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1. INTRODUCTION AND OBJECTIVES

1.1 Introduction

1.1.1 Connection Nomenclature

In structural engineering, some of the most frequently encountered
connection details are those between structural steel and concrete. Such
connections are typically accomplished through the use of anchors, which can
either be cast-in-place or post-installed. By definition, cast-in-place anchors
are set in their final position prior to concrete casting; post-installed anchors
are installed in hardened concrete.

A typical application of anchors in a steel-to-concrete connection is
shown in Figure 1.1. In general, the thickness of the baseplate is referred to
as the "thickness fastened," and the entire steel assembly (baseplate and
column in the case shown) is called the attachment. The anchors fasten the

attachment to the concrete.

1.1.2 Significance of Post-Installed Anchors

Either cast-in-place or post-installed anchors may be used for steel-to-
concrete connections in new construction. However, it is obvious that only
post-installed anchors may be used for retrofit projects which call for
connections to existing concrete. Since retrofit construction projects in the
United States and abroad are currently increasing in number and scope,
considerable interest has developed in products used in such projects. Thus,

post-installed anchors are becoming an increasingly important aspect of

1



fastening technology. In this study, the performance of two types of post-

installed concrete anchors subject to dynamic loads was investigated.
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Figure 1.1 Typical steel-to-concrete connection

1.1.3 Codes and Suitability Criteria

The United States now has only one design code specifically
applicable to post-installed anchors; this code is ACI 349-85: Code
Requirements for Nuclear Safety Related Concrete Structures [1]. Appendix B
of that code pertains to steel embedments, of which anchors are a subset.
That appendix and other codes under development include provisions for the
design of anchors loaded in axial tension, shear, and combined tension and

shear.
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To use those codes, basic anchor performance must be verified. This
is accomplished through the use of suitability criteria for the qualification of
anchors. The use of such criteria in a testing program is common in Europe;
however, it is relatively new in the United States.

In this country, suitability criteria have been developed for statically
loaded expansion anchors by the International Conference of Building
Officials Evaluation Service (ICBO ES) [2]. These criteria include concrete
requirements, test specimen requirements, testing procedure requirements
and report requirements.

Dynamic loading qualification criteria have been proposed by
Klingner [3] and others. These criteria consider the importance of anchor
preload and concrete cracking. In addition, Klingner suggests that the
attachment be required to have a plastic hinging region if the dynamic loads

are of unknown magnitude [3].
1.2 Objectives of Study

The main objectives of this study were to conduct tests of anchors
under dynamic conditions, and thereby to propose guidelines for dynamic

qualification of anchors. The specific objectives of the testing program were:

1. To determine expansion and undercut anchor performance in

uncracked concrete under the following types of dynamic loads:

a. Seismic
i. Tension
ii. Shear

b. Fatigue



i. Tension
ii. Shear
C. Shock (Tension only)

2. To determine the remaining static capacity of the anchors
previously subjected to the various loading cases in Objective 1.
This objective serves as an indication of possible detrimental
effects of the various dynamic load cases on the capacity of the
anchor in the case that the anchor did not fail under the

dynamic load in question.

1.3 Objectives of Thesis

The main objectives of this thesis are the following:

1. To evaluate the performance of the anchors tested under the
objectives listed in Section 1.2.
2. To comment on possible suitability criteria for the dynamic

qualification of anchors.



2. SCOPE

2.1 Anchor Types and Sizes Tested

Many types of post-installed anchors are available commercially for

structural and nonstructural applications. Some of these are:

« Expansion

« Undercut
+ Adhesive
» Grouted
« Drop-in
Threaded Anchor Threaded Anchor
(upper portion)
Washer Nut
— Thickness
Embedment Depth L ;/ F —
tened
indicator Line astene \<: Fernale Coupler/
: male Coupler,
X\
Spacer I\—Concrete / Spacer
. Surface
Expansion Sleeve Threaded Anchor
Alignment Spacer (lower portion)
Expansion — Embedment
Sleeve —-/7 Depth
Expansion
Wedge

(b)

Figure 2.1 Typical torque-controlled expansion anchors:

(a) standard; (b) flush



‘Two of the most common types of heavy-duty post-installed anchors,
torque-controlled expansion and undercut, were used in this testing program.
Figure 2.1 shows typical heavy-duty, torque-controlled expansion anchors,

and Figure 2.2 shows a typical undercut anchor.

Threaded Anchor—\

Washer/Spacer
Assembly —

Expansion L Expansion Sleeve

Wedge w

Figure 2.2 Typical undercut anchor

A single embedment depth was used for each type and diameter of
anchor tested. In addition, the baseplate thickness was kept constant within
each anchor type and diameter. Table 2.1 shows the anchor diameters,

embedment depths and baseplate thicknesses used in this testing program.

2.2 Test Types

2.2.1 Baseline Tests

Both anchor types and all anchor diameters shown in Table 2.1 were

subjected to baseline tests in static tension and shear. In this phase, anchors



were tested to failure; the results were compared with those from seismic,
fatigue, and shock tests. These baseline tests determined the ultimate static
load for each type and size of anchor embedded in the particular concrete
mix design used in this project. The baseline tests are further discussed in
Section 4.2.

2.2.2 Seismic Tests

Both anchor types and all anchor diameters shown in Table 2.1 were
subjected to low-cycle fatigue tests in dynamic tension and shear. These
tests, intended to simulate seismic effects, are further discussed in Section
4.3.

2.2.3 Fatigue Tests

Selected expansion anchor diameters and all undercut anchor
diameters shown in Table 2.1 were subjected to high-cycle fatigue tests in
dynamic tension and shear. The expansion anchor diameters tested were 8
mm, 12 mm Flush, 16 mm and 24 mm. The fatigue tests are further

discussed in Section 4.4.

2.2.4 Shock Tests

Selected expansion anchor diameters and all undercut anchor
diameters shown in Table 2.1 were subjected to shock tests in dynamic
tension. The expansion anchor diameters tested were 8 mm, 12 mm Flush,

16 mm and 24 mm. The shock tests are further discussed in Section 4.5.



Table 2.1 Expansion and Undercut Anchors Used in Testing Program

EXPANSION ANCHORS
Diameter Embedment Depfh Baseplate Thickness
(mm) (mm) (mm)
8 65 20
10 75 20
12 80 25
12 Flush 30 25
16 105 25
20 130 30
24 155 30
UNDERCUT ANCHORS
Diameter Embedment Depth | Baseplate Thickness
(mm) (mm) (mm)
12 125 25
16 170 30
20 220 32

2.3 Other Test Variables

All anchors in this project were tested in uncracked concrete. A

single mix design for the concrete was used, with a 28-day target compressive
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strength of 4500 psi. The concrete strength in all cases was between 4000 psi
and 5500 psi at the time of anchor testing. More will be said about the

concrete in Section 4.1 of this thesis.

2.4 Test Nomenclature

Tests were called out by a five- or six-letter label, followed by a one-
or two-digit number. The labelling system was for internal use only and was
not intended to indicate a particular product.

The first two or three letters in each label indicate the test type: BT
for baseline tension, BV for baseline shear, ST for seismic tension, SV for
seismic shear, FT for fatigue tension, FV for fatigue shear, and IT for shock
tension. The letter "U" preceding any of these indicates the ultimate test
conducted after the anchor was subjected to dynamic loading. The next
three letters indicate the anchor type: HSL denotes a torque-controlled
expansion anchor, and HUC denotes an undercut anchor. The numbers
following the series of letters are the individual test numbers of the
expansion or undercut anchor for each test type. For the expansion anchors,
numbers 01 through 05 refer to 8 mm; 06 through 10, 10 mm; 11 through 15,
12 mm; 16 through 20, 12 mm Flush; 21 through 25, 16 mm; 26 through 30,
20 mm; and 31 through 35, 24 mm. For the undercut anchors, numbers 01
through 05 refer to 12 mm; 06 through 10, 16 mm; and 11 through 15, 20
mm.



3. BACKGROUND
3.1 Description of Anchor Types Tested

As shown in Table 2.1, the two anchor types tested in this project
were torque-controlled expansion anchors and undercut anchors. While
these two anchor types are somewhat similar in appearance (see Figures 2.1
and 2.2), they differ in the way that they transmit forces from the steel

attachment to the concrete.
3.1.1 Expansion Anchors

A standard type of torque-controlled expansion anchor employed in
this study is shown in Figure 2.1(a). Expansion anchors transfer load by
friction. When the nut is tightened to the specified installation torque, all
parts surrounding the anchor shaft, between the nut and the expansion
wedge, are placed in compression. The washer reacts against the spacer as
well as the steel baseplate placed between the washer and the surface of the
concrete. The spacer then transmits the force to the expansion sleeve
alignment spacer, whose function is to keep the expansion sleeve straight.
The alignment spacer bears against the expansion sleeve, which then slides
downward over the expansion wedge. As the sleeve rides over the wedge,
the sleeve expands against the sides of the hole in the concrete. In this way,
a large frictional force is generated between the expansion sleeve and the
concrete, due to the normal force produced by the torque. In addition, the
sleeve’s outside surface is roughened, which produces a larger kcoefficient of

friction and a proportionately larger available frictional resistance.

10
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A secondary expansion force occurs for this type of expansion anchor.
This force is due to the anchor expansion wedge moving into the sleeve,

thereby further increasing the available frictional resistance.
3.1.2 Undercut Anchors

The typical undercut anchor used in this testing program is shown in
Figure 2.2. The load transfer mechanism of undercut anchors is direct
bearing. During the installation procedure of an undercut anchor (see
Section 4.2.5) an undercut is formed at the bottom of the hole in the
concrete. See Figure 3.1. When the anchor is then placed in the hole and
tightened, the expansion sleeve slides over the top portion of the expansion
wedge and expands into the undercut at a low installation torque. The

expansion sleeve then bears directly on the concrete.

e 4 v

Figure 3.1 Uhdercut"anchor installed in hole
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3.2 General Anchor Failure Modes under Monotonic Loading

3.2.1 Tension

The general failure modes observed for anchors under monotonically

increasing tensile load are the following:

Anchor steel fracture
Thread stripping
Concrete cone breakout
Concrete splitting
Anchor pullout

Anchor pull-through

SN o

Each of these failure mechanisms will now be discussed in more detail.

Anchor steel fracture: Figure 3.2 (a) illustrates anchor steel fracture.
This failure generally occurs when the anchor is sufficiently embedded
in the concrete so that the capacity of the concrete exceeds that of the
steel. The failure starts with yielding and necking of the steel
followed by steel fracture.

Thread stripping failure: This failure mode is shown in Figure 3.2 (b).
Thread stripping failure usually occurs when, due to the dimensional
tolerances and frictional characteristics of the anchor-nut combination,
the threads are stripped out of the nut, leaving the anchor embedded

in the concrete.
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Concrete cone breakout: This failure mode, shown in Figure 3.2 (¢), is
characteristic of anchors embedded at shallow depths. The failure
begins with the formation of microcracks in the concrete surrounding
the anchor head. With increasing load, the cracks propagate upward
toward the surface of the concrete at an angle of inclination. As a
result, a roughly conical piece of concrete becomes detached from the
remaining portion of the concrete. The anchor is contained within
this breakout cone, since the apex of the cone is at the anchor head.
Whether the anchor is physically included in the breakout cone is
irrelevant; its ability to carry load ceases with cone failure. The angle
of inclination of the concrete cone failure surface is generally about
35 degrees with respect to the free surface and is somewhat

dependent on the embedment depth of the anchor.

Figure 3.2 (¢) Tensile concrete cone breakout



15

Concrete splitting: Splitting failure generally occurs when the anchor is
located near a free edge or near another anchor. Transverse tensile
forces are developed as a result of the proximity of these
discontinuities, and the failure mode is similar to that for insufficient
cover or spacing of reinforcing bars in concrete.

Anchor pullout: Anchor pullout is shown in Figure 3.2 (d). This

failure mode occurs when the frictional resistance between the

0

> N

Figure 3;2 (d) Tensile anchor pullout
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expansion sleeve and the concrete is less than the tensile force in the
anchor. Common causes of pullout may be insufficient setting torque,
improper hole diameter, or inadequate anchor design.

Anchor pull-through: Figure 3.2 (e) shows anchor pull-through. This
failure mode occurs when the anchor shaft and wedge pull completely
through the expansion sleeve, leaving the sleeve in the hole. Pull-

through failures require a relatively deep embedment; if the

T

I

] v < v
IS . >
s »
a <
N IS
< v ) < v
> I -
S . &
< a
b . b
A :
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Figure 3.2 .(e). Tensile anchor pull-through
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embedment is shallow, concrete breakout will occur before pull-

through.

3.2.2 Shear

The following general modes of failure are observed for anchors

under monotonically increasing shear load:

1. Anchor steel fracture
2. Concrete breakout

3. Anchor pullout

Each of these failure mechanisms will now be discussed in more detail.

Anchor steel fracture: Anchor steel fracture generally occurs when the
anchor is placed far from a free edge and the embedment is sufficient
to develop a capacity of the concrete greater than that of the steel.,
Figure 3.3 (a) shows anchor steel fracture.

Concrete breakout: Concrete breakout usually occurs when the anchor
is loaded towards a nearby free edge. Figure 3.3 (b) illustrates this
type of failure. The apex of the cone is typically located near the
anchor head for shallow embedment depths, and rises up with respect
to the anchor for increasing embedment depths.

Anchor pullout: Anchor pullout is shown in Figure 3.3 (¢). In this
failure mode, the concrete between the anchor and the point of
loading crushes. This crushing allows the anchor head to rotate and

fail the concrete side of the anchor opposite from the point of loading.
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Figuré 3.3 (a) Shear anchor fracture
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Figure 3.3 (b) Shear concrete breakout

18



19

. o
> P

Figure 3.3 (¢) Shear anchor pullout

3.3 Seismic Tests
3.3.1 Tensile Seismic Tests

Anchor performance under tensile seismic loads has been assessed by
several researchers. From the results published, the following general

conclusions may be reached [4]:

1. Anchors failing by steel fracture exhibit better hysteretic

behavior than do anchors failing by concrete cone breakout.
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2. If fatigue failure does not occur during the application of low-
cycle fatigue loads, the maximum load obtained when the
anchor is subsequently tested to failure under monotonic loads
is similar to the ultimate load obtained in identical anchors

subjected to static load only.

Anchor performance under real earthquake-induced tensile loads may be

considerably improved by:

1. Embedding the anchor sufficiently far into the concrete to
ensure that ductile steel failure precedes brittle concrete failure
2. Placing reinforcing steel around the anchor to intercept

potential concrete cone failure surfaces

3.3.2 Shear Seismic Tests

Anchor performance under reversed shear seismic loads is generally

characterized by the following [4, 5]:

1. Considerable pinching of hysteresis loops and correspondingly
small hysteresis loop areas

2. Substantial stiffness degradation
Reduction of shear force for a given displacement as the

number of cycles imposed increases

Anchor performance under real earthquake-induced shear loads may

be considerably improved by:
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1. Embedding the anchor sufficiently far into the concrete to
ensure that ductile steel failure precedes brittle concrete failure
2. Placing hairpin-type reinforcing steel in the vicinity of the

anchor as close as practical to the concrete surface

3.4 Fatigue Tests

3.4.1 Tensile Fatigue Tests

Two important factors meriting consideration in a discussion of
fatigue loading are the fatigue strength of the concrete and the fatigue
strength of the anchor.

Section 3.2.1 describes the formation of a concrete breakout cone
under tensile loading. Initially, microcracks form at the anchor head. As
these cracks propagate to the concrete surface, the area available for
cracking increases due to the conical shape of the failure surface. Thus, the
following opposite effects occur: the crack length is increasing, and the area
is also increasing. Because the net effect on crack propagation is almost
zero, the effects are nearly equal and opposite. Therefore, the crack
propagation is said to be stable. If the applied load is a low percentage of
the ultimate load, concrete fatigue becomes relatively unimportant [4].

The fatigue strength of the anchor is directly related to the anchor
preload. When prestress force is applied to an anchor, the concrete between
the anchor head and the baseplate is placed in compression, while the
anchor experiences tension. When a tensile load N is then applied
externally, it is distributed according to the relative axial stiffnesses of the

anchor and the surrounding concrete. Since the anchor is usually much more
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flexible than the surrounding concrete, the force in the anchor is increased
only by a small percentage of N. Thus, the anchor force increases much
more slowly than the applied load, until the concrete is no longer in
compression. At this point, the externally applied load has overcome the
preload. Beyond this, the anchor force will be equal to N as N is increased.
The above discussion indicates that if the applied load is a fairly low
percentage of the ultimate load and is also less that the anchor preload, the

anchors should perform satisfactorily in fatigue, for the following reasons:

1. If the applied load is a fairly low percentage of the ultimate
load, fatigue of the concrete itself will not be a problem.

2. If the applied load is less than the anchor preload, the anchor
will be subjected to a small percentage of the stress range that
otherwise would result from the applied load, and fatigue of

the anchor will not be a problem.

Conversely, if the load is large, fatigue of the concrete may become
an issue. In addition, if the load is greater than the anchor preload, the
anchor will be subjected to the entire stress range resulting from the applied

load. In this case, the fatigue performance of the anchor depends on [4]:

L. Anchor diameter
2. Type of thread
3. Type and quality of the anchor material
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3.4.2 Shear Fatigue Tests

Shear fatigue loads influence the concrete in much the same way as
tensile fatigue loads. Since the crack propagation is similar, fatigue of the
concrete is typically not a problem if the applied shear load is a fairly low
percentage of the ultimate load achieved under monotonically increasing
shear load.

In addition, the presence of anchor preload directly affects the fatigue
performance of the anchor under shear. An applied shear load, ¥, may be
resisted either by the anchor or by the frictional resistance, F, between the
baseplate and the concrete surface. If the applied shear is less than the
available frictional resistance, the applied shear is resisted entirely by
friction. However, if the applied shear exceeds the available frictional
resistance, the applied shear is resisted by the anchor as well. This effect is
magnified by the presence of locally high bearing stresses on the anchor at
its point of contact with the lower surface of the baseplate. This effect is
even more pronounced if the anchor does not have a sleeve-type spacer
around the threads; notching may then occur.

Thus, the shear fatigue performance of the anchor depends primarily
upon the anchor preload and the coefficient of friction between the
baseplate and the concrete. If the applied shear exceeds the available

frictional resistance, the anchor performance depends on [4]:

Anchor type
Anchor diameter

Type of thread

B LN

Type and quality of the anchor material
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3.5 Shock Tests

Anchor performance under shock loads may be divided into two
categories: performance of those anchors that are embedded to develop the
full capacity of the steel; and performance of those anchors that are not, i.e.,
those that would otherwise fail by concrete cone breakout, by pullout, or by
pull-through.

Fully embedded anchors have been studied by Collins [6], who

reached the following conclusions:

1. Expansion and undercut anchors did not exhibit any loss of
strength due to the applied shock load.

2. Expansion and undercut anchors exhibited a slight reduction in
secant stiffness due to anchor slip; however, this slip was not
more than the slip observed for statically loaded anchors, and

it had no effect on anchor strength.

Several researchers have produced test results for anchors embedded
insufficiently to develop the full capacity of the anchor steel. According to

[4], the general conclusions reached are:

1. The ultimate load achieved under shock loading is greater than
or equal to the ultimate load achieved by static loading.

2. For anchors tested statically to failure after being subjected to
shock loads, the ultimate load achieved under static loading is
about the same as would have been achieved if the anchor had

not been subjected to the shock loads.
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The results described above lead to the conclusion that expansion and
undercut anchors perform satisfactorily under tensile shock loads; that is, the
ultimate load achieved under this type of load is comparable to that for a
monotonically tested anchor. In addition, there is little stiffness degradation

due to shock loads. Very little research has been done on shear shock loads.



4. DEVELOPMENT OF TEST PROGRAM

The following sections of this thesis contain information pertaining to
all types of tests within the project scope. This chapter was written as if the
tests were completed; however, at the time of this writing, some types of
tests had not yet been conducted. Therefore, for those test types, a
description of the intended setup and procedures is given, and is subject to

change.

4.1 Concrete

4.1.1 Characteristics of Concrete Blocks

A typical concrete block used in this experiment is shown in Figure
4.1. The block measured 3 feet 3-1/2 inches by 7 feet 3-1/2 inches in plan,
and had a depth of 2 feet. Seven #6 longitudinal reinforcing bars served to
guard against failure in transport. The steel was placed at the midheight of
the block to facilitate testing anchors on both the top and bottom surfaces
while precluding interference with anchor performance. Four lifting loops
located at the midheight and on the sides of the blocks facilitated

transportation by an overhead crane.

4.1.2 Mix Design

All concrete used in this test program was ready-mix concrete of a
single mix design. The 28-day target strength was 4500 psi, with a strict
requirement that the compressive strength be between 4000 psi and 5500 psi

26
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Figure 4.1 Typical concrete block

at the time of anchor testing. The complete mix design is summarized in
Table 4.1. Crushed limestone (3/4-inch maximum size) was used as the
coarse aggregate because of its low hardness compared to other readily
available aggregates, such as gravel. This soft material would represent a
"worst-case" scenario for evaluating the performance of anchors in concrete.
The water/cement ratio for this mix was kept constant using slump as an
indication of amount of water present in the mix. Water was added on site
as needed to obtain a 7-inch slump. This procedure was used primarily
because of the uncertainty of the moisture content of the coarse aggregate.
This concern was addressed by continuous sprinkling of the stockpiled

limestone so that near-SSD conditions could be consistently obtained.
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Table 4.1 Concrete Mix Design for Testing Program

Target 3/4" Crushed Type 1 Concrete Rheobuild 1000
Strength Limestone Portland Sand Superplasticizer
Cement
(psi) (pounds/yd?) (pounds/yd3) | (pounds/yd®) | (ounces/yd®)
4500 1876 390 1432 48

4.1.3 Concrete Casting

Concrete was placed into the formwork directly from an overhead
bucket, as shown in Figures 4.2 and 4.3. The concrete blocks were rodded
thoroughly instead of vibrated because of the desire to maintain uniformity
of concrete strength throughout the block. Figure 4.4 shows a freshly cast
block. After casting, the blocks were field-cured under polyethylene sheets

for a minimum of 23 days before anchor testing began..

4.1.4 Test Cylinders

As shown in Figure 4.5, eighteen test cylinders were cast in
accordance with ASTM C31-90a [7] for each set of blocks cast on a given
date. These cylinders were field-cured near the blocks. The cylinders were
capped using sulfur-based capping compound in accordance with ASTM
C617-87 [8], and were tested in compression in accordance with ASTM C39-
86 [9]. Three cylinders were tested before and after anchor testing. If both

sets of cylinder strengths were within the block strength limits discussed in
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Section 4.1.1, the tests were deemed valid. If the second cylinder test did not
meet these limits, linear interpolation was used to determine the concrete
strength at the time of each individual test, and those tests meeting the

strength requirements were deemed valid.

4.2 Baseline Tests

4.2.1 Loading for Baseline Tests

Baseline tests were conducted to determine the ultimate anchor
capacity under monotonic loading.

Anchors loaded in tension were loaded concentrically. The loading
rate varied between anchor sizes such that the total test time was between
two and six minutes after loading commenced. The lower end of the time
was the minimum test time prescribed by ASTM E488-90 [10]. The upper
end of the time was selected to attempt to include the ultimate displacement
on the descending branch of the load-displacement curve. Ultimate
displacement values were obtained for all but a few tests.

Anchors loaded in shear were loaded such that the line of force was
as close as practicable to the interface of the bottom surface of the baseplate
and the concrete. The loading rate was varied so that the total test time for

all anchors was between two and six minutes, as for the tension tests.

4.2.2 Test Setup for Baseline Tests

Loads were applied to the anchors by a hand pump connected to

either of two centerhole hydraulic rams: a 20-ton ram was used for the
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smaller expansion anchors; a 60-ton ram was used for the larger expansion
anchors and for all undercut anchors. These rams loaded the anchors in
tension or shear via a high-strength threaded rod passing through the
centerhole and connected to a loading shoe or plate. The reaction of the
ram was resisted by testing fixtures, described below.

In tension, three loading shoe sizes were used: small, medium, and
large. A typical shoe is shown in Figure 4.6. Each size shoe consisted of a
steel tube welded to a baseplate. The anchor was tightened against the
baseplate. A steel cylinder fitted inside the pipe, and a pin was used to
connect the cylinder to the pipe. The cylinder had a female thread at the
end opposite the loading shoe into which a high-strength threaded rod was

inserted; this rod was loaded by the ram as described above.

Figure 4.6 Typical baseline tensile loading shoe
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The basic requjrements for a tension testing fixture were the

following:

The fixture must be capable of sustaining the loads required to
fail the anchors.

The fixture must be of sufficient stiffness such that the fixture
can be assumed to act as a rigid system, i.e. the displacement
applied by the hydraulic ram must be entirely transmitted to
the anchor. In addition, the fixture should be sufficiently stiff
so that the displacement of the anchor is approximately equal
to the displacement of the anchor less the displacement of the
fixture.

The fixture must not impose any reaction against the concrete
within a distance m, given by ASTM E488-90 [10].

The reaction of the fixture on the concrete must be applied in
such a manner as to prevent damage to the concrete block.
Since the blocks were not tied to the laboratory floor, the

system must be self-equilibrating,

Given these criteria, two tension testing fixtures were used for this part of

the program. The first, shown in Figure 4.7 and Figure 4.8, was used for the

smaller expansion anchors. The fixture was essentially a ring of steel, atop

which was mounted back-to-back steel channels. A plate, welded on top of

the channels, had a hole in it which allowed a 1-inch or 1-1/4 inch diameter

high-strength threaded rod to pass through to the surface of the concrete.

The hydraulic ram was positioned on top of this plate.
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The second tension loading fixture, shown in Figure 4.9, was a stiff
steel beam. This fixture was used to load the larger expansion anchors and
all of the undercut anchors. The beam was composed of back-to-back
channels, mounted on short wide-flange columns. A threaded rod passed
between the channels to the surface of the concrete. The hydraulic ram was
positioned on top of the beam.

In shear, three loading plate sizes were used: small, medium, and
large. The sizes were selected to comply with the area requirements set
forth in ASTM E488-90 [10]. These requirements are based primarily on the
amount of friction generated between the loading plate and the concrete.
Since friction increases with increased preload (and therefore with increasing
anchor size), the area requirements are a function of anchor diameter.

Additionally, a sheet of polytetrafluoroethylene was placed between the plate

Figure 4.9 Tensile beam testing fixture
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and the concrete, in accordance with ASTM E488-90 [10], to aid in the

reduction of this friction. A typical shear loading plate is shown in Figure
4.10. The plate is essentially a two-inch thick block of steel which has at one
end a female thread to accept a high-strength threaded rod. The loading
plate had a 2-1/4 inch diameter threaded hole perpendicular to its plan.
Various 2-1/4 inch diameter threaded baseplates were used to accommodate
all types and sizes of anchors.

The same basic requirements for the tension fixture apply to the shear
testing fixture. The shear fixture used in this testing program is shown in
Figure 4.11. The fixture consisted of back-to-back channels (which served as
a beam) mounted to two L-shaped reaction brackets. Two different beams
were used: the beam described in the paragraph above was used for larger
anchors, and a similar but smaller beam was used for smaller anchors. In
either case, a threaded rod passed between the channels to the loading plate.
As the anchor was loaded, the L-shaped brackets bore against the side of the
concrete block. The hydraulic ram was positioned horizontally on the
flanges of the beam, and was supported by a wooden stand until loading

began.

4.2.3 Instrumentation for Baseline Tests

Load and displacement data were required for all tests. These data
were recorded electronically (see Section 4.2.4) to facilitate the subsequent
generation of computer-generated graphs.

A 10,000 psi pressure transducer was used to obtain pressure values.
The transducer was connected to the pump in parallel with the ram, so that

the load could be calculated using the ram area.
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Figure 4.11 Shear testing fixture

37



38

Displacement was measured by a 2-inch or a 6-inch linear
potentiometer. In tension tests, the potentiometer was placed on the top
surface of the baseplate part of the loading shoe. In shear tests, the
potentiometer was placed on the side of the loading plate opposite the

testing fixture.

4.2.4 Data Acquisition and Reduction for Baseline Tests

The complete data acquisition system is shown schematically in Figure
4.12. Data for the pressure transducer were gathered by first applying a 10-
volt excitation to the amplified transducer signal, then feeding the signal to a
Hewlett Packard HP 7090A plotter/data acquisition system (DAS), where
the data were recorded and temporarily stored in the buffer. Data for the
linear potentiometer were gathered by feeding the signal directly to the
DAS, where the data were recorded and temporarily stored in the buffer.
After each test, the buffer was downloaded to an IBM XT/370 personal
computer. Data were then stored on diskettes in comma-separated value
format. Data were then reduced from voltages to load and displacement

values:

P = 10,000 psi (

Vor A
10

where

P = load, pounds



A = hydraulic ram area, square inches

where
A = displacement, inches

vy, = voltage from linear potentiometer, volts

/4
x = total travel of potentiometer, inches

Load versus displacement curves were then plotted using

commercially available micro-computer software.

4.2.5 Test Procedures for Baseline Tests

= voltage from pressure transducer after excitation, volts

39

Four basic steps were carried out to test anchors under monotonically

increasing load in either tension or shear:

Anchor installation
Testing equipment and instrumentation setup
Anchor loading

Information recording

el .

Anchor installation:

First, the location of the anchor on the concrete block was

determined. The anchors were located at least a distance m away from any
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Figure 4.12 Schematic of data acquisition system for baseline tests

discontinuities, as prescribed by ASTM E488-90 [10]. In addition, the anchor
location had to be such that the testing fixture could be placed in an
appropriate position for anchor loading.

Second, the hole was drilled. For the expansion anchors, this was
- accomplished by a hammer drill. For the undercut anchors, hole drilling was

a two-step process: the hole was cored using a coring machine, then an



undercut was formed at the base of the cored hole using an undercutting
tool (Figure 4.13).

-

“

Figure 4.13 Undercutting tool for installation of undercut anchors

41
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Third, the hole was cleaned. For expansion anchors, compressed air
was used to free the hole of excess concrete dust created by the drilling
process. For the undercut anchors, a vacuum cleaner was used to remove
excess cooling water from the hole.

Fourth, the anchor was tapped into the hole with a hammer. For the
undercut anchors, a tightening tool was used at this point to expand the
sleeve into the undercut.

Fifth, the loading shoe or plate was placed over the anchor. A washer
and nut were then placed on the anchor over the shoe, and the nut was
tightened to a specified installation torque [4].

Sixth, the nut was loosed and retightened to 50% of the specified
installation torque. This step was conducted in order to account for preload
relaxation, as test results have shown that the preload drops significantly
within the first few hours after tightening, and then asymptotically

approaches about half of the original torque.

Testing equipment and instrumentation setup:

After the anchor was installed, the fixture was placed in the
appropriate position for testing, and the threaded rod was attached to the
loading shoe or plate. Then, the linear potentiometer was placed in its
proper position (Section 4.2.3). The initial voltage values corresponding to
pressure and displacement were checked to ensure non-zero initial values.
Initial values of zero would indicate either that the transducer or
potentiometer was positioned below the level at which it could record data,

or that there was a misconnection in the wiring.
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Anchor loading:

After the correct settings on the data acquisition system were verified,
the system was activated and loading commenced. Load was applied at the
rate specified in ASTM E488-90 [10] (Section 4.2.1). Load application was

stopped when the anchor failed, or after six minutes, whichever came first.

Information recording:

The load and displacement values were then downloaded to the
computer and stored in comma-separated value format for later conversion
to engineering units. In addition, the following information was recorded by
hand for each test:

. Anchor type and diameter

. Concrete block number
. Total test time

. Failure mode

. Ram area

. Potentiometer travel

4.3 Seismic Tests

4.3.1 Loading for Seismic Tests

Seismic tests involved low-cycle sinusoidal loading intended to
represent typical earthquake-induced loads. The waveform, shown for
tension in Figure 4.14 and for shear in Figure 4.15, was stepped and lasted a
total of 270 cycles. The first portion of the test consisted of 60 cycles to a

peak load of 60% of the maximum service load expected on the anchor. The
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second portion of the loading consisted of 90 cycles to a peak load of 1.8
times the service load. The next loading portion was 60 cycles to a peak
load of 1.2 times the service load. The remaining 60 cycles had a peak load
of 60% of the service load. Anchors that did not fail under this seismic
loading were then tested monotonically to failure.

For tensile tests, the minimum load for the entire test was 9% of the
service load. For shear tests, the direction of loading was reversed, so the
peak loads described above were attained in both directions for each cycle.

The desired frequency of the waveforms was 5 Hertz.

4.3.2 Test Setup for Seismic Tests

For the tensile seismic tests, the loads were applied by a 60-ton
Enerpac double-action hydraulic centerhole ram. Oil was supplied to the
ram from a 27 gallon per minute (gpm) electric pump. The oil passed
through a 20 gpm line tamer and entered a 15 gpm servo-valve. The amount
of oil flowing to and from the ram depended on the position of the valve,
which was controlled to operate in a sinusoidal fashion by a Pegasus servo-
controller. An MTS function generator supplied the function signal to the
controller.

The tensile loading shoe used for these tests is shown in Figure 4.16.
It consists of two parts: a 2-3/4 inch diameter, 6-inch high cylindrical
portion and a 2-1/4 inch diameter threaded baseplate. The cylindrical
portion had a threaded hole at the top to allow the connection of a high-
strength threaded rod. A 2-1/4 inch diameter section was hollowed out of

the lower four inches of the cylinder, and the bottom 1-1 /4 inch of the
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Figure 4.16 Tensile loading shoe for dynamic tests

hollow portion was threaded. The baseplate could then be threaded directly
into the cylinder.

The testing fixture used for the tensile seismic tests was identical to
the large fixture used for the tensile baseline tests (Section 4.2.2).

The shear loading plates used were identical to those used for the
shear baseline tests (Section 4.2.2).

For the shear seismic tests, the loads were applied by a large capacity
double-action hydraulic tension ram. The hydraulics of the system were the
same as for seismic tension tests, and the loading plates used were the same
ones as were used for the baseline shear tests.

To test the anchors under reversed loading, it was necessary to tie the

concrete blocks to the laboratory floor. This was done with high strength
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threaded rods, which passed through holes in the blocks and were threaded
into the floor.

The anchors were tested using a high-strength threaded rod, which
was connected to the loading plate. This rod was coupled to a larger
diameter threaded rod which was screwed into the tension ram. The ram
was bolted to a beam, which was fabricated from back-to-back channels.
Four sets of back-to-back channels formed two angles, which were bolted
into the laboratory floor and served as reactions. Therefore, the ram could
be moved between sets of bolt holes along the length of the beam to test

anchors along the length of a block.

4.3.3 Instrumentation for Seismic Tests

For tensile seismic tests, 60-kip fatigue-rated load cell was placed atop
the beam. The Pegasus controller fed the command signal to the servo-valve
as described above, and the load cell returned the feedback signal to the
controller. The controller then read the error, or difference between the two
signals. If the error exceeded user-specified limits, the system would shut
down. The load on the anchor was monitored continuously by the load cell.

The closed-loop control system for the shear seismic tests was similar,
except that a pressure transducer was used in place of the load cell.

For both tensile and shear seismic tests, the displacement was

recorded in the same manner as for the baseline tests.
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4.3.4 Data Acquisition and Reduction for Seismic Tests

Data were recorded and reduced for tensile and shear seismic tests in
the same manner as the baseline tests (Section 4.2.4), except that, for the
tensile seismic tests, the DAS received input from the load cell instead of the

pressure transducer.

4.3.5 Test Procedures for Seismic Tests

Four basic steps were carried out to test anchors under seismic load

in either tension or shear:

Anchor installation

Testing equipment and instrumentation setup
Anchor loading

Information recording

Ll A

Anchor installation:

Anchors were installed for either tensile or shear seismic tests as
described in Section 4.2.5, except that the cylindrical part of the tensile
+ seismic loading shoe had to be screwed on after retightening the anchor to

50% of the specified installation torque.

Testing equipment and instrumentation sefup:
For tensile seismic tests, the beam was positioned on the concrete,

and the hydraulic ram was placed on the beam. A high-strength threaded
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rod was then fed through the centerhole in the ram to the loading shoe and
was screwed into the shoe. The load cell was placed atop the ram, and the
potentiometer was positioned on the loading shoe. The data acquisition
system preparation was similar to that for the baseline tests (Section 4.2.5).
The electric pump, water pump, and fan were then turned on, and testing

was ready to begin.

Anchor loading:

For the tensile seismic tests, the minimum load of the waveform
shown in Figure 4.14 was applied statically. This step was unnecessary for
the shear seismic tests because of the reversed loading application. Then,
the testing frequency was selected. The command function was input to the
function generator, and the servo-valve was activated. The load span was
increased, and the static load (for tensile tests) and span were adjusted
iteratively until the correct load values were obtained. The feedback
waveform was observed on an oscilloscope and compared with the command

waveform. The test was run for 270 cycles and stopped manually.

Information recording:
The data for the tensile and shear seismic tests were recorded in a

similar manner as for the baseline tests.
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4.4 Fatigue Tests

4.4.1 Loading for Fatigue Tests

Fatigue loading consisted of 2,000,000 load cycles for each anchor.
Anchors that did not fail under this cyclic loading were then tested
monotonically to failure.

Anchors were loaded in fatigue using a sinusoidal waveform. The
amplitude of the waveform was 90% of the allowable service load for the
particular type and diameter anchor being tested, with the maximum load
corresponding to the allowable load and the minimum load corresponding to
10% of this value.

The frequency of the waveform depended primarily on the limitations
of the testing equipment, the direction of loading (tension or shear), and the
anchor type and diameter. In general, anchors were tested as fast as

practical given the above limitations.
4.4.2 Test Setup for Fatigue Tests

Loads were applied to the anchors by either of two hydraulic rams,
which rested on the concrete surface: a 60-ton Enerpac double-action ram
was used for the smaller anchors; a larger capacity double-action ram was
used for the larger anchors. The hydraulics of the system were similar to
those for the seismic tests (Section 4.3.2), except a Pegasus function
generator supplied the function signal to the controller.

The loading shoes and plates used for the fatigue tests were identical

to those used for the seismic tests (Section 4.3.2).
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Due to the duration of fatigue tests and the number of anchors to be
tested under this program, it was desirable to test more than one anchor at a

time. Thus, the requirements of the loading fixture were:

The fixture must load the anchors concentrically.

pA The fixture must be capable of sustaining the loads required to
test the anchors under service loads.

3. The fixture must be capable of withstanding the cyclic fatigue
resulting from the application of load.

4, The fixture must be of sufficient stiffness so that it can be
assumed to act as a rigid system, i.e. the displacement applied
by the hydraulic ram must be entirely transmitted to the
anchor.

5. The reaction of the fixture on the concrete must be applied in
such a manner so as to prevent damage to the concrete block.

6. Since the blocks were not tied to the laboratory floor, the

system must be self-equilibrating,

In tension, three anchors were loaded simultaneously with the fixture
shown in Figures 4.17 and 4.18. This fixture is comprised of a 1-inch thick
hexagonal steel plate. The plate has six 1-inch stiffeners, and six 1-5/16 inch
diameter holes were drilled between the stiffeners near the vertices of the
plate. A 1/2-inch thick steel pipe was welded on the bottom surface of the
plate. Partial penetration welds were used throughout to connect the various
pieces of the fixture together. This fixture was placed atop the ram, and a

high-strength threaded rod was passed from the fixture to each of three
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Figure 4.17 Tensile fatigue testing apparatus
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Figure 4.18 Tensile fatigue testing fixture (testing in progress)

loading shoes. Note that in case one anchor failed, the plate could be turned
around and a new anchor installed at the vertex opposite to the one
corresponding to anchor failure (see Figure 4.19). This feature would enable
the remaining anchors to be tested to the completion of the 2,000,000 cycles.
During tensile fatigue loading, load was monitored using a load cell
on only one of three anchors. Due to the statical determinacy of the system,
the load on the remaining two anchors was equal to the load on the anchor
with the load cell. Due to the slight mass imbalance produced by the load
cell, it was calculated that the forces in the anchors would differ by at most
0.14%. This difference was judged to be insignificant. If the loads on the
three anchors were significantly unequal at any time during the test, the

result would be out-of-limit readings from the load cell, and the system
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would shut down.

For the reasons given above, it was desirable to test more than one

anchor simultaneously in shear fatigue. The shear fatigue testing fixture was
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For the reasons given above, it was desirable to test more than one
anchor simultaneously in shear fatigue. The shear fatigue testing fixture was
essentially a stiff beam. An hydraulic ram rested on the beam, and the
hexagonal plate fixture described above was positioned on top of the ram.

Two anchors were simultaneously tested in shear fatigue. Two
concrete blocks were positioned on their sides and were placed next to each
other. An anchor was installed in the facing surfaces of each block at equal
distances from the laboratory floor, and were loaded using the shear plates
via threaded rods passing to the hexagonal fixture.

If the anchors survived the entire cyclic loading, they were tested
montonically to failure. The test setup for these tests was identical to that
used for the baseline tests, except that the tensile loading shoes described in

this section were used instead of the shoes described in Section 4.2.2.

4.4.3 Instrumentation for Fatigue Tests

For tensile fatigue tests, a 50-kip load cell or a 60-kip fatigue-rated
load cell was placed atop the loading fixture over one of the three threaded
rods. The feedback circuit for the fatigue tests was the same as the one used
for the seismic tests (Section 4.3.3).

For shear fatigue tests, the 60-kip fatigue-rated load cell was placed
atop one of the threaded rods. The load and function signals were then
commanded and monitored as for the tensile fatigue tests.

Due to the length of the tests, no contimuous displacement readings
were taken for the fatigue tests. However, final displacement readings were
taken when possible. If the anchors survived the entire cyclic loading, the

final monotonic tests were instrumented identically to the baseline tests.
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4.4.4 Data Acquisition and Reduction for Fatigue Tests

No data were continuously recorded for the fatigue tests. Data for
the subsequent monotonic tests, if conducted, were recorded and reduced in

exactly the same manner as for the baseline tests.
4.4.5 Test Procedures for Fatigue Tests

Four basic steps were carried out to test anchors under fatigue load in

either tension or shear:

Anchor installation
Testing equipment and instrumentation setup
Anchor loading

Information monitoring

wN =

Anchor installation:

For multiple anchors tested simultaneously from a common fixture,
layout was crucial. The anchors were arranged so that if any of the anchors
failed in fatigue before reaching 2,000,000 cycles of load, cycling could be
completed on the remaining anchors. That is, a suitable location on the
concrete surface would be needed to install another anchor at the opposite
vertex as described in Section 4.4.2 for tensile fatigue tests.

The remainder of the anchor installation was conducted similarly to
that described in Section 4.2.5, except that the cylindrical part of the tensile
fatigue loading shoe had to be screwed on after retightening the anchor to

50% of the specified installation torque.
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Testing equipment and instrumentation setup:

For tensile fatigue tests, the hydraulic ram was then placed in the
center of the bolt group to keep the loads on the anchors equal. For shear
tests, the beam was placed on the concrete, and the ram was then positioned
at midspan of the beam.

In either case, the hemispherical bearing was then placed on the ram
and lubricated with anti-seize compound. The hexagonal fixture was placed
on the bearing and levelled. The load cell was positioned over one threaded
rod, all nuts on the rods were tightened until snug, and the fixture was
checked to make sure it was level.

The dial gauges were then placed in their appropriate positions,
zeroed, and taped up until the end of the test to prevent damage to them.
The cycle counter was zeroed and set to shut down the system when the test
reached 2,000,000 cycles. The electric pump, water pump, and fan were then

turned on, and testing was ready to begin.

Anchor loading:

Initially, the mean load was applied statically to the anchors. Then,
an initial low frequency was chosen, and the servo-valve was activated. The
load span was then increased, and the mean load and amplitude were
adjusted iteratively until the correct maximum and minimum loads were
obtained. The feedback waveform was observed on an oscilloscope and
compared with the command Waveform. The frequency was increased to the
maximum that could be obtained for the given anchor size and configuration.
The error was checked, and the upper and lower limits and override were set

so that the system would shut down if any of these were exceeded.
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Information monitoring:
Tests were monitored at intervals throughout to observe the

performance of the system. Among the items checked:

. Load maintained at the appropriate levels

. Error not approaching the limiting error

. Counter functioning properly

. General performance of the system, i.e. level plate, little or no

threaded rod vibrations, no oil leaks, pump not overheating,

etc.

4.5 Shock Tests

4.5.1 Loading for Shock Tests

Shock tests were conducted on anchors to determine their
performance both during and after being subjected to impact loads. Shock
loading consisted of the application of two shock pulses. Anchors that did
not fail under these pulses were tested monotonically to failure.

Anchors were shock-tested using a waveform similar to that shown in
Figure 4.20. The amplitude of the waveform was 2.5 times the maximum
service load expected on the anchor, with a maximum load of 3 times the

service load, and a minimum of 0.5 times the service load.



Fraction of Service Load

0.5

0 86 37.2 456

Time from Start of Pulse (milliseconds)

Figure 4.20 Shock waveform used in testing program
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4.5.2 Test Setup for Shock Tests

The test setup for shock tests was the same as for the tensile seismic
tests (Section 4.3.2), except that an Exact function generator was used to
create the command waveform, and the DAS had to be triggered due to the
short duration of the tests. The DAS was triggered by the function
generator; when the voltage exceeded a specified value, the DAS recorded
all subsequent data. In addition, data from a specified interval before the
trigger was stored in the buffer, so that the complete feedback waveform

could be later reproduced.

4.5.3 Instrumentation for Shock Tests

The instrumentation for the shock tests was identical to that used for
the tensile seismic tests (Section 4.3.3), except that a 25-kip load cell was
used for the smaller expansion anchors.

4.5.4 Data Acquisition and Reduction for Shock Tests

The procedures for data acquisition and reduction for the shock tests

were identical to those for the tensile seismic tests.
4.5.5 Test Procedures for Shock Tests
The steps involved in testing anchors in shock were similar to those

for the tensile seismic tests (Section 4.3.5). There were only three

differences between these types of tests. First, an Exact function generator
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was used for the shock tests instead of the MTS function generator. Second,
since the shock tests consisted of only two cycles, the span had to be read
before testing began. Third, since the duration of the shock tests was so

short, the function generator was triggered manually for both cycles.



5. TYPICAL RESULTS AND SIGNIFICANCE

5.1 Baseline Tests

5.1.1 Tensile Baseline Tests

At the time of this writing, all expansion anchor tensile baseline tests
had been completed except for the 12 mm Flush size. More than half of the
undercut anchor tensile baseline tests had been completed. The following

failure modes were observed for these tests:

. Anchor fracture

. Thread stripping

. Concrete cone breakout
. Anchor pullout

. Anchor pull-through

The characteristics of each failure mode will now be described in

detail, with reference to typical results for each mode.

Anchor fracture: Anchor fracture is shown in Figure 5.1. The smallest
expansion anchor size and all undercut anchor sizes exhibited this failure
mode. A typical load-displacement curve is shown for an 8 mm expansion
anchor in Figure 5.2. The very high initial stiffness is due to the large
anchor preload; the anchor itself received very little of the applied load until
the preload was overcome. Figure 5.3 shows the same failure mode for the

same anchor type and size; however, the anchor slipped somewhat upon the
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Figure 5.1 Tensile baseline expansion anchor fracture
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Figure 5.2 Load-displacement curve for tensile baseline expansion

anchor fracture (no slip)
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Figure 5.3 Load-displacement curve for tensile baseline expansion
anchor fracture (slip)

initial application of load before exhibiting very stiff behavior. In both cases,
initial yield was about 6 kips, and the ultimate load was about 7.5 kips.
Therefore, the only effect that initial slip had on the anchor was to produce
greater displacement for a given load; it had no effect on ultimate capacity.
A typical load-displacement curve for an undercut anchor displaying
anchor fracture is shown for a 20 mm anchor in Figure 5.4. Note that the
initial stiffness for the undercut anchors is not as large as that for the
expansion anchdrs, due to the undercut anchors’ lower preload. The
undercut anchors have a well-defined yield point and typically exhibit high
ductility; that is, they are able to undergo large displacements after first yield

without a significant decrease in load-carrying capability.
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Figure 5.4 Load-displacement curve for tensile baseline undercut
anchor fracture

Thread stripping: This failure mode is generally considered unacceptable
behavior for anchors in concrete, mainly because the results are neither
reproducible nor predictable. Nonetheless, thread stripping was observed in
this testing program for both expansion anchors and undercut anchors, Only
one expansion anchor (a 16 mm) exhibited this mode of failure. The failure
is shown in Figure 5.5, and the anchor’s load-displacement curve is shown in
Figure 5.6. The anchor failed at a much lower load than the average for the
anchor type and size, and demonstrated no ductility.

Several undercut anchors exhibited thread stripping. A typical failure
is shown in Figure 5.7, and the corresponding load-displacement curve is

shown in Figure 5.8. This failure mode was not observed on the 20 mm



68

Figure 5.7 Tensile baseline undercut anchor thread stripping
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Figure 5.8 Load-displacement curve for tensile baseline undercut
anchor thread stripping
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anchors, because these anchors were fabricated from a lower strength steel
than the 12 mm and 16 mm sizes; therefore, the 20 mm anchor fractured
before the threads stripped. The thread stripping problem was investigated
by the sponsor, and the sponsor decided to manufacture thicker nuts for the
undercut anchors in an attempt to preclude thread stripping. At the time of

this writing, the anchors with the thicker nuts had yet not been tested.

Concrete cone breakout: This failure mode was observed for most of the
expansion anchors; however, no undercut anchors exhibited any concrete
failure. A typical concrete cone breakout failure is shown in Figure 5.9, and
a typical load-displacement curve is shown in Figure 5.10 for a 16 mm
anchor. Typically, the anchors exhibited a very high initial stiffness, for the
same reasons as described above for anchor fracture. In addition, a few of
the smaller anchors slipped somewhat upon the initial application of load, as
for the anchor fracture mode. The anchors failing by the concrete failure
mode, however, exhibited an increase in load-carrying capability through a
secondary expansion force. This secondary expansion force is due to the
bottom of the expansion wedge moving into the expansion sleeve, thereby
increasing the available frictional force. As shown in Figure 5.10, the anchor
began to displace at a load of about 12 kips, and the curve started to bend in
a manner indicative of insipient failure. At a load of about 18 kips, however,
the secondary expansion force enabled the anchor to carry load up to its

ultimate of 27.8 kips.

Anchor pullout: This failure mode occured in only a few expansion anchor
tests, and in no undercut anchor tests. One reason for the small number of

anchors failing in this mode is the difficulty in detecting the failure. As an
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anchor starts to pull out of its hole in the concrete, the area available for
cracking in a conical shape decreases, and a shallow cone usually forms.
Anchor pullout is shown in Figure 5.11, and a load-displacement curve for a
24 mm anchor is shown in Figure 5.12. The curves for pullout exhibit the
same characteristics as those for concrete breakout, except that the pullout

curves reflect the large displacements (slip) at ultimate load.

Anchor pull-through: Only one anchor in this testing program failed by
anchor pull-through. This failure, which occurred for an 8§ mm expansion
anchor, is shown in Figure 5.13, and the load-displacement curve is shown in
Figure 5.14. Note that the high initial stiffness typical of other expansion
anchor failure modes was not present in this test. Therefore, the anchor
preload was probably not present, either because of improper torqueing or
improper operation of the anchor’s expansion mechanism. The ultimate load
for this anchor was significantly less than that for the other § mm expansion
anchors; it failed prematurely, as shown by its load-displacement
characteristics. This emphasizes the importance of preload to proper

expansion anchor performance.

Table 5.1 summarizes typical statistical characteristics (mean and
coefficient of variation) of the results obtained for the tensile baseline tests.
Generally, the most consistent mode of failure (least scatter in the data) is
anchor fracture. Concrete cone breakout is the next consistent mode; other
modes of failure (pullout, pull-through, thread stripping) have the most

scatter because of their unpredictability.
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5.1.2 Shear Baseline Tests

As of this writing, the data for shear baseline tests has not been

sufficiently reduced and evaluated.
5.2 Seismic Tests

No seismic tests had been completed at the time of this writing.
53 Fatigug Tests

5.3.1 Tensile Fatigue Tests

Anchors were fatigue-tested for 2,000,000 cycles as described in
Section 4.4. At the time of this writing, tensile fatigue tests had been run on
the 8 mm and 16 mm expansion anchors. One of the 8 mm anchors failed in
fatigue at 1,931,480 cycles. This size anchor had the highest stress range
(31.5 ksi, based on its effective tensile stress area) of the expansion anchors
tested in fatigue, and therefore would be the most likely expansion anchor
size to fail. All other anchors tested to date have survived the 2,000,000
cycles of load application.

When the nine anchors that survived the fatigue loading were
subsequently tested to failure under monotonic loads, the following failure

modes were observed:

. Anchor fracture

. Concrete cone breakout
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. Anchor pullout

The characteristics of each failure mode will now be described in detail, with

reference to typical results for each mode.

Anchor fracture: Anchor fracture occured for the four 8 mm anchors that
survived the fatigue loading. This failure mode is shown in Figure 5.15, and
a typical load-displacement curve is shown in Figure 5.16. Note that the very
high initial stiffness discussed in Section 5.1.1 is still present after fatigue
loading. However, the ductility of the anchor is very low. Given the fact
that one 8 mm anchor fractured during the fatigue cycling, the loss of
ductility of the remaining anchors could be due to a microcrack forming in
the anchors during the application of cyclic load. Once the anchors began to
yield during monotonic testing, the cracks could have propagated very

quickly until anchor fracture was reached.

Concrete cone breakout: Concrete cone breakout failure occured for three of
the 16 mm anchors. This mode is shown in Figure 5.17, and a typical load-
displacement curve is shown in Figure 5.18 (UFTHSL23). This curve is
similar in all respects to the concrete cone breakout curve for the baseline

anchors (Figure 5.10).

Anchor pullout: Anchor pullout occured for two of the 16 mm anchors. This
mode is shown in Figure 5.19, and a typical load-displacement curve is shown
in Figure 5.20 (UFTHSL21). This curve is qualitatively similar to the curve
for concrete cone breakout (Figure 5.18), except for the large displacement

achieved after ultimate load for the anchors failing by pullout.
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Figure 5.17 Tensile fatigue expansion anchor concrete cone breakout
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Figure 5.18 Load-displacement curve for tensile fatigue expansion
anchor concrete cone breakout



Figure 5.19 Tensile fatigue expansion anchor pullout
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Figure 5.20 Load-displacement curve for tensile fatigue expansion
anchor pullout
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The foregoing discussion indicates that, for anchors surviving the
2,000,000 cycles of fatigne loading, the cycling had no effect on the ultimate
loads achieved by the anchors in monotonic tension. In fact, for the 8 mm
expansion anchors, the average ultimate load achieved for anchors
monotonically tested to failure after being subjected to cycling was actually
greater than that for the baseline tensile tests. However, this can probably
be attributed to the larger coefficient of variation (Table 5.1) for the
baseline anchors due to the very low ultimate load achieved by the anchor
failing by pull-through.

The fatigue cycling had a marked detrimental effect on the ductility
achieved by the 8 mm expansion anchors (Figure 5.16). This detrimental

effect was not observed for the 16 mm expansion anchors.

5.3.2 Shear Fatigue Tests

No shear fatigue tests had been completed at the time of this writing.

5.4 Shock Tests

No shock tests had been completed at the time of this writing.

However, the shock test setup had been completed and tested.

5.5 Comparison of Baseline Tensile Test Results with Predicted Values

Predicted ultimate load values for monotonic tensile tests may be

obtained for the anchor fracture and concrete cone breakout failure mode.
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Nominal ultimate capacities for the anchor fracture mode may be calculated

by the following equation:

N, e = Jur 4,
where:
N, s = Predicted nominal capacity based on anchor fracture,
kips
fun = Minimum specified ultimate tensile strength of the
anchor material, ksi
A, = Tensile stress area of threaded anchor, in?

The minimum specified ultimate tensile strength for the expansion anchor
material used in this testing program was 116 ksi. The minimum specified
ultimate tensile strength for the undercut anchors used in this testing
program was about 150 ksi for the 12 mm and 16 mm anchors, and about
120 ksi for the 20 mm anchor [11].

Experimental results and fracture mechanics theory provide a basis
for the Concrete Capacity method, which can be used to calculate the
ultimate capacity of an anchor as governed by concrete cone breakout. This
method assumes the ultimate load is proportional to the embedment depth
raised to the 1.5 power. The following empirical equation was developed to
calculate the capacity, based on concrete cone breakout, of expansion or
undercut anchors located at least a distance of 1.5 times their embedment

depth away from any discontinuities [12]:

N, cone = 00350 \[f, B,

n conc

where:
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N, = Predicted nominal capacity based on concrete cone
breakout, kips
f. = Concrete compressive strength at time of testing, psi

h = Anchor embedment depth, inches

In Table 5.2, predicted mean capacities as governed by steel failure and by
concrete cone breakout are computed, and the lower of those two values is
the predicted capacity of the anchor. For the purpose of computing the
capacities as governed concrete cone breakout, the concrete strength was
assumed to be 4500 psi.

Table 5.3 compares the predicted failure modes for each anchor
tested in baseline tension with the experimentally obtained failure mode, and
compare the predicted ultimate capacities with those obtained
experimentally.

All tensile baseline tests produced results higher than predicted
except for the 24 mm expansion anchor. The Concrete Capacity method
agrees rather well with the results obtained for the anchors that failed by
concrete breakout (see Table 5.1). Therefore, this method can be used to
obtain a fairly reliable estimate of ultimate strength of an anchor when the
failure mode is concrete cone breakout.

The anchors that failed by anchor fracture failed at a higher load than
predicted, because the true ultimate strength of the steel was probably
somewhat higher than the minimum specified ultimate strength of the steel.
The difference between predicted and experimentally obtained ultimate
loads is not as great for the 16 mm undercut anchors as for other anchor
types and sizes failing by anchor fracture because most of the 16 mm

undercut anchors failed by thread stripping.



Table 5.2 Predicted Ultimate Tensile Capacities for Anchors

in Testing Program

Anchor type | A, N, steet h, N, cone Ny pred
and
diameter
in? kips inches kips kips
Expansion Anchors
8 mm 0.0534 6.2 2.56 9.6 6.2
10 mm 0.0870 10.1 2.95 11.9 10.1
12 mm 0.1241 144 3.15 13.1 13.1
16 mm 0.2302 26.7 4.13 19.7 19.7
20 mm 0.3739 43.4 5.12 27.2 272
24 mm 0.5321 61.7 6.10 354 354
Undercut Anchors
12 mm 0.1164 17.8 4.92 25.7 17.8
16 mm 0.2232 33.7 6.69 40.6 33.7
20 mm 0.3519 42.3 8.66 59.8 423
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Table 5.3 Comparison of Predicted Failure Modes and Ultimate
Capacities with Those Obtained Experimentally

(a) 8 mm Expansion Anchor

Test N,. Failure Mode Predicted N,.
(kipg Failure Mode N. ored

1 6.6 Concrete Cone Anchor 1.07
Breakout Fracture

2 7.1 Concrete Cone Anchor 1.15
Breakout Fracture

3 7.6 Anchor Anchor 1.22
Fracture Fracture

4 7.5 Anchor Anchor 1.20
Fracture Fracture

5 54 Pull-through Anchor 0.88
Fracture

Average 6.8 1.10




(b) 10 mm Expansion Anchor

Test N, exp Failure Mode Predicted Ny exp

(kips) Failure Mode N, pred

1 11.4 Concrete Cone Anchor 1.13
Breakout Fracture

2 11.1 Pullout Anchor 1.10
Fracture

3 10.3 Concrete Cone Anchor 1.02
Breakout Fracture

4 12.7 Concrete Cone Anchor 1.26
Breakout Fracture

5 9.3 Concrete Cone Anchor 0.92
Breakout Fracture

Average 11.0 1.09
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(c) 12 mm Expansion Anchor

Test N, exp Failure Mode Predicted Ny o
(kips) Failure Mode N pred
1 14.4 Concrete Cone | Concrete Cone 1.10
Breakout Breakout
2 12.1 Concrete Cone | Concrete Cone 0.92
Breakout Breakout
3 13.5 Concrete Cone | Concrete Cone 1.03
Breakout Breakout
4 15.1 Concrete Cone | Concrete Cone 1.15
Breakout Breakout
5 14.7 Concrete Cone | Concrete Cone 1.12
Breakout Breakout
Average 14.0 1.07
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(d) 16 mm Expansion Anchor

Test

Failure Mode

Predicted

n exp n_exp
(kips) Failure Mode N, prea
1 17.1 Thread Concrete Cone 0.87
Stripping Breakout
2 30.5 Concrete Cone | Concrete Cone 1.55
Breakout Breakout
3 27.8 Concrete Cone | Concrete Cone 141
Breakout Breakout
4 28.2 Concrete Cone | Concrete Cone 143
Breakout Breakout
5 18.2 Concrete Cone | Concrete Cone 0.92
Breakout Breakout
Average 243 1.23

87



() 20 mm Expansion Anchor

Test

Failure Mode

Predicted

(kips) Failure Mode | N,
1 393 Concrete Cone | Concrete Cone 1.45
Breakout Breakout
2 24.3 Concrete Cone | Concrete Cone 0.89
Breakout Breakout
3 36.7 Concrete Cone | Concrete Cone 1.35
Breakout Breakout
4 35.1 Concrete Cone | Concrete Cone 1.29
Breakout Breakout
5 38.2 Concrete Cone | Concrete Cone 141
Breakout Breakout
Average 34.7 1.28
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() 24 mm Expansion Anchor

Test N, exp Failure Predicted N exp
(kips) Mode Failure N, pred
Mode
1 31.6 Pullout Concrete 0.89
Cone
Breakout
2 29.6 Concrete Concrete 0.84
Cone Cone
Breakout Breakout
3 38.4 Concrete Concrete 1.08
Cone Cone
‘Breakout Breakout
4 19.8 Concrete Concrete 0.56
Cone Cone
Breakout Breakout
5 43.0 Concrete Concrete 1.22
Cone Cone
Breakout Breakout
Average 325 0.92
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(g) 12 mm Undercut Anchor

90

Test N, exp Failure Mode Predicted Ny exp
(kips) Failure Mode N, pred
1 22.7 Anchor Anchor 1.27
Fracture Fracture
2 24.6 Thread Anchor 1.38
Stripping Fracture
Average 23.7 1.33
(h) 16 mm Undercut Anchor
Test N, exp Failure Mode Predicted N exp
(kips) Failure Mode N, pred
1 384 Thread Anchor 1.14
Stripping Fracture
2 40.2 Anchor Anchor 1.19
Fracture Fracture
3 35.1 Thread Anchor 1.04
Stripping Fracture
4 39.2 Thread Anchor 1.16
Stripping Fracture
Average 38.2 1.13




(1) 20 mm Undercut Anchor
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Test N, exp Failure Mode Predicted Niew
(kips) Failure Mode N, prea
1 50.1 Anchor Anchor 1.18
Fracture Fracture
2 55.1 Anchor Anchor 1.30
Fracture Fracture
3 56.4 Anchor Anchor 1.33
Fracture Fracture
4 53.9 Anchor Anchor 1.27
Fracture Fracture
5 58.2 Anchor Anchor 1.38
Fracture Fracture
Average 54.7 1.29




6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

Torque-controlled expansion anchors and undercut anchors are
currently being tested in this ongoing testing program. These anchors are
being tested in uncracked concrete of a single mix design under the following

loading conditions:

1. Baseline
a. Tension
b. Shear

2. Seismic
a. Tension
b. Shear

3. Fatigue
a. Tension
b. Shear

4. Shock (tension only)

This thesis has described the anchors, given background information,
described the testing program and discussed the results obtained so far.
Results were obtained for at least some anchors for both of the following

test types:

1. Baseline (tension only)

2. Fatigue (tension only)
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6.2 Conclusions

6.2.1 Anchor Installation and Concrete

Conclusions relating to the installation of anchors and adequacy of

concrete are the following:

1. The installation of undercut anchors is time-consuming. Two
people are required to install these anchors in the laboratory:
one to operate the coring machine and one to vacuum up
excess cooling water, so as to maintain cleanliness. This would
be important in sensitive retrofit jobs. In addition, the amount
of time required for two people to install an undercut anchor is
about 25 minutes, compared to about 5 to 10 minutes for one
person to install an expansion anchor. Thus, about five to ten
times more man-hours are required to install undercut anchors.

2. The undercut anchor installation process has a lower success
rate than the expansion anchor installation process. This is
due to two factors: first, the core may break off at midheight if
not drilled deep enough; second, for proper installation, the
undercut in the hole must be made at a specific height; the
height at which the undercut is actually made may vary by as
much as 1/4 inch due to the compressibility of the sponge-like
retaining ring on the undercutting tool.

3. When an expansion anchor hole is drilled deeper than the
anchor’s specified embedment depth and the anchor is

subsequently installed, the anchor’s shank and wedge
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mechanism may slide down through the sleeve. This makes
installation of the baseplate and nut difficult.

4. The concrete strengths satisfied the project specifications. The
strength was relatively consistent due to the sprinkling of the

limestone aggregate.

6.2.2 Baseline Tests

So far, data have been reduced and examined for tensile baseline tests

only. The conclusions that can be drawn from the results are as follows:

1. Anchor fracture has the least amount of scatter in the tensile
baseline test data, followed by concrete cone breakout. Other
failure modes, such as pullout and pull-through, are slightly less
predictable. Thread stripping is the least predictable failure
mode.

2. Thread stripping failure is neither predictable nor reproducible,
and has the most scatter in the data. Therefore, it is an
unacceptable failure mode.

3. The Concrete Capacity method of predicting ultimate
capacities of concrete breakout failures provides a reliable
estimate of the ultimate strength of an anchor failing in this
mode. The method used to predict the ultimate capacity based
on steel failure slightly underestimated the actual capacity due
to the use of the minimum specified tensile strength of the

anchor instead of the average actual strength.
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4. In most cases, the mode of failure predicted by comparison of
the steel capacity and Concrete Capacity calculations was fairly
accurate. However, some anchors experienced cone breakout
at loads lower than those predicted by the Concrete Capacity
method. This is probably due to the inherent scatter in this
failure mode. However, it may also be due to slip of the
anchor prior to cone breakout. This suggests that there is a

need for a method to predict anchor pullout failure.

6.2.3 Seismic Tests

At the time of this writing, no seismic tests had been conducted.

6.2.4 Fatigue Tests

So far, data have been reduced and examined for tensile fatigue tests

only. The conclusions that can be drawn from those results are as follows:

1. The test setup involving the simultaneous testing of three
anchors in fatigue worked very well; there have been no
problems so far.

2. Limited results suggest that small expansion anchors are
weakened by fatigue cycling, as evidenced by the occurrence of
anchor fracture at less than 2,000,000 cycles, and by the
degradation of displacement response and hence ductility.

3. Based on the results obtained in this testing program, the 16

mm expansion anchors performed satisfactorily in fatigue.
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There were no instances of failure during cycling, and the
failure mode observed after subsequent monotonic testing was
concrete cone breakout, which was the same mode as was
predominant in the tensile baseline tests.

6.2.5 Shock Tests

At the time of this writing, the results of the shock tests had not been

sufficiently evaluated.

6.3 Recommendations

6.3.1 Applications

Anchors such those tested in this program have applications both in

new construction and in retrofit projects. Some of these applications are the

following:
1. New construction
. Tilt-up wall connections
. Precast wall panel to cast-in-place concrete member
connections
2. Retrofit
. Steel column to concrete footing/column connections
. Flagpole, light pole, and highway sign connections to
concrete

. Shelf angle connections to concrete
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. Machine tie-downs

Note that the machine tie-down application implies high-cycle fatigue
loading; therefore, small-diameter expansion anchors such as those tested in

this testing program should be used with caution in this application.
6.3.2 Suitability Criteria

The following suitability criteria for dynamic testing are proposed. It
should be noted that these criteria are preliminary and are based on the
limited results obtained so far. Generally, the following items merit

consideration:

1. Ductility: Ductility is defined as the displacement at a certain
percentage of the ultimate capacity divided by the displacement
at the first occurrence of either yielding or capacity.

Therefore, two displacements need to be defined. The
displacement at 80% of the maximum load is commonly used
for the numerator. The definition of the displacement to use
in the demoninator depends on the characteristics of the load-
displacement curve of the anchor. If the curve is
approximately elasto-plastic, the displacement at an "equivalent
yield" point is determined. This point is located by the
intersection of the elastic modulus with a horizontal line
passing through the point of maximum load. If the load-
displacement curve is not approximately elasto-plastic, the

displacement to be used in the denominator is the
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displacement at maximum load. Ductility is important to
dynamic suitability criteria because it can be used as an
indication of whether previous dynamic loading had a
degrading effect on the displacement response of the anchor,
and thus suggest whether anchor fracture would be likely to
occur if cycling were to have continued.

Preload retention: For torque-controlled expansion anchors, the
presence of preload is essential to anchor performance.
Generally, the level of preload must be consistent with the
plastic capacity of the attachment, because the connection
should be designed for the attachment to yield before the
anchors. As noted in Section 4.2.5, the anchor preload drops
significantly (to about half the installation preload) within a
short period after installation. Therefore, since the allowable
service load is equal to the anchor capacity reduced by a factor
of safety, the installation preload should be greater than twice
the capacity reduced by a factor of safety.

Thread stripping: Thread stripping should not be allowed as an
acceptable failure mode in determining dynamic suitability
criteria. The results are neither reproducible nor predictable
and thread stripping is not contemplated by current anchor
design formulas.

Pullout and Pull-through: The preload retention requirement
addresses these if pullout and pull-through are predictable.
However, note that pullout reduces the effective embedment
depth, which can lead to concrete cone breakout at loads less

than those predicted by the Concrete Capacity method. In
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addition, pull-through is generally unpredictable and is highly

dependent on the geometry of the anchor, wedge, and
expansion sleeve, as well as on the characteristics of the
particular hole into which the anchor was installed. Therefore,
given the unpredictability of these failure modes, the pullout or

pull-through capacity must satisfy the following:

Npa,pt > ¢1 Nn steel

Npﬂ,pt > ¢2 Nn conc
where:
Nyt = capacity based on pullout or pull-through
o, P = capacity reduction factors

Steel fatigue and fracture: The allowable service load for
anchors subjected to fatigue should include a stipulation that
the stress range be less than the endurance limit of the anchor,

including the effects of the anchor threads as stress risers.

6.3.3 Further Research

Recommendations for further research on expansion and undercut

anchors, in addition to the ongoing testing under this program, include the

following:

Dynamic testing of anchors in uncracked concrete, especially
under seismic loads

Dynamic testing of anchors in low-strength concrete
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Dynamic testing of anchors in high-strength concrete

Testing of anchors subjected to shear shock loading
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Load-Displacement Results of all Tests
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