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ABSTRACT

TENSILE AND SHEAR BEHAVIOR OF ANCHORS IN UNCRACKED
AND CRACKED CONCRETE UNDER STATIC AND

DYNAMIC LOADING

by
Jennifer Marie Hallowell, M.S.E.
The University of Texas at Austin, 1996

SUPERVISOR: Richard E. Klingner

This research first examines the behavior of single anchors under static and
dynamic tensile loading in uncracked and cracked concrete. Results are analyzed to
determine the effect of aggregate hardness on anchor behavior, to compare the behavior
of cast-in-place anchors with heavy-duty post-installed anchors, and to evaluate the effect

of anchor type on additional crack opening.

The second focus of this thesis is the behavior of single- and double-anchor
connections under static and dynamic shear loading in uncracked and cracked concrete.
Near-edge single-anchor connections typically fail by concrete cone breakout. The
ability of transverse reinforcement to develop the capacity of the anchor beyond concrete
cone breakout is evaluated. Double-anchor connections located on a line perpendicular

to the free edge are tested and compared with the behavior of single-anchor connections.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

In December 1980 the U.S. Nuclear Regulatory Commission (NRC) designated
“Seismic Qualification of Equipment in Operating Plants” as an Unresolved Safety Issue
(USI). It was determined imperative to develop alternative seismic qualification
methods and acceptance criteria that can be used to assess the capability of mechanical
and electrical equipment in operating nuclear power plants to perform their intended
safety functions. This critical equipment is attached to concrete with anchor bolts;
therefore, it is necessary to ensure that the anchors are capable of resisting seismic loads.
Although the behavior of anchor bolts under static loading is well understood, the effects

of seismic loading and cracked concrete are unclear [Klingner 1991].

1.2 OBJECTIVE AND SCOPE OF RESEARCH PROGRAM

In light of this, the NRC is sponsoring a multi-year testing program at The
University of Texas at Austin to evaluate the behavior of anchors located in uncracked
and cracked concrete and subjected to static and dynamic loading. The testing program

consists of 5 Tasks:

Task 1: Tensile Behavior of Single-Anchor Connections in Uncracked and

Cracked Concrete under Static and Dynamic Loading

Task 2: Static and Dynamic Behavior of Multiple-Anchor Connections under

Shear and Moment



Task 3: Shear Behavior of Single-Anchor and Double-Anchor Connections in

Uncracked and Cracked Concrete under Static and Dynamic Loading
Task 4: Dynamic Behavior of Multiple-Anchor Connections

Task 5: Submission of Final Report

1.3 ScorE OF THESIS

This thesis addresses portions of Task 1 and Task 3. The tensile behavior of
anchors in uncracked and cracked concrete under static and dynamic loading is
evaluated. In particular, the behavior of cast-in-place anchors, the effect of hard
aggregate, and the effect of cracked concrete are evaluated and compared with results

presented in [Rodriguez 1995].

The shear behavior of anchors in uncracked and cracked concrete under static
and dynamic loading is also evaluated. The ability of transverse reinforcement to
increase the capacity and ductility of near-edge anchors is determined. The behavior of
double-anchor connections located on a line perpendicular to the free edge is compared

to the behavior of single-anchor connections.

1.4 OBJECTIVE OF THESIS

The objective of this thesis is to present and summarize the tensile and shear
behavior of anchors in uncracked and cracked concrete under static and dynamic
loading. This thesis is intended to add to the understanding of the behavior of anchors in
cracked concrete and the behavior of anchors subjected to seismic loading. The results
can be combined with those from other Tasks of the research program to develop criteria

for evaluating connection capacity under seismic loading.



CHAPTER TWO

BACKGROUND

2.1 INTRODUCTION

Anchors connect structural members and equipment to concrete or masonry.
Tensile and shear loads are transferred between the concrete and the attachment through
the anchor. This chapter presents background material on the types of anchors and
failure modes exhibited in this study. The design methodology is discussed with
reference to the ACI Committee 349 design provisions and the Concrete Capacity

Design Method. Finally, previous results from this research program are summarized.

2.2 ANCHOR CLASSIFICATION

All anchors can be classified into two main categories: cast-in-place; and post-
installed (retrofit). As the name implies, cast-in-place anchors are suspended in the
formwork and concrete is cast around the anchor. Headed bolts, headed studs, “J” bolts,
“L” bolts, threaded rods, and reinforcing bars are used as cast-in-place anchors. Load is
transferred through bearing on the concrete by the head, hook, or deformation [CEB 206
& 207 1991}].

Post-installed anchors are placed in hardened concrete. Based on their
installation procedures, post-installed anchors are further classified into four groups:
self-drilling, bonded, expansion, and undercut. Self-drilling anchors, also known as
concrete screw anchors, are inserted into the structural member using a drill. Bonded
anchors are inserted into holes larger than the diameter of the bolt and rely on bond
between the bolt and an adhesive, and between the adhesive and the concrete, to transfer

load. Bonding agents include epoxies, vinylesters, polyesters, and cementitious grout.

(V%)



Expansion anchors are placed in a pre-drilled hole and rely on the expansion of a cone or
wedge to transfer force between the anchor and the concrete. Undercut anchors require a
bell-shaped cut at the bottom of the pre-drilled hole. The cone of the anchor expands

into the bell-shaped hole, and relies on bearing against the concrete to transfer load.

2.3 TYPES OF ANCHORS
This section describes in detail the four anchors used in this study: cast-in-place
anchors, wedge-type expansion anchors, sleeve-type expansion anchors and undercut

anchors.

2.3.1 Cast-in-Place Anchors

Headed A325 bolts, as shown in Figure 2.1, were used as cast-in-place anchors.
Tensile loads are transferred through bearing of the head against the concrete. Shear
forces are transferred by bearing of the anchor body against the concrete. Cast-in-place
anchors are advantageous for use in heavily reinforced members because there is no
concern with drilling into reinforcement. In addition, reinforcement may be configured

around the bolt to enhance load transfer.

AN

Figure 2.1 Typical Cast-in-Place Anchor (A325 Bolt)

A

2.3.2 Wedge-Type Expansion Anchors
Figure 2.2 shows the wedge-type expansion anchor used in this study. The

anchor is installed in a pre-drilled hole slightly larger than the anchor diameter. The nut
is torqued, raising the mandrel and expanding the wedge. Tensile load is transferred
through friction between the wedge and the concrete (steel to concrete), and the wedge

and the mandrel (steel to steel). Additional load causes the mandrel to continue to rise,



increasing the expansion of the wedge. Shear load is transferred by bearing of the

anchor against the concrete.

Washer Wedge Dimple

Colla /

Impact Section (Dog Pom‘c)Nut Anchor Body ~ Wedge Mandrel

Figure 2.2 Wedge-Type Expansion Anchor [Rodriguez 1995]

2.3.3 Sleeve-Type Expansion Anchor

Figure 2.3 shows the single-cone sleeve-type expansion anchor used in this
study. The configuration of this anchor is complex compared to that of the wedge-type
expansion anchor. The anchor is set in a pre-drilled hole and torqued to raise the cone
and expand the sleeve. Tensile load is transferred through friction between the
expansion sleeve and the concrete. Shear load is transferred by bearing of the anchor
against the concrete. One unique feature of this sleeve-type expansion anchor is that the
expansion sleeve increases in thickness with increasing distance from the cone, as shown

in Figure 2.4.

Washer Expansion sleeve

N /

Nut Cone

Sleeve \

Plastic collapsible section
with rotation prevention

Figure 2.3 Torque-Controlled Sieeve-Type Expansion Anchor [Rodriguez 1995]
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Figure 2.4 Section through Sleeve-Type Expansion Anchor [Rodriguez 1995]

2.3.4 Undercut Anchors

Figure 2.5 shows a typical undercut anchor consisting of a threaded rod with a
steel cone at one end and an expansion sleeve. Figure 2.6 illustrates the installation of
an undercut anchor. A hole slightly larger than the diameter of the sleeve is drilled in
the concrete. A special tool is used to cut a bell-shaped undercut near the bottom of the
pre-drilled hole. After the anchor is placed in the hole, the nut is torqued, raising the
cone and expanding the sleeve into the bell-shaped undercut. Little or no expansion
force is induced into the concrete during the installation procedure [CEB 206 & 207
1991]. Tensile load is transferred by bearing of the sleeve against the concrete. This
mechanism is similar to the bearing of the head of a cast-in-place anchor. Shear load is

transferred through bearing of the anchor body against the concrete.

nut h
+ / washer expansion sleeve
theaded rod ' ; steel cone

A |

Figure 2.5 Typical Undercut Anchor [Rodriguez 1995]




(@) (b) (c) (d)

Figure 2.6 Illustration of Installation of One Type of
Undercut Anchor: (a) drilled hole; (b) drilled undercut;
(c) anchor inserted inside hole; (d) undercut anchor
after expansion [Rodriguez 1995]

2.4 FAILURE MODES FOR ANCHORS

Ductile anchor failure is preferable for design against unpredictable loads
because it offers large displacement, ample warning before failure, and significant
energy absorption. However, brittle failure can sometimes be acceptable, provided that
the factor of safety is adequate. In order to ensure proper performance of anchors the
failure load must be accurately predicted. Therefore, the failure modes and governing

equations must be well understood.



2.4.1 Concrete Cone Breakout Failure

Concrete cone breakout is a brittle
failure of the concrete surrounding the
anchor. Figure 2.7 shows a concrete cone
breakout failure for an anchor under tensile
load. Microcracks form in the concrete
around the anchor head. These
microcracks combine to form larger
macrocracks, which propagate to the
surface of the concrete. The failure

surface is in the shape of a cone with an

Figure 2.7 Tensile Concrete Cone
Breakout Failure [Rodriguez 1995]

inclination of approximately 35-degrees at the base, and flattening out near the free

surface. The failure load, predicted by Equation (2-1), is a function of the strength of the

concrete and the embedment depth of the anchor [Fuchs, Eligehausen, and Breen 1995].

Npo =kye \/}Z h‘lafs

Ll 1.-
Npo =kpe Vfcc het?

(1b) (2-1a)

™) (2-1b)

Npo = nominal tensile cone breakout capacity

k,. = multiplicative constant

= 35 for post-installed anchors

= 40 for cast-in-place anchors

f'. = specified concrete compressive strength, psi

f'. = specified concrete compressive strength, N/mm’

h.¢ = effective embedment



Figure 2.8 Shear Concrete Cone Breakout Failure

When an anchor is loaded in shear, a similar failure occurs as shown in Figure
2.8. Here, the failure surface is a semi-cone. For short, stiff embedments, the failure
cone originates near the head of the anchor. For deeper embedments, the failure cone
originates near the surface of the concrete [CEB 206 & 207 1991]. The shear breakout
cone extends over the top surface of the concrete at an angle of approximately 35-
degrees from the anchor. The depth of the failure cone at the side of the member is
approximately 1.5 times the edge distance. The load at which the brittle concrete failure
occurs is most strongly influenced by the concrete compressive strength and the edge
distance in the loading direction. Equation (2-2) predicts the concrete cone failure for

shear loading [Fuchs, Eligehausen, and Breen 1995].

V, =13(/d)" Jd, Jf ¢ (Ib) (2-22)
Vo =(4d,)" d, ., ¢ ™) (2-2b)

V.o = nominal shear breakout capacity
[ = activated load-bearing length of fastener
d, = outside diameter of fastener

¢, = edge distance in loading direction
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2.4.2 Concrete Pryout Failure

Anchors located far from an edge and loaded in shear may experience a concrete
pryout failure. As shown in Figure 2.9, the concrete in front of the anchor crushes, then
as the anchor deforms, the concrete behind the anchor fails due to a “kicking back” of
the anchor as it is loaded. Anchors with a small embedment depth-to-diameter ratio and
a large tensile capacity are susceptible to this type of failure. Anchor strength, concrete

strength, and number and spacing of anchors affect this failure mode.

Failure Cone

Figure 2.9 Concrete Pryout Failure

2.4.3 Steel Failure

Steel failure is a ductile failure mode
characterized by yielding and necking of the steel,
followed by fracture. Figures 2.10 and 2.11 show steel
failure of an anchor under tension and shear,
respectively. Under shear load, the steel failure is
preceded by a local concrete spall in front of the anchor.
The steel failure load in tension is predicted by Equation
(2-3) and the steel failure load under pure shear is

predicted from Equation (2-4). The coefficient y varies

depending on whether the failure plane is located

Figure 2.10 Tensile Steel
Failure [Rodriguez 1995]

through the shank or through the threaded portion of the
anchor [Cook 1989].
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N (2-3)

v-A,-F 2-4)

N, = ultimate tensile capacity

V, = ultimate shear capacity

’Y"_—

0.75 for failure through the anchor shank

y=0.55-0.65 for failure through the threaded portion

Force

Figure 2.11 Shear Steel Failure

2.4.4 Pull-through Failure

1

Figure 2.12 Pull-through
Failure [Rodriguez 1995]

Pull-through failure, shown in Figure 2.12,
occurs with expansion anchors under tensile load
when the friction force between the cone and the
expansion mechanism is exceeded by the applied
force. The cone moves relative to the expansion
mechanism, causing the anchor to pull out while the
expansion mechanism remains in the concrete. The
force necessary to cause pull-through failure is
dependent on the inclination of the cone and the
surface conditions of the cone and the expansion
mechanism. There is no theoretical procedure to

predict pull-through failure.
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2.4.5 Pull-out Failure I
When the friction force between the expansion

mechanism and the concrete is exceeded by the applied
tensile force, a pull-out failure as shown in Figure 2.13
occurs. The anchor comes out completely from the
concrete. The load at which pull-out failure occurs is
dependent on the coefficient of friction between the
concrete and the expansion mechanism. Currently, there is

no theoretical procedure to predict pull-out failure.

Figure 2.13 Pull-out
Failure [Rodriguez 1995]

2.5 DESIGN METHODOLOGY

There are numerous approaches to calculate the concrete capacity of anchorages.
Two commonly used design recommendations, the Concrete Capacity Design Method
(CC Method) and the ACI 349 design provisions, are summarized below. Information
on the approaches not presented here can be found in [Klingner and Mendonca 1982a]

and [Klingner and Mendonca 1982b].

2.5.1 ACI 349 Design Provisions for Tensile Loading
The design provisions of [ACI 349 1990] assume a uniform tensile stress of

4. f; over the projected area of the failure cone with a 45-degree inclination. The
tensile capacity is predicted by Equation (2-5) which multiplies that tensile stress by the
actual projected area of the stress cone. The reduction in capacity due to overlapping

cones, edge effects, and member thickness is taken into account by multiplying the ratio

of the actual projected area to the projected area of an anchor with no limitations by the



tensile stress, as shown in Equation (2-6). Calculation of the actual projected area when

limitations exist is rather complex [Fuchs, Eligehausen, and Breen 1995].

Ny, =4 £ nh% (1 + (Ib) (2-5a)

N o = 096 /£, b2 (1+-~) N) (2-5b)
| An .

Nn “'[ ANOJ Nno (2 6)

Nio = nominal tensile breakout capacity
Ay = actual projected area

Ay, = projected area of a single anchor unlimited by
overlapping cones, edge effects, or member

thickness

d, = diameter of anchor head

2.5.2 ACI 349 Design Provisions for Shear Loading

The concrete capacity for anchors loaded in shear is predicted by Equation (2-7)
based on a uniform tensile stress acting over the projected area of a semi-cone with a 45-
degree angle. When the depth of the member is less than the edge distance, the spacing
of two anchors is less than twice the edge distance, or the edge distance perpendicular to
the loading direction is less than the edge distance in the loading direction, reductions
are taken into account by computing the ratio of the actual projected area to that of an
unlimited anchor, as shown in Equation (2-8). Again, the computation of the projected

area is quite complex [Fuchs, Eligehausen, and Breen 1995].
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V., =44f, gcf (Ib) (2-7a)

V,, =048 \f,, ¢ ) (2-7b)
A

Vn = (X‘\‘/Y(;‘j Vno (2'8)

Vo = nominal shear breakout capacity
Ay = actual projected area

Ay, = projected area of a single anchor unlimited by
overlapping cones, edge effects, or member

thickness

2.5.3 CC Method for Tensile Loading
The CC Method for tensile loading, Equation (2-9), takes into account the

concrete tensile stress, the failure area, and the size effect of concrete. This method
assumes an inclination of 35-degrees between the failure surface and the concrete
surface. Reductions due to overlapping cones, edge effects, and member thickness are
based on simple geometric relationships between rectangular prisms [Fuchs,

Eligehausen, and Breen 1995].
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Npo =Kpe \/—fi hclsf (Ib) (2-9a)
Nno = knc \/f_c‘:c_ htl’f N) (2-9b)

Npo = nominal tensile cone breakout capacity
k,. = multiplicative constant

= 35 for post installed anchors

= 40 for cast-in-place anchors

h.s = effective embedment

2.5.4 CC Method for Shear Loading
The concrete capacity under shear loading is predicted by Equation (2-10). This

equation takes into account the concrete tensile stress, the failure area, and the size
effect. The angle of inclination between the failure surface and a line through the bolt
parallel to the edge is assumed to be 35-degrees. The failure surface is assumed to
extend down the side a distance of 1.5 times the edge distance. Reductions for anchor
spacing or member thickness are based on simple geometric relationships between

rectangular prisms [Fuchs, Eligehausen, and Breen 1995].

V,, =13(/d,)" Jd, £ ¢ (Ib) (2-10a)
V., =(4d,)% 4,V off ™) (2-10b)

Vo = nominal shear breakout capacity
[ = activated load-bearing length of fastener
d, = outside diameter of fastener

¢, = edge distance in loading direction
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2.5.5 Comparison of CC Method and ACI 349
There are three main distinctions between the CC Method and the ACI 349

design provisions. First, the CC Method includes the size effect of concrete. Second,
the CC Method assumes the inclination of the failure cone to be 35 degrees, compared to
the 45 degrees assumed by ACI 349. Third, the CC Method idealizes the failure surface
as a rectangular prism, making capacity reductions easy to compute. ACI 349 uses a
conical idealization of the failure surface which is easy to visualize; however, capacity

reductions are difficult to compute.

Numerous tests results were compared to the CC Method and ACI 349 by Fuchs,
Eligehausen, and Breen. Under tensile loading, the CC Method accurately predicts the
failure load in essentially all of the tests, and is conservative for a few tests with deep
embedments. ACI 349, however, is conservative for shallow embedments and
unconservative for deep embedments. Farrow, Frigui, and Klingner found that for
embedments less than 8 inches (200 mm) both methods can be safely used in the design
of single tension anchors even though the CC Method fits experimental results more
accurately. For embedments larger than 8 inches (200 mm), the CC Method is

recommended for design [Farrow, Frigui, and Klingner 1996].

Under shear loading, the CC Method compares well with the test data, while
ACI 349 is conservative for small edge distances and unconservative for large edge

distances.

The accuracy of the CC Method can be attributed to the fact that the size effect
is considered, and that the 35-degree failure cone is closer to measured values [iuchs,

Eligehausen, and Breen 1995].
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2.6 SUMMARY OF PREVIOUS RESEARCH

This research reported here is a subset of a five-task research program conducted
at The University of Texas at Austin sponsored by the U.S. Nuclear Regulatory
Commission (NRC). Task 1 evaluates the response of single anchors under static and
dynamic tensile loading. Task 2 examines the behavior of single- and multiple-anchor
connections under static and dynamic tension, shear, and oblique loading. Task 3
includes static and dynamic shear tests of single-anchor and multiple-anchor connections
in uncracked and cracked concrete. Task 4 investigates full connections subjected to

seismic loading. Task 5 is the submission of a final report.

2.6.1 Task 1 Results
The majority of Task 1 testing is reported in [Rodriguez 1995]. The

conclusions made by Rodriguez are summarized below. Based on these conclusions,

additional tests were conducted and are presented in this thesis.

o Wedge-type expansion anchors have approximately the same capacity under
dynamic and static load. This conclusion, however, is deceptive because the
reported average is the result of the combination of two distinct failure modes. If
failure is by concrete cone breakout, the dynamic capacity exceeds the static
capacity. If failure is by pull-through, the dynamic capacity is less than the static
capacity. For concrete cone breakout failure, the capacity is evaluated using a
multiplicative constant k,. of 35 in the CC Method tensile capacity equation

presented in Section 2.4.1.

e Dynamic loading worsens the performance of wedge-type expansion anchors.
Under dynamic loading, the coefficient of friction decreases between the cone and
the wedge, and between the wedge and the concrete, increasing the tendency for

pull-through and pull-out failure.

e At embedments less than that required to produce steel failure, grouted anchors and

undercut anchors fail by concrete cone breakout without pull-out. The concrete cone
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breakout capacity is evaluated using a multiplicative constant k. of 40 in the CC

Method tensile capacity equation presented in Section 2.4.1.

Dynamic loading increases the capacity of grouted anchors, undercut anchors, and
sleeve anchors. Under dynamic loads, the concrete cone breakout capacity of those

anchors is about 30% greater than the capacity under static loads.

For all anchors tested in Task 1, performance in concrete with limestone aggregate is
not much different from performance in concrete with river gravel aggregate. Both
aggregates have an identical hardness measured by the LA Abrasion Loss Test, 28%.
However, there is reason to believe that aggregate stiffness, not just hardness, may

affect the performance of anchors with small bearing areas.

Heavy reinforcement (#8 bars at 8 inches {200 mm}, 1-1/2 inch {38.1 mm} cover)
placed parallel to the surface of the concrete has no appreciable effect on the
concrete cone breakout capacity. Had the reinforcement been oriented parallel to the
direction of applied load and developed in both the concrete cone and the
surrounding concrete, the anchor capacity would probably have increased. In
addition, the reinforcement was too shallow compared to the embedment depth. The
maximum concrete cone breakout capacity is attained when the crack has
propagated toward the surface a distance of approximately 40% of the anchor
embedment. Therefore, had the reinforcement been placed with a larger cover, the

concrete cone breakout capacity would probably have increased.



19

2.6.2 Task 2 Results

The following conclusions are the result of static and dynamic eccentric tension
tests of double-anchor connections in unreinforced, uncracked concrete, with the anchors

spaced at 1.5 and 2.5 times the embedment [Lotze 1996].

e Under dynamic loading, the concrete breakout capacity is approximately 15% to
25% higher than the static capacity. This result agrees well with the results for

single-anchor connections.

o The spacing between anchors is based on the size of the failure cone for a single
anchor. There is no indication that the spacing should be increased beyond that of

two adjacent single cone failures when using multiple-anchor connections.
e There is no indication of an enlarged fracture cone under dynamic loading.

e The load-displacement behavior of connections is independent of loading rate.
Larger displacements at failure for dynamic tests are the result of large failure loads

and local crushing in the region of the anchor.

The results from the investigation of single anchors under tensile, shear, and oblique
loading are summarized below. The embedment depth was adjusted to achieve both

concrete and steel failure [Lotze 1996].

vy (1)
e The elliptical interaction equation, (7) + (—f—j =1 with exponent a = 1.67-

u u

1.8 for steel failure and o = 1.6 for concrete failure, adequately models the results

obtained.

e Shear displacement at failure under oblique tension is larger than the shear

displacement under direct shear, due to larger spalling in front of the anchor.



20

Steel fracture does not necessarily guarantee ductile behavior of the anchorage.
Low-strength steel and/or high-strength concrete can result in brittle steel failure.
High strength, ductile steel with the sleeve extending through the baseplate, and

large edge distances are recommended to ensure ductile failure.

The results from tests conducted on double-anchor connections under shear and bending

are summarized below [Lotze 1996].

There is no redistribution of shear from the tension anchor to the shear anchor in the

fracture region.

Anchors on the compression side take a considerable amount of tension in the failure
range. The transferable friction force increases and the shear decreases, leading to a
small increase in the failure load. This effect is dependent on the baseplate

extension length.

As the eccentricity of the shear decreases, the ductility of the anchor group
decreases. The displacement of the anchor group is controlled by the displacement

of the shear anchor.

Anchor displacement at maximum load is larger in low-strength concrete. Anchor

displacement under direct and oblique tension is larger than that under shear.

When the anchor sleeve is extended through to the top of the baseplate, the

maximum load and peak load displacement are increased.

At average eccentricities of loading, the higher friction coefficient leads to higher

failure loads.



CHAPTER THREE

TEST PROGRAM

3.1 INTRODUCTION

This chapter provides information on the tests conducted as part of Task 1 and
Task 3 of the U.S. Nuclear Regulatory Commission (NRC)-sponsored research program.
This chapter begins with a description of the variables investigated in each Task. The
test matrices are discussed, showing the variables investigated in specific series. Design
and construction of the specimens are explained. The experimental setup is described

and portrayed. Finally, the test procedure is listed.

3.2 ScOPE OF TEST PROGRAM

3.2.1 ScopeofTask1l
Based on the results of Task 1 as reported in [Rodriguez 1995], additional

testing was conducted to fully understand the behavior of single anchors loaded in
tension in cracked and uncracked concrete. In this section, the variables investigated in

the extension of Task 1 are discussed.

3.2.1.1 Anchor Type for Task 1

Previous Task 1 testing employed the use of wedge-type expansion anchors
(referred to as “Expansion Anchor” and “Expansion Anchor II”’), undercut anchors
(referred to as “Undercut Anchor 1” and “Undercut Anchor 2”), and heavy-duty sleeve-
type single-cone expansion anchors (referred to as “Sleeve Anchor”). The diameters of
the anchors tested ranged from 3/8 inch (9.5 mm) to 1 inch (25 mm), with an empbhasis
on 3/4-inch (19-mm) diameter. Task 1 tests reported in this thesis were conducted with

Expansion Anchor II and Undercut Anchor 1, as well as with Cast-in-Place Anchors, all
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with 3/4 inch (19 mm) diameters. Figures 2.1 through 2.6 show the details of these
anchors. Expansion Anchor II had a 3/4-inch (19-mm) diameter mandrel and shank.
Undercut Anchor 1 had a 3/4-inch (19-mm) diameter shank, and a 1.1-inch (28-mm)
diameter sleeve and cone. The Cast-in-Place Anchor was a 3/4-inch (19-mm) diameter

A325 bolt.

3.2.1.2 Anchor Embedment Depth for Task 1

Ductile failure of anchors under static and dynamic loading is directly related to
the behavior of the anchor steel, and is well understood [Rodriguez et al. 1994].
However, the behavior of anchors with shallow embedments under dynamic loading is
not well understood. Therefore, as in previous Task 1 tests, the embedment depth was
chosen to ensure that failure would be governed by pull-through, pull-out, or concrete
cone breakout. To achieve this, anchors were embedded 4 inches (100 mm) into the
concrete. Due to the installation technique for Expansion Anchor II, the effective

embedment after installation was reduced to 3.44 inches (87.4 mm), for this anchor.

3.2.1.3 Load Type for Task 1

Tests were conducted using two different load types, static and dynamic. In the
static case, shown in Figure 3.1, load increases linearly at a rate such that failure occurs
within two to four minutes. The dynamic case, shown in Figure 3.2, is a shock load in

which the anchor is loaded at a constant rate to failure, with failure occurring between

Load vs. Time - Static Tests
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Figure 3.1 Applied Load for Static Tests
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0.1 and 0.2 seconds. Dynamic loading represents the time variation of load on an anchor

holding equipment that responds dynamically to a strong earthquake.

Load vs. Time - Dynamic Tests

. 100
2
_g 80 - upper limi
= 60 -
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®  20-
S

0] . < ,

0 0.05 0.1 0.15 0.2
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Figure 3.2 Applied Load for Dynamic Tests

3.2.1.4 Concrete Strength for Task 1

All tests were conducted in concrete varying in compressive strength from 4200
psi (29.0 MPa) to 5200 psi (35.9 MPa), which is representative of the concrete strength
in existing nuclear power plants. Tests in lower-strength concrete of 3000 psi (20.7

MPa) are discussed in [Rodriguez 1995].

3.2.1.5 Concrete Aggregate for Task 1

Two types of aggregate, soft limestone and river gravel, were investigated
previously in Task 1. These aggregates have approximately the same hardness (28%) as
measured by the Los Angeles Abrasion Loss Test [ASTM C 1131-81 1987]. No
difference in anchor performance was observed with these two aggregates. In light of
this, tests were conducted in concrete with river gravel aggregate since this aggregate
absorbed less water from the mix design, allowing for better control of the effective
water-cement ratio. To investigate the effect of aggregate hardness on anchor behavior,
some tests were conducted in concrete with granite aggregate, a hard aggregate with a

Los Angeles Abrasion Loss value of 18%.
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3.2.1.6 Concrete Condition for Task 1

Since this research is concerned with the seismic behavior of anchors, it was
necessary to investigate the change in maximum load-carrying capacity and peak-load
displacement of anchors in cracked concrete [Rodriguez et al. 1994]. Previous tests
indicate that a reduction in tensile capacity and an increase in peak-load displacement
occurs for post-installed anchors located in cracked concrete. However, the anchoring
mechanism of cast-in-place anchors is slightly different from that of post-installed
anchors. Tests were conducted with cast-in-place anchors to determine if the same
reduction in peak load capacity and increase in peak load displacement would occur.

Similar tests were conducted by [Eligehausen and Balogh 1995].

3.2.2 Scope of Task 3
The concrete capacity design method (CC Method) describes the behavior of

single and multiple shear anchors placed close to a free edge. In Task 3, the shear
capacity of near-edge anchors and double-anchor connections is studied and
experimental results are compared with those predicted by the CC Method. This section

describes the variables investigated in the study.

3.2.2.1 Anchor Type for Task 3

The majority of the tests were conducted using the Cast-in-Place Anchor. A few
tests were conducted using Expansion Anchor II and Undercut Anchor 1 in order to
determine how anchor type affects behavior. The anchor diameter for all tests was 3/4
inch (19 mm). Figures 2.1, 2.2, and 2,5 show the details of these anchors. Expansion
Anchor IT had a 3/4-inch (19-mm) diameter mandrel and shank. Undercut Anchor 1 had
a 3/4-inch (19-mm) diameter shank, and a 1.1 inch (28-mm) diameter sleeve and cone.

The Cast-in-Place Anchor was a 3/4-inch (19-mm) diameter A325 bolt.



25

3.2.2.2 Anchor Embedment Depth and Edge Distance for Task 3

An embedment depth of 4 inches (100 mm) was selected to ensure brittle
concrete cone breakout failure. This is the same embedment depth used for the majority

of the Task 1 tests.

Single-anchor connections were tested at an edge distance of 4 inches (100 mm).
Double-anchor connections were composed of a front anchor with a 4-inch (100-mm)
edge distance, and a back anchor with a 12-inch (300-mm) edge distance. The spacing

between the two anchors was 8 inches (200 mm), twice the embedment depth.

3.2.2.3 Number of Anchors for Task 3

Tests were conducted on single anchors to evaluate the accuracy of the CC
Method and the effect of transverse reinforcement for anchors located close to a free
edge and loaded in shear. In addition, previous Task 2 testing showed the importance of
load sharing between the shear-dominated anchor and the tension-dominated anchor of a
pair of anchors oriented perpendicular to a free edge and loaded in eccentric shear [Lotze
1996]. In light of this, it was deemed important to investigate the load sharing behavior

of a pair of anchors located perpendicular to a free edge and loaded in direct shear.

3.2.2.4 Hairpin Reinforcement for Task 3

It is well understood that anchors located close to a free edge and loaded in
direct shear toward that free edge will fail by concrete cone breakout. In some situations
placing anchors close to a free edge is unavoidable. Therefore, some tests were
conducted with a U-shaped #6 reinforcing bar, referred to as a hairpin, restraining the
anchor. The hairpin was placed directly against the anchor in some tests (close hairpin)
and at 1-1/4 inches (32 mm) clear from the anchor in other tests (far hairpin). These
tests were an effort to extend knowledge about methods for increasing the strength of

near-edge shear anchors [Klingner, Mendonca, and Malik 1982].
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3.2.2.5 Load Type for Task 3

As in Task 1, tests were conducted under static and dynamic loading. Static
loads were applied in a monotonically increasing manner such that failure occurred in
two to four minutes, as shown in Figure 3.1. Dynamic loads were also applied in a
linearly increasing manner with ultimate failure occurring in 0.1 to 0.2 seconds, as

shown in Figure 3.2.

3.2.2.6 Concrete Strength for Task 3
All concrete in Task 3 ranged in compressive strength from 4200 psi (29.0 MPa)

to 5200 psi (35.9 MPa). This range was chosen since NRC data indicates that most
existing nuclear plants have concrete with compressive strengths of 4000 psi (27.6 MPa)

to 5500 psi (37.9 MPa). All concrete was made with river gravel aggregate.

3.2.2.7 Concrete Condition for Task 3

Tests were conducted in uncracked concrete as well as in cracked concrete to
examine the effect of a 0.3-mm initial crack width on anchor capacity and peak load
displacement. Previous testing indicates that a reduction in tensile capacity and an

increase in peak-load displacement occurs for anchors located in cracked concrete.

3.3 TEST MATRIX

3.3.1 Test Matrix for Task 1
The majority of Task 1 testing is reported in [Rodriguez 1995]; however,

additional tests were conducted to examine the effect of hard aggregate on anchor
behavior, to compare the behavior of cast-in-place anchors to that of post-instalied
anchors, and to evaluate the effect of anchor type on additional crack opening. This

section outlines the test matrix for the additional Task 1 tests.

3.3.1.1 Series 1-9 and 1-10

This series, outlined in Table 3.1, investigated the effect of a hard aggregate on

the performance of anchors under tensile loading. Previous tests were conducted with
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limestone and river gravel aggregates which both have a Los Angeles Abrasion Loss
value of 28%. Granite aggregate has a Los Angeles Abrasion Loss of 18%. For ease in

comparison, these tests were conducted using the most common anchor types, anchor

diameter, embedment depth, and concrete strength from previous Task 1 tests.

Table 3.1 Test Matrix for Series 1-9 and 1-10

Series Label Description Concrete Anchors Tested
(5 Replicates)
1-9 Static tensile test | 4700 psi Granite | Expansion Anchor IT % in.
Static tensile test | 4700 psi Granite | Undercut Anchor 1 % in.
1-10 Dynamic tensile test | 4700 psi Granite Expansion Anchor II % in.

Dynamic tensile test

4700 psi Granite

Undercut Anchor 1 % in.

3.3.1.2 Series 1-11 and 1-12

Series 1-11 and 1-12, summarized in Table 3.2, were intended to evaluate the
tensile behavior of cast-in-place anchors in uncracked and cracked concrete, and to
compare the performance of cast-in-place anchors and post-installed anchors. Tests
were conducted using the most common variables: 3/4-inch (19-mm) anchor diameter, 4-

inch (100-mm) embedment depth, and 4700-psi (32.4-MPa) concrete.

Table 3.2 Test Matrix for Series 1-11 and 1-12

Series Label Description Concrete Anchors Tested
(5 Replicates)

1-11 Static tensile test in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete River Gravel

Static tensile test in 4700 psi Cast-in-Place Anchor % in.
cracked concrete River Gravel

1-12 Dynamic tensile test 4700 psi Cast-in-Place Anchor % in.
in uncracked concrete | River Gravel

Dynamic tensile test 4700 psi Cast-in-Place Anchor % in.
in cracked concrete | River Gravel
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3.3.2 Test Matrix for Task 3

Task 3 examined the behavior of single- and double-anchor connections loaded
in direct shear under static and dynamic loading in cracked and uncracked concrete.
Some tests were conducted with hairpin reinforcement oriented perpendicular to the
anchor and located adjacent to or far (1-1/4 inch or 32 mm clear) from the anchor. All
tests in this Task were conducted at an embedment depth of 4 inches (100 mm), and an
anchor diameter of 3/4 inches (19 mm). Single-anchor tests were conducted at a 4-inch
(100-mm) edge distance. Double-anchor tests were composed of a front anchor with a 4-
inch (100-mm) edge distance and a back anchor with a 12-inch (300-mm) edge distance.
The spacing between the anchors was 8 inches (200 mm), twice the anchor embedment

depth.

3.3.2.1 Series 3-1

This series, shown in Table 3.3, investigated the static behavior of single anchors
located close to a free edge and loaded in direct shear. All tests in this series were
conducted in uncracked concrete. Tests were conducted with a close hairpin, a far
hairpin, or no hairpin at all. Cast-in-Place Anchor, Expansion Anchor II, and Undercut

Anchor 1 were tested.

Table 3.3 Test Matrix for Series 3-1

Description Concrete Anchors Tested
(5 Replicates)
Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.

uncracked concrete without hairpins | River Gravel

Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete with close hairpins | River Gravel

Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete with far hairpins | River Gravel

Static shear test on single anchors in 4700 psi Expansion Anchor II % in.
uncracked concrete with far hairpins | River Gravel

Static shear test on single anchors in 4700 psi Undercut Anchor 1 % in.
uncracked concrete with far hairpins | River Gravel
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This series, summarized in Table 3.4, is similar to Series 3-1 except that all tests

were conducted under dynamic loading. This was intended to compare static and

dynamic responses.

Table 3.4 Test Matrix for Series 3-2

in uncracked concrete with close
hairpins

River Gravel

Description Concrete Anchors Tested
(5 Replicates)
Dynamic shear test on single anchors 4700 psi Cast-in-Place Anchor % in.
in uncracked concrete without hairpins | River Gravel
Dynamic shear test on single anchors 4700 psi Cast-in-Place Anchor % in.

Dynamic shear test on single anchors
in uncracked concrete with far hairpins

4700 psi
River Gravel

Cast-in-Place Anchor % in.

Dynamic shear test on single anchors
in uncracked concrete with far hairpins

4700 psi
River Gravel

Expansion Anchor II % in.

Dynamic shear test on single anchors
in uncracked concrete with far hairpins

4700 psi
River Gravel

Undercut Anchor 1 % in.




3.3.2.3 Series 3-3

This series, outlined in Table 3.5, examined the behavior of anchors located

close to a free edge and loaded in direct shear under static loading in cracked concrete.

Comparison with Series 3-1 will provide an understanding of the effect of cracked

concrete on the behavior of shear anchors.

Table 3.5 Test Matrix for Series 3-3

cracked concrete with far hairpins

River Gravel

Description Concrete Anchors Tested
(5 Replicates)
Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete without hairpins River Gravel
Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete with close hairpins | River Gravel
Static shear test on single anchors in 4700 psi Cast-in-Place Anchor % in.

3.3.2.4 Series 3-4

The behavior of anchors located in cracked concrete and subjected to dynamic

loading is examined in this series, outlined in Table 3.6. Comparison with earlier tests is

intended to provide knowledge about the effect of cracked concrete on the behavior of

anchors subjected to seismic forces.

Table 3.6 Test Matrix for Series 3-4

in cracked concrete with far hairpins

River Gravel

Description Concrete Anchors Tested
(5 Replicates)
Dynamic shear test on single anchors 4700 psi Cast-in-Place Anchor % in.
in cracked concrete without hairpins | River Gravel
Dynamic shear test on single anchors 4700 psi Cast-in-Place Anchor % in.
in cracked concrete with close hairpins | River Gravel
Dynamic shear test on single anchors 4700 psi Cast-in-Place Anchor % in.
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3.3.2.5 Series 3-5
This series, summarized in Table 3.7, investigated the behavior of pairs of

anchors oriented perpendicular to a free edge and loaded in direct shear toward the free

edge. Tests were conducted with static loading in uncracked concrete.

Table 3.7 Test Matrix for Series 3-5

Description Concrete Anchors Tested
(5 Replicates)
Static shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete without hairpins | River Gravel
Static shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete with close River Gravel
hairpins

3.3.2.6 Series 3-6
Similar to Series 3-5, pairs of anchors were studied; however, these tests were

conducted under dynamic loading, as outlined in Table 3.8.

Table 3.8 Test Matrix for Series 3-6

Description Concrete Anchors Tested
(5 Replicates)
Dynamic shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.

uncracked concrete without hairpins | River Gravel

Dynamic shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
uncracked concrete with close hairpins | River Gravel




3.3.2.7 Series 3-7
This series, shown in Table 3.9, investigated the behavior of pairs of anchors

located in cracked concrete subjected to static shear loading.

Table 3.9 Test Matrix for Series 3-7

Description Concrete Anchors Tested
(5 Replicates)
Static shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete without hairpins River Gravel
Static shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete with close hairpins | River Gravel

3.3.2.8 Series 3-8
In this series, outlined in Table 3.10, the behavior of pairs of anchors located in

cracked concrete and subjected to dynamic loading was studied.

Table 3.10 Test Matrix for Series 3-8

Description Concrete Anchors Tested
(5 Replicates)
Dynamic shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete without hairpins River Gravel
Dynamic shear test on two anchors in 4700 psi Cast-in-Place Anchor % in.
cracked concrete with close hairpins | River Gravel




3.4 TEST DESIGNATION

Each test received a specific designation. Figure 3.3 explains the meaning
behind the test designation 1SCR5701. The first character, 1, represents the series
extension (in this case Series 3-1). The second character, S, represents the loading type:
S designates static loading, and D designates dynamic loading. The anchor type is
indicated by the third character: K represents Expansion Anchor II, M represents
Undercut Anchor 1, and C represents Cast-in-Place Anchor. The concrete aggregate is
designated by the fourth character: R indicates River Gravel, L indicates Limestone, and
G indicates Granite. Concrete strength is indicated by the fifth character: 5 represents
4700-psi concrete. The diameter of the anchor is designated by the next character: 7
represents a 3/4 inch diameter. Finally, the last two characters are an indicator of the test

number within the series (in this example, the first test).

SERIES EXTENSION

1 = Series 3-1

2 = Series 3-2

3 = Series 3-3 CONCRETE STRENGTH
4 = Series 3-4 5 = 4700 psi

5= Series 3-5 ANCHOR

6= Series 3-6 C = Cast-in-Place

7= Ser{es 3-7 K = Expansion Anchor II

8 = Series 3-8 M = Undercut Anchor 1

TEST NUMBER

9 = Series 1-9 \ °
10 = Series 1-10 7 O1=first test

11 = Series 1-11 1SCR5701

12 = Series 1-12

LOAD TYPE \ ANCHOR DIAMETER

S = Static . 7= 3/4”
D = Dynamic
AGGREGATE
R =River Gravel

L = Limestone
G = Granite

Figure 3.3 Test Designation
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3.5 SPECIMEN CONSTRUCTION

3.5.1 Specimen Design
3.5.1.1 Specimen Design for Task 1

Specimens for Task 1 were cast in slabs of dimensions 74 inches x 54 inches x
10 inches (1.88 m x 1.37 m x 2.54 m) reinforced with #4 bars at the top and bottom of
the slab with a 1.5 inch (38 mm) cover, as shown in Figure 3.4. The reinforcement was
located so as not to interfere with the concrete cone formed at failure. The size of the
reinforcement was determined based on the requirement that the steel restrain the

splitting forces induced, which can be as large as four times the anchor failure load.

4 - #4 at 24”

A
Y

I6== A

‘[l 693

Figure 3.4 Location of Steel Reinforcement for Tension Tests - Plan View

\j

When cast-in-place anchors were used, special wooden frames were constructed
to suspend the anchors in the correct position at the correct embedment, as illustrated in
Figure 3.5. A bolt was inverted and connected with a nut to the anchor to be cast. The
inverted bolt was supported by a 2 x 4 running over the form. The anchor to be cast was
painted from 4 inches (100 mm) above the head to the top of the threads, to indicate the
portion of the anchor that should extend above the concrete surface. To check that the

anchor was located in the proper position, a string was pulled taut across the form.
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Figure 3.5 Wooden Frame Work used to Hold Cast-in-Place Anchors
Prior to Casting of Tension Tests

In previous tests with cracked concrete, a 0.3-mm crack was formed using a split
tube and wedge assembly placed in the hardened concrete on both sides of the desired
anchor location. The post-installed anchors were then placed in the concrete with the
crack running through the middle of the anchor. It is extremely difficult to obtain a
perfectly straight crack; for that reason the method needed to be adapted to ensure that
the crack would run through the center of cast-in-place anchors. To achieve this, sheet
metal was cut as shown in Figure 3.6 and cast in the concrete at specific locations to
direct the crack. Care was taken to surround the anchor at least 1 inch (25 mm) in each
direction with concrete. Holes were cut in the sheet metal plate to prevent the buildup of
uneven pressure from the fluid concrete, which might cause the plate to bulge out of
position. The sheet metal was tied to the bar chairs at the bottom of the form and
gripped by the 2 x 4 above the form to prevent the plate from displacing during casting.

Figure 3.7 shows a form prior to casting tension tests in cracked concrete.
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Figure 3.6 Shape of Sheet Metal for Tension Tests
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Figure 3.7 Form Prior to Casting Tension Tests of Cast-in-Place Anchors
in Cracked Concrete



37

3.5.1.2 Specimen Design for Task 3

Specimens for Task 3 were cast in blocks of dimensions 87 inches x 30 inches X
14 inches (2.21 m x 0.36 m x 0.76 m) with reinforcement located as shown in Figure 3.8.
Number 6 bars were used in the longitudinal direction and number 5 bars were used in
the short direction at the top and bottom of the form with a 1-1/2 inch (38 mm) cover.
The top reinforcement was located behind the front anchor so that it did not interfere
with the concrete breakout cone formed at failure. These specimens are heavily
reinforced to resist the splitting forces caused by failure of the anchor, and to resist the

forces induced when splitting the concrete for cracked tests.

P 87.5” o
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Figure 3.8 Reinforcement for Shear Tests: (a) bottom reinforcement in blocks for
shear tests (b) top reinforcement when no hairpins are used (c) top reinforcement
when hairpins are used
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Cast-in-place anchors were attached to an inverted bolt with a nut, and were
suspended from a 2 x 4 running in the short direction over the form. The 2 x 4 was
attached to the edge of the form with a threaded rod. The ends of the 2 x 4 were slotted,
allowing for adjustment to achieve the proper edge distance. The 4-inch (100 mm)
embedment depth was checked as in Task 1, with a string pulled taut across the form.
The 2 x 4 was raised and lowered by adjusting nuts on the threaded rods to achieve the

proper embedment depth. This setup is shown in Figure 3.9

Since these were near-edge shear tests, no disturbance was allowed between the
anchor and the edge of the concrete. This, the splitting tubes for cracked tests could not
be located on either side of the anchor. Instead, one splitting tube was placed behind the
anchor and one was placed in the side of the form under the anchor to be tested. Since it
is difficult to drill a horizontal hole in the side of the specimen, and a vertical hole close
to steel reinforcement, PVC pipes were cast in the form to make holes for the splitting
tubes. The PVC pipes were split down the middle and held together with rubber bands.
The location of the split in the PVC was positioned to match with the split in the tube
allowing the PVC to expand with the tube as the wedge is driven into the concrete.

Figure 3.10 shows the PVC pipes in the form prior to casting.

The sheet metal plates were redesigned so that they did not extend between the
anchor and the edge of the concrete. As in Task 1, holes were cut in the sheet metal to
prevent the buildup of uneven pressure and bulging of the sheet metal. The sheet metal
was tied taut to nearby reinforcement and chairs, and was gripped at the top by the 2 x 4
and at the bottom by the horizontal PVC pipe to prevent movement during casting.
Figures 3.11 and 3.12 show the shape of the sheet metal plates for the single- and

double-anchor tests.



Figure 3.10 Location of PVC Pipes for Shear Tests in Cracked Concrete
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 finish grade

Figure 3.11 Sheet Metal Shape for Single-Anchor Shear Tests
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Figure 3.12 Sheet Metal Shape for Double-Anchor Shear Tests
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3.5.2 Casting and Curing

Concrete was placed in each form and vibrated using an electric concrete
vibrator. Care was taken to place concrete evenly on both sides of the sheet metal plates
to prevent bulging. Extra concrete was struck off using a 2 x 4 and the surface was

finished.

All specimens and cylinders were covered with heavy-duty plastic and cured in
the forms for 7 days, after which the specimens were removed from the wooden forms
and kept in the lab until they reached a compressive strength between 4200 psi (29.0
MPa) and 5200 psi (35.9 Mpa). Concrete compressive strengths measured at the time of

testing are located in the Appendix.

3.5.3 Concrete Mix Design

The concrete mix was obtained from a single ready-mix plant. The amounts of
each component are indicated in the table below. The desired slump was 4 inches (100
mm), although slumps ranging from 3 inches (76 mm) to 5 inches (127 mm) were
accepted. Superplasticizer was added to the mix to retard the reaction of the cement
keeping the concrete from setting before it was placed in the forms. The coarse
aggregate used was river gravel with the exception of the concrete for Series 1-9 and 1-

10 in which granite was substituted for river gravel.

Table 3.11 Concrete Mix Design

Cement Coarse Fine Aggregate Water Superplasticizer
Aggregate
(1b/yd®) (b/yd®) (Ib/yd®) (Ib/yd®) (oz/yd®)

390 1876 1432 250 48.0
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3.6 TEST SETUP

3.6.1 Test Setup for Task 1
3.6.1.1 Crack Initiation for Task 1

For tests conducted in cracked concrete, the first task was to form a 0.3-mm +
0.02-mm hairline crack in the concrete. Three holes were drilled, one in the center of the
slab and one near each of the edges as shown in Figure 3.13. Steel tubes split down the
length were placed in the holes with the split placed in the desired location of the crack.
Wedges were placed in the split tubes and were hit with a sledge hammer to open the
crack the desired amount, as indicated by two DCDT’s and two digital displacement
gages located on opposite sides of the anchors to be tested. The crack was examined to

ensure that it passed through the center of the Cast-in-Place Anchors.

13" 24’ 24" 13"

X X X

16"
° ° °
x x x | |z
° é ®

16"
X X X

® = Anchor Location

X = Wedge Location
-------- = Crack Location

Figure 3.13 Location of Splitting Wedges and Anchors for Tension Tests
3.6.1.2 Anchor Installation for Task 1

For the post-installed anchors, holes were drilled with rotary hammer drill.
Expansion Anchor I was lightly tapped with a hammer into the hole to the desired
depth, and then torqued to the level specified by vthe manufacturer. Prior to installation

of Undercut Anchor 1, a special tool was attached to the drill to cut the bell-shaped
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undercut. The anchor was installed using a special apparatus provided by the
manufacturer to expand the anchor into the undercut. This anchor was then torqued as
specified by the manufacturer. The Cast-in-Place anchor was installed prior to casting as
described in Section 3.5.1.1. Prior to testing the anchor was torqued to a level equal to
that of Undercut Anchor 1. After 5 to 10 minutes, the torque of each anchor was
released and the anchor was re-torqued to half of the original torque in order to simulate

loss of preload due to concrete relaxation over an extended period of time.

3.6.1.3 Loading Equipment for Task 1

A hydraulic ram resting atop a steel reaction ring applied load to the anchor. A
100-kip (450-kN) load cell was placed on top of the ram and was secured in place with a
nut to a threaded rod which ran through the load cell, ram, and reaction ring. Connected
to the anchor was a threaded baseplate with a thickness equal to the diameter of the
anchor. This baseplate was locked in place with a nut and washer, as shown in Figure
3.14. The bottom of the loading shoe was connected to the threaded insert. A 1-1/4 inch
(32 mm) threaded rod of high-strength steel ran through the load cell, ram, and reaction
ring and connected to the opposite end of the loading shoe, as shown in Figure 3.15. A
schematic of the whole test setup is shown in Figure 3.16. As the ram extended, it
compressed the load cell between a nut and the ram piston, and the threaded rod moved

upward, pulling on the anchor until failure occurred.
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Concrete

Figure 3.14 Detailed View of Anchor and Baseplate [Rodriguez 1995]

Threaded Rod Loading Shoe

Figure 3.15 Detailed View of Loading Shoe [Rodriguez 1995]
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Figure 3.16 Diagram of Test Setup [Rodriguez 1995]

For static tests, a 60-ton (534-kN) centerhole hydraulic ram controlled by an
electric pump applied load to the anchor. Dynamic tests were conducted with a 60-ton
(534-kN) Enerpac double-action hydraulic centerhole ram. Oil was supplied to the ram
through an electric pump, a line tamer, and a servo-valve controlled by an MTS micro-
console servo-controller and function generator. Figures 3.17 shows the tensile test

setup.
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Figure 3.17 Tensile Test Setup

3.6.1.4 Instrumentation for Task 1

Anchor displacement was measured with a linear potentiometer. A metal plate
was locked in place with a nut above the loading shoe. Vertical movement of the metal
plate was equivalent to the vertical movement of the anchor. The potentiometer was
placed against this plate, as shown in Figure 3.18 to measure the movement of the

anchor.

Measurement of the crack opening was conducted with two DCDT’s one on each
side of the anchor, as shown in Figure 3.19. The DCDT’s were attached to a steel plate
glued to the surface on the concrete and reacted against a steel angle that was also glued

to the surface of the concrete on the opposite side of the crack.



Figure 3.19

View of DCDT’s
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3.6.1.5 Data Acquisition for Task 1

An amplifier and power supply provided excitation to the load cell. Separate
power supplies provided excitation to the linear potentiometer and to the DCDT’s.
Output signals from the measurement devices were recorded by a Hewlett Packard HP
7090a plotter/data acquisition system. This data was temporarily stored in a buffer until
it was downloaded to an IBM-compatible computer and stored in comma-separated
value format (CSV). This data was in turn evaluated using a spreadsheet program to
convert the voltages to load and displacement values, and to graph the results. Figure

3.20 shows a schematic of this process.

Power
DCDT Supply
—-{::}-————v Excitation (V) o
- o}
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Output cx 8
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_____>
Load Cell i
o~ _.O Output
2 Plotter|= Signal (V)
I ot R
s —T Linear
A 2l 2 Potentiometer
~| & =
2| E| &
Amplifier / 2| & &
[=] —_
Power Supply S % g
[}
5 a
@] o] o o] v V
o] Q o] e}
O3 || .3

Figure 3.20 Data Acquisition System for Tension Tests
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3.6.2 Task3
3.6.2.1 Crack Initiation for Task 3

The split tubes and wedges were placed in the PVC pipes located on the top and
side surfaces of the concrete. The wedges were hit with a sledge hammer to open the
crack to a width of 0.3 mm % 0.02 mm. Small linear potentiometers placed on the top
and side surfaces, as shown in Figure 3.21, measured the amount of crack opening. The

crack was inspected to ensure that it ran through the anchor.

Figure 3.21 Location of Small Potentiometers to Measure Crack Opening
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3.6.2.2 Anchor Installation for Task 3

Expansion Anchor I and Undercut Anchor 1 were installed according to
manufacturers’ instructions. After installation the anchors were torqued to the value
specified by the manufacturer. The Cast-in-Place Anchor was torqued to the same value
as Undercut Anchor 1. After 5 to 10 minutes, the torque was released and the anchor
was re-torqued to half the original torque to simulate the loss of preload that occurs with

time.

3.6.2.3 Loading Equipment for Task 3

A reaction frame was constructed of steel I-sections, rectangular tubes, and
channels as shown in Figure 3.22. Loading plates for the single- and double-anchor tests
shown in Figures 3.23 and 3.24 were placed over the anchors prior to applying torque to
the anchor. The loading plates were designed so that the line of action of the applied
shear force coincided with the surface of the concrete. Between the loading plate and the
concrete surface a 1/32 inch (0.8 mm) Teflon sheet was placed to reduce the friction
between the loading plate and the concrete surface. A 1-1/4” (31.8 mm) rod passed
through a 100-kip (450-kN) load cell, a centerhole ram, the back-to-back channels of the

test frame, and threaded into the loading plate as shown in Figure 3.25.

Figure 3.22 Shear Test Frame
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Figure 3.24 Double-Anchor Loading Plate
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Test Frame Hydraulic Load Cell
/ Nut

: /.

Threaded Rod
Concrete Block

Figure 3.25 Shear Test Setup

For static tests, a 60-ton (534-kN) centerhole hydraulic ram controlled by an
electric pump applied load to the anchor. Dynamic single-anchor tests were conducted
with a 60-ton (534-kN) Enerpac double-action hydraulic centerhole ram. Double-anchor
dynamic tests were conducted with a 100-ton (890-kN) ram. Oil was supplied to the ram
through an electric pump, a line tamer, and a servo-valve controlled by an MTS micro-

console servo-controller and function generator. Figure 3.26 shows the shear test setup.



Figure 3.26 Shear Test Setup

3.6.2.4 Instrumentation for Task 3

Anchor displacement was measured with a 2-inch (50-mm) linear potentiometer
placed in line with the anchor, against the loading plate, as shown in Figure 3.27. The
forward movement of the loading plate was essentially equivalent to the horizontal

displacement of the anchor.

The crack opening was measured by 1l-inch (25-mm) linear potentiometers
placed on the top and side surfaces of the concrete. The linear potentiometers were
connected to steel plates which were glued to the concrete, and reacted against steel

angles glued to the concrete on the opposite side of the crack.
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Linear Potentiometer

i

Figure 3.27 Location of Linear Potentiometer for Shear Tests

3.6.2.5 Data Acquisition for Task 3

Excitation was provided to the load cell through an amplifier and a power
supply. Another power supply provided excitation to the linear potentiometers. Output
signals from the measurement devices were recorded by a Hewlett Packard HP 7090a
plotter/data acquisition system. This data was temporarily stored in a buffer until it was
downloaded to an IBM-compatible computer and stored in comma-separated value
format (CSV). This data was in turn evaluated using a spreadsheet program to convert
the voltages to load and displacement values, and to graph the results. Figure 3.28

shows a schematic of this process.
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Figure 3.28 Data Acquisition System for Shear Tests

3.7 TEST PROCEDURE

3.7.1 Test Procedure for Task 1

The procedure for Task 1 was as follows:

e For cracked tests, drill holes, insert wedges, set up DCDT’s, and form crack;

e Place baseplate over anchor, torque, release and re-torque;

e Place load shoe over baseplate;

e Place reaction ring, ram, and load cell assembly;
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e Thread rod into load shoe;

e Set linear potentiometer against plate above load shoe;
s Apply load;

e Transfer data to computer; and

e Analyze data and plot results.

3.7.2 Test Procedure for Task 3

The procedure for Task 3 was as follows:

e For cracked tests, insert wedges, place small linear potentiometers, and form cracks;
e Place Teflon sheet and loading plate over anchor, torque, release, and re-torque;

e Place reaction frame, ram and load cell;

e Thread rod through assembly into the loading plate;

e Set linear potentiometer against loading plate;

e Apply load;

e Transfer data to computer; and

s Analyze data and plot results.



CHAPTER FOUR

TEST RESULTS

4.1 INTRODUCTION

This section presents results from tests conducted as part of Task 1 and Task 3 of
the NRC-sponsored research program. For each set of five replicates, the average
maximum load and displacement at maximum load are tabulated, along with their

coefficients of variation (COV). Since concrete cone breakout failure load depends on

the compressive strength of the concrete, all results are normalized by \/76 to 4700-psi
(32.4-MPa) concrete, the nominal medium compressive strength used in the test
program. Typical load-displacement curves are shown for each set of tests. For tests
conducted in cracked concrete the average maximum additional crack opening at
concrete failure and the coefficient of variation is noted, and curves of the additional
crack opening for increasing load are shown. Detailed load-displacement curves,
showing each test conducted in a set of replicates, along with actual concrete
compressive strength, the failure loads, displacement at maximum load, and additional

crack opening, are located in the Appendix.

4.2 TASK1 RESULTS

The results from Task 1 testing conducted for this thesis are presented in this
section. In Chapter Five, these results are compared with previous Task 1 results
presented in [Rodriguez 1995] to assess the effect of aggregate hardness on anchor
behavior, to compare the behavior of cast-in-place anchors with post-installed anchors,

and to evaluate the effect of anchor type on additional crack opening.
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4.2.1 Results of Series 1-9

The purpose of Series 1-9 was to test the most common anchors from previous
Task 1 testing under static loading in concrete with granite aggregate to determine the
effect of aggregate hardness on anchor behavior. Expansion Anchor II and Undercut
Anchor 1 with a 3/4-inch (19-mm) diameter were tested at a 4-inch (100-mm)
embedment. Table 4.1 displays the average maximum load and displacement at
maximum load for each anchor. Figure 4.1 shows typical load-displacement curves for

each anchor.

In one case, the concrete began to fracture, but before the entire concrete
breakout cone formed, Expansion Anchor II experienced a pull-through failure. Since
this failure occurred at a large displacement after a significant portion of the concrete
breakout cone had formed, the load-displacement curve is similar to the cases with
concrete cone breakout failures. Undercut Anchor 1 exhibited concrete cone breakout
failure for all cases. Figure 4.2 shows a failure cone from an Undercut Anchor 1 test,

which is a typical tensile concrete breakout failure cone.

Table 4.1 Average Results for Expansion Anchor II and Undercut Anchor 1 under
Static Tensile Loading in Uncracked Concrete with Granite Aggregate

Average
Average Displacement at
Anchor Maximum Load | COV | Maximum Load | COV

kips (kN) % inches (mm) %
Expansion Anchor II 15.0 (66.8) 8.5 0.168 427) | 264
Undercut Anchor 1 26.6 (118) 7.9 0.131 (3.32) 19.8
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Typical Load-Displacement Curve - Static Tensile Loading,
Uncracked Concrete, Granite Aggregate

Displacement (mm)

0.00 5.08 10.16 15.24 20.32
300 : ; 133.4
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~ 200 41 \ 89.0 _
8 1 \ E
E 150 H— e 66.7 o
- ! \ ————— ®
8 / \ T~ 5
S 100 [ - | 445
50 ‘\ 222
\ -
0.0 0.0
0.00 0.20 0.40 0.60 0.80

Displacement (in.)

Figure 4.1 Typical Load-Displacement Curve for Expansion Anchor II and Undercut
Anchor 1 under Static Tensile Loading in Uncracked Concrete with Granite
Aggregate (Tests 9SKG5703 and 9SMG5706)

Figure 4.2 Typical Concrete Breakout Cone for Tension Tests
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4.2.2 Results of Series 1-10

Similar to Series 1-9, this series examined the behavior of common anchors from
previous Task 1 testing in concrete with granite aggregate to determine the effect of
aggregate hardness on anchor behavior. These tests were conducted under dynamic
loading. Expansion Anchor II and Undercut Anchor 1 with 3/4-inch (19-mm) diameter
were tested at a 4-inch (100-mm) embedment. Table 4.2 displays the average maximum
load and displacement at maximum load for each anchor.. Figure 4.3 shows typical load-

displacement curves for each anchor.

In three tests, Expansion Anchor II experienced a pull-through failure before the
full concrete breakout cone had formed. Since the pull-through occurred at large
displacements after some fracture of the concrete had occurred, the load-displacement
curves for the cases with cone failure and the cases with cone/pull-through failure are
similar. Figure 4.4 shows a cone/pull-through failure. All tests with Undercut Anchor 1

exhibited concrete cone breakout failures.

Table 4.2 Average Results for Expansion Anchor II and Undercut Anchor 1 under
Dynamic Tensile Loading in Uncracked Concrete with Granite Aggrepate

Average
Average Displacement at
Anchor Maximum Load | COV | Maximum Load | COV
kips (kN) % inches (mm) %
Expansion Anchor II 17.5 (77.7) 5.1 0.104 (2.63) | 33.6
Undercut Anchor 1 28.0 (125) 8.8 0.141 3.57) 52.8




Typical Load-Displacement Curve - Dynamic Tensile Loading,

Uncracked Concrete, Granite Aggregate
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Figure 4.3 Typical Load-Displacement Curve for Expansion Anchor II and Undercut

Anchor 1 under Dynamic Tensile Loading in Uncracked Concrete with Granite
Aggregate (Tests 10DKG5703 and 10DM5708)

Figure 4.4 Typical Cone Pull-through Failure for Tensile Tests
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4.2.3 Results of Series 1-11

Series 1-11 examined the behavior of Cast-in-Place Anchors under static loading
in uncracked and cracked concrete. The results from this series are used with previous
results from Task 1 to compare the behavior of cast-in-place anchors with post-installed
anchors. Cast-in-Place Anchors with a 3/4-inch (19-mm) diameter were tested at an
embedment of 4 inches (100 mm). Table 4.3 shows the average results for the tests
conducted. Figure 4.5 shows typical load-displacement curves. All anchors had

concrete cone breakout failures.

Table 4.3 Average Results for Cast-in-Place Anchor under Static Tensile Loading

Average
Average Displacement at
Concrete Condition | Maximum Load | COV Maximum Load Cov

kips (kN) Yo inches (mm) %
Uncracked 22.8 (102) 4.9 0.047 (1.19) 22.1
Cracked 19.9 (88.3) 4.7 0.051 (13D 23.0

Table 4.4 displays the average maximum additional crack opening recorded
Jdaring the test. The initial crack opening was 0.3 mm. Figure 4.6 shows a curve of the

average additional crack opening with increasing load.

Table 4.4 Average Additional Crack Opening for Cast-in-Place Anchor

under Static Loading
Average Maximum
Additional Crack
Opening Ccov
mm %

0.11 26.8




Typical Load-Displacement Curve Cast-in-Place Anchor,
Static Tensile Loading, Uncracked and Cracked Concrete
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Figure 4.5 Typical Load-Displacement Curve for Cast-in-Place Anchor under
Static Tensile Loading in Uncracked and Cracked Concrete
(Tests 11SC5705 and 11SC5706)
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Figure 4.6 Average Additional Crack Opening vs. Load for Cast-in-Place Anchor
under Static Tensile Loading
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4.2.4 Results of Series 1-12

Series 1-12 is similar to Series 1-11 except that tests were conducted under
dynamic loading. These results are combined with previous results from Task 1 to
compare the behavior of cast-in-place anchors and post-installed anchors. Table 4.5
displays the average maximum load and displacement at maximum load for the tests
conducted in this series. Figure 4.7 shows typical load-displacement curves for the
anchors tested in this series. All anchors had concrete cone breakout failures. Figure 4.8

shows a typical concrete breakout failure cone.

In this case, the curve for the anchor in cracked concrete has a maximum load
higher than that of the anchor tested in uncracked concrete. This result is due to the fact
that under dynamic loading the sheet-metal crack formers, as shown in Chapter Three,
Figure 3.6, tore as the anchor failed. The anchor tested in cracked concrete has a higher
maximum load due to the load necessary to tear the sheet metal. This increase in load
was determined from tensile tests of the sheet metal to be approximately 2.4 kips (11
kN). The average maximum load for anchors in cracked concrete in Table 4.5 was

adjusted so that the reported average does not include the additional load.

Table 4.5 Average Results for Cast-in-Place Anchor under Dynamic Tensile Loading

Average
Average Displacement at
Concrete Condition | Maximum Load | COV | Maximum Load COov

kips (kN) Y% inches (mm) %
Uncracked 29.6 (132) 4.7 0.069 (1.75) 14.8
Cracked 28.7 (128) 34 0.105 (2.67) | 20.7
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Tensile Loading, Uncracked and Cracked Concrete
Displacement (mm)
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Figure 4.7 Typical Load-Displacement Curve for Cast-in-Place Anchors under
Dynamic Tensile Loading in Uncracked and Cracked Concrete
(Tests 12DC5705 and 12DC5710)

Figure 4.8 Typical Failure Cone for Cast-in-Place Anchors under Tensile Load

Displacement (in.)
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Table 4.6 displays the maximum average additional crack opening recorded
during the test. Note that the initial crack opening was 0.3 mm. Figure 4.9 shows a
curve of the average increase in crack opening with increasing load.

Table 4.6 Average Additional Crack Opening for Cast-in-Place Anchor
under Dynamic Tensile Loading

Average Maximum
Additional Crack
Opening Cov
mm %
0.13 215

Average Additional Crack Opening vs. Load
Cast-in-Place Anchor, Dynamic Tensile Loading
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Average Additional Crack Opening (mm)

0.00

Load (kips)

Figure 4.9 Average Additional Crack Opening vs. Load for Cast-in-Place Anchor
under Dynamic Tensile Loading
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4.3 TASK 3 RESULTS

This section describes results obtained from the shear test conducted as part of
Task 3 of the research program. These results are intended to provide an understanding
of the shear behavior of near-edge anchors, the effect of a hairpin, and the shear behavior

of double-anchor connections.

Some tests with hairpins exhibited significant ductility. For consistency, the
maximum test displacement was set at 1.2 inches (30.5 mm). For tests which deformed
past this limit, the maximum load and corresponding displacement up to 1.2 inches (30.5

mm) was recorded.

4.3.1 Results of Series 3-1

Series 3-1 examined the shear behavior of anchors under static loading in
uncracked concrete. Cast-in-Place Anchors were tested with either no hairpin, a close
hairpin, or a far hairpin. Expansion Anchor IT and Undercut Anchor 1 were tested with a
far hairpin. All anchors had a 3/4-inch (19-mm) diameter, and were tested at an edge
distance of 4 inches (100 mm) and an embedment of 4 inches (100 mm) in 4700-psi
(32.4-MPa) concrete.

For the tests with no hairpin, all failures were by concrete cone breakout. Table
4.7 displays the average results for the five anchors tested. Figure 4.10 shows a typical
load-displacement curve. Figure 4.11 portrays a typical failure cone for anchors tested

with no hairpin.
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Table 4.7 Average Results for Cast-in-Place Single-Anchor Connection under Static

Shear Loading in Uncracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load cov

kips (kN) % inches (mm) %

Concrete Failure 8.8 39 9.6 0.080 (2.03) 80.0

Ultimate Failure 8.8 39 9.6 0.080 (2.03) 80.0

Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Uncracked Concrete, No Hairpin

Displacement (mm)
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Figure 4.10 Typical Load Displacement Curve for Cast-in-Place Single-Anchor
Connection under Static Shear Loading in Uncracked Concrete with No Hairpin
(Test ISCR5701)



Figure 4.11 Typical Failure Cone for Cast-in-Place Single-Anchor Connection

with No Hairpin Loaded in Shear

69

With the close hairpin in place, the anchor continued to resist load after concrete

cone breakout.

The test continued until the anchor either fractured at a large

displacement, or deformed to such an extent that its load carrying capacity was reduced.

Table 4.8 summarizes the maximum load and displacement at maximum load recorded at

concrete failure and at ultimate failure. Figure 4.12 shows a typical load-displacement

curve.

Table 4.8 Average Results for Cast-in-Place Single-Anchor Connection under Static

Shear Loading in Uncracked Concrete with Close Hairpin

Average
Average Displacement at
‘ Maximum Load Cov Maximum Load Ccoy
kips (kN) % inches (mm) %
Concrete Failure 12.6 (55.9) 114 0.100 (2.55) 31.0
Ultimate Failure 229 (102) 16.1 1.072 (27.2) 19.4
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Table 4.9 Average Results for Cast-in-Place Single-Anchor Connection under Static

Shear Loading in Uncracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Ccov

kips (kN) %o inches (mm) %

Concrete Failure 12.0 (53.4) 7.7 0.104 (2.63) 38.8

Ultimate Failure 17.3 (76.9) 143 0.713 (18.1) 53.1

Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Uncracked Concrete, Far Hairpin

Displacement (mm)

0.00 5.08 10.16 15.24 20.32 25.40 30.48
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Figure 4.13 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Static Shear Loading in Uncracked Concrete with Far Hairpin
(Test ISCR5713)
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The far hairpin allowed Expansion Anchor II to continue to deform after
concrete cone breakout occurred. Two of the anchors fractured, and the others deformed
with some pull-out until their load-carrying capacity was reduced. Table 4.10
summarizes the maximum load and displacement at maximum load obtained at concrete
failure and at ultimate failure. Figure 4.14 shows a typical load-displacement curve.

Table 4.10 Average Results for Expansion Anchor II Single-Anchor Connection
under Static Shear Loading in Uncracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Ccov

kips (kN) % inches (mm) %
Concrete Failure 7.9 (35 13.0 0.228 (5.79) 20.5
Ultimate Failure 8.6 (38) 13.3 0.636 (16.2) 249

Typical Load-Displacement Curve - Expansion Anchorlll,
Static Shear Loading, Uncracked Concrete, Far Hairpin

Displacement (mm)
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Figure 4.14 Typical Load-Displacement Curve for Expansion Anchor II Single-Anchor
Connection under Static Shear Loading in Uncracked Concrete with Far Hairpin
(Test ISKR5718)
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Undercut Anchor 1 with a far hairpin also continued to carry load after the
concrete cone breakout failure. As the anchor deformed, the concrete between the
hairpin and the anchor was crushed. The failure mode was a gradual reduction in
capacity at large displacements; none of the anchors fractured. In three of the five cases
the concrete cracked as the torque was applied. Once cracking was noticed the torque
was stopped. The anchor was then retorqued to half of the torque at which the crack
started. Table 4.11 highlights the maximum load and displacement at maximum load
recorded at concrete failure and at ultimate failure. Figure 4.15 shows a typical load-

displacement curve.

Table 4.11 Average Results for Undercut Anchor 1 Single-Anchor Connection under
Static Loading in Uncracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov
kips &kN) | % inches (mm) %
Concrete Failure 9.2 41 3.0 ~0.205 (5.20) 13.4
Ultimate Failure 14.8 65.7) 16.8 0.450 (11.4) 20.0




Typical Load-Displacement Curve - Undercut Anchor 1,
Static Shear Loading, Uncracked Concrete, Far Hairpin
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Figure 4.15 Typical Load-Displacement Curve for Undercut Anchor 1 Single-Anchor
Connection under Static Shear Loading in Uncracked Concrete with Far Hairpin
(Test ISMR5725)



4.3.2 Results of Series 3-2

Series 3-2 examined the shear behavior of anchors under dynamic loading in
uncracked concrete. Cast-in-Place Anchors were tested with either no hairpin, a close
hairpin, or a far hairpin. Expansion Anchor II and Undercut Anchor 1 were tested with a
far hairpin. All anchors had a 3/4-inch (19-mm) diameter and were tested at an edge

distance of 4 inches (100 mm) and an embedment of 4 inches (100 mm) in 4700-psi

(32.4-MPa) concrete.

All of the anchors with no hairpin failed by concrete cone breakout. Table 4.12

displays the average results for these tests.

displacement curve.

Figure 4.16 shows a typical load-

Table 4.12 Average Results for Cast-in-Place Single-Anchor Connection under

Dynamic Shear Loading in Uncracked Concrete with No Hairpin

Average

Average Displacement at
Maximum Load | COV Maximum Load Cov
kips (kN) % inches (mm) %
Concrete Failure 11.2 (49.9) | "15.6 0.068 (1.72) 253
Ultimate Failure 11.2 (49.9) 15.6 0.068 (1.72) 253
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Shear Loading, Uncracked Concrete, No Hairpin

Displacement (mm)

0.00 127 254 3.81 5.08 6.35 7.62
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Figure 4.16 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with No Hairpin
(Test 2DCR5704)

Tests conducted with a close hairpin showed significant ductility. After concrete
cone breakout, the anchor continued to carry load until it fractured at a large
displacement, or deformed until its load-carrying capacity was reduced. Table 4.13
summarizes the maximum load and displacement at concrete cone breakout and at
ultimate failure. Figure 4.17 shows a typical load-displacement curve.

Table 4.i3 Average Results for Cast-in-Place Single-Anchor Connection under
Dynamic Shear Loading in Uncracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Ccov

kips (kN) % inches (mm) %
Concrete Failure 15.2 (67.4) 13.5 0.087 (2.21) 67.1
Ultimate Failure 21.4 (95.0) 13.8 0.975 (24.8) 324
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Shear Loading, Uncracked Concrete, Close Hairpin
Displacement (mm)
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Figure 4.17 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with Close Hairpin
(Test 2DCR5706)

The far hairpin also enhanced the behavior of near-edge Cast-in-Place Anchors.
After the concrete cone breakout, the anchor continued to carry load and to displace,
crushing the concrete between the anchor and the hairpin. Failure occurred due to a drop
in load-carrying capacity at large displacements. Table 4.14 displays the average
maximum load and displacement at maximum load. Figure 4.18 shows a typical load-

displacement curve.



Table 4.14 Average Results for Cast-in-Place Single-Anchor Connection under
Dynamic Shear Loading in Uncracked Concrete with Far Hairpin
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Average
Average Displacement at
Maximum Load | COV Maximum Load Cov
kips (kN) % inches (mm) %
Concrete Failure 13.9 (61.8) 26.0 0.113 (2.86) 21.8
Ultimate Failure 18.0 (80.1) 28.4 0.893 (22.7) 32.6
Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Shear Loading, Uncracked Concrete, Far Hairpin
Displacement (mm)
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Figure 4.18 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with Far

Hairpin (Test 2DCR5715)
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The far hairpin allowed the Expansion Anchor II to continue to deform after
concrete cone breakout; however, little additional load was carried by the anchor. Four
of the anchors fractured, and the other anchor failed due to a decrease in load-carrying
capacity at large displacements. The anchors fractured just above the collar, below the
surface of the concrete and the height of the hairpin. Table 4.15 displays the maximum
load and displacement at maximum load for concrete cone breakout and ultimate failure.
Note that the maximum load is approximately the same for both cases. Figure 4.19

shows a typical load-displacement curve. Figure 4.20 shows two tested Expansion

Anchors, one which fractured and one which did not.

Table 4.15 Average Results for Expansion Anchor II Single-Anchor Connection
under Dynamic Shear Loading in Uncracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov
kips (kN) % inches (mm) %
Concrete Failure 9.6 43) 9.1 0.265 (6.73) 28.0
Ultimate Failure 9.8 44 9.6 0.501 (12.7) 70.4
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Typical Load-Displacement Curve - Expansion Anchor i,
Dynamic Shear Loading, Uncracked Concrete, Far Hairpin

Displacement (mm)
0.00 5.08 10.16 15.24 20.32 25.40
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Figure 4.19 Typical Load-Displacement Curve for Expansion Anchor IT Single-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with Far Hairpin
(Test 2DKR5718)

Figure 4.20 Deformation of Expansion Anchor II Loaded in Shear
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Undercut Anchor 1 with a far hairpin continued to gain load-carrying capacity
and to displace after concrete cone breakout. One of the anchors fractured at a large
displacement. The others failed due to a decrease in load-carrying capacity at large
displacements. Essentially all of the concrete between the anchor and the hairpin was
crushed. Table 4.16 summarizes the results for maximum load and displacement at
maximum load. Figure 4.21 shows a typical load-displacement curve. Figure 4.22
shows an anchor after testing; notice the crushed concrete between the anchor and the

hairpin.

Table 4.16 Average Results for Undercut Anchor 1 under Dynamic Loading in
Uncracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load COov
kips (kN) Y% inches (mm) %

Concrete Failure 10.3 (45.8) 12.0 0.181 (4.60) 14.7
Ultimate Failure 15.1 (67.0) 7.4 0481 - (12.2) 9.0
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Typical Load-Displacement Curve - Undercut Anchor 1,
Dynamic Shear Loading, Uncracked Concrete, Far Hairpin

Displacement (mm)
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Figure 4.21 Typical Load-Displacement Curve for Undercut Anchor 1 Single-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with Far Hairpin
(Test 2DMR5723)
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Figure 4.22 Typical Failure of Undercut Anchor 1 Single-Anchor Conne
under Dynamic Shear Loading with a Far Hairpin

ction
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4.3.3 Results of Series 3-3

Series 3-3 investigated the shear behavior of Cast-in-Place Anchors under static
loading in concrete with a 0.3-mm initial crack width. Cast-in-Place Anchors with a
3/4-inch (19-mm) diameter were tested at an edge distance of 4 inches (100 mm) and an
embedment of 4 inches (100 mm) with either no hairpin, a close hairpin, or a far hairpin,

in 4700-psi ( 32.4-MPa) concrete.

The anchors tested with no hairpin failed by concrete cone breakout. Table 4.17
summarizes the maximum load and displacement at maximum load. Table 4.18 displays
the average maximum additional crack opening recorded during the test. Measurements
were taken on the side and the top of the specimen. Figure 4.23 shows a typical load-

displacement curve.

Table 4.17 Average Results for Cast-in-Place Single-Anchor Connection under Static
Shear Loading in Cracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov
kips (kIN) % inches (mm) Y%
Concrete Failure 7.2 (32) 11.1 0.075 (1.92) 33.9
Ultimate Failure 7.2 (32) 11.1 0.075 (1.92) 33.9

Table 4.18 Average Additional Crack Opening up to Concrete Failure JSor Cast-in-
Place Single-Anchor Connection under Static Shear Loading with No Hairpin

Average Maximum Additional Crack Opening

Side COVv Top COVv
mm % mm %

0.05 48.3 0.01 70.7
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Cracked Concrete, No Hairpin

Displacement (mm)
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Figure 4.23 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Static Shear Loading in Cracked Concrete with No Hairpin
(Test 3SCR5703)

All of the anchors tested with the close hairpin continued to carry additional load
and to displace after concrete cone breakout. The anchors failed due to a decrease in
load-carrying capacity at large displacements. Table 4.19 highlights the average
maximum load and displacement at maximum load recorded at concrete failure and at
ultimate failure. Table 4.20 displays the maximum additional crack opening recorded up
to concrete failure. Figure 4.24 shows a typical load-displacement curve. Figure 4.25

portrays a typical failure; notice the deformation of the anchor around the hairpin.
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Table 4.19 Average Results for Cast-in-Place Single-Anchor Connection under Static

Shear Loading in Cracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov

kips (kN) % inches (mm) %

Concrete Failure 9.6 43) 11.5 0.063 (1.60) 20.5

Ultimate Failure 22.1 (98.1) 4.4 0.986 (25.0) 19.9

Table 4.20 Average Additional Crack Opening up to Concrete Failure for Cast-in-
Place Single-Anchor Connection under Static Shear Loading with Close Hairpin

Average Maximum Additional Crack Opening

Side COVv Top Cov
mmt % mm %
0.09 71.0 0.03 69.9

Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Cracked Concrete, Close Hairpin
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Figure 4.24 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Static Shear Loading in Cracked Concrete with Close Hairpin
(Test 3SCR5708)



Figure 4.25 Typical Failure Cone for Cast-in-Place Single-Anchor
Connection with Close Hairpin Loaded in Shear
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Anchors tested with the far hairpin also exhibited enhanced performance.

Failure was due to a drop in load-carrying capacity at large displacements. Table 4.21

displays the average results for maximum load and displacemen: at maximum load.

Table 4.22 displays the average maximum additional crack opening up to concrete

failure. Figure 4.26 shows a typical load-displacement curve.

Table 4.21 Average Results for Cast-in-Place Single-Anchor Connection under Static
Shear Loading in Cracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load cov
kips (kN) % inches (mm) %
Concrete Failure 10.8 479 15.8 0.145 (3.69) 47.7
Ultimate Failure 16.1 (71.8) 9.7 0.897 (22.8) 22.0
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Table 4.22 Average Additional Crack Opening up to Concrete Failure Jor Cast-in-
Place Single-Anchor Connection under Static Shear Loading with Far Hairpin

Average Maximum Additional Crack Opening

Side cov Top Ccov
mm % mim %
0.13 60.3 0.02 24.9

Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Cracked Concrete, Far Hairpin
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Figure 4.26 Typical Load-Displacement Curve Jor Cast-in-Place Single-Anchor
Connection under Static Shear Loading in Cracked Concrete with Far Hairpin
(Test 3SCR5712)
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Figure 4.27 shows the average additional side crack opening with increasing load
for each of the three cases examined. The top crack that was measured behind the

anchor did not open significantly and therefore is not included in the curve.

Average Additional Crack Opening vs. Load
Single-Anchor Connection, Static Shear Loading

0.125 T
€ 0.100 No Hairpin  |__ ;
-E; — — — Close Hairpin / -]
. 1 P
g ------ Far Hairpin / i
& o0.075 e
= -
8 ! - T
y] 3 /
w | 1
§ 0.050 i ] |
©
<
e !
g |
5 0.025 |
-
Z
0.000
0.0 3.0 6.0 9.0 12.0

Load (kips)

Figure 4.27 Average Additional Side Crack Opening vs. Load for Cast-in-Place Single-
Anchor Connection under Static Shear Loading



4.3.4 Results of Series 3-4

Series 3-4 examined the shear behavior of Cast-in-Place Anchors under dynamic

loading in concrete with a 0.3-mm initial crack width. Cast-in-Place Anchors with a 3/4-

inch (19-mm) diameter were tested at a 4-inch (100-mm) edge distance and a 4-inch

(100-mm) embedment with either no hairpin, a close hairpin, or a far hairpin in 4700-psi

(32.4-MPa) concrete.

All tests with no hairpin exhibited concrete cone breakout failure. Table 4.23

highlights the maximum load and displacement at maximum load.

Table 4.24

summarizes the average maximum additional crack opening. Figure 4.28 shows a typical

load-displacement curve.

Table 4.23 Average Results for Cast-in-Place Single-Anchor Connection under

Dynamic Shear Loading in Cracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load cov
kips (kN) % inches (mm) %
Concrete Failure 10.4 (46.1) 20.0 0.114 (2.89) 23.6
Ultimate Failure 10.4 (46.1) 20.0 0.114 (2.89) 23.6

Table 4.24 Average Additional Crack Opening up to Concrete Failure Jfor Cast-in-
Place Single-Anchor Connection under Dynamic Shear Loading with No Hairpin

Average Maximum Additional Crack Opening

Side cov Top COov
mm % mm %
0.17 44 .8 0.02 86.4
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Shear Loading, Cracked Concrete, No Hairpin

Displacement (mm)

0.00 2.54 5.08 7.62 10.16 12.70 15.24
12.0 53.4
9.0 /f\\»\ -
X 6.0 267 5
k=] 1]
] L o
[=] -
S \
3.0 133
K \.
0.0 0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Displacement (in.)

Figure 4.28 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Cracked Concrete with No Hairpin
(Test 4DCR5704)

Cast-in-Place Anchors with a close hairpin exhibited enhanced performance.

Ultimate failure occurred due to a decrease in load-carrying capacity at large

displacements.

Table 4.25 summarizes the maximum load and displacement at

maximum load. Table 4.26 highlights the maximum additional crack opening up to

concrete failure. Figure 4.29 shows a typical load-displacement curve.

Table 4.25 Average Results for Cast-in-Place Single-Anchor Connection under
Dynamic Shear Loading in Cracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Ccov
kips (kN) % inches {(mm) %
Concrete Failure 14.7 (65.5) 124 0.066 (1.68) 39.6
Ultimate Failure 24.1 (107) 15.8 1.08 274) 15.9
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Table 4.26 Average Additional Crack Opening up to Concrete Failure for Cast-in-
Place Single-Anchor Connection under Dynamic Shear Loading with Close Hairpin

Average Maximum Additional Crack Opening

Side Cov Top Cov
mm % mm %
0.12 54.1 0.02 49.8

Typical Load-Displacement Curve - Cast-in-Place Anchor,
Dynamic Shear Loading, Cracked Concrete, Close Hairpin

Displacement (mm)

0.00 5.08 10.16 15.24 20.32 25.40 30.48
30.0 133.4
25.0 /-‘\ 111.2
20.0 // 89.0
g150 _— \ 66.7 g
- =
© Q
e al 3
10.0 / \/\) 445
5.0 ( \/ 222
0.0 0.0
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Displacement (in.)

Figure 4.29 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Cracked Concrete with Close Hairpin
(Test 4DCR5707)
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Anchors with a far hairpin carried little additional load after concrete cone
breakout; however, the load was sustained for a significant displacement. Table 4.27
highlights the maximum load and displacement at maximum load. Table 4.28 displays
the additional crack opening up to concrete failure. Figure 4.30 shows a typical load-
displacement curve. Figure 4.31 shows a failure cone for Cast-in-Place Anchors with far

hairpins. Notice that the concrete between the anchor and the hairpin was crushed during

the test.

Table 4.27 Average Results for Cast-in-Place Single-Anchor Connection under
Dynamic Shear Loading in Cracked Concrete with Far Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load COoVv
kips (kN) % inches (mm) %

Concrete Failure 15.6 (69.2) 17.1 0.162 (4.10) 26.2

Ultimate Failure 18.0 (80.1) 9.0 0.852 217 58.0

Table 4.28 Average Additional Crack Opening up to Concrete Failure for Cast-in-
Place Single-Anchor Connection under Dynamic Shear Loading with Far Hairpin

Average Maximum Additional Crack Opening

Side Cov Top Cov
mm % mm %

0.11 56.0 0.02 84.1
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Typical Load-Displacement Curve - Cast-in-Place Anchor,
Static Shear Loading, Cracked Concrete, Far Hairpin
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Figure 4.30 Typical Load-Displacement Curve for Cast-in-Place Single-Anchor
Connection under Dynamic Shear Loading in Cracked Concrete with Far Hairpin (Test
4DCR5713)

Figure 4.31 Typical Failure Cone for Cast-in-Place Single-Anchor
Connection with Far Hairpin Loaded in Shear
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Figure 4.32 shows the average additional side crack opening with increasing
load. As noted earlier, the top crack opening is insignificant compared to the side crack

opening and is therefore not portrayed in the curve.

Average Additional Crack Opening vs. Load
Single-Anchor Connection, Dynamic Shear Loading
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Figure 4.32 Average Additional Side Crack Opening vs. Load for Cast-in-Place Single-
Anchor Connectisn under Dynamic Shear Loading
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4.3.5 Results of Series 3-5

Series 3-5 examined double-anchor connections under static loading in
uncracked concrete. The anchors were located on a line perpendicular to the free edge at
4-inch (100-mm) and 12-inch (300-mm) edge distances. Cast-in-Place Anchors with
3/4-inch (19-mm) diameters were tested at a 4-inch (100-mm) embedment with either no

hairpin or a close hairpin in 4700-psi (32.4-MPa ) concrete.

Anchors with no hairpin transferred load to the back anchor when concrete cone
breakout occurred. Ultimate failure occurred when the back anchor fractured. In one
case, shown in Figure 4.34, the back anchor had a pryout failure. The pryout failure
occurred at such a high load that there is no distinction in the load-displacement curves
between the anchors that fractured and the anchor that experienced a pryout failure.
Table 4.29 summarizes the average maximum load and displacement at maximum load at
concrete failure and at ultimate failure. Figure 4.33 shows a typical load-displacement

curve.

Table 4.29 Average Results for Cast-in-Place Double-Anchor Connection under Static
Shear Loading in Uncracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov

kips (kN) % inches (mm) %
Concrete Failure 27.1 (121 94 0.152 (3.86) 329
Ultimate Failure 37.6 (167) 43 0.723 (18.4) 3.6
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Typical Load-Displacement Curve - Cast-in-Place Anchors,
Static Shear Loading, Uncracked Concrete, No Hairpin
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Figure 4.33 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Static Shear Loading in Uncracked Concrete with No Huairpin
(Test SSCR5703)

Figure 4.34 Cone Failure of Front Anchor and Pryout Failure of Back
Anchor for Double-Anchor Connection with No Hairpin Loaded in Shear
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Table 4.30 highlights the results for double-anchor tests with a close hairpin.
After concrete cone breakout, some load is carried by the front anchor, but most of the
load is transferred to the back anchor. Ultimate failure is governed by the back anchor.
In two of the five cases the back anchor had a pryout failure at a high load. One of these
cases also showed a crack from the back anchor extending forward toward the free edge,
and the front anchor fractured. For the other cases, the back anchor fractured and the
front anchor remained in place, although it had little remaining load-carrying capacity.
Despite the different failure modes, each of the five cases had similar load-displacement

curves. Figure 4.35 shows a typical load-displacement curve.

Table 4.30 Average Results for Cast-in-Place Double-Anchor Connection under Static
Shear Loading in Uncracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Coyv
kips (kN) % inches (mm) %
Concrete Failure 34.6 (154) 6.8 0.178 (4.53) 16.7
Ultimate Failure 48.8 217 13.7 0.738 (18.8) 17.9




Typical Load-Displacement Curve - Cast-in-Place Anchors,
Static Shear Loading, Uncracked Concrete, Close Hairpin
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Figure 4.35 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Static Shear Loading in Uncracked Concrete with Close Hairpin

(Test SSCR5709)



99

4.3.6 Results of Series 3-6

Series 3-6 examined the behavior of double-anchor connections under dynamic
loading in uncracked concrete. Cast-in-Place Anchors were located in a line
perpendicular to the free edge at edge distances of 4 inches (100 mm) and 12 inches (300
mm). Anchors with 3/4-inch (19-mm) diameter were tested at a 4-inch (100-mm)

embedment with either no hairpin or a close hairpin in 4700 psi (32.4-MPa) concrete.

Connections with no hairpin transferred load to the back anchor when concrete
cone breakout occurred. Ultimate failure was governed by fracture of the back anchor.
Table 4.31 summarizes the average maximum load and displacement at maximum load

recorded at concrete failure and at ultimate failure. Figure 4.36 shows a typical load-

displacement curve.

Table 4.31 Average Results for Cast-in-Place Double-Anchor Connection under
Dynamic Shear Loading in Uncracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Ccov

kips (kN) % inches (mm) %
Concrete Failure 26.0 (116) 2.8 0.110 (2.79) 18.8

Ultimate Failure 373 (166) 82 0.637 (16.2) 233
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Typical Load-Displacement Curve - Cast-in-Place Anchors,
Dynamic Shear Loading, Uncracked Concrete, No Hairpin
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Figure 4.36 Typical Load-Displacement Curve for Cast-in-Place Double Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with No Hairpin
(Test 6DCRS5705)

Table 4.32 displays the results for double-anchor connections with a close
hairpin under dynamic loading. After the concrete in front of the first anchor failed,
most of the load was transferred to the back anchor. Ultimate failure was governed by
the response of the back anchor. In two of the cases the equipment could not apply
enough load to fracture the anchors; however, both the front and back anchors were
significant yielded and fracture was imminent. In the other three cases both anchors
fractured. Figure 4.37 shows a typical load-displacement curve. Figure 4.38 shows a
test in which both anchors fractured. Figure 4.39 shows the back anchor of a test in

which the anchors yielded. Notice the extent of yielding and the spalling of concrete in

front of the anchor.
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Table 4.32 Average Results for Cast-in-Place Double-Anchor Connection under
Dynamic Loading in Uncracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load Ccov Maximum Load Ccov

kips (kN) % inches (mm) %
Concrete Failure 384 (171) 34 0.171 4.35) 13.0
Ultimate Failure 54.0 (240) 9.9 0.693 (17.6) 16.8

Typical Load-Displacement Curve - Cast-in-Place Anchors,
Dynamic Shear Loading, Uncracked Concrete, Close Hairpin

Displacement (mm)
0.00 5.08 10.16 15.24 20.32 25.40
60.0 266.9

|
- |

30.0 / 133.4

T -

0.0 0.0

0.00 0.20 040 0.80 0.80 1.00
Displacement (in.)

200.2

Load (kips)
Load (kN)

Figure 4.37 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Dynamic Shear Loading in Uncracked Concrete with Close Hairpin
(Test 6DCR5708)
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Figure 4.38 Fracture of Front and Back Anchors for Double-Anchor
Connection under Dynamic Shear Loading

Figure 4.39 Yielding of Back Anchor and Spalling of Concrete for Double-
Anchor Connection under Dynamic Shear Loading
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4.3.7 Results of Series 3-7

Series 3-7 examined the behavior of double-anchor connections under static
loading in concrete with a 0.3-mm initial crack width. Anchors were located in a line
perpendicular to the edge at distances of 4 inches (100 mm) and 12 inches (300 mm).
Cast-in-Place Anchors with a 3/4-inch (19-mm) diameter, and a 4-inch (100-mm)
embedment, were tested with either no hairpin or a close hairpin in 4700-psi (32.4-MPa )

concrete.

Anchors with no hairpin transferred all of the load to the back anchor at concrete
cone breakout. Ultimate failure was governed by the back anchor. In four of the five
cases the back anchor had a brittle pryout failure. In a few cases the back anchor also
started to form a crack toward the front edge, as shown in Figure 4.41. In one case the
back anchor fractured. Table 4.33 summarizes the average maximum load and
displacement at maximum load. Table 4.34 displays the average additional crack

opening up to concrete failure. Figure 4.40 shows a typical load-displacement curve.

Table 4.33 Average Results for Cast-in-Place Double-Anchor Connection under Static
Shear Loading in Cracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load Cov
kips (kN) % inches (mm) %

Concrete Failure 28.0 (124) 14.6 0.176 (4.48) 16.0
Ultimate Failure 35.1 (156) 8.2 0.638 (16.2) 38.8
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Table 4.34 Average Additional Crack Opening for Cast-in-Place Double-Anchor
Connection under Static Shear Loading with No Hairpin

Average Maximum Additional Crack Opening

Side COV Top 18{0)%
mm % mm %
0.17 274 0.06 26.5

Typical Load-Displacement Curve - Cast-in-Place Anchors,
Static Shear Loading, Cracked Concrete, No Hairpin

Displacement (mm)

0.00 5.08 10.16 15.24 20.32 25.40
400 1 ; 177.9
! /
£ 200 890 o
= Q
8 5
|
100 J 445
00 | 0.0
0.00 0.20 0.40 0.60 0.80 1.00

Displacement (in.)

Figure 4.40 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor

Connection under Static Shear Loading in Cracked Concrete with No Hairpin
(Test 7SCR5705)
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Figure 4.41 Cone Failure of Front Anchor with No Hairpin, Yielding and Pryout of

Back Anchor, Along with Cracking toward Free Edge under Static Shear Loading

Anchors with a close hairpin were governed by the behavior of the back anchor.

In four of the cases the back anchor fractured. For three of those cases the front anchor

remained in place but had little remaining load-carrying capacity, as shown in Figure

4.43.

In one case the back anchor exhibited a brittle pryout failure.

Table 4.35

summarizes the load and displacement results. Table 4.36 highlights the additional crack

opening up to concrete failure. Figure 4.42 shows a typical load-displacement curve.

Table 4.35 Average Results for Cast-in-Place Single-Anchor Connection under Static
Shear Loading in Cracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load (8{0)% Maximum Load COVv
kips (kN) % inches (mm) %
Concrete Failure 35.1 (156.2) 12.9 0.172 4.37) 31.8
Ultimate Failure 51.5 (229.2) 11.9 0.712 (18.1) 28.9
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Table 4.36 Average Additional Crack Opening for Cast-in-Place Double-Anchor

Connection under Static Shear Loading with Close Hairpin

Average Maximum Additional Crack Opening

Side Cov Top Cov
mm % mm %
0.17 21.6 0.04 0.0

Typical Load-Displacement Curve - Cast-in-Place Anchors,
Static Shear Loading, Cracked Concrete, Close Hairpin

Displacement (mm)

0.00 5.08 10.16 15.24 20.32 25.40
60.0 ; 266.9
45.0 200.2
- / ! =
£ 300 1334 5
3 g
2 \ 8
-t \
15.0 } 66.7
0.0 / 0.0
0.00 0.20 0.40 0.60 0.80 1.00

Displacement (in.)

Figure 4.42 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Static Shear Loading in Cracked Concrete with Close Hairpin

(Test 7SCR5710)



Figure 4.43 Cone Failure Followed by Deformation of Front Anchor with Close
Hairpin and Fracture of Back Anchor for Double-Anchor Connection under

Static Shear Loading
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Figure 4.44 shows the average additional side crack opening with increasing load

for both cases in this series. The top crack opening is not portrayed.
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4.3.8 Results of Series 3-8

Series 3-8 examined the shear behavior of double-anchor connections under
dynamic loading in concrete with a 0.3-mm initial crack width. Anchors were located in
a line perpendicular to the side with edge distances of 4 inches (100 mm) and 12 inches
(300 mm). Cast-in-Place Anchors with a 3/4-inch (19-mm) diameter and an embedment
of 4 inches (100 mm) were tested with either no hairpin or a close hairpin in 4700-psi

(32.4-MPa) concrete.

Anchors with no hairpin transferred all load to the back anchor at concrete
failure. Ultimate failure was governed by the response of the back anchor, which
fractured in all cases. In one case a crack had started to propagate from the back anchor
toward the free edge. Table 4.37 displays the load and displacement results. Table 4.38
highlights the average maximum additional crack opening up to concrete failure. Figure

4.45 shows a typical load-displacement curve.

Table 4.37 Average Results for Cast-in-Place Double-Anchor Connection under
Dynamic Shear Loading in Cracked Concrete with No Hairpin

Average
Average Displacement at
Maximum Load 16(0 )% Maximum Load Ccov
kips (kN) % inches (mm) %
Concrete Failure 27.1 (120) 1.9 0.163 4.13) 39.1
Ultimate Failure 34.4 (153) 10.5 0.555 (14.1) 29.6
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Table 4.38 Average Additional Crack Opening up to Concrete Failure for Cast-in-
Place Double-Anchor Connection under Dynamic Shear Loading with No Hairpin

Average Maximum Additional Crack Opening

Side (8{8)% Top Ccov
mm % mim %
0.22 12.3 0.04 11.8

Typical Load-Displacement Curve - Cast-in-Place Anchors,

0.00

Dynamic Shear Loading, Cracked Concrete, No Hairpin

5.08
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Figure 4.45 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Dynamic Shear Loading in Cracked Concrete with No Hairpin

(Test 8DCR5702)
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Connections with a close hairpin were also governed by the back anchor. In
three cases both anchors fractured. In two cases the anchors were significantly yielded
and were on the verge of fracture when the loading equipment reached its maximum
capacity. Table 4.39 highlights the load and displacement results for the anchors. Table

4.40 summarizes the additional crack opening up to concrete failure. Figure 4.46 shows

a typical load-displacement curve.

Table 4.39 Average Results for Cast-in-Place Double-Anchor Connection under
Dynamic Shear Loading in Cracked Concrete with Close Hairpin

Average
Average Displacement at
Maximum Load | COV Maximum Load COov
Kips (kN) % inches (mm) %
Concrete Failure 35.0 (156) 3.0 0.174 (4.42) 24.1
Ultimate Failure 53.1 (236) 5.7 0.708 (18.0) 16.0

Table 4.40 Average Additional Crack Opening up to Concrete Failure for Cast-in-
Place Double-Anchor Connection under Dynamic Shear Loading with Close Hairpin

Average Maximum Additional Crack Opening

Side Cov Top cov
mm % mm %

0.18 12.5 0.04 42.1
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Typical Load-Displacement Curve - Cast-in-Place Anchors,
Dynamic Shear Loading, Cracked Concrete, Close Hairpin

Displacement (mm)
0.00 5.08 10.16 15.24 20.32 25.40 30.48
60.0 266.9

45.0 / — | j

200.2
£ yd z
£ 300 1334 3
3 8
1= wld
-1
15.0 F/ / 66.7
0.0 0.0
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Displacement (in.)

Figure 4.46 Typical Load-Displacement Curve for Cast-in-Place Double-Anchor
Connection under Dynamic Shear Loading in Cracked Concrete with Close Hairpin
(Test 8DCR5706)
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Figure 4.47 shows the average additional side crack opening with increasing load

up to concrete failure. The top crack opening is not shown.

Additional Crack Opening vs. Load
Double-Anchor Connection, Dynamic Shear Loading
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Figure 4.47 Average Additional Side Crack Opening vs. Load for Cast-in-Place Double-
Anchor Connection under Dynamic Shear Loading



CHAPTER FIVE

DISCUSSION OF TEST RESULTS

5.1 INTRODUCTION
This chapter discusses the results presented in Chapter Four. Tensile test results
are presented in terms of the normalized tensile capacity, k,c, to facilitate comparison
among different anchor types, embedments and concrete strengths:
P
k = (5-1)

ne = 1.5
hef fc

kn. = normalization factor for tensile capacity
P, = measured tensile capacity, Ibs

hes = effective embedment, inches

f. = tested concrete compressive strength, psi

For shear tests, the maximum loads and displacements are presented. In
addition, to show the effects of loading rate and cracked concrete, results are normalized
by the capacity under static loading in uncracked concrete. To show the effect of the

hairpin, results are normalized by the capacity with no hairpin.

In some figures, abbreviations are used to refer to the different anchor types.
Cast-in-Place Anchors are designated by CIP. The Undercut Anchors used in tests
performed by the author are referred to as UC1. Expansion Anchor II is referred to as
EAIL. A second Undercut Anchor tested by [Rodriguez 1995] is referred to as UC2.
The Sleeve Anchor tested by [Rodriguez 1995] is referred to as Sleeve.



114

5.2 BEHAVIOR OF EXPANSION ANCHORS TESTED IN SERIES 1-9 AND 1-10

This section discusses the significance of the results from Expansion Anchor II
tests in Series 1-9 and 1-10. Comparisons are made with Expansion Anchor II tests
reported in [Rodriguez 1995], in order to draw conclusions about the effect of aggregate

hardness on the behavior of expansion anchors.

5.2.1 Effect of Aggregate Hardness on Tensile Capacity of Expansion Anchor I

As shown in Figure 5.1, under static and dynamic loading, tensile capacities are
approximately uniform for Expansion Anchor II embedded in otherwise identical
concrete made with the three different aggregates. Peak load appears to decrease
slightly with increasing aggregate hardness for static loading, but to increase slightly
with increasing aggregate hardness under dynamic loading. However, in all cases the
percentage change in capacity is less than the coefficient of variation (about 5%) within
each group of 5 replicates. Therefore, anchor tensile capacity is judged not to be

significantly affected by aggregate hardness.

As noted in [Rodriguez 1995], dynamic loading increases the tendency for pull-
out and pull-through failure of expansion anchors. This general tendency is attributed to
a decrease in the coefficient of friction between the wedge and the concrete, and between
the mandrel and the wedge, under dynamic as compared to static loading. In concrete
made with limestone or river gravel aggregate, dynamic tests with pull-through or cone
failure modes had a lower capacity than static tests with cone failure modes [Rodriguez
1995]. In granite, however, three dynamic tests failed by combined pull-through/cone
breakout, with capacities larger than for static tests with cone breakout. While dynamic
and static tensile capacities are approximately the same in river gravel and limestone, the
dynamic capacity is more than 15% higher than the static capacity in granite. This
indicates that aggregate hardness does have some effect on the ratio between dynamic
and static tensile capacity. This is believed to be due to an increase in friction between

the clip and the concrete, and a decrease in friction between the mandrel and the clip.
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Effect of Aggregate Type on Normalized Tensile Capacity
of Expansion Anchor Il
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Figure 5.1 Effect of Aggregate Type on Normalized Tensile Capacity
of Expansion Anchor 11

5.2.2 Effect of Aggregate Hardness on Peak-Load Displacement of Expansion
Anchor I Loaded in Tension

Aggregate hardness appears to have no significant effect on the displacement at
peak load of Expansion Anchor II under static loading, as shown in Figure 5.2.
However, displacement under dynamic loading in granite-aggregate concrete is
significantly lower than in concrete made with limestone or river gravel aggregate, and
also lower than the static displacement in granite. Under static loading in granite, the
clip slipped down the mandrel approximately 1/4 inch (6 mm), indicating slight pull-
through before the eventual cone failure. The hardness of the granite aggregate
apparently increases the friction coefficient between the clip and the concrete, thus
increasing the tendency for pull-through failure under dynamic loading. Three of the
five dynamic tensile tests in granite had combined pull-through/cone failure. Due to the
low peak-load displacements associated with these tests, it can be assumed that the

anchor did not pull through the cone until after the maximum load had been reached.
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Dynamic tests in granite with cone failures did not show any pull-through. Although
dynamic loading decreases the coefficient of friction between the mandrel and the clip,
the use of granite aggregate increases the normal force between the mandrel and the clip,
thus reducing pull-through. Therefore, the hardness of the aggregate reduced the
displacement of the anchor. This behavior is believed to explain why the peak-load

dynamic displacement in granite is lower than the peak-load static displacement.

Effect of Aggregate Type on Peak-Load Displacement
of Expansion Anchor Il Loaded in Tension
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Figure 5.2 Effect of Aggregate Type on Peak-Load Displacement of
Expansion Anchor II Loaded in Tension
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5.2.3 Effect of Aggregate Type on Normalization Coefficient for Tensile Capacity
of Expansion Anchor II

Table 5.1 summarizes the normalization coefficient in terms of the CC Method,
using U.S. customary units. A normalization coefficient of 35 is appropriate for
Expansion Anchor II under static loading in all aggregates tested, and also for Expansion
Anchor II under dynamic loading in concrete with limestone or river gravel aggregate.
The normalization coefficient can be increased by a factor of about 1.15, to about 40, for

dynamic loading in concrete with granite aggregate.

Table 5.1 Normalization Coefficient for Expansion Anchor I1
in Uncracked Concrete Loaded in Tension

Load Type
Aggregate Type Static Dynamic
Limestone 35 35
River Gravel 35 35
Granite 35 40




118

5.3 BEHAVIOR OF UNDERCUT ANCHORS TESTED IN SERIES 1-9 AND 1-10

This section discusses the behavior of Undercut Anchors tested in granite-
aggregate concrete in Series 1-9 and 1-10. Comparisons are made with tests conducted
by [Rodriguez 1995] on the same anchor in concrete with limestone and river gravel

aggregate to asses the effect of aggregate hardness.

5.3.1 Effect of Aggregate Hardness on Tensile Capacity of Undercut Anchor 1

Figure 5.3 shows that under static loading, increasing aggregate hardness
increases the tensile capacity of Undercut Anchor 1. Tensile capacity in concrete with
granite aggregate is significantly higher than in concrete with limestone or river gravel.
In all cases, the failure surface propagates along the interface between the cement paste
and the aggregate, rather than through the aggregate. It is believed that the rough
angular surface of the granite, as contrasted with the smooth surface of the limestone and
the river gravel, allows a better bond between the aggregate and the paste, resulting in
higher interface strengths and therefore higher cone breakout loads. Under dynamic
loading, aggregate hardness does not seem to affect tensile capacity. It is possible that
the increase in the strength of the aggregate-paste interface due to the surface roughness
of the aggregate is about the same as the increase in the strength of the paste itself due to

the dynamic loading rate.

For concrete made with limestone or river gravel aggregate, dynamic tensile
capacity is about 20% greater than static capacity. In concrete made with granite
aggregate, the static and dynamic tensile capacities are essentially the same. Apparently,
the increase in static capacity due to the difficulty of initiating crack propagation in
granite aggregate is similar to the increase in dynamic capacity due to the time required

to initiate crack propagation.
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Effect of Aggregate Type on Normalized Tensile Capacity
of Undercut Anchor 1
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Figure 5.3 Effect of Aggregate Type on Normalized Tensile Capacity
of Undercut Anchor 1

5.3.2 Effect of Aggregate Hardness on Peak-Load Displacement of Undercut
Anchor 1 Loaded in Tension

As shown in Figure 5.4, static displacement of Undercut Anchor 1 at peak load
is apparently independent of aggregate hardness. The decrease in dynamic displacement
in granite appears to be significant. This could be due to some higher local strength or
stiffness of the granite-aggregate concrete resulting in a smaller zone of local crushing.
However, the coefficient of variation in peak-load displacement ranges from 23% to

53% for these tests, reducing the significance of this difference.
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Figure 5.4 Effect of Aggregate Type on Peak-Load Displacement
of Undercut Anchor 1 Loaded in Tension

5.3.3 Effect of Aggregate Type on Normalization Coefficient for Tensile Capacity

of Undercut Anchor 1

Table 5.2 summarizes the tensile capacity normalized in terms of the CC

Method using U.S. customary units. In concrete made with limestone or river gravel

aggregate, a normalization coefficient of about 41 is appropriate for Undercut Anchor 1

under static loading. This coefficient increases by a factor of 1.17, to about 48, under

dynamic loading. In concrete made with granite aggregate, a suitable normalization

coefficient for Undercut Anchor 1 is about 48, under dynamic as well as static loading.

Table 5.2 Normalization Coefficient for Undercut Anchor 1 in
Uncracked Concrete Loaded in Tension

Load Type
Aggregate Type Static Dynamic
Limestone 41 48
River Gravel 41 48
Granite 48 43
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5.4 BEHAVIOR OF CAST-IN-PLACE ANCHORS TESTED IN SERIES 1-11 AND 1-12
This section evaluates the tensile behavior of cast-in-place anchors as compared
to that of post-installed anchors. Series 1-11 and 1-12 examined cast-in-place anchors
under static and dynamic loading in uncracked and cracked concrete. Comparisons are
made with Undercut Anchor 1 tested by the author, as well as with Undercut Anchor 1,

Undercut Anchor 2, and Sleeve Anchor test results reported in [Rodriguez 1995].

5.4.1 Normalized Tensile Capacity of Cast-in-Place versus Post-Installed Anchors
in Uncracked Concrete

Figures 5.5, 5.6 and 5.7 show the normalized tensile capacity of Cast-in-Place
Anchor, Undercut Anchor 1, Undercut Anchor 2 and Sleeve Anchor. In uncracked
concrete made with limestone or river gravel aggregate, the static tensile capacity of
Cast-in-Place Anchors is comparable to that of Undercut Anchor 1, Undercut Anchor 2,
and Sleeve Anchors. In uncracked concrete made with limestone or river gravel
aggregate, the dynamic capacity of Cast-in-Place Anchors is significantly greater than
that of Undercut Anchor 1, and comparable to that of Undercut Anchor 2 and the Sleeve
Anchor.

In uncracked concrete, with the exception that the Cast-in-Place Anchor’s
dynamic capacity exceeds that of Undercut Anchor 1, the tensile capacity of the Cast-in-
Place Anchor is comparable to that of Undercut and Sleeve Anchors for both types of

loading.
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Effect of Anchor Type on Tensile Capacity
of Cast-in-Place and Sleeve Anchor
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Figure 5.7 Effect of Anchor Type on Normalized Tensile Capacity of Cast-in-Place
Anchor and Sleeve Anchor

5.4.2 Effect of Loading Rate on Cast-in-Place versus Post-Installed Anchors
Loaded in Tension

In uncracked concrete with limestone or river gravel aggregate, the dynamic
tensile capacity of Cast-in-Place, Undercut, and Sleeve Anchors significantly exceeds
their static tensile capacity, as shown in Figures 5.5, 5.6, and 5.7. The increases in
capacity are as follows: Cast-in-Place, 27%; Undercut Anchor 1 (limestone), 24%;
Undercut Anchor 1 (river gravel), 13%; Undercut Anchor 2, 23%; and Sleeve, 24%. In
cracked concrete, the dynamic capacity of the Cast-in-Place Anchor and Undercut
Anchor 2 is more than 50% higher than the static capacity; there is no significant

increase for the Undercut Anchor 1 and the Sleeve Anchor.
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5.4.3 Effect of Cracked Concrete on Normalized Tensile Capacities of Cast-in-
Place and Post-Installed Anchors

As shown in Figures 5.5, 5.6, and 5.7, the tensile capacity of an anchor in
cracked concrete is usually lower than in uncracked concrete. Under static loading, all
post-installed anchors except Undercut Anchor 1 have significant reductions in tensile
capacity: Cast-in-Place, 15%; Undercut Anchor 1, no significant reduction; Undercut
Anchor 2, 35%; and Sleeve, 20%. Under dynamic loading, Cast-in-Place and Undercut
Anchor 1 have small reductions in capacity, 3% and 9% respectively. Undercut Anchor
2 and Sleeve Anchor have more significant reductions in capacity, 16% and 28%
respectively. Other researchers have found cast-in-place and undercut anchors to have a
25% reduction in tensile capacity under static loading in concrete with a 0.3-mm to 0.4-
mm crack width [Eligehausen and Balogh 1995]. However, those tests did not compare
otherwise identical anchors in cracked versus uncracked concrete, as in the tests reported

here.

The Cast-in-Place Anchor exhibits unusual behavior with respect to the other
anchors. In cracked concrete, its static capacity is significantly lower than that of
Undercut Anchor 1, significantly higher than that of Undercut Anchor 2, and comparable
to that of the Sleeve Anchor. In cracked concrete, the dynamic capacity of Cast-in-Place
Anchors is significantly higher than that of Undercut Anchor 1, Undercut Anchor 2, and
Sleeve Anchor. Apparently the Cast-in-Place Anchor under dynamic loading is not

significantly affected by cracked concrete.

5.4.4 Peak-Load Displacement of Cast-in-Place versus Post-Installed Anchors
Loaded in Tension

Figures 5.8, 5.9, and 5.10, show the peak-load displacement of Cast-in-Place
Anchor, Undercut Anchor 1, Undercut Anchor 2, and Sleeve Anchor. For all test cases,
the displacement at maximum load for the Cast-in-Place Anchor is significantly lower
than that of Undercut Anchor 1. In uncracked concrete under static and dynamic

loading, the displacement of Cast-in-Place Anchor is significantly lower than the
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displacement of Undercut Anchor 2 and Sleeve Anchor. In cracked concrete under static
loading, high coefficients of variation for the Undercut Anchor 2 and Sleeve Anchor
make it difficult to draw firm conclusions about peak-load displacements. In cracked
concrete under dynamic loading, an opposing trend is observed. The displacement of the
Cast-in-Place Anchor is larger than that of Undercut Anchor 2 and Sleeve Anchors. For
most cases it is evident that the Cast-in-Place Anchor undergoes smaller displacements

than the other anchors.
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5.4.5 Effect of Loading Rate on Peak-Load Displacement of Cast-in-Place and
Post-Installed Anchors Loaded in Tension

Figures 5.8, 5.9 and 5.10, show that peak-load displacements under dynamic
loading are larger than under static loading in cracked and uncracked concrete for all
anchors except the Sleeve Anchor. This result is expected since the dynamic capacity is
larger than the static capacity. The Sleeve Anchor had coefficients of variation of about

50%, which make the changes in peak-load displacement difficult to interpret.

5.4.6 Effect of Cracked Concrete on Peak-Load Displacement of Cast-in-Place and
Post-Installed Anchors Loaded in Tension

As shown in Figures 5.8, 5.9 and 5.10, peak-load displacements are not
significantly altered when concrete is cracked. Only the Cast-in-Place Anchor under
dynamic loading showed an increase in peak-load displacement in cracked as opposed to
uncracked concrete. The coefficients of variation for peak-load displacements are about

20%.
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5.4.7 Normalization Coefficient for Cast-in-Place and Post-Installed Anchors

Table 5.3 shows the normalization coefficient in terms of the CC Method, using
U.S. customary units. In uncracked concrete, under static loading, a normalization
coefficient of 41 is appropriate for the Cast-in-Place, Undercut, and Sleeve Anchors
tested. Under dynamic loading, the coefficient can be increased by 20%, to 50. In
cracked concrete, the capacity of Cast-in-Place Anchor should be reduced by about 15%,
to 35, for static loading; for dynamic loading no reduction should be taken. The capacity
of Undercut Anchor 1 in cracked concrete should conservatively be reduced by about
5%. The capacity of Undercut Anchor 2 and Sleeve Anchor should be reduced by about
20% in cracked concrete.

Table 5.3 Normalization Coefficient for Cast-in-Place and Post-Installed Anchors
Loaded in Tension

Test Type
Static Dynamic Static Dynamic
Anchor Uncracked | Uncracked | Cracked | Cracked
Cast-in-Place Anchor 41 50 35 50
Undercut Anchor 1 41 50 39 47
Undercut Anchor 2 41 50 33 39
Sleeve Anchor 41 50 33 39
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5.5 EFFECT OF ANCHOR TYPE ON ADDITIONAL CRACK OPENING FOR TENSILE
TESTS

To relate the tensile failure loads and tensile load-displacement behavior of
anchors in cracked concrete, to the crack opening behavior of each anchor type, Figures
5.11 and 5.12 show the average additional crack opening values for each set of 5

replicates for various values of load. The original crack width in all cases was 0.3 mm.

As shown in Figure 5.11, Expansion Anchor II, when loaded statically,
consistently had the greatest amount of additional crack opening at a given load. The
Cast-in-Place Anchor and the Sleeve Anchor consistently had the least. However, the
anchors with the least amount of additional crack opening did not have the highest
failure load. Note that in Figure 5.11, the highest failure load and highest total
additional crack opening corresponded to Undercut Anchor 1. Additional crack opening
is believed to be a valid indicator of the splitting force exerted by the anchor. However,
for a given crack width, the capacity of the anchor depends strongly on the anchor

geometry and internal stiffness characteristics.

Under dynamic loading, as shown in Figure 5.12, Expansion Anchor II again
shows the greatest additional crack opening at a given load, and this behavior
characteristic correlates well with its failure at relatively low loads. In this case, the
Cast-in-Place Anchor generally showed the least additional crack opening at a given
load. Once more, the Undercut Anchor 1 showed relatively large additional crack

widths, indicating high splitting forces, but also the highest capacity.

Finally, comparison of Figures 5.11 and 5.12 shows that the additional crack
opening behavior of anchors differs for dynamic versus static loading. Under static
loading, Expansion Anchor II consistently showed the most additional crack opening at a
given load, followed by Undercut Anchor 1. Under dynamic loading, although
Expansion Anchor II again showed the most additional crack opening at a given load, it

was followed by the Sleeve Anchor.
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5.6 BEHAVIOR OF SINGLE-ANCHOR CONNECTIONS UNDER SHEAR LOADING
This section discusses the behavior of near-edge single-anchor connections
under shear loading. The effects of dynamic loading, cracked concrete, and hairpins are

evaluated.

5.6.1 Effect of Loading Rate and Cracked Concrete on Concrete Cone Breakout
Load of Single-Anchor Connections Loaded in Shear

Figure 5.13 shows the load at concrete cone breakout for Cast-in-Place Anchors
loaded in shear. In Figure 5.14 the concrete cone breakout load for single-anchor
connections is normalized by the breakout load for anchors under static loading in
uncracked concrete, to show the percentage change in capacity for different test
conditions. Comparing data for each test type provides an indication of the effect of

loading rate and cracked concrete on the concrete cone breakout load.

For all anchors tested, the dynamic capacity exceeds the static capacity. The

increase in capacity is approximately 20% for Cast-in-Place Anchors with all hairpin

types.

In cracked concrete, the capacity is reduced by approximately 18%, compared
with the corresponding uncracked cases. Anchors with far hairpins retain more of their
original capacity. This can be attributed to the fact that the concrete between the anchor
and the far hairpin is well confined, reducing the effect of cracking. In addition, the
reduction in capacity due to cracked concrete is lower for dynamic loading than for static
loading. This is due to the fact that the additional crack opening is generally lower

under dynamic loading than under static loading.

These observations regarding the effects of cracked concrete and dynamic
loading on the concrete cone breakout capacity of anchors loaded in shear, are similar to

observations made previously for anchors loaded in tension [Rodriguez 1995].
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Effect of Loading Rate and Cracked Concrete on Concrete Cone Breakout
Load of Cast-in-Place Anchor Loaded in Shear
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Figure 5.15 shows the load at concrete cone breakout for Expansion Anchor II
and Undercut Anchor 1 with no hairpin. In Figure 5.16 the load at concrete cone
breakout is normalized by the load in uncracked concrete under static loading, to show

the change in capacity for dynamic loading.

The increase in capacity for Expansion Anchor II is 20%, similar to that for

Cast-in-Place Anchors. Undercut Anchor 1 has an increase in capacity of only 12%.

The capacity of these post-installed anchors with a far hairpin is lower than the
capacity of Cast-in-Place Anchors with a far hairpin. Expansion Anchor II is not as stiff
as the Cast-in-Place Anchors. This may partially explain the lower capacity for this
anchor. In a few cases, the concrete cracked during installation of Undercut Anchor 1,
reducing the capacity of the anchor. In addition, the load transfer mechanism for each

anchor type affects the anchor performance.
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5.6.2 Effect of Loading Rate and Cracked Concrete on Ultimate Failure Load of
Single-Anchor Connections Loaded in Shear

Figure 5.17 shows the ultimate capacity for Cast-in-Place single-anchor
connections loaded in shear. Figure 5.18 presents the ultimate capacity normalized by
the static uncracked capacity to show the percentage change in capacity due to dynamic
loading and cracked concrete. The ultimate load is the highest load recorded up to a

maximum displacement of 1.2 inches (30 mm).

Ultimate failure of Cast-in-Place single-anchor connections with no hairpin
occurred at concrete cone breakout. The conclusions for the effect of loading rate and

cracked concrete are the same as discussed in Section 5.6.1.

Connections with hairpins withstood significant additional load after concrete
cone breakout. The ultimate load is approximately the same for each test type. Anchors
restrained by a hairpin bent around the hairpin until the anchor displaced more than 1.2
inches (30 mm), or until load carrying capacity was reduced because the anchor either
fractured, or deformed to such an extent that the capacity decreased. Load capacity at
ultimate failure is a function of the steel of the anchor bolt, rather than of the concrete
strength; therefore, ultimate failure occurs at approximately the same load regardless of

loading rate and cracked concrete.
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The ultimate load of Expansion Anchor II and Undercut Anchor 1 with a far
hairpin is shown in Figure 5.19. Figure 5.20 displays the maximum load normalized by
the capacity under static loading in uncracked concrete to show the percentage change in

capacity due to dynamic loading.

The dynamic capacity of Expansion Anchor II is 14% higher than the static
capacity. This is related to the fact that under static loading the anchor tended to pull-
out as it displaced. However, under dynamic loading the anchor did not pull-out and

eventually failed due to fracture of the anchor.

For Undercut Anchor 1 the ultimate capacity under dynamic loading is
essentially equal to the ultimate capacity under static loading. Under static and dynamic
loading almost all of the anchors showed a decrease in load-carrying capacity after
significant displacement. Only one anchor fractured under dynamic loading. Similar to
Cast-in-Place Anchors with hairpins, the ultimate failure of Undercut Anchor 1 is a
function of the behavior of the steel of the anchor and is therefore not significantly

affected by loading rate.

The ultimate capacity of these post-installed anchors with a far hairpin is lower
thaa the ultimate capacity of Cast-in-Place Anchors with a far hairpin. As mentioned in
the previous section this is partially due to the lower stiffness of Expansion Anchor II,
cracking at installation of Undercut Anchor 1, and differences in the load transfer

mechanism of each anchor.
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5.6.3 Effect of Hairpin on Concrete Cone Breakout Load of Single-Anchor
Connections Loaded in Shear

To evaluate the effect of the hairpin, concrete cone breakout loads for each test
type with a hairpin were normalized by the corresponding breakout capacities with no
hairpin. This provides a way to evaluate how each hairpin configuration affects the load
capacity. Figure 5.21 shows the normalized concrete cone breakout capacities for Cast-

in-Place Anchors. Actual Concrete cone breakout capacities are shown in Figure 5.13.

The close hairpin increases the load capacity at concrete cone breakout by
approximately 37% for all test conditions. The concrete cone breakout load for anchors
with a far hairpin increases 30% in uncracked concrete and 50% in cracked concrete.
The large increase in capacity for the far hairpin in cracked concrete is related to the fact
that the hairpin, in addition to confining the concrete between the hairpin and the anchor,

is also effective in reducing the crack opening, thus increasing the load at concrete cone

breakout.
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5.6.4 Effect of Hairpin on Ultimate Failure Load of Single-Anchor Connections
Loaded in Shear

Figure 5.22 shows the ultimate capacity of Cast-in-Place Anchors for each test
type, normalized by the ultimate capacity for that test type with no hairpin. Actual

ultimate load capacities are shown in Figure 5.17.

The hairpin substantially increases the load-carrying capacity of near-edge
single-anchor connections. The increase in capacity is greater for static loading than for
dynamic loading, and greater for cracked concrete than for uncracked concrete. Close
hairpins increase the ultimate load-carrying capacity 1.9 to 3.0 times. Far hairpins
increase the ultimate load-carrying capacity by about 1.6 to 2.2 times, slightly less than

the increase for close hairpins.

As mentioned in Section 5.7.2, the ultimate capacity of anchors loaded in shear
and restrained by a hairpin is essentially constant. The effect of the hairpin varies

because the capacities with no hairpin vary with respect to loading rate and cracked

concrete.
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5.6.5 Effect of Loading Rate and Cracked Concrete on Displacement at Concrete
Cone Breakout of Single-Anchor Connections Loaded in Shear

Figure 5.23 shows the displacements at concrete cone breakout for tests with
Cast-in-Place Anchors. It is difficult to draw firm conclusions with respect to
displacements because the coefficient of variation for these tests ranged from 13% to

80%, with an average of 38%.

Displacement is directly related to load; larger failure loads should have
correspondingly larger displacements. As mentioned in Section 5.6.1, the concrete cone
breakout load for anchors with no hairpin, increases approximately 20% under dynamic
loading and decreases 15% in cracked concrete. The displacements follow this trend
with the exception that in uncracked concrete the displacement under dynamic loading is

lower than the displacement under static loading.

The largest displacement for Cast-in-Place Anchors with a close hairpin is in the
static uncracked case. Although the load at concrete cone breakout for anchors with a
close hairpin is larger than that for anchors with no hairpin, the displacement in cracked

concrete for anchors with a close hairpin is less than that for anchors with no hairpin.

Tests with the far hairpin have higher displacements than tests with no hairpin
due to the larger concrete cone breakout load. The trend for the far hairpin tests is that
displacement increases slightly under dynamié loading and increases significantly in

cracked concrete, opposite to the trend for the close hairpin.

Figure 5.24 shows the displacement at concrete cone breakout for Expansion
Anchor II and Undercut Anchor 1. Under dynamic loading, the displacement of
Expansion Anchor II increases while the displacement of Undercut Anchor 1 decreases.
It was difficult to determine the load and displacement at concrete cone breakout for
Undercut Anchor 1 since about half of the tests showed no load drop nor sharp change in

curvature; however, the displacement should have been larger under dynamic loading.
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5.6.6 Effect of Loading Rate and Cracked Concrete on Displacement at Ultimate
Failure of Single Anchor Connections Loaded in Shear

Figure 5.25 shows the displacement at ultimate load for Cast-in-Place Anchors.
Ultimate load is determined as the maximum load up to a displacement of 1.2 inches (30
mm). Again, it is difficult to draw firm conclusions from the displacement data because
the coefficient of variation for each set of tests ranged from 16% to 80% with an average

of 35%. However, hairpins dramatically increase the displacement at failure.

Tests with no hairpin fail at concrete cone breakout. Therefore the conclusions
for displacement at ultimate are the same as for displacement at concrete cone breakout

discussed in Section 5.6.5.

The displacement at ultimate load for anchors with a close hairpin is directly
related to the ultimate load. Anchors with higher failure loads have higher
displacements. Since the failure load for anchors with a close hairpin was not
significantly affected by loading rate and cracked concrete, the displacements are also

not significantly affected.

The displacement of anchors with a far hairpin is also directly proportional to
the failure load. The test condition which resulted in the highest failure load has the

highest displacement.

Figure 5.26 shows the displacement at ultimate failure for Expansion Anchor II
and Undercut Anchor 1. Expansion Anchor II shows a decrease of approximately 20%
in displacement for dynamic loading as compared with static loading, partially due to the
fact that under dynamic loading Expansion Anchor II was more likely to fracture. Also,
the coefficient of variation under dynamic loading was large, 70%. Undercut Anchor 1
has approximately the same displacement under static loading and dynamic loading
This is because the ultimate load for Undercut Anchor 1 is approximately the same for

static and dynamic loading..
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5.6.7 Effect of Hairpin on Displacement at Ultimate Failure of Single-Anchor
Connections Loaded in Shear

As shown in Figure 5.27, the use of hairpins significantly increases the failure
displacement of near-edge anchors loaded in shear. The close hairpin increases the
displacement at ultimate load between 9.5 and 14.3 times. The far hairpin increases the
displacement at ultimate load by about 7.5 to 13.1 times. For both hairpin types, the
largest increase in failure displacement occurs for dynamic loading in uncracked
concrete, and the smallest increase in failure displacement occurs for dynamic loading in

cracked concrete.z
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5.6.8 Normalization Coefficient for Near-Edge Single-Anchor Connections Loaded
in Shear

The CC Method, presented in Chapter Two, uses a coefficient of 13 in its
equation to predict the shear capacity of near-edge anchors with concrete cone breakout
failures. This coefficient is presented as 13 in the literature; however, the conversion
from SI units (in which the coefficient is 1.0) to U.S. customary units actually results in
a coefficient of 12. Test results for Cast-in-Place Anchors with no hairpin were
normalized to determine the coefficient for the design equation that would produce the
test results. These coefficients are shown in Figure 5.28. Since tests with a hairpin do
not fail by concrete cone breakout, the normalization coefficients based on the CC
Method are not useful indicators of behavior. The effect of the hairpin is presented in

terms of a multiple of the capacity with no hairpin.
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As shown in Figure 5.28, the static uncracked case is close to the theoretical
equation. For anchors under dynamic loading the normalized coefficient can be
increased approximately 20%, to 17. A reduction of 15% should be used to account for

the change in capacity in cracked concrete.

Ideally, the use of a hairpin should transform the behavior of a near-edge anchor
to that of an anchor with no reductions in capacity due to edge effects. In reality, a
hairpin with a 1.5-inch (38-mm) concrete cover cannot transform the behavior of a near-
edge anchor to that of a far-edge anchor, due to the flexibility of the hairpin and of the
anchor. The hairpin can yield and deform, reducing the capacity of the anchor. The
anchor flexibility affects the capacity of the connection in two ways: first, after the
concrete fails, the anchor bends around a close hairpin until the anchor steel fractures
under combined shear and bending; second, for a close or far hairpin the anchor
displacement can be so large that the load-carrying capacity is reduced. In this test
program, the ultimate capacity of anchors restrained by a hairpin was limited by fracture
of the anchor as it deformed around the hairpin, or by large displacement of the anchor.
The hairpin was designed so that its strength would not govern the connection capacity.
Results for anchors restrained with a hairpin were compared to those for anchors with no
hairpin to provide a guideline for estimating the effect of the hairpin for this test

program.

For anchors with a hairpin, the concrete cone breakout capacity can be predicted
by increasing the capacity determined from the CC Method by a factor of 1.35 To
estirnate the ultimate capacity of anchors with hairpins, the concrete cone capacity for
near-edge anchors can be factored by 2.6 for close hairpins and 2.0 for far hairpins. At
ultimate failure, no adjustment should be made for the effects of dynamic loading or
cracked concrete, since ultimate failure is a function of steel behavior. These results are

specific for this test program.
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5.7 BEHAVIOR OF DOUBLE-ANCHOR CONNECTIONS UNDER SHEAR LOADING
Single-anchor connections consisted of a 3/4-inch (19-mm) diameter anchor
with an embedment of 4 inches (100 mm) and an edge distance of 4 inches (100 mm),
Double-anchor connections were tested with the same anchor diameter and embedment.
The front anchor of the double-anchor connection was located at an edge distance of 4
inches (100 mm), the same edge distance as the single-anchor connections. The back
anchor of the double-anchor connection was located at a 12-inch (300-mm) edge
distance. The spacing between the two anchors was 8 inches (200 mm), twice the

embedment.

The objective of the double-anchor tests was to compare single- and double-
anchor tests and thereby obtain an indication of the extent of load sharing as well as the
interaction of the two anchors. To achieve this objective, a conceptual model was

developed and compared with actual test results.

The model hypothesizes that the two anchors are far enough from each other that
each behaves individually, and the response of the double-anchor connection is therefore
equal to the sum of the responses of each anchor. The model assumes that a rigid
baseplate is used so that the displacements of the two anchors are equal to each other and
to the displacement of the baseplate. This hypothesis was evaluated by testing a single
anchor located in the position of the back anchor of the double-anchor connection. For
each test condition, the response of this anchor was added to the response of a single
near-edge anchor and compared with the response of a double-anchor connection.

Figure 5.29 shows the load-displacement behavior of the back anchor.
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Cast-in-Place Anchor, Static Shear Loading,
Uncracked Concrete, Edge Distance 12 in.

Displacement (mm)
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Figure 5.29 Shear Load-Displacement Response of Back Anchor

Figure 5.30 shows the load-displacement results from (A) shear tests on a single
near-edge anchor, (B) shear tests on a single back anchor, (C) the summation of those
two single anchor tests, and (D) shear tests on a double-anchor connection. All are for
anchors under static loading with a close hairpin in uncracked concrete. The summation
(C) of the curves for the single-anchor behavior and the back anchor behavior is
generally close to (D) the curve for the double-anchor connection. The curve for the
double-anchor connection is shifted to the right slightly compared to the curve for the
summation of the two anchors because the baseplate slipped during the double-anchor
test. In all cases, the results for the summation of the responses of the near-edge single-
anchor connection and the back anchor are quite close to the response of the double-
anchor connections. Slight differences exist due to differences in slip of the baseplate;
however, as seen in Figure 5.30, the curves have the same slope, and the change in
curvature (which is used to determine the concrete cone breakout load) occurs at
essentially the same load. Similar figures which evaluate the double-anchor model for

other test cases are located in the Appendix.
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Figure 5.30 Evaluation of Double-Anchor Model for Anchors Loaded in Shear for
the Case of Static Loading, Close Hairpin, Uncracked Concrete

It can be confidently concluded that for 3/4-inch (19-mm) diameter anchors

spaced at 8 inches (200 mm), the shear behavior of a connection with two anchors will

be equal to the summation of the behavior of each individual anchor.

For anchors

located closer to each other than 8 inches (200 mm) and diameters greater than 3/4 inch

(19 mm), this conclusion may not hold.
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5.7.1 Effect of Loading Rate and Cracked Concrete on Concrete Cone Breakout
Load of Double-Anchor Connections Loaded in Shear

Figure 5.31 shows the load at concrete cone breakout for Cast-in-Place double-
anchor connections. In Figure 5.32 the concrete cone breakout load is normalized by the
capacity under static loading in uncracked concrete, to show the percentage change due

to dynamic loading and cracked concrete.

For all test types the concrete cone breakout load was higher for anchors with a
close hairpin. This is because the concrete cone breakout load for the single near-edge

anchor is higher with a close hairpin, as discussed in Section 5.6.3.

The effect of loading rate and cracked concrete is less significant for double-
anchor connections. The concrete cone breakout load of the front anchor is affected by
loading rate and cracked concrete. Dynamic loading increases the tensile strength of the
concrete, increasing the cone breakout load. Cracked concrete interrupts the tension ring
at the surface of the concrete, reducing the concrete cone breakout load. At concrete
cone breakout the back anchor is still elastic. The stiffness of the elastic portion of the
curve is not significantly affected by dynamic loading and cracked concrete. Since the
back anchor dominates the capacity of the connection, the effect of a hairpin, dynamic
loading, and cracked concrete on concrete cone breakout is less dramatic for double-
anchor connections than for single-anchor ones. The effect of the hairpin in described in

more detail in Section 5.7.3.
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5.7.2 Effect of Loading Rate on Ultimate Failure of Double-Anchor Connections
Loaded in Shear

Figure 5.33 shows the ultimate capacity of Cast-in-Place double-anchor
connections. In Figure 5.34 the ultimate capacity is normalized by the capacity under
static loading in uncracked concrete to show the percentage change in capacity due to

dynamic loading and cracked concrete.

The ultimate capacity of anchors with a close hairpin is approximately 15 kips
(67 kN) larger than the capacity of connections with no hairpin. This is because at the
displacement at which the back anchor fails, single-anchor connections with a close
hairpin carry approximately 15 kips (67 kN). Single-anchor connections with no hairpin

carry no load after concrete cone breakout.

Ultimate failure occurs due to either fracture or pryout of the back anchor.
Pryout failure occurred only under static loading, and most often in cracked concrete.
Pryout occurred after some yielding of the anchor; therefore, the maximum load for
anchors which failed by pryout was not necessarily lower than the maximum load for
anchors that failed by fracture. For all tests, the change in capacity is within the
coefficient of variation, therefore at ultimate the effect of dynamic loading and cracked

concrete is not significant.
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5.7.3 Effect of Hairpin on Concrete Cone Breakout Load of Double-Anchor
Connections Loaded in Shear

Figure 5.35 shows the effect of a close hairpin on the concrete cone breakout
load of Cast-in-Place double-anchor connections. As mentioned in Section 5.7.1, the
hairpin increases the concrete cone breakout load of the front anchor, thus increasing the

concrete cone breakout load for the double-anchor connection.
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5.7.4 Effect of Hairpin on Ultimate Failure Load of Double-Anchor Connections
Loaded in Shear

Close hairpins increase the ultimate capacity of double-anchor connections as
shown in Figure 5.36. As mentioned in Section 5.7.2, the increase in capacity occurs
because the close hairpin enables the front anchor to carry a load of approximately 15

kips (67 kN) after concrete cone breakout.
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Figure 5.36 Effect of Hairpin on Ultimate Load of Cast-in-Place
Double-Anchor Connections Loaded in Shear
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5.7.5 Effect of Loading Rate and Cracked Concrete on Displacement at Concrete
Cone Breakout of Double-Anchor Connections Loaded in Shear

Figure 5.37 shows the effect of loading rate and cracked concrete on the
displacement at concrete cone breakout of Cast-in-Place double-anchor connections. It
is difficult to draw firm conclusions from displacement results because the coefficient of
variation ranges from 16% to 39% with an average of 24%. For all tests with a close
hairpin the displacements are essentially the same. For no hairpin, the displacements are
directly related to the load at concrete cone breakout. These displacements are slightly
higher than the displacements at concrete cone breakout for single-anchor connections.

This is most likely due to differences in slip of the baseplate.
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Figure 5.37 Effect of Loading Rate and Cracked Concrete on Displacement at Concrete
Cone Breakout of Cast-in-Place Double-Anchor Connections Loaded in Shear
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5.7.6 Effect of Loading Rate and Cracked Concrete on Displacement at Ultimate
Failure of Double-Anchor Connections Loaded in Shear

Figure 5.38 shows the effect of loading rate and cracked concrete on the
displacement at ultimate load of Cast-in-Place double-anchor connections.  The
coefficient of variation ranges from 9% to 39% with an average of 23%. Anchors with a
close hairpin have essentially the same displacement in all cases. With no hairpin, the
displacements are directly related to the load at ultimate failure. The displacements at
ultimate are lower for double-anchor connections than for single-anchor connections
with hairpins because the single anchor can undergo significant deformation around the
hairpin, whereas the double-anchor connection fails when the back anchor fractures.
The back anchor is less ductile than the front anchor because it is restrained by the
concrete, whereas the front anchor is restrained by the hairpin located 1.5 inches (38

mm) from the concrete surface.
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Figure 5.38 Effect of Loading Rate and Cracked Concrete on Displacement at Ultimate
Load of Cast-in-Place Double-Anchor Connections Loaded in Shear
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5.7.7 Normalization Coefficient for Cast-in-Place Double-Anchor Connections
Loaded in Shear

The ultimate capacity of the double-anchor connections tested were not
governed by concrete cone breakout, like near-edge single-anchor connections.
Therefore, it is not useful to normalize the failure loads with respect to the concrete cone
breakout capacity of a single near-edge anchor. Instead, the behavior is best represented
by superimposing the load-displacement response of each anchor in the connection,

provided that the anchors are separated enough so that they do not influence each other.



CHAPTER SIX

SUMMARY, CONCLUSIONS and RECOMMENDATIONS

6.1 SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) is sponsoring a multi-year
research program at The University of Texas at Austin to assess the seismic performance
of anchorages used to connect mechanical and electrical equipment to concrete
structures. The research includes the study of single anchors under tensile loading,
single near-edge anchors loaded in shear, double-anchor connections loaded in shear,

and multiple-anchor connections loaded in shear and moment.

This thesis addresses part of the NRC-sponsored research program. Results for
single anchors under tensile loading are presented first and compared to results
presented in [Rodriguez 1995]. The purpose of these tests was to evaluate the effect of
aggregate hardness on the tensile behavior of post-installed anchors, to compare the
tensile behavior of cast-in-place anchors to that of heavy-duty post-installed anchors,
and to evaluate the effect of anchor type on the additional crack opening for tensile tests.
Results for near-edge single anchor connections and double-anchor connections loaded
in shear are also presented. Shear behavior of single near-edge anchors is evaluated. In
addition, the behavior of doutie-anchor connections is evaluated and compared to ths

behavior of near-edge single-anchor connections.

160
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6.2 CONCLUSIONS REGARDING THE EFFECT OF AGGREGATE HARDNESS ON
TENSILE CAPACITY OF EXPANSION AND UNDERCUT ANCHORS

1.

Aggregate hardness does not significantly affect static or dynamic tensile capacity of
Expansion Anchor II in concrete made with limestone or river gravel aggregate.
However, the use of granite aggregate produces a slight beneficial change in the
ratio of dynamic to static capacity. In concrete made with granite aggregate,

dynamic tensile capacity is about 15% higher than the static capacity.

In concrete made with limestone or river gravel aggregate, dynamic loading
increases the tendency for pull-out and pull-through failure, and reduces the tensile
capacity of expansion anchors in general, including Expansion Anchor II. The
increase in dynamic tensile capacity in granite aggregate occurs because harder
aggregate evidently decreases the tendency for pull-out failure and leads to cone
failures with higher capacities, due to the higher tensile strength of concrete at high

strain rates.

Aggregate hardness does affect the static tensile capacity of Undercut Anchor 1.
Static tensile capacity of Undercut Anchor 1 in concrete made with granite aggregate
is about 23% and 12% higher than in concrete made with limestone or river gravel
aggregate, respectively. Unlike behavior in concrete made with limestone or river
gravel aggregate, dynamic tensile capacity of Undercut Anchor 1 in concrete made

with granite aggregate is about equal to the static capacity.

Under static loading, aggregate hardness appears to have no significant éffect on the
peak-load displacement of Expansion Anchor II. Under dynamic loading, however,
peak-load displacement of Expansion Anchor II is significantly lower in concrete
with granite aggregate than with limestone or river gravel aggregate. This is

probably due to lower pull-out.
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4. Aggregate hardness appears to have no significant effect on the static or dynamic

peak-load displacement of Undercut Anchor 1.

In terms of the CC Method, and using U.S. customary units, a normalization
coefficient of 35 is appropriate for Expansion Anchor II under static loading in all
aggregates tested, and also for Expansion Anchor II under dynamic loading in
concrete with limestone or river gravel aggregate. The normalization coefficient can
be increased by a factor of about 1.15, to about 40, for dynamic loading in concrete
with granite aggregate. This conclusion refers only to evaluation of the data

presented here, and is not intended as a design recommendation.

In concrete made with limestone or river gravel aggregate, a normalization
coefficient of approximately 41 is appropriate for Undercut Anchor 1 under static
loading. This coefficient increases by a factor of 1.17, to about 48, under dynamic
loading. In concrete made with granite aggregate, a suitable normalization
coefficient for Undercut Anchor 1 is about 48, for dynamic as well as static loading.
This conclusion refers only to evaluation of the data presented here, and is not

inteaded as a design recommendation.

6.3 CONCLUSIONS REGARDING THE TENSILE BEHAVIOR OF CAST-IN-PLACE
ANCHORS AS COMPARED TO UNDERCUT AND SLEEVE ANCHORS

1.

In uncracked concrete made with limestone or river gravel aggregate, the static
tensile capacity of Cast-in-Place Anchors is comparable to that of Undercut Anchor
1, Undercut Anchor 2, and Sleeve Anchor. In uncracked concrete made with
limestone or river gravel aggregate, the dynamic capacity of Cast-in-Place Anchors
is significantly greater than that of Undercut Anchor 1, and comparable to that of
Undercut Anchor 2 and Sleeve Anchor.
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2. The tensile capacity of an anchor in cracked concrete is usually lower than in
uncracked concrete. Under static loading, all post-installed anchors except Undercut
Anchor 1 have significant reductions in tensile capacity. The capacity reductions are
as follows: Cast-in-Place Anchor, 15%; Undercut Anchor 1, no significant
reduction; Undercut Anchor 2, 35%; and Sleeve Anchor 20%. Under dynamic
loading both Undercut Anchor 1 and the Cast-in-Place Anchor have no significant
reduction in tensile capacity. The capacity reductions are as follows: Cast-in-Place,
no significant reduction; Undercut Anchor 1, no significant reduction; Undercut

Anchor 2, 16%; and Sleeve Anchor, 28%.

3. In uncracked concrete with limestone or river gravel aggregate, the dynamic tensile
capacity of Cast-in-Place, Undercut, and Sleeve Anchors significantly exceeds their
static tensile capacity. The increases in capacity are as follows: Cast-in-Place
Anchor, 27%; Undercut Anchor 1 (limestone aggregate), 24%; Undercut Anchor 1
(river gravel aggregate), 13%; Undercut Anchor 2, 23%; Sleeve Anchor, 24%; In
cracked concrete, the dynamic capacity of Cast-in-Place Anchor and Undercut
Anchor 2 is more than 50% higher than the static capacity; there is no significant

increase for Undercut Anchor 1 and Sleeve Anchor.

4. For all test cases, the displacement at maximum load for the Cast-in-Place Anchor is
significantly lower than that of Undercut Anchor 1. In uncracked concrete under
static and dynamic loading, the displacement of Cast-in-Place Anchor is
significantly lower than the displacement of Undercut Anchor 2 and Sleeve Anchor.
In cracked concrete under static loading, high coefficients of variation for the Sleeve
Anchor and Undercut Anchor 2 make it difficult to draw firm conclusions about

peak-load displacements. In cracked concrete under dynamic loading, an opposing
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trend is observed. The displacement of the Cast-in-Place Anchor is larger than that
of Undercut Anchor 2 and Sleeve Anchor. For most cases it is evident that the Cast-

in-Place Anchor undergoes smaller displacements than the other anchors.

Peak-Load displacements are not significantly altered by the presence of 0.3 mm
cracks. Only the Cast-in-Place Anchor under dynamic loading showed an increase

in peak-load displacement in cracked concrete.

Peak-load displacements under dynamic loading are larger than under static loading

in cracked and uncracked concrete for all anchors except the Sleeve Anchor.

In terms of the CC Method, and using U.S. customary units, a normalization
coefficient of 41 is appropriate for Cast-in-Place, Undercut, and Sleeve Anchors in
uncracked concrete under static loading. Under dynamic loading the coefficient can
be increased by about 20% (to 50) for all anchors. In cracked concrete the Cast-in-
Place anchor should be reduced by about 15% (to about 35) for static loading; for
dynamic loading no reduction should be taken. Undercut Anchors should be
reduced about 30% (to 35) for static loading, and about 15% (to 42) for dynamic
loading in cracked concrete. Sleeve Anchors should be reduced about 20% (to 33)
for static loading in cracked concrete, and about 20% (to 39) for dynamic loading in
cracked concrete. This conclusion refers only to evaluation of the data presented

here, and is not intended as a design recommendation.
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6.4 CONCLUSIONS REGARDING THE EFFECT OF ANCHOR TYPE ON ADDITIONAL
CRACK OPENING FOR TENSILE TESTS

1.

Additional crack opening is a valid indicator of the splitting force exerted by an
anchor. However, for a given crack width, the capacity of the anchor depends
strongly on the anchor geometry and the internal stiffness characteristics. The least
amount of crack opening does not necessarily result in the highest failure loads.
Expansion Anchor II exhibits the greatest additional crack opening, but fails at low
loads. Undercut Anchor 1 has large additional crack opening, indicating high
splitting forces, but also as the highest capacity. Additional crack opening behavior

differs for static and dynamic loading.

6.5 CONCLUSIONS REGARDING THE BEHAVIOR OF SINGLE NEAR-EDGE
ANCHORS LOADED IN SHEAR

1.

Cast-in-Place Anchors show an increase in concrete cone breakout capacity of 20%
under dynamic loading, and a decrease in breakout capacity of 18% in cracked
concrete, compared to their static capacity in uncracked concrete. Cast-in-Place
Anchors with far hairpins (1-1/4 in. or 32 mm clear from the anchor) have a lower
reduction in concrete cone breakout capacity due to cracked concrete, because the
concrete between the anchor and the hairpin is well confined, reducing the effect of
cracking. In addition, the reduction for cracked concrete is lower for dynamic
loading than for static loading because in general, the additional crack opening is

lower for dynamic loading than for static loading.

Expansion Anchor II behaves similarly to Cast-in-Place Anchors with respect 10
concrete cone breakout under dynamic loading. Undercut Anchor 1 has the lowest
increase in concrete cone breakout capacity under dynamic loading, 12%. This is

partly due to concrete cracking during installation of the anchor.

The concrete cone breakout capacity of Expansion Anchor II and of Undercut

Anchor 1 was lower than that of the Cast-in-Place Anchor. This is due to the lower
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stiffness of Expansion Anchor II, to cracking of the concrete during installation of
Undercut Anchor 1, and to differences in the load-transfer mechanism for the

different anchor types.

The ultimate failure load, taken as the ultimate load up to a displacement of 1.2
inches (30 mm), of Cast-in-Place Anchors with close hairpins (placed directly
against the anchor) is larger than that of Cast-in-Place Anchors with far hairpins (1-
1/4 in. or 32 mm clear from the anchor). Dynamic loading and cracked concrete
have essentially no effect on the ultimate failure load of Cast-in-Place Anchors with
hairpins because the failure is related to the behavior of the steel, not to the fracture

of the concrete.

Expansion Anchor II has an increase in ultimate capacity of 14% under dynamic
loading as compared to static. This is due to the fact that under static loading the
anchor tended to pull out as it displaced, whereas under dynamic loading, the anchor
did not pull out and failed by fracture. Undercut Anchor 1 showed no significant
change in ultimate capacity due to dynamic loading, because ultimate failure was

governed by steel.

The ultimate capacity of Expansion Anchor II and of Undercut Anchor 1 was lower
than that of the Cast-in-Place Anchor. This is due to the lower stiffness of
Expansion Anchor II, to cracking of the concrete during installation of Undercut

Anchor 1, and t+; differences in the load-transfer mechanism for the different anchor

types.

The hairpin confines the concrete around the anchor and reduces the additional crack
opening, thus increasing the concrete cone breakout load of Cast-in-Place Anchors.

For anchors with a close hairpin the increase over the no-hairpin case is 37%.
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Anchors with a far hairpin have an increase of 30% in uncracked concrete and an

increase of 50% in cracked concrete.

At ultimate, the close hairpin increases the capacity of Cast-in-Place Anchors under
static loading in uncracked concrete by a factor of 2.6. The far hairpin increases the
capacity under static loading in uncracked concrete by a factor of 2.0. The ultimate
capacity of Cast-in-Place Anchors with hairpins is not affected by dynamic loading

or cracked concrete.

The displacement at concrete cone breakout of Cast-in-Place Anchors with no
hairpin is essentially directly related to load. Tests with higher failure loads have
higher displacements, except for the tests under dynamic loading in uncracked
concrete. For anchors with a close hairpin, the largest displacement is under static
loading in uncracked concrete. The displacement decreases for dynamic loading and
cracked concrete. Anchors with a far hairpin show an opposing trend. The largest
displacement is for dynamic loading in cracked concrete. Displacements decrease
for static loading and uncracked concrete. It is difficult to draw firm conclusions
with respect to displacements because the coefficient of variation for displacements

averaged 38% in these tests.

The displacement at concrete cone breakout increased due to dynamic loading for
Expansion Anchor II, but decreased under dynamic loading for Undercut Anchor 1.

Reasons for the later behavior are not known.

The displacement at ultimate failure (defined as the displacement corresponding to
the maximum load up to a maximum displacement of 1.2 inches, 30 mm) for Cast-

in-Place Anchors with hairpins was directly related to the ultimate load. Higher
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loads had correspondingly higher displacements. The displacements showed no
effect of dynamic loading or cracked concrete since the ultimate load was not

affected by these changes.

At ultimate failure the displacement of Expansion Anchor II was lower under
dynamic loading than static. This could be attributed to fracture of the anchor under
dynamic loading at low displacements. However, it is difficult to make a firm
conclusion because the coefficient of variation for displacements of Expansion
Anchor II under dynamic loading was 70%. Undercut Anchor 1 showed no change
in displacement under static and dynamic loading since the ultimate load was not

affected by dynamic loading.

The hairpin allows the Cast-in-Place Anchor to achieve significant ductility. For
anchors with a close hairpin the displacement at ultimate failure is increased by 9.5
to 14.3 times over the ultimate displacement with no hairpin. Anchors with a far

hairpin have a slightly lower increase of 7.5 to 13.1 times.

In terms of the CC Method, and using U.S. customary units, a normalization
coefficient of 13 is appropriate for sihgle near-edge Cast-in-Place Anchors loaded in
shear with no hairpin. The coefficient should be increased 20% (to 17) under
dynamic loading. A decrease of 15% should be used in cracked concrete. This
conclusion refers only to evaluation of the data presented here, and is not intended as

a design recommendation.

The ultimate capacity of anchors with hairpins is not governed by concrete cone
breakout. Therefore, normalization coefficients based on the CC Method are not
useful indicators of behavior. Instead, the capacity of an anchor with a hairpin is

best represented as a multiple of the capacity with no hairpin. For anchors with a
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hairpin, the concrete cone breakout capacity can be predicted by increasing the
capacity determined from the CC Method by a factor of 1.35. To estimate the
ultimate capacity of anchors with hairpins, the concrete cone capacity for near edge
anchors can be factored by 2.6 for close hairpins and 2.0 for far hairpins. At
ultimate failure, no adjustment should be made for the effects of dynamic loading

and cracked concrete. These results are specific to this test program.

6.6 CONCLUSIONS REGARDING THE BEHAVIOR OF DOUBLE-ANCHOR
CONNECTIONS LOADED IN SHEAR

1.

The behavior of a double anchor connection consisting of 3/4-inch (19-mm)
diameter Cast-in-Place Anchors embedded 4 inches (100 mm) with the front anchor
at a 4-inch (100-mm) edge distance and the back anchor at a 12-inch (300-mm) edge
distance can be determined by superimposing the load-displacement behaviors of
each anchor. This conclusion is specific to this test program and may not hold for

larger anchors, smaller embedments, or closer spacing.

The effect of loading rate and cracked concrete on the concrete cone breakout load
of double-anchor connections is less significant than the effect on single-anchor
connections. The capacity of the front anchor increases 20% for dynamic loading
and decreases 15% for cracked concrete. The back anchor, however, is not
significantly affected by dynamic loading or cracked concrete. Since the behavior of
the back anchor dominates the response of the double-anchor connection, the effects

of dynamic loading and cracked concrete are decreased.

The ultimate load of Cast-in-Place double-anchor connections with a close hairpin is
approximately 15 kips (67 kN) larger than the capacity with no hairpin, because at

the displacement at which the back anchor fractures, the front anchor with a close
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hairpin can carry about 15 kips (67 kN). With no hairpin, the front anchor cannot
sustain any load after concrete cone breakout. Since the ultimate failure load of the
front and the back anchors is not affected by loading rate and cracked concrete, the

behavior of the double-anchor connection is also not affected.

The concrete cone breakout load of single-anchor connections is increased with a
close hairpin. Therefore, the concrete cone breakout load of the double-anchor

connection is increased for connections with a close hairpin.

The displacement at concrete cone breakout for double-anchor connections with no
hairpin is directly related to the load at concrete cone breakout. At concrete cone
breakout the displacement of double-anchor connections with a close hairpin is
essentially the same for all test types. The displacement at concrete cone breakout
for double-anchor connections is slightly higher than the displacement for single-

anchor connections. This is most likely due to differences in slip of the baseplate.

The displacement at ultimate failure of double-anchor connections with no hairpin is
directly related to ultimate load. For anchors with a close hairpin the displacement
at ultimate is approximately the same for each test type. The displacements at
ultimate are lower for double-anchor connections than for single-anchor connections
with hairpins because the single anchor can undergo significant deformation around
the hairpin, whereas the double-anchor connection fails when the back anchor fails

by fracture or pryout.
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7. The ultimate capacities of the double-anchor connections tested here were not

governed by concrete cone breakout. Therefore, it is not useful to normalize these
loads by the breakout capacity of a single near-edge anchor. Instead, the behavior is
best represented by the summation of the load-displacement response of each anchor
in the connection, provided that the anchors are spaced far enough from each other

so that the behavior of one anchor does not influence the behavior of the other.

6.7 RECOMMENDATIONS FOR EVALUATION AND DESIGN OF ANCHOR
CONNECTIONS

1.

The results presented in this thesis can be used for the evaluation of single anchors
under tensile loading, single near-edge anchors under shear loading, and double-
anchor connections under shear loading. While not in the form of design

recommendations, they could be used as a basis for such recommendations.

6.8 RECOMMENDATIONS FOR FUTURE RESEARCH

1.

The research presented here evaluates the effect of a 0.3-mm initial ciack width on
the behavior of anchors loaded in shear and tension. Tests in concrete with larger
crack widths would be useful to determine the rate of reduction in capacity with

increasing initial crack width.

This effect of a cast-in-place hairpin on the behavior of anchors loaded in shear is
discussed in this thesis. Many near-edge anchors are not restrained by a hairpin.
Further research should be conducted to develop effective post-installed hairpins,
and to evaluate the effect of those post-installed hairpins on the behavior of near-

edge connections loaded in shear.
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3. The front and back anchors of the double-anchor shear connections tested here were
spaced at 2 embedments, and did not affect each others’ performance. Therefore,
the behavior of the double-anchor connection was essentially the superposition of
the behavior of each individual anchor. The critical spacing at which two shear
anchors begin to affect each other’s performance should be determined for different

anchor types, diameters, and effective embedments.

4. To achieve more accurate load-displacement curves for shear tests, it would be
helpful to measure the position of the anchor shank with respect to the hole in the
baseplate. This would allow the load-displacement curves for each anchor to be

adjusted for the effect of initial hole tolerance.

5. When conducting shear tests in cracked concrete, it is important to measure the
initial crack width to ensure conformance with the desired value. However, because
the crack width does not change significantly during testing, it need not be

monitored once the crack width has been correctly established.

The conclusions presented are those of the author, and are not to be considered

as NRC recommendations or policy.
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APPENDIX A

RESULTS FOR TASK 1
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APPENDIX C

EVALUATION OF DOUBLE ANCHOR MODEL
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NOTATION

actual projected area of failure cone for tensile loading, in.2 or mm®

projected area of the failure cone for a single anchor unlimited by overlapping
cones, edge effects, or member thickness for tensile loading, in.2 or mm®
effective area of steel, in.2 or mm?

actual projected area of failure cone for shear loading, in.2 or mm*

projected area of a single anchor unlimited by overlapping cones, edge effects,
or member thickness for shear loading, in.? or mm’

distance from center of anchor to edge of concrete, in. or mm

distance from center of anchor to edge of concrete in loading direction for shear
tests, in. or mm

outside diameter of anchor, in. or mm

diameter of anchor head, in. or mm -

tested concrete compressive strength measured on 6 x 12 in. cylinders, psi
tested concrete compressive strength measured on 200-mm cubes, N/mm’
specified concrete compressive strength measured on 6 x 12 in. cylinders, psi
specified concrete compressive strength measured on 200-mm cubes, N/mm?
measured maximum load, Ib or N

effective embedment, in. or mm

multiplicative constant for evaluating tensile capacity using the CC Method
activated load bearing length of anchor, in or mm

tensile load, 1b or N

nominal tensile cone breakout capacity, Ib or N

ultimate tensile capacity, Ib or N

shear load, Ib or N

nominal shear breakout capacity, Ib or N

ultimate shear capacity, Ib or N
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