 1.00 0.67 0.67 0.84 1.00
PSI 1.00 1.00 0.80 0.80 1.00 1.00
Pypo (kN) 419 246 133 140 68 81
Py (kN) 460 517 197 298 135 182
Py/Pygo 1.10 2.10 1.48 2.13 1.98 2.24

Table 9.5 - Example Calculations for Blowout Capacities
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9.12 Summary

The best fit equations generated from the physical model and regression
analyses were simplified into one equation ‘better suited for design. The
simplified characteristic equation provides an estimate of the blowout capacity of
a headed reinforcement edge bar. The simplified characteristic equation was
further modified to provide a lower bound blowout capacity at the 95% fractile.
For a comprehensive design method, reduction factors were formulated for corner

placement and close spacing.
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Chapter 10

Design Implications for Headed Reinforcement

10.1 Introduction

In the previous chapters procedures have been outlined to determine the
pullout-cone and blowout capacities of headed reinforcement. In this chapter,
implications for design of these procedures will be discussed and two design

examples given.
The best-fit characteristic equation for the pullout-cone capacity of a single
headed reinforcing bar away from edges is:

A, hiE

A 65

no

PUPC =

eq. 10.1

where Pypc is the pullout-cone capacity in kN, hg the embedment depth in mm
and £, the concrete compressive strength in MPa. The ratio A,/Ay, represents the
increase in failure area due to the size of the head. For the 95% fractile design

equation, the value of 65 in Equation 10.1 is changed to 112.

258



The best-fit characteristic equation for the blowout capacity of a single
headed reinforcing bar away from a corner is:

C A,

eq. 10.2
59 q

Pugo =

where Pypo is the blowout capacity in kN, C, the edge distance in mm, A, the net
bearing area in mm” and f'. the concrete compressive strength in MPa. For the
95% fractile design equation the value of 59 in Equation 10.2 is changed to 80.
Both Equations 10.1 and 10.2 are modified for placement near edges or close

spacing of bars. Both equations require the head to have sufficient stiffness.

10.2 Failure Mode

A designer will proportion headed reinforcement and the variables
affecting the anchorage capacity so the required bar force can be reached before
either a pullout-cone or blowout failure occurs. An important value for designers
using headed reinforcement is the ratio of embedment depth to edge distance
when the mode of failure switches from a pullout-cone to blowout. This ratio of
embedment depth to edge distance determines which design method to use as well
as deflection and post-peak behavior of the member.

To determine the embedment depth for a given edge distance and head

when the blowout capacity is less than the pullout-cone capacity, Equations 10.1
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and 10.2 could be equated and solved for hy. However, when the edge distance is
less than 1.5 times the embedment depth Equation 10.1 is modified for edge
placement. Because of this it is difficult to form a general equation for hq. The
standard heads supplied for this test program represent a typical range of sizes and
aspect ratios, calculating the minimum value of C; with a blowout capacity less
than the pullout-cone capacity for a given hg for these heads and a range of
embedment depth will show general trends.

The capacities based on Equations 10.1 and 10.2 for bars with standard
heads over a range of embedment depths and edge distances are shown in Figures
10.1 through 10.6. A concrete strength was assumed for calculation purposes
though the trends should be independent of concrete strength since both the
pullout-cone and blowout capacities are functions of the square root of the
concrete strength. At shallow embedment depths, the pullout-cone capacity is less
than the blowout capacity. With deeper embedments the failure mode switches
with the blowout capacity being less than the pullout-cone capacity, represented
by the flat part of the curves. Note that the pullout-cone capacity is nearly
independent with respect to edge distance. Included on the figures are the yield
and ultimate bar strengths based on a yield stress of 500 MPa and an ultimate
stress of 650 MPa. For rectangular heads it was assumed that the long side of the

head would be placed parallel with the nearest edge of concrete (h;<h,). The
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Capacity vs. Embedment Depth
Bar: 20mm  Head: 50x50mm f.: 25 MPa C, > 3¢
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Figure 10.1 - Anchorage Capacity of 20mm Bar with 50x50x12mm Head

Capacity vs. Embedment Depth
Bar: 20mm Head: 35x70mm f.: 25 MPa C, > 3C;
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Figure 10.2 - Anchorage Capacity of 20mm Bar with 35x70x16mm Head
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Capacity vs. Embedment Depth
Bar: 25mm  Head: 70x70mm  f;: 25MPa C,>3C,

1000
T C; = 150mm
800 :: 1 = 125mm
g 600 -+ Bar Ultimate C] = 100mm
= 400 L Bar Yield Ci = 75mm
B R A T I R C-l—— S0mm -
w04 T
1 C; =35mm
0 } } } } $ } $ } {
0 200 400 600 800 1000

h, (mm)

Figure 10.3 - Anchorage Capacity of 25mm Bar with 70x70x16mm Head

Capacity vs. Embedment Depth
Bar: 25mm  Head: 40x80mm f.: 25MPa C,> 3C,
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Figure 10.4 - Anchorage Capacity of 25mm Bar with 40x80x18mm Head
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Capacity vs. Embedment Depth
Bar: 35mm  Head: 90x90mm f: 25MPa C,> 3G,
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Figure 10.5 - Anchorage Capacity of 35mm Bar with 90x90x20mm Head

Capacity vs. Embedment Depth
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Figure 10.6 - Anchorage Capacity of 35mm Bar with 55x100x25mm Head
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orientation of rectangular heads has a slight effect on the pullout-cone capacity of
headed reinforcement near an edge since the failure area is based on the perimeter
of the head. The relationships between hg and C; when the pullout-cone capacity
and blowout capacity are equal are plotted in Figure 10.7 for 50x50mm and
90x90mm heads. For the range of expected head sizes, when the ratio of ha/Cy is
less than 5, the pullout-cone capacity will be less than the blowout capacity, for
ratios of hg/C; between 5 and 10 the blowout capacity could be less than the
pullout-cone capacity depending on head size, and when hy/C; is greater than 10

the blowout capacity will be less than the pullout-cone capacity.

Switch in Failure Mode
C; (mm)
0 50 100 150 200
0 —it t —t —
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200+ v
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E 400 + . 90x90mm
E 1 ~
600 + .
1 Puso < Pupc . .
800 =

Figure 10.7 - Relationship Between h, and C, for Switch in Failure Mode
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10.3 Minimum Distances for Bar Yield

For most applications the anchorage needs to be strong enough to provide
the yield force of the bar. Designers have the most control over concrete strength
and placement of bars and may have little control over head size and yield
strength of steel. Knowing the embedment depth or edge distance required to
reach a given level of stress in the bar for a given head and concrete strength
would be very useful.

For headed reinforcement, the pullout-cone capacity is a function of the
perimeter of the head. For this reason it is difficult to form a general equation for
the required embedment depth to yield a bar placed away from any edges.
However, the embedment depth can be calculated if the head and bar size are
known. Beginning with the characteristic design equation for a single headed bar

placed away from any edges:

A, ha'yf,
112

eq. 10.3

PUPC =

>

Apfs/1000, where Ay, is the bar area and f; the required stress level (for example
the yield stress, fy) can be substituted for Pypc and Equation 10.3 rearranged so

that the stress terms, f; and f ., are on one side:

I, _389 ( Ap ]h}fs eq. 10.4

\/—fj—-Ab Ano
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Given a bar and head size, the embedment depth for a given ratio of £ / \/f: can

be calculated. In Figure 10.8 the curves based on Equation 10.4 are shown for the

three standard square heads. Assuming a yield stress of 500 MPa, the ratios of

fy / \/E for the pullout tests ranged between 55 and 115. In this range

embedment depths greater than 6 to 15 times the bar diameter are required to yield

a single bar.

Embedment Depth vs. Given Bar Stress
Pullout-Cone Capacity < Blowout Capacity

1000
1 20mm Bar w/ 50x50x12mm Head

800 + — — — 25mm Bar w/ 70x70x16mm Head

+ ==235mm Bar w/ 90x90x20mm Head /

E 600
i':‘/ T / —
= 400 // S L

I A—

200 et
0 - Z } } t }
0 50 100 150 200
f/(root f )

Figure 10.8 - Required Embedment Depth for Given Ratio of f/(root f.)
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When the ratio of embedment depth to edge distance is high enough that
the blowout capacity is less than the pullout-cone capacity, an important value for
designers is the minimum edge distance to yield the bar. Unlike the pullout-cone
capacity equation, the blowout capacity, Equation 10.2 can be rearranged
algebraically for the edge distance.

Beginning with the characteristic design equation for a single edge bar

with deep embedment:

__(_:1___ VAL, eq. 10.5

and substituting Apf/1000 for Pygo and the constant, m, defined as the ratio of
net bearing area, A, divided by the bar area, Ay,

An _An_y eq. 10.6
Ay Ay

into Equation 10.5 yields:
Apf, =12.5C;mA  f, eq. 10.7
and substituting (n/ 4)d§ for Ay, and rearranging so that f; and f'. are on one side

gives:

G__1 I eq. 10.8

d, 141Vm 1/?:

267



Values for Ci/dy, are plotted against fj / \/E for various values of m in Figure

10.9. Assuming a yield stress of 500 MPa, fy / \/E varied from about 55 to 115

for the pullout tests and for the standard heads, m varied from 4 to 10. In this
range of values, Cy/dy, for a single bar varied from 1 to 4. Since C; is the edge
distance, the clear cover, C,, is one-half a bar diameter lesé, so the critical clear
covers vary from 0.5 to 3.5 bar diameters. These covers are well within the range

of covers for typical construction practices.

Edge Distance vs. Given Bar Stress
Blowout Capacity < Pullout-Cone Capacity

/ Ini6
if 4 | // é et

2 //
0

100 150 200
f/(root f',)

0 5

Figure 10.9 - Required Edge Distance for Given Ratio of f./(root f )
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10.4 Beam-Column Joint Design Example

Given a beam-column T-joint with dimensions and material properties as
shown in Figure 10.10 design the top beam steel using headed reinforcement to
provide a negative moment capacity in the beam of 10,000 kN-m. The anchorage

must be strong enough to yield the bars.

1800mm l
Column Bars and Ties
not shown.
i . .
B Material Properties
2400mm Concrete Strength: ', =49 MPa
Steel Yield Stress: 500 MPa
B Steel Ultimate Stress: 650 MPa
K Column
I 1200mm x 1800mm

Minimum Clear Cover: 50mm
Tie Diameter: 20mm
Bar Diamter: 45mm

| ® Beam
1200mm x 2400mm
® Tie Diamter: 16mm
e
I 1

B. Partial Column Plan

A. Elevation

Figure 10.10 - Parameters for Beam-Column Joint Design Example
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First, a preliminary size for the beam steel needs to be chosen. Assuming
the moment arm of the beam is equal to 0.9 times the overall depth and using the
yield stress of the steel, the area of steel required is equal to about 10,300mm?
This can be provided with 15-30mm diameter bars (A, = 10,500mm2) or 10-
35mm diameter bars (A = I0,000mmz). The minimum clear cover for the beam
bars is equal to the minimum cover over the column ties plus the diameter of the
column ties and bars, 115mm. With this minimum cover and assuming 10-35mm
bars, the center-to-center spacing of the bars in one layer would be 104mm. Using
55mm wide heads will leave 49mm clear between the heads which should be
adequate for construction. Using 90mm wide heads would result in 14mm clear
spacing between the heads which would be inadequate to allow aggregate to pass
between the heads during placement of concrete. Two layers of steel would be
required to use this head size.

Based on Figure 10.8, an embedment depth of approximately 550mm is
needed to yield a single 35mm bar with a 90x90x20mm head, assuming a pullout-
cone failure. The embedment depth will likely be more than this since the overall
depth of the column is 1800mm. The maximum possible embedment depth is
equal to the column depth minus the minimum clear cover, column tie diameter,
column bar diameter and the head thickness. With a 25mm thick head the

maximum embedment depth is 1660mm. Using this embedment depth and a
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single layer of steel with 55x100x25mm heads, the assumed pullout-cone failure
area (Figure 10.11) interacts with the compression reaction of the beam. Given
this it seems unlikely the pullout-cone mode will be the controlling mode.

With a 35mm bar and 55x100x25mm head the minimum edge distance is
115 +35/2 or 132.5mm or 3.8 bar diameters for bar yielding assuming a blowout
failure. Based on the curves in Figure 10.9, this should be adequate to yield the
bar. However, with an embedment depth of 1650mm, the distance from the
bearing surface of the head to the back face of the column is only 140mm, less

than 3C; assumed for the failure area by the characteristic equation. The blowout

hy=1660mm

A

1.5hy+ hy/2 =2540mm

y
A

1.5h, + hy/2 =2540mm

Y

Figure 10.11 - Pullout-Cone Failure for Beam-Column Joint Design Example
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failure surface for a single 35mm bar with 55x100x25mm head with C; of 133mm
and hq of 1660 is shown in Figure 10.12. The design blowout capacity for this bar

is found using Equation 10.2 modified for the available failure area:

P, = (539)(798) 133,/(4500)(49) SN

36(133) 80

eq. 10.9

This capacity is 105% of the yield force of the bar. Using minimum cover, a
single layer of 10-35mm bars with 55x100x25mm heads will provide the required
moment (M, = 10,200 kN-m) and anchorage (Figure 10.13). Since the edge
distance of the next interior bar is greater than the outside bar, the anchorage

capacity will also be greater and need not be checked.

140mm  3C, =399mm

-~

3C; =399mm

3C; =399mm Cy=133mm

i
I
[
|
|
1
I
t
|
|
|

Figure 10.12 - Blowout Failure for Beam-Column Joint Design Example
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The development length needed for a straight bar anchorage of 35mm bars
placed the same way as the headed bars is 1510mm. The hooked bar development
length for 35mm bars with this placement is 420mm. However, the use of headed

bars avoids the congestion in the cage associated with the tail extensions of

hooked bars.

83.5mm

55x100x25mm Head -

|

[

/ '

35mm Bar with :
|

10 Total /':
!

16mm Diameter Tie [

-

[

|

[

[

[

[

I

:

[

[

[

!

!

[

[

@] 50mm Clear
Cover - Typical

Figure 10.13 - Partial Beam Section for Beam-Column Joint Design Example
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10.5 Column-Footing Design Example

The column in Figure 10.14 is part of a wind frame and under wind load
the entire section is in tension. The column bars are anchored in a spread footing
integral with the floor slab. Design the footing to provide anchorage for the
headed column bars. The anchorage must provide enough capacity to yield the

bars.

20mm Bar with
50x50x12mm Head -

Footing \ Typeial
pcia

Material Properties
Concrete Strength: ' =28 MPa
Steel Yield Stress: 500 MPa
Steel Ultimate Stress: 650 MPa

Figure 10.14 - Parameters for Column-Footing Design Example
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Since footings are usually shallow, the pullout-cone capacity of the group
of bars will likely control. Based on the curves in Figure 10.8, an embedment
depth of 200mm would yield a single 20mm bar away from any edges. Since the
center-to-center spacing of the bars is less than 1.5 times this embedment depth
and all the column bars are in tension the column bars will be considered as a
group. If a square footing is used, then the perimeter of the footing must be 1.5
times the embedment depth away from the group of bars. If the footing is smaller,
the group of bars will be near four edges and the pullout-cone capacity will be
based on the edge distance which would greatly reduce the capacity.

The design of the footing is a trial and error process. To yield all the
column bars the total anchorage capacity of the group must be 1200 kN. The
pullout-cone capacity for a group of bars is calculated from:

AL B

P
U™ A 112

eq. 10.10

no
where A, is based on the perimeter of the heads in the group. Since A, and Ay,
are functions of the embedment depth, a first estimate of the embedment depth is
required. A preliminary estimate for hg can be determined by assuming the ratio
of Ay/Ape is 1. With this assumption, hg must be 863mm. Since the ratio of
A,/Ay, is usually greater than 1 for headed reinforcement an embedment depth of

800mm may be sufficient. The pullout-cone failure surface for this embedment
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depth is shown in Figure 10.15. The pullout-cone capacity for the group of

column bars with an embedment depth of 800mm (40dy,) is:

(2600)* (800)"° 28

Py = = 1255kN eq. 10.11
9(300)> 112

which is 105% of the required capacity. To provide sufficient cover between the
head and earth surrounding the footing an overall depth of 900mm should be used.

The plan dimensions of the footing should be slightly larger than the assumed

3hg + 200 = 2600mm

vy

1.5h; = 1200mm 200mm - 1.5hy = 1200mm

[o] [o] [o]
e [o
[®] [o] [o]

I
|
|
|
1
I
|
|
!
i
I
[
[
|
|
1
i
i
t
|
|

Figure 10.15 - Pullout-Cone Failure Area for Column-Footing Design Example
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failure and 2700mm would be sufficient (Figure 10.16). The volume of the
footing could be reduced by forming the bottom parallel with the assumed failure
area. The straight bar development length required to yield the bars in the column

is 920mm and the hooked bar development length is 320mm.

T > Assumed P .
~ . Failure Plane e /
~

Alternate
Footing Outline

2700mm Square Footing
-l -

Figure 10.16 - Section of Footing for Column-Footing Design Example
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Chapter 11

Summary and Conclusions

11.1 Summary

The results of over 140 pullout tests have shown that headed
reinforcement is a viable method for providing anchorage of reinforcement in
concrete members. Based on the results of shallow-embedment and deep-
embedment pullout tests, comprehensive design methods have been proposed for
the anchorage capacity of headed reinforcement in concrete members. The design
methods are rational and transparent, allowing engineers to use headed
reinforcement in a wide range of applications and include the effects of
embedment depth, edge distance, close spacing, corner placement, concrete
strength and head size. The methods cover two failure modes, pullout-cone and
side blowout, with the yield and ultimate strengths of the reinforcing bar being
other limits on the anchorage capacity. The pullout-cone capacity was found to be

less than the side-blowout capacity for headed bars with low ratios of embedment
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depth to edge distance. When the ratio of embedment depth to edge distance was

high, the blowout capacity was less than the pullout-cone capacity.

11.2  Conclusions
Shallow-Embedment Tests

Based on the results of 21 pullout tests on headed reinforcement with
shallow embedments the primary factors affecting the anchorage capacity were
embedment depth, edge distances and concrete strength. For bars with low ratios
of embedment depth to edge distance, pullout-cone failure and bar failure were the
two modes controlling the anchorage capacity. Development length added
strength to the anchorage but it is conservative to ignore this increase. Transverse
reinforcement placed perpendicular to the headed reinforcing bar had no effect on
the anchorage capacity or behavior. Bar placement near one edge reduced the
anchorage capacity compared to placement away from all edges and corner
placement reduced the capacity further.

The anchorage capacity of headed reinforcement with shallow
embedments can be predicted with the Concrete Capacity Design method. The
CCD method was developed to predict the pullout-cone capacity of anchor bolts.
The CCD method assumes a pyramid shaped failure surface with height equal to

the embedment depth. A distribution of tensile stress in the concrete over a
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pyramidal shaped failure surface resists the tension in the bolt or bar. The size of

the assumed failure area for a single bar away from an edge is 1.5hyg from the

center of the bar and the area is 9h§. To take into account increased strength

associated with the large heads typically found on headed bars, the size of the
available failure surface is 1.5hy from the perimeter of the head (Figure 11.1)
provided the head has sufficient stiffness to act as a rigid head. The design

equation for the pullout-cone capacity of a headed reinforcing bar in SI units is:

h e A f
PU=‘I’A“ 2 \/TS > ySA"fU eq. 11.1
A 112 1000 ~ 1000

no

where Py is the anchorage capacity in kN, hg the embedment depth in mm and f.
the concrete compressive strength in MPa. A, is the available failure surface for a

single bar or group of bars based on the perimeter of the heads and A, the basic

failure surface area equal to 9hﬁ. The value ¥ takes into account the disturbance

of radial stress for placements near edges and is calculated by:

¥ =0.7+0.3 ¢
1.5

<10 eq. 11.2
d

where C, is the minimum edge distance. The anchorage capacity is also limited
by the capacity of the bar with Ay, being the bar area in mm? and fy the yield stress

or f, the ultimate bar stress in MPa.

280



Failure Cone

A. Section
N s
N s
1.5h, AN e
AN 7
AN Vd
\',
Ve N
7/ N
1.5hy s \
s N
v AN
1.5hy 1.5hy
B. Plan

Figure 11.1 - Pullout-Cone Failure for Headed Reinforcement
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Deep-Embedment Tests

Based on 123 pullout tests on headed reinforcement with deep
embedments placed near edges or corners, the primary factors affecting the
blowout capacity of the anchorage were edge distance, net bearing area of the
head and concrete compressive strength. For bars with large ratios of embedment
to edge distance, side blowout failure and bar failure were the two modes
controlling the anchorage capacity. Development length increased the anchorage
capacity but again it is conservative to ignore this increase in strength. Transverse
reinforcement in the anchorage zone did not increase the ultimate capacity though
large amounts of transverse reinforcement placed near the head did increase the
level of load maintained after the initial blowout failure. Corner placement and
close spacing of bars reduced the blowout capacity of headed reinforcement.

In the physical model proposed for blowout failures, tensile stresses in the
concrete are distributed over the blowout failure surface. The assumed failure
surface is a pyramid with height equal to the edge distance and base measuring
3C, from the center of the bar (Figure 11.2). The driving force in the model is
related to the tensile load on the bar and is a function of the bearing stress at the
head and the concrete tensile strength.

The design equation for the blowout capacity of headed reinforcement in

ST units is:
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A, C, A f
PU=\P bo 1 nc

SAf SAfS 1L
A 30 b b eq. 11.3

bon
where Py is the blowout capacity in kN, C; the minimum edge distance in mm, A,
the net bearing area of the head in mm?® and ', the concrete compressive strength

in MPa. The ratio Ay, over Apon 1S the ratio of available failure area for a single

bar or group of bars and the basic failure area, Ay,, equal to 36C%. The general
form of Equation 11.3 is identical to an equation proposed by Furche and
Eligehausen [18] for the blowout capacity of anchor bolts. The value ¥ takes into
account the disturbance of radial stress by corner placement and is calculated by:

C,

¥ =07+03_2-<10 eq. 11.4

1

where C; is the minimum edge distance and C; is the minimum orthogonal edge
distance. The anchorage capacity is also limited by the capacity of the bar with A,
being the bar area in mm?* and fy the yield stress or f, the ultimate bar stress in
MPa.

The design equations for both the blowout and pullout-cone modes of
failure assume the head is adequately stiff. Based on results of deep-embedment
pullout tests on heads with reduced thickness, the head should be designed to
prevent yielding of the head in bending under a uniform distribution of bearing

stress at the ultimate load.
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3C, 3C,

B. Elevation

Figure 11.2 - Blowout Failure for Headed Reinforcement
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11.3  Areas for Further Research

The research program in this report focused mainly on the behavior of
single headed reinforcing bars under monotonic loading and used simple setups to
model concrete members. The ease of construction and testing of these setups
allowed a large number of variables to be tested. However, to fully understand the
behavior of headed reinforcement in concrete members, tests should be conducted
on specimens which more accurately model the dimensions, boundary conditions
and forces of members. Further studies should be done looking at the effect of
head thickness and whether head yielding or excessive head deformation reduces
the anchorage capacity. Also more tests should be conducted on the behavior of
groups of reinforcing bars. A total of six tests were conducted on pairs of closely
spaced headed reinforcing bars. In typical applications like beam-column joints,
many bars may be closely spaced and in multiple layers.

A few tests have been conducted on headed reinforcing bars with cyclic
tensile loads. However, the test specimens did not accurately model the
dimensions and boundary conditions of concrete members and the bars were never
placed in compression. Since it is expected that headed reinforcing will be used
in members subjected to earthquake loading, more accurate models of members

with headed reinforcing should be tested under cyclic loading.
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Another potential use of headed reinforcing bars in concrete members is as
ties in column sections replacing traditional bent ties. The tests reported in this
study focused applications of headed bars for longitudinal reinforcement. Tests
should be conducted on column sections to verify that the headed bars provide
confinement and bracing of the longitudinal column bars.

Finally, specific questions related to applications of headed reinforcement

such as repair and strengthening of existing structures will have to be addressed.
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