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Abstract

Embedded plates are commonly used to facilitate connecting structural steel members to
reinforced concrete building elements such as walls and columns. Due to a lack of readily available
industry-wide standard embedded plate designs, embedded plates are often custom designed for
each project. This leads to many inefficiencies in the design, fabrication, and installation stages of
the construction process. Additionally, the current Canadian design standard for concrete
structures, CSA A23.3:19, requires many assumptions when evaluating embedded plate capacity,
leading to inconsistency among designers. This research project aims to improve the efficiency of
the embedded plate construction process by proposing standard embedded plates, and then testing
selected embedded plates to verify the predicted capacities and key design assumptions.

Three standard embedded plates having four, six or eight end-welded stud anchors, with design
tables developed using CSA A23.3:19, are proposed through collaboration with industry partners
involved in the construction process. A small number of plate configurations were chosen to cover
a wide variety of common placement and loading situations to improve the simplicity of the design
guide. Also, the four- and six-anchor proposed standard embedded plates with shear tab
connections were placed at four distances from the concrete edge (75, 125, 175, 250 mm) and
tested in shear towards the edge. From the eight full-scale test results, A23.3 was deemed adequate
in predicting the failure loads if the connection eccentricity, caused by the gap between the bolt
line on the shear tab and the exposed surface of the plate, is considered in the capacity predictions.
A test-to-predicted ratio of 0.92 was found when not considering connection eccentricity,
compared to 1.11 when considering it. Additionally, embedded plate rotation during testing (0.01
to 0.02 rad at peak load, and further rotation post-peak), suggests connection eccentricity

significantly affects the behaviour of the embedded plate and should be considered in design.
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List of Symbols

= bearing area of the head of the anchor (mm)

= projected concrete failure area of a single anchor or anchor group in tension (mm?)

= projected concrete failure area of a single anchor in tension with an edge distance greater
than or equal to 1.5k, (= 9hZ/) (mm?)

= effective cross-sectional area of an anchor in tension (mm?)

= effective cross-sectional area of an anchor in shear (mm?)

= cross sectional area of the stud

= projected concrete failure area of a single anchor or anchor group in shear (mm?)

= projected concrete failure area of a single anchor in shear in a deep member with distance
from edges equal or greater than 1.5¢,; in the direction of the shear force (= 4.5¢2,) (mm?)
= the minimum distance from the centre of an anchor to the edge of concrete

= if tension is applied, c,; is taken as the minimum distance from the centre of the anchor
to the edge of concrete (mm). If shear is applied, c,4 is taken as the distance from the
centre of the anchor to the edge of concrete in the direction of the applied shear (see Figure
2.20) (mm)

= distance from the centre of the anchor to the edge of concrete in the direction
perpendicular to the applied shear, or in the case of applied tension, perpendicular to c,4
(mm)

= shaft diameter of the anchor (mm)

= modulus of elasticity of concrete

= modulus of elasticity of the steel anchor

= eccentricity of resultant tensile load (mm)

= eccentricity of resultant shear load (mm)

= specified compressive strength of concrete (MPa)

= concrete cube compressive strength (MPa)

= specified tensile strength of anchor steel (MPa)

= thickness of the concrete member that the anchor is installed in, measured parallel to the
anchor’s axis

= effective anchor embedment depth (mm)
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= coefficient for factored concrete breakout resistance in tension (10 for cast-in headed
studs)

= coefficient for pryout resistance

- k5 = coefficients for factored concrete breakout resistance in tension before simplification
into a single coefficient (k.) (Fuchs et al. 1995)

= load bearing length of the anchor, which cannot exceed 8d, (mm)

= factored concrete breakout resistance in tension of a single anchor in cracked concrete
= factored concrete breakout resistance in tension of an anchor group (N)

= factored concrete breakout resistance in tension of a single anchor (N)

= factored pullout resistance in tension of a single anchor (N)

= factored tensile load

= concrete breakout resistance in tension of a single anchor in cracked concrete proposed
by Fuchs et al. (1995)

= factored pullout resistance in tension of a single anchor in cracked concrete (N)

= factored tensile resistance

= factored resistance of an anchor in tension (N)

factored side-face blowout resistance of a single anchor (N)

= shear strength of stud connectors embedded in concrete proposed by Ollgaard et al.
(1971)

= resistance modification factor in CSA A23.3

= resistance modification factor in ACI 318

= centre-to-centre distance between anchors (mm)

= LVDT spacing

= factored concrete breakout resistance in shear of a single anchor in cracked concrete (N)
= factored concrete breakout resistance in shear of a single anchor (N)

= factored concrete breakout resistance in shear of an anchor group (N)

= factored concrete pryout resistance of a single anchor (N)

= factored concrete pryout resistance of an anchor group (N)

= factored shear load

= factored shear resistance
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= factored resistance of an anchor in shear (N)

= test to calculated ratio of the resistance of an anchor in shear for 220 tests conducted by
(W. Fuchs and R. Eligehausen, unpublished report, October 1986)

= measurement at vertical LVDT 1 (see Figure 4.12)

= measurement at vertical LVDT 2 (see Figure 4.12)

= factor to account for low-density concrete

= material resistance factor for the structural steel plate

= material resistance factor for concrete

= steel embedment material resistance factor for reinforcement

= modification factor for concrete breakout resistance in tension based on the presence or
lack of cracks

= modification factor for pullout resistance of anchors based on the presence or lack of
cracks

= modification factor for concrete breakout resistance in shear based on the presence or
lack of cracks

= post-installed anchor modification factor for anchors in tension (= 1.0 for cast-in welded
headed studs)

= eccentricity modification factor for anchors in tension

= eccentricity modification factor for anchors in shear

= edge distance modification factor for anchors in tension

= edge distance modification factor for anchors in shear

= factor used to modify shear strength of anchors in concrete members with a depth less

than 1.5¢,;
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1 Introduction

1.1 Background

The two most common materials used to construct large buildings are reinforced concrete and
structural steel. Since these two materials are often used together, connections are required to
attach steel members to concrete. Embedded plates are commonly used at connection points due
to their relatively easy fabrication, installation, and high load-bearing capacity. Though common,
currently there are disagreements among not only different design codes and standards, but also
with different assumptions being made by different designers. Also, as designers and steel
fabricators are pushed to complete projects faster and cheaper than ever, it is important to have

design guides that are easy to use and provide safe designs.

Embedded plates provide a surface on concrete to which steel members can be connected easily
using welds or bolts. Many types of embedded plates exist, but they typically consist of anchors
that are welded or bolted to a steel plate; the anchors are either post-installed by drilling into the
hardened concrete or installed into the concrete formwork prior to casting and the steel member
can later be attached to the exposed plate surface. Embedded plates transfer forces from the
connecting steel member to the concrete in a variety of ways, depending principally on the type of
anchor used. Three common concrete anchors are: headed anchors/studs, expansion anchors, and
adhesive or bonded anchors, which resist tension primarily through mechanical interlock, friction,
and chemical interlock, respectively, as seen in Figure 1.1 (Eligehausen et al. 2006). Headed
anchors transfer tensile load by mechanical interlock through bearing of the underside of the
enlarged anchor head on the surrounding base material, typically concrete, as shown in Figure 1.2.
Friction is used by expansion anchors, which expand during installation to increase frictional
resistance. Finally, in chemical interlock, the anchor is bonded to the base material with an
adhesive and tensile load is transferred through the bond. Shear is resisted by all the anchor types
mostly by bearing against concrete. The upper part of the anchor bears against the concrete in the

direction of the load and the lower part bears in the opposite direction (Figure 1.2) (Grosser 2012).
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Figure 1.1 Anchor tensile load transfer mechanisms (Eligehausen et al. 2006)

Tension Shear

Figure 1.2 Anchor load transfer mechanisms (Grosser 2012)

Additionally, anchors can be differentiated by their installation methods: post-installed or cast-in.
Post-installed anchors are installed after the concrete has sufficiently cured by drilling into the
hardened concrete, while cast-in anchors are often placed in concrete by connecting the plate
directly to the interior surface of the formwork. One of the most widely-used embedded plates is
cast-in with welded headed studs, as depicted in Figure 1.3 prior to casting, that transfer loads

primarily through mechanical interlock.
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Figure 1.3 Embedded plate with welded headed stud anchors

The design method for concrete anchorage using embedded plates was codified in the American
Concrete Institute’s (ACI) building code (ACI 318) in 2011, and continues to be an appendix in
the Canadian concrete design standard (CSA A23.3) as of 2019. There are also different design
methods, such as the methods found in the Canadian Precast/Prestressed Concrete Institute’s
(CPCI) Design Manual (CPCI 2017), and ACI 349, which deals with the design of nuclear
structures. The CPCI Design Manual has different provisions for calculating shear capacity
compared those of CSA A23.3 (CSA 2019). Furthermore, many anchor applications are not
covered in those design methods, since most of the research relates to a single or a small group
(four or fewer) of anchors in tension (Grosser 2012). For example, for anchor groups welded to
an attachment (such as an embedded plate with welded headed studs) that is loaded in shear
towards the edge of a concrete element (shown in Figure 1.4), CSA A23.3 (CSA 2019) allows a
commonly-used assumption that the row of anchors farthest from the edge carries all of the shear
load. Although concrete breakout capacities measured experimentally are consistent with that
assumption (Grosser 2012) the design provisions conservatively assume that after the anchors
closer to the edge crack the concrete, no more load can be carried by those anchors. This may
result in a conservative prediction of the steel anchor group capacity in reinforced concrete if only

the row of anchors farthest from the edge is considered.
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Figure 1.4 Concrete breakout failure of embedded plate with welded headed studs loaded
in shear towards an edge.

1.2 Objective and Scope

The main objective of this research is to improve the embedded plate construction process, from
design to fabrication to installation, by creating an easy-to-use design guide of a set of standardized
embedded plates that produces safe designs. To achieve the objective, the following tasks were

completed:
1. Conduct a literature review to understand current embedded plate design methods;

2. Propose a family of standard embedded plates with welded headed studs through

consultations with designers, fabricators, and installers;

3. Create design tables using current design provisions found in CSA A23.3 (CSA 2019) for
the proposed standard embedded plates; and

4. Conduct eight experimental tests of selected standard embedded plates loaded in shear
towards an edge to ensure the reliability of the design tables and verify key assumptions

used in the calculation of the design table capacities.

The scope of the research is limited to embedded plates with welded headed studs loaded
monotonically under pseudo-static loads. Furthermore, the design of the embedded plates focuses
on the Canadian design standard, CSA A23.3 (CSA 2019). Design methods for other kinds of
anchors and seismic applications are not considered. The proposed design tables address
embedded plates with 4, 6 or 8 anchors in 30 MPa concrete, loaded in shear or tension with a 25
mm lateral eccentricity to allow for some accidental misplacement. Also, shear load design tables
assume that load is applied 75 mm from the exposed face of the embedded plate to simulate the
use of a fairly rigid connection such as a shear tab. The experimental testing focuses on the
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evaluation of two representative standard embedded plates, complete with a shear tab, loaded in
shear towards an edge, each placed at four different distances from the edge (75, 125 175 and
250 mm).

1.3 Organization of Report

This report is divided into five chapters. To gain an understanding of the state of the art of
embedded plate design, Chapter 2 is a review of literature regarding experimental tests of
embedded plates and a review of the design methods provided in Annex D of CSA A23.3 (CSA
2019). Chapter 3 presents the proposed standard embedded plates and their design tables; the
design decisions and capacity calculation assumptions are also discussed. Also, experimental test
data of anchors close to an edge and loaded towards the edge are aggregated from the literature
review in Chapter 2 and compared with design capacities predicted using Annex D. Chapter 4
describes the experimental testing program used to ensure that the design table capacities,
calculated with Annex D of A23.3:19, are adequate. Finally, Chapter 5 summarizes the
conclusions drawn from this study and recommendations future studies regarding both

standardizing embedded plate designs and embedded plate design methods.
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2 Literature Review

2.1 Introduction

In this chapter, an overview of research conducted on concrete anchor capacity for embedded
plates is presented. Selected investigations performed by researchers are discussed and some
history regarding the development of design codes and standards for concrete is provided to give
context to the development of the current Canadian design standard, CSA A23.3:19, used to
calculate design capacities in the tables presented in Chapter 3. Additionally, design guidelines

provided in Annex D are discussed.

2.2 Headed Anchors

One major component of an embedded plate is the anchor. Cast-in headed anchors are typically
made of a cylindrical steel rod, with a larger diameter “head” at one end and welded to a fixture at
the other end, as shown in Figure 2.1. When the anchor is cast into concrete, loads are transferred

from the fixture to the concrete through the anchor.

a)

Welded End Anchor Head

Figure 2.1 Anchor welded to a steel plate (a) viewed from the side, and (b) viewed from the
anchor head

This section highlights some of the relevant studies conducted to predict concrete anchor capacity
in tension and in shear. Due to the complexity of the geometry of embedded plates, the non-
linearity of concrete behaviour, and complicated contact and bond formulations between the
anchor and the concrete, much of the research conducted regarding concrete anchors has been
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focused on experimental testing results used to develop empirical design equations. Additionally,
studies regarding concrete breakout resistance and steel anchor resistance in shear are highlighted

with more detail, as they are especially relevant to the experimental testing program presented.

2.2.1 Tension Failure Modes
Headed steel anchors loaded in tension can fail in four main modes: anchor failure, concrete

breakout, anchor pullout, and side-face blowout.

2.2.1.1 Anchor Failure

Steel failure of an embedded welded headed stud is typically the most desirable failure mode
because it is much more ductile than the concrete failure modes. As long as the weld and the steel
plate have sufficient strength, the anchor will fail through tensile uniaxial stress. Methods to
predict steel anchor failure are typically based on ultimate strength rather than yield strength, since
the materials used in headed studs typically do not have a well-defined yield point (Anderson and
Meinheit 2000). Thus, steel anchor failure capacity is much easier to calculate when it is based on

an easier to measure material strength.

2.2.1.2 Concrete Breakout
The second failure mode for welded headed studs in tension is concrete breakout strength. This
failure mode is characterized by the breakout of the concrete surrounding the anchor in a conical

shape (seen in Figure 2.2).

Breakout cone
angle

Figure 2.2 Concrete breakout in tension failure surface (adapted from Eriksson and Gasch
2011)

The concrete capacity design (CCD) method, outlined by Fuchs et al. (1995), is used in current
building codes and standards such as ACI 318-19 and A23.3:19 to predict the failure load and
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mode. Since the CCD method was introduced, further research has been conducted to expand and
improve the CCD method. Specifically, the effects of reinforcement on concrete breakout failure
loads were studied by Nilsson et al. (2011) and Nilforoush et al. (2018). Nilsson et al. (2011)
tested single cast-in headed anchors in plain and reinforced concrete (reinforcement ratio of 0% to
1.2%) and found a significant increase (23% to 54% increase) in load bearing capacity when
reinforcement is present. Furthermore, the amount of increase depended on the placement of the
reinforcement. Thick concrete members were also found by both Nilsson et al. (2011) and
Nilforoush et al. (2018) to increase the capacity of the anchors failing in concrete breakout. Thin
slabs tended to deform and crack close to the failure load, accelerating failure, while thicker slabs
did not deform as much; reinforcement also prevented cracks from forming until the peak load was

reached (Nilforoush et al. 2018).

2.2.1.3 Anchor Pullout

Pullout failure of welded headed studs typically occurs when the anchor is deeply embedded into
a member so as to develop a large force. The concentrated pressure at the bearing surface of the
head of the stud causes local crushing of the concrete, which leads to significant displacement of
the anchor, resulting in reduced concrete breakout failure capacity as predicted by the CCD
method. Smaller anchor heads lead to larger pressures on the bearing area, leading to larger

displacements, as shown in Figure 2.3.

i i i e L

Large Medium Small

Bearing area

Figure 2.3 Pullout of a headed anchor in tension (Eligehausen et al. 2006)
Eligehausen et al. (1992) estimated the critical bearing pressure of headed studs to be
approximately 15 times the concrete cube compressive strength (f...00) from tests with

embedment depths of 185 mm. Additionally, Nilforoush et al. (2018) conducted seven tests on

cast-in headed anchors with three different head sizes to determine the effects of head size on
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concrete breakout capacity. From the experiments, large-headed anchors had significantly
increased concrete breakout capacities compared to small-headed anchors of the same length,
while the small-headed anchors had increased ductility compared to the large-headed anchors.
Notably, the small-headed anchors exhibited a pullout failure behaviour where they developed
greater ductility and displacements after peak load, compared to the large-headed anchors. This
means that because of the high concrete bearing stress against the anchor head, the concrete locally
crushed, resulting in a gradual pullout of the anchor and a reduced concrete breakout capacity.

The small-headed anchors had a bearing stress of approximately 14.7f.. ¢, similar to the

proposed critical bearing pressure of 15f.. ,0¢ proposed by Eligehausen et al. (1992).

2.2.1.4 Side-face Blowout

When an anchor is deeply embedded near an edge of a concrete member, the side-face of the
concrete can blow out laterally when the anchor is loaded in tension, as shown in Figure 2.4.
According to Furche and Eligehausen (1991), this side-face blowout failure is caused by the quasi-
hydrostatic pressure near the head of the stud producing a lateral force. This failure mode is

independent of the embedment depth (h,f), but is a concern when the anchor is close to an edge.

T

Figure 2.4 Concrete side-face blowout (Eligehausen et al. 2006)

Few studies have been published regarding this failure mode for headed anchors. Though there
are studies examining headed reinforcement fabricated from deformed reinforcing steel bars,
headed anchors differ from headed reinforcing bars in that the bond strength of reinforcement to

concrete is significant, while the bonding of headed studs to concrete can typically be neglected.
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Furche and Eligehausen (1991) conducted 35 tests on single headed anchors, varying embedment
depth (100 to 500 mm), edge distance (40 to 60 mm), and head bearing area (264 to 1100 mm?) in
unreinforced concrete to study side-face blowout failure. The failure load increased with
increasing edge distance, increasing bearing area of the anchor, and increasing concrete strength.
Of their tests, 28 failed by side-face blowout and the equation proposed after these tests is used in
Annex D of A23.3:19 (see Section 2.5.2.4). Notably, the effects of reinforcement are not included
in the method found in A23.3 to calculate concrete side-face blowout resistance, even though
confinement of the concrete failure surface has been shown to increase the anchor resistance to

other failure modes such as concrete breakout in tension and in shear.

2.2.2  Shear Failure Modes

Anchors loaded under a predominantly shear force can fail in three main modes: anchor failure,
concrete breakout, and pryout. Because of the complexity of the stresses developed in an anchor
loaded in shear, discussed in Section 2.5.3.1, attempts to quantify welded headed stud’s shear load
bearing capacity have been largely empirical. Relevant studies regarding each mode of failure are

presented in this section.

2.2.2.1 Anchor Failure
Typically, if an anchor or anchor group is embedded deep in concrete and far from an edge, steel
anchor failure is the governing failure mode. Steel failure of anchors embedded in concrete and

loaded in shear is complex, as shear, tension and bending stresses develop in the anchor (shown in

Figure 2.5) (Eligehausen et al 2000).

Figure 2.5 Load bearing mechanism of headed stud in shear (adapted from Eligehausen et
al. 2006)

Currently, there is no widely accepted theoretical method to determine the steel failure load of an

anchor loaded in shear, since these methods have generally been found to be inaccurate or have
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high coefficients of variation in the ratio of measured-to-calculated failure loads (Eligehausen et

al 2006). Thus, Fuchs and Eligehausen (1986) proposed Equation 2.1.

Vsar = @ Ase,V futa 21

where:

Vsar = factored resistance of an anchor in shear

Ag, v = effective cross-sectional area of an anchor in shear

a = test-to-calculated ratio of V;,, for 220 tests conducted by Fuchs and Eligehausen (1986)

futa = specified tensile strength of anchor steel

From Fuchs and Eligehausen (1986), @ was determined to be 0.6 for post-installed anchors.
Anderson and Meinheit (2000) performed 97 tests of cast-in welded headed anchors and anchor
groups (with two or four studs) loaded in shear as a response by the Precast/Prestressed Concrete
Institute (PCI) after new provisions for concrete anchors were introduced into the ACI 318-02
Building Code, even though the ACI provisions were based on post-installed anchor tests. Their
report focuses on the steel-controlled failure mode of cast-in welded headed anchors loaded in
shear. The anchors (12.7 and 15.9 mm in diameter) were cast into concrete slabs placed flat on
the ground and loaded horizontally to be more representative of the conditions found in precast
concrete construction. In all the tests studied, the anchors failed at either the weld or the stud
shank. From the results, @ was determined to be 1.0 for welded headed anchors. The higher
coefficient, a, for welded headed studs—as compared to post-installed anchors—is attributed to
the weld metal increasing the effective cross-sectional area in the region of highest stress, and the

increased fixity at the welded end reduces bending stresses in the anchor (Eligehausen et al. 2006).

Equation 2.1 has been widely adopted for assessing steel anchor shear failure, notably in CSA
A23.3:19. Further testing from other researchers such as Lin et al. (2014), who conducted six
direct shear pushout tests of welded headed anchors in unreinforced concrete failing in the steel

anchor, showed the equation provided accurate predictions of steel anchor shear failure.

2.2.2.2 Concrete Breakout

Concrete breakout typically occurs when anchors are placed close to an edge of the concrete and
loaded in shear perpendicular to and toward an edge. It is characterized by the breakout of the
concrete towards the edge in a half-conical shape, similar to the shaded region in Figure 2.6.
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Figure 2.6 Concrete breakout in shear (Fuchs et al. 1995)

Although many studies have been published to develop and verify the CCD method used in Annex
D to predict concrete breakout failure, research continues to improve on the method. For example,
in a series of studies published by Sharma et al. (2016, 2017), a more detailed model of anchors

embedded in reinforced concrete (than in current design codes such as ACI 318-19) is proposed.

Sharma et al. (2016) conducted 16 tests on anchor groups of two to eight anchors (with one to four
anchor rows) loaded in shear perpendicular to the edge, with four reinforcement layouts
(unreinforced, 12 mm stirrups, 16 mm stirrups, and bundled 16 mm and 14 mm stirrups, all at
200 mm spacing). In the tests, the steel plate to which the anchors are attached was restrained to
prevent movement away from the concrete surface. The main purpose of this study is to
experimentally investigate the influence of supplementary reinforcement on anchor groups with
multiple rows loaded in shear toward the edge, failing by concrete breakout. Due to limited
research in the area, current models only consider the contribution of the greater of either concrete
or reinforcement to anchor capacity; they do not consider the combined effects of concrete and
reinforcement. This leads to conservatism in current design approaches, such as in ACI 318-19.
Furthermore, in ACI 318-19, when the failure crack is assumed to be at the farthest anchor row (as
is typical for welded headed studs), the anchor steel failure load must be calculated based on the
assumption that the entire shear load is carried by the furthest anchor row only. Neglecting the
possible contribution of the closer anchor rows to steel anchor capacity also leads to more

conservative predictions.
Sharma et al. (2016) also proposes an explanation of the behaviour of anchors close to an edge
with supplementary reinforcement using a strut-and-tie model. The tensile forces are taken up by
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the stirrups and edge reinforcement, and compression forces are taken by the concrete struts shown
in Figure 2.7. From the results of the tests, Sharma et al. (2016) concluded that even small amounts
of edge reinforcement and stirrups can significantly increase the capacity of anchor groups close
to an edge loaded in shear towards the edge. For the reinforcement layout with 12 mm stirrups,
anchor groups failed at loads up to 2.45 times those observed in unreinforced concrete. However,
there was relatively little increase in capacity as the amount of reinforcement increased. An
increase of only up to 2.62 times the failure load compared to unreinforced concrete was found for
the tests in concrete with bundled 16 and 14 mm stirrups, since with large amounts of
reinforcement, strut failure begins to become the governing failure mode. Additionally, for anchor
groups with only one row placed close to the edge, the edge reinforcement and stirrups could not
be reliably activated. Although there is an increase in their capacity, the increase caused by cable

action of the edge reinforcement is unreliable, and should not be considered in design.

Idealized
breakout body

Figure 2.7 Strut-and-tie model for anchors with reinforcement close to an edge
(Sharma et al. 2016)

In addition to research on improving the CCD method, there have also been studies on the
ambiguities in how it applies to anchor groups. Specifically, the distribution of shear load to the
anchors at the ultimate load relies heavily on assumptions made about the behaviour of the anchor
groups after initial concrete cracking occurs around anchors closer to the edge. For example,
Grosser (2012) conducted shear tests of anchor groups to determine what assumptions should be
made when calculating concrete edge breakout capacities of anchor groups in different conditions.
Post-installed, bonded anchors were installed in concrete slabs with only the minimum
reinforcement required to lift it with a crane, to prevent the reinforcement from confining the

concrete breakouts.
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Anchor groups consisting of two to three rows of anchors with varying centre-to-centre spacings
between the rows of anchors (s;), and distances from the concrete edge to the closest anchor (c; 1),
loaded in shear toward the free edge, shown in Figure 2.8, were tested. For anchor groups with a

large ratio of row spacing to front edge distance (:—1 = 2.0) in unreinforced concrete, the ultimate
1,1

concrete breakout failure occurred at the back anchor. Consequently, it can be assumed that the
anchors closer to the edge have cracked the concrete and do not resist a significant amount of load
and the ultimate load is controlled by the back anchors. Thus, only the back anchors should be

used in the calculation of steel anchor shear capacity in unreinforced concrete. However, tests

with Cs—l approximately equal to 1.0 showed that this can be conservative as a higher steel anchor
1,1

capacity was found, showing that the front anchor can resist a fraction of the applied shear load
after initial concrete breakout. Furthermore, initial cracking of anchors closer to the edge in an
anchor group were shown not to affect the ultimate capacity of the anchors farther from the edge.

Additionally, the commentary for ACI 318-14 states that for anchors having a perpendicular

spacing to front edge distance ratio (:—1) less than 0.6, both front and rear anchor rows may be
1,1

assumed to fully participate in resisting the shear load.

Figure 2.8 Anchor groups tested by Grosser (2012) in shear towards the concrete edge
(adapted from Grosser 2012)

Anchor groups loaded in shear parallel to an edge were also tested by Grosser (2012) and results
showed their load-bearing behaviour differs compared to the same group loaded in shear
perpendicularly toward the edge. In contrast, ACI 318-14 simply calculates the capacity of an
anchor group in shear parallel to the edge as being twice the capacity of the same anchor group if
it were loaded in shear perpendicular toward the edge. For anchor groups such as those depicted
in Figure 2.9, reference tests were conducted on each row of anchors (one closer to the edge, one
further from the edge), and tests were also conducted on the full anchor group. From the failure
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patterns shown in Figure 2.9, and comparing the reference tests to the full anchor group tests, it
was suggested that the ultimate capacity of the anchor groups should be calculated as twice the
concrete breakout resistance of the anchor row closer to the edge acting alone. Although load can
be redistributed to the anchors farther from the edge after breakout of the first row of anchors, this
redistribution is heavily affected by the torsional restraint of the fixture attached to the anchor
group. Additionally, in narrow concrete members such as columns or edges of walls, where very
few studies have investigated anchor group load bearing behaviours, Grosser (2012) shows similar
findings through the anchor groups’ failure patterns, shown in Figure 2.10, and comparison with

reference tests.

Figure 2.9 Failure patterns of anchor groups loaded parallel to the free edge failing in
concrete breakout for (a) two-anchor group, and (b) four-anchor group (Grosser 2012)

Figure 2.10 Failure patterns of anchor groups in narrow concrete members loaded parallel
to free edge failing in concrete breakout for (a) four-anchor group, and (b) six-anchor
group (Grosser 2012)
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2.2.2.3 Pryout

The last failure mode of anchors embedded in concrete loaded in shear considered in Annex D is
pryout. Figure 2.5 shows that when a headed anchor is loaded in shear, it bears against the
concrete, resulting in spalling near the surface of the concrete. Thus, the reaction force (V},), shifts
downward as more shear load (V) is applied, resulting in an increasing moment that causes a
compressive force (C) between the plate and the concrete surface, and tensile force (V) in the stud.
If the tensile force (N) exceeds the tensile capacity associated with the maximum fracture surface
that can be activated by the stud, the concrete will fail and a cone-shaped section of concrete behind

the anchor will pry out (Eligehausen et al. 2006), as shown in Figure 2.11.

Figure 2.11 Concrete pryout failure (Jebara et al. 2015)

Different equations have been proposed to calculate pryout capacity of welded headed studs, such
as Equation 2.2 proposed by Ollgaard et al. (1971) for a single stud, because of its prevalence in
composite beams. Equation 2.2 is commonly used in steel design standards such as in CSA S16:19
to design welded headed studs used for composite beams with a solid slab because of its simplicity
and accurate predictions. Ollgaard et al. (1971) tested 48 pushout specimens, varying the number
of studs, stud diameter, and type of concrete used (light-weight and normal-weight). From the
results, it was determined that the cross-section of the anchor, and concrete properties (strength
and density) play an important role in predicting pryout capacity, Q,,. Since the density of concrete

affects its elastic modulus, it is accounted for in Equation 2.2.

1
Q, = EASV f;:, E. 2.2

where:
A, = cross-sectional area of the stud
f¢ = concrete compressive strength

E. = modulus of elasticity of concrete
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Currently, in Annex D, the pryout failure capacity is the tension concrete breakout failure capacity
multiplied by the coefficient for pryout resistance, k., (more information can be found in Section
2.5.3.3), which does not consider the effects of anchor diameter. However, more recent studies
(Anderson and Meinheit (2005), Jebara et al. (2016)) have found this method to be overly
conservative and it misses the contribution of anchor diameter to pryout capacity. Precast concrete
members are often thin, such as in sandwich wall panels; thus, anchors are often shallowly
embedded and therefore often fail by pryout. Anderson and Meinheit (2005), as a part of a PCI
research program, analyzed pushout test data from several studies, and conducted eight tests on
multiple-row anchor groups with welded headed studs. Notably, from the results, an equation was
proposed that considers the anchor diameter, concrete properties (strength and density),
embedment depth, and spacing of the anchors in the direction of the shear load (‘y’ spacing), while
the equation proposed by Ollgaard et al. (1971) does not consider embedment depth or y spacing.
Similarly, Jebara et al. (2016) investigated pryout capacity through 45 tests on single welded
headed studs with varying embedment depth (30, 50 and 90 mm) and diameter (8 to 44 mm), and
proposed Equation 2.3. Again, cross-sectional area (accounted for with anchor diameter (d,)),

concrete strength (f¢200) and embedment depth (h.f) were shown to be significant factors in

predicting concrete pryout strength.

Vep =6 dg'sfcoc',szoo h;fs 2.3

2.2.3 Shear and Tension Interaction

When anchors are loaded in shear and tension simultaneously, the interaction of the two forces
results in a capacity reduction. This interaction is complex as there are different failure modes to
consider, as well as the shear and tension interaction. Different interaction models, shown in
Figure 2.12, have been proposed in several different studies. A trilinear interaction diagram was
proposed by Bode and Roik (1987), and elliptical interaction diagrams, common for shear and
tension interaction of steel, have been studied by Lotze et al. (2001), Saari et al. (2004), and Lin
et al. (2014).
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Figure 2.12 Different shear and tension interaction diagrams (Lotze et al. 2001)

Bode and Roik (1987) tested single headed anchors under combined shear and tension and
proposed a trilinear equation, currently used in Annex D, because of its simplicity and relatively
conservative predictions. For cases where there is little shear (less than 20% of applied tension
when normalized by their respective capacities without interaction) in tension-dominated loading,
or little tension (less than 20% of similarly normalized applied shear) in shear-dominated loading,
no reduction in strength due to shear and tension interaction has to be considered. Furthermore,
since the concrete specimens used in the testing were unreinforced or only lightly reinforced, they
considered the trilinear method, shown in Figure 2.12, to be conservative in more practical cases

with higher reinforcement ratios.

An elliptical interaction, such as Equation 2.4, has been used by several studies, such as those of
Lotze et al. (2001) and Saari et al. (2004), to describe the shear and tension interaction of anchors.
However, there have been varying recommendations for the exponent (k). Lotze et al. (2001)
proposed exponents of 1.67 to 1.80 for failures in the steel anchors and 1.6 for concrete failure,
while Saari et al. (2004) showed that an exponent of 1.0 may be more appropriate. Lin et al. (2014)
proposed a modified elliptical interaction, where the simplicity of the trilinear equation is

combined with an elliptical interaction.
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s f 2.4
< 1.0 .
<Vr) * <Nr) =

where:

V¢ = factored shear load

V. = factored shear resistance
Ny = factored tensile load

N, = factored tensile resistance

2.3 Plate Design

The steel plate to which anchors are welded is an important part of an embedded plate assembly.
However, few studies been published regarding the steel plates used for embedded plates.
Currently, there are no explicit design guidelines for the steel plate of an embedded plate in CSA
A23.3:19 or S16:19. Although there are baseplate design guidelines in the Canadian Handbook
of Steel Construction (CISC 2017)