School of Civil and Mechanical Engineering

Department of Civil Engineering

Analysis of Edgelift Anchor Failures in

Experimental Precast Panels

Andrew Barraclough

This thesis is presented for the Degree of
Doctor of Philosophy
of

Curtin University

July 2016



Declaration

To the best of my knowledge and belief this thesis contains no material
previously published by any other person exceptwhere due acknowledgement
has been made.

This thesis contains no material which has been accepted forthe award ofany
otherdegree ordiplomainanyuniversity.

Signature:

Date:

29/06/16






Original work declaration

During this research the author was on the committee responsible for the revision of
the Australian Standard, AS3850 i Prefabricated Concrete Elements, where the
committee was formed in 2009 and the revised standard was published in 2015. As a
consequence, AS3850 (SAI 2015) has adopted some cast-in Edgelift anchor
performance in early age concrete aspects which are highlighted by the findings of
this research. References in AS3850 (SAI 2015) are: Part 1 clause 2.2 (c), and
detailed in A7, Appendix A and Appendix B.

Even though this thesis is not a thesis by publication, during this research various
peer reviewed papers were published as conference proceedings, where the findings
of these published papers are findings described in this thesis, specifically in relation

to the following papers;

Barracl ough, A S. -Lifi AnchBrl Panekreinforcement igfldegce on
f ai |l ur e Australasidns Stractural & Engineering Conference. Perth:

Structural Engineering Institute of Australia, 2012.

Barracl ough, A S. ATensil e and compress

Conference proceedings. Nashville, USA: Precast Concrete Institute, 2012.

Barracl ough, A S.. ATensile and compressi Ve
Precast Concrete Institute Convention. Melbourne: Concrete Institute of
Australia, 2012.

Barracl ough, A S, and N  iLift Agcdor: Influghce Pl at e T
reinforcin g conf i gur ati ons o @oncreta 201 ™Melboumme:d e s . 0

Concrete Institute of Australia, 2011.

Barraclough, A S, and N-Liftdnahgr:EBhearfiehforBement e Ty pe
influence on failure | o a dAgstratasian Structural & Engineering Conference:
Sustainability for the future. Perth, Australia: ASEC, 2012.

Barracl ough, A S, and N Lloyd. AfEar lofy age
concrete - Impact on predictions for anchor pull-outc a p a cGoncrete 2013.

Brisbane: Concrete Institute of Australia, 2013.






Contents

(O(O A I =\ S TP 1
[T 17 11 ]\ T V
[ IO L A = I TR VI
LIST OF FIGURES ... oottt ettt e e et e e e et et e e e et et e e e e e eneeens VI
F N RN 1Y T 1
R 1V I O 15 16 L@ 11 ] 3
1.1. P ROBLEM STATEMENT . ttttttttit it ettt et ettt et en e s et eae et esstasea st eaensensenssnssnssneaaenns 4
1.2. N 1 4
1.3. L1070 = 5
1.4. OVERVIEW OF THIS RESEARCH ..utiuiititiiitt ittt et e eae e et et e s et saeeasensans e eaenens 6
1.5. STRUCTURE OF THIS THESIS +.ttttttuttuttaetettttteenseneaessaeensensensenssstesassnsenstnesesnenaees 7

2 LITERATURE REVIEW i CAST-IN PLACE ANCHORS ... 11
2.1. DESIGN CONSIDERATIONS FOR CAST-IN PLACE EDGELIFT ANCHORS ......ccvvivivniinennnnes 11
20 0 R = - Tod (o[ {011 o S 13

A N 014 [0 (= [ (15 ) = [ N 17

2.2. CAST-IN HEADED ANCHOR DESIGN AND THEIR HISTORICAL DEVELOPMENT ......ccvvu..... 18
2.3. NON-HEADED CAST-IN ANCHOR DESIGN GUIDELINES .....cuuivniieneeneeeneeaeeeneeeeeneeaneennnes 20
2.3.1 Concrete Capacity DESIQN .....ccovvuuiiiiiie e e e e e e e e e e e e 22
2.3.2 Models defined by the Standards.............oouviiiiiiiiiiiccci e, 24
2.3.3 Summary of design models used for cast-in Edgelift anchors.......................... 28
2.3.3.1  CONCrete CONE CAPACILY ... .uuuuuiiiiiiiiiiiiiiiii s 29

23311 Insert edge diStaNCe.........oooiiiiiiiiii 30

23312 Effect of athin Wall.........oooiiiiiiii e 31

2.4. PREFABRICATED WALL PANEL LIFTING DESIGN...cuuiuuiuniiteetiianeeniesneeneesneesnseneesneennes 32
2.4.1 Edgelift Insert 7 testing to derive Capacity........cccooeevvvieiiiiiiieeeeeeiiiiice e 32

2.5. CAST-IN EDGELIFT ANCHOR INDIVIDUAL LOAD RESISTANCE COMPONENTS ......ccvvevn.... 34
2.5.1 Edgelift anchor - Cracked or un-cracked CONCrete .............uvvveveeeeeveverieririeennenns 35

2.6. CURRENT PERFORMANCE MODELS T ASSUMED CONCRETE BEHAVIOUR..........ccvvevn.e.. 35

3 LITERATURE REVIEW - EARLY AGE CONCRETE STRENGTH PARAMETERS.....40
3.1. EARLY AGE CONCRETE - MATERIAL CONSIDERATIONS .. .uuiviitiiniieieeieeteiieineaneaennennns 40
3.2. TEMPERATURE RELATED STRENGTH MODELS v uiuiitiiiitiitiitiitiiteeeeeteeneensenesnesnesnennns 45
3.3. EARLY AGE CONCRETE - MECHANICAL PROPERTIES ...uuiviitiitiiiieieeieeieiieieeeaeaeanns 47
3.3.1  COMPreSSIVE SIFENQLN ......oviiiiiiiiiiiiiiiie ettt eee e seeeeseseeeeeeesaene 47
3.3.2  TenSile StrENGN.......oovviiiiiiiiiiiiiiiiee e 48
3.3.3 Tensile vS cOMpPressive StreNGth ...........uuvviiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 52



3.3.4
3.3.5
3.3.6
3.3.7

The derivation of tensile strength ... 53

Factors affecting tensile strain Capacity...........cccccevriiiiiiiiii 54
Predictions for anchor pull-out Capacity............ccccceeiiiiiiiiiii, 54
Concrete tensile BENAVIOUN ..........coooiiiiii e 56

4  EXPERIMENTAL RESEARCH 1 CONCRETE STRENGTH AND CAST-IN HEADED

1N ST = g IO AN o X O N s T 58
4.1. CONCRETE TENSILE STRENGTH AND CAST=IN INSERTS ....ieeeiiirtiiiineeeeereeeniinneeeeeeens 59
4.1.1  Experimental Program ... 59
4.1.2 Test Results and ANAIYSIS........ccooiiiiiiiiiii 63
4.1.3  Concluding remMarksS.........ooooiiiiiiiiiii 67
4.2. CAST-IN HEADED INSERT CAPACITIES .. cttttueteitieeeeaiiaeeeetieeeesnnaeeeesnnaeseannaaeesnnaaes 69
4.2.1  ExXperimental Program ... 69
4.2.2 Test Results and ANAIYSIS........coooiiiiiiiiiiii 75
4.22.1 Concrete failure teSt reSUIS .........ooovviiiiiiiii 77

4.2.2.2 Concrete Strength reSUILS ........vveiii i e 78

4.2.3  Concluding remarksS.........ooooiiiiiiiiii 79

5 EXPERIMENTAL RESEARCH - EDGELIFT ANCHOR CAPACITIES IN EARLY AGE

CON CRETE ..o, 81

5.1. EDGELIFT TEST 117 ANCHOR SHAPE AND CONFIGURATION EXPERIMENTAL PROGRAM. 83

5.1.1 EXperimental Program........coooioiieeuiiieie et e et e e aa s 83

5.1.2 Test ReSUItS and ANAIYSIS .......vvuiiiiiiiiiiee e e aees 88

513 Concluding reMarksS ......ooooeeiiiee 91

5.2. EDGELIFT TEST 2 - PANEL REINFORCEMENT INFLUENCE ON FAILURE LOADS .............. 94

521 EXperimental Program......... ... . s 96

522 Test Results and ANAIYSIS ........oovviiiiiiii 102

5.2.3 Concluding reMarks ......ooooveieiiee 111

5.3. EDGELIFT TEST 3 - INFLUENCE OF ANCHOR REINFORCING ONFAILURE LOADS.......... 115

53.1 EXperimental Program......... ... s 116

5.3.2 Test Results and ANAIYSIS ........ooovviiiiiii 121

5.3.3 Concluding remMarks ......oooooeeiii i 133

5.4. EDGELIFT TEST 4T ANCHOR REINFORCEMENT INFLUENCE ON SHEAR FAILURE LOADS
135

54.1 Predictive Strength EQUAtIONS. ..........uuuiii s 137

5.4.2 Experimental Program......... ... s 140

5.4.3 Test Results and ANAlYSIS ........ooovviiiiiiiii 145

544 Concluding remarks .......ooooeeeeiie e 148

5.5. EDGELIFT TEST 5 - STRESS DISTRIBUTION ALONG AN EDGELIFT ANCHORS LENGTH .. 152

55.1 Experimental Program......... ..o 152

55.2 Test Results and ANAIYSIS ........ooovviiiiiiiii 156

55.3 Concluding remarks .......ooooeeeeiiie 161



6  DISCUSSION AND ANALYSIS. ...t 162

T CONCLUSIONS. ... ettt ettt e ettt e e e e e e e bbbt e e e e e e e e annbbeeeaaaaaeas 167
8  RECOMMENDATIONS ...ttt e e e e e e e e e e e e e e nnnreneeaaaeeas 169
9 REFERENCES..... .ttt ettt e e e e ettt e e e e e e e st aeaaeeeas 171
APPENDIX AT LIFTING DESIGN ....cciiiiiittiiiitie ettt e e iieeeneeee e e e e e enees 175

WL PANET TITLING ..t 175

Basic Principles of wall panel lifting using cast-in inSens............cccccooeeiii. 176
APPENDIX B - TEST DATA ...ttt ettt e e e e e ettt e e e e e e e e e s nnteeeeeaaeeeeannes 180



Notation

0s
0

0o

g

5%

ks

Np

0

0

o

- Actual projected area for concrete cone failure

- Projected concrete failure area of an insert with edge distance equal to or greater than 1.5hes
- unrestricted project concrete failure area,

- edge distance reduced projected concrete failure area,

- Load bearing area of the head of the insert

- Minimum value for edge distance to achieve characteristic resistance to tension load
- Modified minimum value for edge distance to achieve characteristic resistance to tension load
- Maximum distance from centre of an insert to the edge of element <

- Diameter of the head of the insert

- Characteristic compressive strength of concrete at 28 day

- Mean concrete tensile strength at time of test

- Characteristic compressive strength of the concrete at time ofloading

- Characteristic compressive strength of concrete derived from cubes

- Uniaxial tensile strength of concrete

- Characteristic uniaxial tensile strength of concrete

- Modulus of rupture

- Splitting tensile strength

- Concrete tensile strength

- Characteristic tensile strength of concrete

- Modulus of rupture

- Characteristictensile strength, derived from a Splitting test

- 5% fractile or characteristic capacity

- Nominal yield strength of splitting reinforcement steel

- Coefficient for modulus of rupture conversion

- Direct tensile strength conversion

- Effective embedment depth of a cast-in anchor

- Modified effective depth of embedment for narrow elements

- Factor relating to the condition of concrete (cracked or un-cracked)

- Sampling factor

- Design resistance of insert or group of anchors to tension

- Basic concrete breakout shear capacity of a single anchor,

- Predicted tensile breakout strength

- Characteristic resistance of a tested single anchor placed in un-cracked concrete

- Characteristic tensile pull-out strength of a cast-in headed anchor

- Predicted characteristic resistance of single anchors placed in un-cracked concrete
- Characteristic resistance in the case of blow-out failure for a single insert with shape factor
- Characteristic resistance in the case of splitting failure

- Design tension load

- Maximum force recorded on load cell during a test



- Design resistance

- Design actions

- Critical spacing so adjacent inserts do not influence characteristic tensile insert resistance

- Critical spacing so adjacent inserts do not influence characteristic tensile insert resistance

- Critical spacing so adjacent inserts do not influence characteristic splitting insertresistance
= - Modified critical spacing so characteristic tensile resistance of insert in a narrow member
v - Design shear resistance of insert or insert group

- Design shear load

3 - Coefficient of variation

! - Shape modification factor

T, - Tension shape modification factor for concrete conefailure

a - Capacity factor

a - Tensile Capacity factor

Cuerv - Factor relating to the state of the concrete (cracked/non-cracked) for concrete conefailure
Yedn - Tensile edge modification factor

Yepn - Modification factor for post-installed anchor edge reduction

YenN - Modification factor for post-installed anchor for un-cracked concrete

- Unit weight of concrete (kg/m3)
- Light-weight concrete modification factor
. - Concrete crack modification factor (1.4 for non-cracked) for pull-out strength

. - Concrete crack modification factor (1.25 for non-cracked) for break-out strength
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1 Introduction

Abstract

An extensive literature review of early age concrete material behaviour and concrete
strength models highlights that research relating to early age concrete cast-in place
anchors is very sparse. From the literature review it is evident that the early age
concrete tensile strength is the predominant concrete material strength criterion
influencing the performance of cast-in-place anchors, or more specifically the
mechanical interaction of Edgelift anchors in a prefabricated concrete early age
application. Additionally, design criteria for anchors are predominately grounded in
research of headed anchors in mature concrete. The experimental research in this
thesis addressed the research deficiency; performance in early age! concrete of

Edgelift anchors.

The models presented in ACI318 (2008), Building code requirements for structural
concrete, and AS3850 (SAIl 2015), Prefabricated concrete elements, applicable to
cast-in anchors include physical anchor and material parameters, anchor effective
embedment depth, he, and concrete compressive strength, either % or fe age. Anchor
bearing area and tensile strength of concrete are not included in the capacity models
presented in these standards. This research highlights the significance of these
currently excluded parameters that determine the load bearing capacity of a cast-in
edgelift anchor. This research provides analysis and experimental evaluation of the
concrete capacity models of ACI318 (2008) and AS3850 (SAI 2015) for the capacity

design of cast-in Edgelift anchors performance.

A literature reviews of the typical concrete strength test methods and their application
for early age concrete highlights the significance of concrete tensile strength for cast-
in edgelift anchors. An experimental program examining uniaxial direct tension and
splitting tensile test methods was conducted. These concrete strength test methods
were compared for suitability in early age concrete lifting applications. Concrete
compressive and tensile strength gain with age was experimentally assessed. This
showed a variable strength gain relationship especially in concrete aged less than 3

days for various concrete mixtures types. The significance between the compressive

16 E aa d & aterm used throughout this thesis, and refers to concrete during its early stages
of hydration, less than 3 days from water being added.
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1 Introduction

strength and tensile strength relationships for the concrete mixtures and testing load
rates used in the experimental program showed that measuring concrete compressive

strength was an adequate measure to estimate the failure of an edgelift anchor.

The experimental program tests cast-in headed anchors and compares the results
against the published models in ACI318 (2008) and AS3850 (SAI 2015). The cast-in
place headed anchor capacities in early age experimentation program includes
headed anchors, at various embedment depths tested at early ages. Two concrete
mix types and two applied load strain rates were also used in the test program and
the test confirms changes in load carrying capacity of the anchors when different
concrete mix designs are used. The strain rate,

significant difference to the tested anchor capacities.

The cast-in Edgelift testing experimental testing of this research highlights the
significance between the differences of tested and models included in current
published models, mainly ACI318 (2008) and AS3850 (SAI 2105), and their suitability
for early age concrete as used with cast-in-place Edgelift anchors. Furthermore, the
test program explores the interaction and capacity contribution of various steel
reinforcement configurations on cast-in-place Edgelift anchors in thin wall concrete

panels.

Edgelift anchor capacities in early age experimentation program includes tensile and
shear tests, with different steel reinforcement configurations, concrete mixtures and
concrete ages. This series of tests involved the largest data set collected during this
research (over 800 pull-out tests conducted) and details the load contribution various
steel reinforcements has on edgelift anchors, for both tensile and shear load

directions.

Edgelift anchor stress distribution experiments assess the load sharing capacity of an
Edgelift anchor at early concrete age. The conclusion of this test series showed that
at different positions along the length of the anchor, the bearing area of the anchor
influences the stress distribution from the applied load. This load bearing area
geometry of the edgelift anchor in turn influences the load carrying capacity of the

anchor and the mechanical interlock with the concrete.

Curtin University, Department of Civil Engineering 2



1 Introduction

1. Introduction

This thesis provides details of research conducted into lifting anchor failures of
concrete wall panels using cast-in-place Edgelift anchors. In addition to the eight
hundred and four, 804, cast-in anchor tests and one hundred and fifty, 150, concrete
strength experimental tests of this research, an extensive literature review has been
included to highlight the relevant current literature which highlights the research gap
that is the subject of this research. The results of this research will ultimately assist
the design engineer when assessing the efficiencies of concrete wall panel cast-in-
place Edgelift anchors in early age concrete and contribute to the body of knowledge

of prefabricated concrete lifting.

Cast-in anchors are widespread in prefabricated concrete construction. One type of
cast-in anchor is the Edgelift anchor used to lift prefabricated wall panels. Concrete
el ement s, -uperpreende |6std6 laar e defined as a f
in the horizontal position. Lifted by rotation about one edge until in a vertical position,
they may then be lifted into position and incorporated into the main structure. The
typical lifting of these panels is by means of placing a cast-in steel insert at the edge

of the centre of the thin section, thus termed Edgelifting.

Research into the performance of cast-in headed anchors has been on-going since
the 197006s t o ebearinglbéhaveur of cdstdn place anthors, as a
general performance model for cast-in anchors, as used in prefabricated concrete
elements, Eligehausen (2014); Dao, et al (2009). The outcomes of the research into
the general performance of cast-in headed anchors have been included in industry
construction guidelines, such as ACI318 (2008) - Building code requirements for
structural concrete, CEN/TR 15728 (ECS 2008) - Design and use of inserts for lifting
and handling of precast concrete elements, and AS3850 (SAI 2015) i Prefabricated
conrete elements. The Edgel i ft anchor
Cast-in anchors can be loaded in various directions, such as shear, tension or
combined loads, during a wall panel lift, and at various concrete strengths or phases
of maturation due to different concrete ages during lifting, transportation and
installation. However, experimental investigation of the failure mode due to different
load combinations and the modelling of the early age concrete, especially after the
initial crack has occurred, are scarce. The way the material responds at the onset of

a crack, the concrete material strength properties in early age, how they are

Curtin University, Department of Civil Engineering 3
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1 Introduction

determined from tests, and how they relate to cast-in place Edgelift anchors are not
previously researched in detail despite existing design guidelines based upon earlier
research on headed anchors. Engineering judgement is adopted when different
anchor configurations are not covered within industry guidelines, which is the default
design position in relation to Edgelift cast-in place anchors in early age concrete.

1.1. Problem statement

Cast-in anchors are used extensively in civil engineering mainly in lifting structural
and non-structural concrete elements. Such inserts allow for a wide application and
are flexible in dimensions such as embedment depth, edge distances and the use of
supplementary reinforcement. Typical applications are lifting inserts for concrete wall
panels. In general, the actions placed on the lifting inserts are axial tension or shear.
Applying the action with a lever arm, or with an eccentricity to the centre of the insert,

results in a bending or torsional moment.

Mature age concrete testing data is transferred to design of inserts at early concrete
ages without experimental verification of the veracity of models to be applied at early
age or the veracity of safety factors used in design. In addition to this, previous
research extensively conducted on inserts in tension (e.g. pull out tests) have been

transferred to shear loaded inserts without significant experimental verification.

Some recent in-depth studies on inserts have been performed Fuchs, et al (1995) and
Anderson, et al (2007). However, many questions related to inserts loaded in shear
at early concrete age remain open. For instance, questions regarding the behaviour
of edge lift anchors in tension, shear and combined loading conditions, the impact of
reinforcing configurations on anchor capacity, and the influence of concrete

maturation on the failure mechanism.

1.2. Aim

This research aims to establish the behaviour of Edgelift inserts loaded in tension and
shear with different combinations of reinforcing steel configurations in the panel, with
differing torsional moments, and thus propose design guidelines for industry

application. A number of objectives were articulated which were met via experimental

Curtin University, Department of Civil Engineering 4
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investigations and numerical studies. The outcomes of these objectives were the

generation of design recommendations.

The objectives of the research were:

1. Establish the concrete tensile capacities at early concrete age using statistical
analysis of results from tests of headed anchors as described in the American
Concrete Institute code ACI318 (2008), reference section D5.2. The
significance of early age concrete tensile strength versus compressive

strength are to be defined.

2. Evaluate the correlation between capacities of Edgelift anchors tested in early
concrete age and the predicated capacity using the Concrete Capacity Design
model AS3850 (SAI 2015), Appendix B. This evaluation involved different
reinforcing configurations and applied load rates, concrete mixture designs

and at early age concrete strengths.

3. Determine the stress distribution along the length of the cast-in edgelift
anchors and consider how this relates to mechanical interlock, concrete

crushing and stresses.

1.3. Scope

This thesis presents experimental research conducted on the load-bearing behaviour
of cast-in place Edgelift inserts in prefabricated wall panels in early age concrete. All
panels were tested at early ages, mostly less than three days old, and anchors were
subjected to a range of loading in panels with varying reinforcing configurations. This
research addresses the current deficiencies in research on this specific type of anchor

capacity and the influence of concrete maturation on the failure mechanism.

Design provisions are available to calculate the resistance for most of the standard
applications of anchors including shear loaded anchors. However, these calculation
methods included within some industry guidelines may not be conservative for
anchors loaded in immature concrete, as they are derived from the application of data
published for headed anchors in mature concrete ACI318 (2008) Appendix C. The

most common design method in current literature is termed the Concrete  Capacity

Curtin University, Department of Civil Engineering 5
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Desi gn, CCD, mo d e | published in Europe and Amer.
of the CCD methodology, in addition to its derivation from tests in mature concrete, is
that it has been developed from tests in Europe where the concrete large aggregate
is mostly smooth rounded river pebbles. In Australia the large aggregate is mostly
rough cut quartzite, which differentiates itself as mechanical interlock is a significant
failure mode when compared to river pebbles and adhesion at similar stress levels,
and especially when the concrete paste has lower fracture energy than the shear
capacity of quartz aggregate. Limited experimental data is available for anchors
tested in concrete with coarse aggregates such as experienced in Australia and this

research addresses this current limited Australian context data.

Modern high performance concretes have low water cement ratios and often include
silica fume, SF (Mindess, et al 2002). Early age high strength cements are commonly
used within the prefabricated concrete industry. These factors result in dramatically
increased cracking sensitivity in comparison with ordinary Portland cement and
normal strength concrete. The reasons are the increased autogenous deformation,
the high rate of heat development and a higher brittleness of these high performing
concretes. Therefore, the mixes used throughout this research are high early strength
silica fume concrete mixes typical in the prefabrication industry, and detailed in Table
6.

1.4. Overview of this Research

An extensive testing program was conducted and is detailed in this thesis. Test data
is provided for cast-in lifting applications which are not covered in current design
standards since it is known that these anchor configurations are used in practice and
this specific design guidance is not included in industry guidelines. This is worthwhile
to extend the applicability of current design methods for cast-in inserts currently used

in practice but outside the scope of existing design literature.

Experimental test data including failure load and crack development patterns and
finite element numerical analysis are compared in the discussion chapters of this
thesis. The experimental and numerical studies were used to compare the load-
bearing behaviour of the anchors and to analyse the accuracy to predict cast-in place

Edgelift anchors capacities in early age concrete.

Curtin University, Department of Civil Engineering 6
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As concrete hydrates its strength progressively increases, this strength may be
indicated by the compressive or tensile strengths, fracture energy, modulus of
elasticity, and/or stress strain relationship. To establish the concrete strength of the
mixtures, tests using established methods, like Brazilian, three-point bending, direct
or indirect tests were used. The fracture mechanism, cohesion, adhesion, mechanical
interlock or shear, are influenced by the time since hydration started and the
ingredients included in the concrete mixture. Establishing the fracture mechanisms of
a particular concrete mix is explored in this research by comparing a direct tensile test
and an in-direct tensile test. This test data was used to define the significance of the
tensile strength test method, but to also further the knowledge of the significance

between the compressive and tensile strength relationships in early age concrete.

At concrete early age, the failure mode, or crack pattern, relies heavily on the
cohesion and adhesion properties of concrete paste, and further still the mechanical
interlock of the large aggregate. As the concrete matures, these failure modes
become less dominant, as the shear strength of the concrete mix is the predominant

mode of failure.

1.5. Structure of this thesis

The literature review, Chapter 2, examines the relevant issues within the prefabricated
concrete wall element industry that provided the motivation to research failure
mechanisms of concrete wall panel cast-in place edgelift anchors. The issues include
the applications, what performance expectations are needed of the anchors in the
design of wall panels, some of the assumptions made from the model codes that the
designs are based, and an extensive review of the material properties of early age
concrete. Chapter 3 is a literature review of concrete test methods, where the results
were used to define the significance of the tensile to compressive relationship at early

age concrete strengths.

The test program of this research was designed to evaluate the significance of the
assumptions made when selecting early age concrete material properties and cast-in
anchorsé6 perf ormgesaThecegperementalepeogrdmyconaists of a series

of 7 series of experiments, which are detailed in chapters 4 and 5.
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1 Introduction

The 2 experiments in chapter 4 explores the significance between the compressive
and tensile strength gains in early age concrete and the comparison of performance
of headed anchor when compare to the models published in ACI318 (2008) and
AS3850 (SAI 2015). The series of test programs involved the following:

- Concrete tensile strength relevance to cast-in headed inserts, (section 4.4,
test series A1l A3)

- Cast-in headed anchor experimental research, (section 4.2, test series B1 i
B10)

Section 4.1, details the experimental concrete tensile strength gains during early age
concrete, as well as experimental tests which compare the compressive strength gain
and tensile strength gain at various concrete ages. There are 150 concrete tests
(mainly tensile strength) conducted in this section. These series of tests are referred
toas Al1 A3.

Section 4.2 includes a sample size of 140 tests to challenge the early age concrete
assumptions made by adopting the commonly used Concrete Capacity Design model,
where an unrestrained pull-out of headed anchors is conducted. Embedment depth
and concrete compressive strength are the two parameters included in the CCD
calculation of anchor pull-out capacity (effective anchor embedment depth and
characteristic concrete compressive strength), and it is these two parameters that are
extensively tested to evaluate the early concrete strength significance using the CCD

model. These series of tests are referred to as B1 1 B10.

Chapter 5 details the 5 series of experiments, including 664 individual tests,
conducted to establish the tensile capacity effect different steel reinforcing
configurations around various cast-in edgelift anchor has at various concrete

compressive strengths and concrete mixes.
Each experiment in this series of tests explores the fracture characteristics of different

failure mechanisms. Cast-in place Edgelift insert performance in early age

experimental research, Chapter 5, including:

Curtin University, Department of Civil Engineering 8



1 Introduction

o Edgelifttest 17 Anchor shape and configuration experimental program
(section 5.1, test series TA1i TAl1l)

o Edgelifttest 27 Panel Reinforcement influence of failure loads (section
5.2, test series EP1 1 EP8)

o Edgelift test 3 - Influence of anchor reinforcing on failure loads
(section 5.3, test series EL1 T EL7)

o Edgelifttest 47 Anchor reinforcement influence on shear failure loads
(section 5.4, test series EL1 T EL7)

o Edgelift test 5 - Stress distribution along an edgelift anchors length
(section 5.5, test series A - G)

Section 5.1 includes a series of tests on Edgelift inserts to research the prediction of
capacity in early age concrete. These tests include the results of 150 tests conducted
on 3 anchor types at various concrete compressive strengths and concrete maturity

ages. Of the 3 types of anchor t heg with

internally serrated teeth, (b) 1 anchor

depths, her, as headed anchors. This series of tests are referred to as TAL1 T TALL.

Section 5.2 experimental program was conducted with one anchor type (internally
serrated teeth) and one embedment depth, and with various steel reinforcement, both
steel complimentary (attached to the anchor and part of the cast-in anchor
configuration), and steel supplementary reinforcement (not attached to the anchor,
but traversing across the anticipated concrete fracture surface) at various concrete
compressive strengths and one concrete mixture. 110 tests are included in this

section. This series of tests are referred to as EP1-EPS8.

Section 5.3 includes 269 tests, where the tests include 154 Edgelift anchor tests and
115 headed anchor tests. This is research assessed the effect of various panel steel
reinforcement compared against a series of cast-in headed anchor tensile tests, to
relate the cast-in Edgelift anchor performance against the published headed anchor
CCD model in ACI318 (ACI 2008) and AS3850 (SAI 2015). This test series included

various cast-in headed anchors effective embedment, and one type of cast-in Edgelift

Curtin University, Department of Civil Engineering 9

S

(a)

Wi

t



1 Introduction

anchor, all at various embedment depths, concrete compressive strengths and
reinforcement configurations. This series of tests are referred to as EL1 7 EL7,

Section 5.4 assesses one type of cast-in Edgelift anchors performance subject to a
load applied in a shear direction, which is the first loading a concrete wall panel
experiences as it is lifted from the casting bed. This experiment was conducted using
variable panel thicknesses, various steel complimentary reinforcements and various
concrete compressive strengths. 126 tests are included in this section. This series of

tests are referred to as ES1 i ESY.

Section 5.5 is an experiment on a single cast-in Edgelift anchor using strain gauges
along the legs of the anchor, while loading the cast-in anchor in tension. There are 9
tests in this series. The assessment of the tests shows the stress distribution along
the length of the cast-in edgelift anchor that will be typically experienced and how this
related to mechanical interlock, concrete crushing and stresses that may by induced
on the surrounding concrete to the anchor. This series of tests are referred to as A T
G.

The discussion and analysis section of this thesis combines the issues highlighted in
the literature review and discusses the significance between published models and
the physical tested results. Performance models are discussed within this section.
Specific design consideration in relation to prefabricated concrete panel lifting and
transportation, specific to edgelift anchors, is included in Appendix A. All the test data

conducted in this research has been tabulated and included in Appendix B.
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2 LITERATURE REVIEW i Cast-in place Anchors

2 LITERATURE REVIEW i Cast-in place Anchors

The design of inserts for multiple anchor configurations loaded in shear is guided by
current standards for post installed mechanical anchors, which is not the case for
cast-in edgelift anchors in early age concrete, as typically used in the prefabricated
concrete industry. Depending on the location of the cast-in insert (bulk concrete or
close to a concrete element edge) as well as the geometry and material properties of
the anchor, thefailure strength is governed by either steel, concrete cone capacity or
pry-out failure. Recommendations are available to calculate the resistance for all three
failure modes. Basic equations to calculate the strength of single anchors failing due
to concrete cone in concrete, differs depending on the design standard used for the
verification especially for non-direct tensile load directions. The simplified models as
presented in the current codes are readily accessible and practical for everyday use
in comparison to fracture mechanics principles. In fracture mechanics, design is
based on multiple regression analysis and a best curve model fitting with test data
and may be impractical for everyday design situations. In addition, the material
parameters that govern the capacity of concrete are Modulus of Elasticity and
Fracture Energy whereas the design engineer has access to the physical attributes of
the inserts, such as embedment depth, and readily measurable concrete properties,

such as concrete compressive cylinder strength.

The literature review summarizes and critically examines the current design methods
and their limitations when applied to Edgelift anchors, highlights the use and
limitations of fracture mechanics for the capacity determination of Edgelift anchors
and reviews early age concrete properties that have an impact on the capacity and

design of Edgelift anchors.

2.1. Design considerations for cast-in place edgelift anchors

This section outlines design considerations in the definition of a load resistance model
forcast-in-pl ace edgel i ft lifting anchors. AiDesi gt
resistance models giving the product properties as a function of the geometry and the
properties of the material used in the product. The resistance model normally

expresses the mean value of the property when the mean values of the parameter

Curtin University, Department of Civil Engineering 1



2 LITERATURE REVIEW i Cast-in place Anchors

are inserted into the model. It is assumed that the same model expresses the
characteristic value or the design value of the property if characteristic values or
design values of the parameters are i
2004). Currently cast-in-place edgelift anchors do not have a resistance model that
defines the product properties as a function of its geometry.

Since lifting inserts are not permanently loaded and are used for transportation and
erection, and up to the time the concrete element is fixed into the permanent structure,
the international structural codes do not consider them. In Europe, Australia and North

America, to date, there does not seem to be a mandate to work on bridging this gap.

The European guidleines for design and use of inserts for lifting and handling of
precast concrete elements, CEN/TR 15728 (ECS 2008), includes guidance on the
design and identification of lifting inserts, the selection with their intended application,
assembly and installation conditions, quantitative data used to determine the actions
on lifting inserts, methods for determining applied load resistance through the insert
and from reproducible test results, and finally analysis of test data methods. In this
standard the load resistance model is calculated using formulae and generalized
graphs, which have been derived by regression analysis on the basis of parameters
selected by a few manufacturers of inserts. Hence the data set has a bias towards
the design geometry from these manufacturers lifting inserts. Further to this additional
supplementary reinforcement was not considered in any of the models, therefore the
failure modes types would not have been considered in order to derive the formulae,
or assessed in the interpretation of the graphs. In other words, actual test results and
all contribution factors would not have been evaluated in the derivation of the insert
load resistance model. This would have the effect of manufacturers publishing
conservative load capacities when they use the models proposed in this European

standard.

Lifting insert load capacity considering factors such as: element weight, suction during
initial lift, dynamic loads during lifting and element placing and the applied load from
the sling angle, are considered in National Code of Practice for Precast, Tilt-up and
concrete elements in building construction Safe Work Australia (2016). In the latest
revision of the Australian Prefabricated Concrete Element Standard, AS3850 (SAl
2015), now considers these aspects. National Code of Practice for Precast, Tilt-up

and concrete elements in building construction BS8110 (BCI 2010) does not state the

Curtin University, Department of Civil Engineering 12

nserted



2 LITERATURE REVIEW i Cast-in place Anchors

data to be collated by the manufacturer to define the rated anchor capacity or the
safety factors that should be applied, whereas the equivalent Australian Standard
AS3850 (SAIl 2015), takes these considerations into account. Again the similarities
cross paths when considering the load resistance, which can be determined by
calculation or by test, where the inserts are loaded to failure and global safety factors
applied.

In all standards, when considering the evaluation of ultimate load data, it is not
articulated why test data can be considered from a mean value or 5% fractile, as
opposed to failure mode and its associated reliability/repeatability index. It is not
articulated as to why the minimum samples sizes of test data vary between codes,
and a sample size of 1 may be used, as was published in the Australian Standard for
Tilt-up concrete construction AS3850 (SAI 2003).

Testing conditions such as the geometry of the test rig or loading rate were not
considered in Safe Work Australia (2016) and AS3850 (SAI 2003). Both these factors

can be altered and it is hypothesized that it may significantly influence test outcomes.

This ambiguity leads to the added confusion where manufacturers of similar lifting
inserts may publish technical specifications for use in identical applications can vary.
All of these considerations are present, not through bad engineering, but through the
lack of extensive research and evaluation of failure mechanisms induced by lifting
inserts in concrete. Cast-in place lifting inserts require a rated capacity whilst
embedded in early age concrete. There are many unanswered questions as to the
evaluation of the compressive and tensile strengths in early age concrete (less than

3 days old) and the reliability of the concrete behaviour at these strengths.

2.1.1 Background

Before failure mechanisms can be established, a standard test method should be
established. Here the available knowledge that defines tests methods for Edgelifting
is used in Europe and America, and was not included within the Australian suite of
Standards until AS3850 (SAI 2015) was published. The definition of a test method
that is practical for anchor manufacturers, relevant to industry practice, and is
adequately similar to actual practice by prefabricated concrete manufacturers,

increases the relevance of anchor test results and published rated capacities.

Curtin University, Department of Civil Engineering 1



2 LITERATURE REVIEW i Cast-in place Anchors

A design guide for post-installed and cast-in-place headed anchors was published for

Fastenings to concrete and masonry structures, State of the art CEB (TTL 1997) and

has become the suitable reference text for a design model for cast-in-place headed

anchors. As such these models should only be applied whilst considering design

performance of post-installed and cast-in-place headed anchors.

IMPOSED DESIGN
ACTIONS

Design

Actions
S0 R

(0] ANCHOR DESIGN
RESISTANCE

Determine characteristic

A

limits for failure modes

v

Calculate load action limits

A 4

Define the anchorage system

for anchor and reinforcement

l l

on the anchor Elastic design Plastic
v v
Elastic design Plastic design
A A\ 4 A 4 A 4
Calculate design Calculate design Calculate design Calculate design
actions N"V* actions N"V* resistance Nu Vu resistance Ny Vu
N D uN
(VA MY,

Interactio n model

|

Ultimate Strength Limit State

A 4

Serviceability Limit State

v

Durability

\ 4

Complet :d design

Figure 1 - Adapted Design flowchart for post-installed and cast-in-place headed anchors, CEB
(TTL 1997), 233, revised edition of Bulletin 226, part 1

Assuming that actions imposed on the element are defined by the lifting design

engineer, the resistance to these loads is defined by the anchor manufacturer. Plastic
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2 LITERATURE REVIEW i Cast-in place Anchors

resistance to load should only be applied when failure is governed by ductile steel
failure of the anchor. Whereas the action effects on an anchor at the concrete surface
should be calculated according to an elastic analysis from the action effects on the
insert. Static elastic analysis should be considered when brittle concrete failure is
expected, which is in the majority of failure modes, refer to Figure 2 which shows the
various steel components of a cast-in Edgelift anchor system that contribute to the
overall capacity.

Optimal ductility of an anchor can be determined by the degree of load redistribution,
which is tested in Chapter 5.5. In plastic analysis the ductility must be adequate to
accommodate yielding in the tension direction. When ductile behaviour of anchors is

experienced, the elastic design approach is a conservative one.

Supplementary
Shear

Anchoring

Reinforcement

_ _ Complimentary
Tensile Anchoring Reinf )
einforcemen

Figure 2 - Load resistance model of an Edgelift anchor system in a wall panel

According to the safety concept of partial safety factors, as applied in Australian
Standards, where Design Actions ODesign Resistance, (S* ORq4), should be used for
all load directions on the anchor (tension, shear, combined shear and tension) as well
as for all failure modes (steel failure, pull-out failure and concrete failure). As Edgelift
anchors are connected when the load is applied via anchor clutches, 100% shear
loads are not normally achieved. Different anchor designs will determine the absolute
ultimate shear/tensile limits that would be experienced during the load cycle. This

interface will establish an interaction model defined by the manufacturer.
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2 LITERATURE REVIEW i Cast-in place Anchors

The intent of this section is to define the design considerations of load resistance

models for cast-in-place edgelift anchors, as per the flowchart depicted Figure 3.

Further load cases that should be considered by the lifting design engineer are

serviceability limit state, durability and fatigue, which are not included in the CEB (TTL

1997) guidelines, but should be assessed in accordance to the relevance of the

application.
ANCHOR DESIGN
Applied Load
\ 4 VL
Steel Resistance | Concrete resistance
I
\ 4 A\ 4 \ 4 l l \ 4
Anchor Steel Hanger Steel ] -~ Blow-Out
Strength Strength Cone Pull-Out Splitting Hanger Bar

Apply safety factors

v

Use the smallest design
resistance, Ny

v

N'O uN

V'O WV

Interaction model

l

Complete design

Figure 3 - Adaption of a flowchart for calculating characteristic resistances of inserts with

headed anchors with special reinforcement: elastic design approach, CEB (TTL 1997)
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2 LITERATURE REVIEW i Cast-in place Anchors

2.1.2 Concrete resistance

Every anchor will have a load reduction factor applied in certain circumstances, like
anchor spacing and edge distances, leading to various capacities that change with
certain parameter variables. For example, headed foot anchors have a tendency to
overload concrete cover when close to an edge, hence is more susceptible to side
blow-out, Figure 4, or pull-out failure, Figure 5, than a hairpin style anchor.

Figure 5 - Pull-out failure,

Figure 4 - Concrete blow-out failure, AS3850 (SAI 2015)
AS3850 (SAI 2015)

The edgelift anchor may not be loaded in shear, where the anchor clutch loads the
anchor in a moment couple, Figure 6. The load sharing, between full tensile to full
shear, will be different proportions for each anchor style, and the geometry of the
attached anchor clutch. The interaction models detailed in the current codes allow for
the fact that a steel plate (a connection) can load the anchor in shear, hence a total
capacity at the two extremes is shown a 100% tensile + 20% shear through to 20%
tensile + 100% shear . Wh ein-maaesedgklift styleaamchob e mb e d d
the shape of the anchor/clutch connection means that the anchor will never get to
100% tensile, or 100% shear, when the panel is lifted from the horizontal to vertical
positions. At present the interaction for these anchor types have not been researched
extensively, and therefore generalised models have been included in the published

design models.
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Figure 6 - Edgelift plate style anchor interaction with lifting clutch

2.2. Cast-in headed anchor design and their historical

development

Two similar methodologies have been published to predict brittle tension failure of a
cast-in headed anchor, being the 45° conical failure surface method PCI (P/PCI (2004)
and a square-pyramidal failure surface method with a 35° inclination ACI318 (2008).
For the 45° cone method the concrete strength of an anchor is calculated assuming a
conical surface (Figure 7) taking the slope between the failure surface and the
concrete surface as 45°. As the depth of embedment of the lifting insert increases, the
area of the conical section increases proportionately up to the point of full embedment.
Following this capacity guideline and test data, it has been stated that an embedment
depth of 8 to 10 times the anchor shank diameter, for headed anchors, was required
for the concrete breakout strength to be larger than the tensile strength of the steel in
headed anchors CEN/TR 15728 (ECS 2008). In relation to Edgelift hairpin anchors
the minimum stress area that interlocks with the concrete can be matched by total
area to follow the design recommendation minimum area. Eligehausen at al (1990)
proposed to calculate the capacity of anchors subjected to tension, shear and
combined loads. The resulting recommendations included using a conical failure

surface to calculate the tensile strength and were adopted in ACI 355 (2007). The
design strength of concrete for insert was based on a uniform tensile stress of @
(0.4 ' ). The resistance factor, @: was 0.65. The Precast/Prestressed

Concrete Institute, PCI, adopted the conical failure surface to predict a brittle
failure of the concrete and this method was retained in the revised PCI (2004).
However, PCI later adopted the provisions in ACI318 (2008) which are based on

Concrete Capacity
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2 LITERATURE REVIEW i Cast-in place Anchors

Design (CCD), to calculate the tensile strength of anchors assuming un-cracked
concrete. In the CCD method the concrete strength of a single anchor is calculated
assuming a four-sided pyramid failure surface, with a slope between the failure
surface and the surface of the concrete member of 35°. The more recent versions of
ACI318 (2008) use this approach.

Figure 7 - Conice;I f-ail-uré surfacé of PCI Handbook, (PCI (2004))
A comprehensive state-of-the-art of cast-in-place and post installed anchors are
included in ACI 355 (2007), and examples using ACI318 (2008) & CEB (TTL 1994).

These reports summarize the basis for current, general insert provisions of embedded

anchors subjected to tension and tension plus shear interaction.

In the PCI editions, there have been several formulations to compute the tensile
strength of an anchor. A conical failure surface for an anchor in tension was adopted
up to PCI (2004), as presented in Table 1 with a resistance factor of 0.85.As discussed
earlier, PCI (2004) changed the approach to a four sided pyramid cone, adopting a
similar formulation to ACI318 (2008), though working with coefficients related to un-
cracked concrete. The results given by PCI (2004) then correspond with results given
by the ACI318 (2008). The expressions used to calculate the pull-out and breakout
strengths are presented in Table 1, presenting the 5% fractile formula (which is used
as the nominal strength formula) for PCI 5th and distinguishing between the 5%
fractile (nominal strength) formula and the average formula for the ACI318 (2008)
(CCD method), since the average formulae of CCD may be found elsewhere. PCI
(2004) adopted the ACI318 (2008) formulas in the particular case of un-cracked
concrete. The nominal strength (5% fractile) formula used in ACI318 (2008) Appendix
D for anchoring, such as Wollmershauser (2004) reported, presents a 90% confidence

that 95% of the anchor ultimate loads exceed the 5% fractile value. The formulas are
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summarized in the Table 1 for the various editions of codes and handbooks. These

formulae will be used throughout this thesis to compare against the tested anchor

capacities.

Table 1 - Different published CCD models used as comparable models throughout this research

"Q - effective embedment of the cast-in anchor
_ - light-weight concrete modification factor

f - Anchor shape madification factor

Concrete Capacity Designh Models
_ 0.217( s, 9 2
Eligehausen, et al (1990) ) _
Equation 1
S -3 o
ACI318 (2008) (5% 24 N8 JrQ
fractile) Equation 2
13 e=E 8 7B
AS3850 (SAI 2015) :
Equation 3
B 28 day characteristic concrete compressive strength
* T concrete crack modification factor (1.25 for non-cracked) for break-out strength

® - Characteristic concrete compressive strength at time of test

2.3.

Non-headed cast-in anchor design guidelines

Design methods provide guidance on the design of a cast-in anchor system (normally

headed foot anchors) and essentially details simplified models of typical failure

modes. ACI318 (2008), Appendix D contains provisions for cast-in headed bolts, L-

bolts, and J-bo | t s, as

we |

as -sthuel oc ammdmor 8we IThed e

inclusions for post-installed (drilled-in) mechanical anchors, specifically undercut

anchors,

torque-controlled expansion anchors,

and displacement-controlled

expansion anchors (drop-in). AClI Committees 318 and 355 has both adhesive

anchors (and grouted anchors) and some of the newer post-installed anchor systems

not previously addressed in ACI318 (2008) Appendix D. Edgelift style anchors have

not been included by these committees and demonstrate the level of research, and

publically available information, relating to the failure modes of these anchors and

their respective
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2 LITERATURE REVIEW i Cast-in place Anchors

The | ong standing acc e piluraforadleadetl anthbreswéllc one 6 t
regarded and predictive models are available as detailed in preceding section. When
the insert system deviates from a typical headed anchor the concrete cone becomes
a different shape and the mechanical interlock between concrete and steel changes.
While relationships of insert capacity to concrete strength and effective embedment
are well researched and might not appear complex, it is unreliable to apply an
empirical model that was derived for simple concrete insert mechanisms, like headed
anchors. But this maybe the case with some anchor manufacturers where they have
insufficient test data to use for their particular anchor and reinforcing configurations.
If an anchor manufacturer does not employ an extensive testing regime that verifies
the anchor capacity, the capacity derivation method they ordinarily employ is based
on standards such as ACI318 (2008).

The mechanism of interactions between steel and concrete is complex for
concentrated loads being transferred between steel and concrete. Add to this the
complexity of compression and tension stresses in three dimensions, and different
anchor applications, it becomes uneconomic to conduct physical testing for all

applications.

A load capacity derivation approach is not to rely on complex theory to predict all
possible interactions when determining anchor capacities, but to reliably analyse and
interpret a set of controlled experimental data to statistically establish a lower bound
of test data repeatable test. This data set should also be defined from predetermined
boundary conditions, for example fc.age, embedment, age of concrete, anchor bearing

area, shear anchoring, anchor clutch geometry, et al.

Regarding Edgelifting thin wall panels, a reliable predictive model is not currently
standardised, and the designer/manufacturer is required to rely solely on in-house
and individual manufacturer testing to derive lifting insert capacities. It is this full scale
testing that has not been detailed sufficiently in research literature or encapsulated in
the Australian standards to provide a consistent and repeatable test method between
manufacturers. European and American standards provide for more information to

assist the definition of testing methodologies for particular anchor designs.
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2 LITERATURE REVIEW i Cast-in place Anchors

It is the intent of this section to highlight the issues around the design differences
between Edgelift anchors and those models defined in current standards. The
technology of Edgelifting is complex and largely manufacturer controlled and
commercially driven to the point that there is limited published research.

Figure 8 - ACI318 (2008) Appendix D (Fig RD.1) Cast-in anchor types

2.3.1 Concrete Capacity Design

In 2002 the American Concrete Institute, ACI318 (2002) Appendix D introduced a new
design method into the world of anchoring to structural concrete. Commonly referred
to as the Concrete Capacity Design (CCD) method, it is actually much more; the
concrete capacity being just one aspect of this method. Australian, European and
American codes reference ACI318 (2008), and whichever code is adopted; the same

anchor design methodology applies.

The predictive model of the CCD method is derived from a series of experimental
studies, which were conducted to determine the failure mechanism of a headed
anchor loaded in tension, as is depicted in the below Figure 9. Whilst conclusions
from these studies vary slightly, it is generally agreed that the concrete failure cone
begins in a highly stressed area next to the cast-in insert foot at a load. There is no
conclusion on the nature of the final failure mechanism, which determines the ultimate
failure load. The discussion remains un-resolved about crack formation, propagation

and toughening mechanisms in the fracture process zone.

When assessing the test data for headed anchors, as detailed in ACI228.1R (2003),
detailed that the failure process zon
narrow band between the insert foot and the surface of the concrete element. Meaning
the ultimate load may be directly related to the compressive strength of the concrete.
Dao, et al (2009) concluded that the ultimate load is a factor of the fracture toughness
of the concrete mix. In another study Khan, et al (2002) found that before ultimate

load, circumferential (conical) cracking extends from the foot of the insert to the
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2 LITERATURE REVIEW i Cast-in place Anchors

concrete surface, and that the applied load is resisted by aggregate interlock across
the failure surface, otherwise termed post failure mechanical interlock. This failure
mode was measured when sufficient aggregate particles had been dislodged from the
mortar mix, and the ultimate load was concluded to be not directly related to
compressive strength or tensile capacity of the concrete. Alternatively, there is good
correlation between ultimate load and compressive and/or tensile strength, as both
variables are a function of the mortar mix, where Figure 9 depicts a non-linear finite
element model that was confirmed by observation by the researchers Dao, et al
(2009). The primary crack stopped propagating when it reached a non-tensile zone.
A secondary crack then begins to form and propagates within the tensile zone, closer
to the surface. This research concludes that the ultimate load is not directly associated
by the compressive strength of the mix, but the failure crack path is directly related to

the stress zones in the concrete.

Reaction

| Bearing
Ring

Secondary
I Crack

Pullout
Force

Primary
Crack

Figure 9 - Conical cracks predicted by non-linear fracture mechanics analysis of pull-out tests,
Dao, et al (2009)

To add to the discussion, the guestion arises as to if headed inserts develop the
majority of their capacity from the tensile properties of concrete. Since the precast
industry conducts a concrete elements initial lift while the concrete is less than 3 days
old, knowledge around the failure mechanisms that occur in green concrete become
particularly relevant during this early concrete age. Direct uniaxial tensile properties
are independent of compressive strength within the first 3 days from the onset of
hydration Dao, et al (2009).
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However, concrete capacity design models used to predict failure are largely based
on generalized simple concrete failure models that are correlated directly to
compressive strength and insert embedment depth. The research in this thesis
examines how the capacity of cast-in inserts in early age concrete is impacted by the
fracture properties of the concrete at early age, where the tensile and compressive
strength are parameters that only partially represent the fracture properties of early

age concrete.

2.3.2 Models defined by the Standards

The ACI318 (2008) cast-in insert capacity design approach is based on strength
design as opposed to the guidelines of AS3850 (SAI 2003) providing allowable load
information based on mean values divided by a safety factor. Both the older ACI load
factors and the factored load combinations found in Chapter 16 of the International
Building Code have two sets of strength reduction factors corresponding to a variety
of failure modes (steel failure, concrete cone failure, etc.). Design strengths predicted
by this method are generally based on the lower normally distributed 5% of calculated
test results. The design resistance of anchors must equal or exceed design loads
calculated from the given applied load combinations, including in-service loads for
cast-in anchors and post-installed anchors. ACI318 (2008) further allows the design
resistance provided by anchors to be determined from the characteristic of the derived

loads in tension and shear (determined separately) for performance.

Curtin University, Department of Civil Engineering 24



2 LITERATURE REVIEW i Cast-in place Anchors

Figure 10 - ACI349.2R (2007) D.4.2.2 Breakout cone for tension

Tension considerations;

Steel strength of the anchor and anchorage stiffness
Concrete capacity in tension load direction
Pull-out strength of the anchor

1
1
1
1  Concrete blow-out capacity (cast-in anchors only)

1.5¢,,

/—Anchor

L3¢,

- ’/—Edgc of concrete

Figure 11 - ACI349.2R (2007) D.4.2.2 Breakout cone for Shear

Shear considerations;

1 Steel strength of the anchor
1  Concrete capacity in shear load direction
1 Pull-out strength of the anchor

Anchor performance modification factors, cracked or reinforced concrete and use of
statistical test data are three anchor model considerations published by the American
Concrete Institute ACI318 (2008). This ACI standard allows anchor load resistances
to be modified, including proximity to an edge, eccentric loading, and spacing to other
anchors or lightweight concrete. The load resistance can be increased by use of a -
factor if the anchor is to be placed in a location that is not expected to crack under
service loading. Strength reduction factors ( (iaye given to account for seismic loading

(ACl reduction factor of (i = 0.75), whether the anchor is governed by a ductile (higher

Curtin University, Department of Civil Engineering 2
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a) or brittle (I ower a) failure, or
reinforcement (panel reinforcement/mesh, or shrinkage reinforcement) present that

will reinforce the concrete cone back into the concrete.

Secondly the American Concrete Institute ACI318 (2008) expands on this further,
where the cast-in anchors are designed for specific locations in a concrete element,
being where cracking may be expected to occur (tension zones), or zones that are
not expected to crack (compression zones) during the service life of the anchor. The
basic underlying assumption of ACI318 (2008) Appendix D is that the anchors maybe
located in a tension zone (cracked concrete). If the concrete will not crack under
service loading, then anchors for non-cracked concrete can be used and a higher
capacity is allowed. This design method allows a design for single and multiple

anchors, where both maybe subject to combined tension and shear loading.

Thirdly, the calculated or reported capacities according to the methods of ACI318
(2008) Appendix D, are not mean ultimate capacities, but are characteristic capacities
(5% fractile) that have a 90% probability of being exceeded by 95% of the population.
For systems exhibiting normal scatter (Co-efficient of Variation between 5 & 10%),
the characteristic capacity is approximately 75% of the mean anchor capacity. If the
test results are tightly grouped (yielding a low coefficient of variation), the
characteristic capacity is close to the calculated mean capacity. Conversely, if the test
results indicate a wider scatter in the data, then the characteristic capacity is further
from the calculated mean capacity. Thus, an anchor system which is consistent in its
performance is rewarded with a higher capacity, while a less-consistent anchor
system receives a lower capacity. This scatter uses a Coefficient of Variation
(standard Deviation + Mean Ultimate Load) as the factor that must be considered

when establishing the anchor performance.

Failure types denoted in ACI318 (2008) Appendix D, Fig RD.4.1, refer below figures,
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Figure 12 - Tensile Failure Type i) Steel Failure, ii) Pull-out

Figure 15 - Shear Failure Type i) Steel failure preceded by concrete spall, ii) Concrete pry-out
with no anchor edge reduction
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Figure 16 - Shear Failure Type iii) Concrete breakout

2.3.3 Summary of design models used for cast-in Edgelift anchors

The main body of accepted anchor performance data originates from CCD and the
published work from Eligehausen, et al (1990). The CCD research has been published
fromthe 1 9 7 Qodlate, where cast-in headed anchor designs were used to establish
this published data.

The American Concrete Institute, ACI349.2 (2008), and European Standards,
BSI8110 (BCI 2002), CEN/TR15728 (ECS 2008), and E-TAG001 (EOTA 2006) have
all adopted the principles of the CCD research as the basis for cast-in headed anchor
calculations. These standards, including Standard Australia AS3850 (SAI 2003), does

not adequately cover cast-in-place Edgelift anchors.

Cast-in headed and post-installed mechanical anchors have established worldwide
use and application, as well as being able to utilise significant test data and academic
research, which makes it appropriate to use predictive models. Load resistance data
derived from characteristic values, mean values and minima should be sufficient to
develop a reliable predictive model. Since cast-in-place non-footed type anchors vary
widely in design, an example being shown in Figure 17, the concrete steel interaction
relating to mechanical interlock with concrete can vary widely between anchor
designs. For each anchor design, sufficient test data is needed to determine the load

capacities and to develop a generalized (non-product specific) design capacity model.

The models adopted in this research for the evaluation of test data against published
model are those highlighted below and their suitability for use with Edgelift anchors

similar to that in Figure 17.
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Figure 17 - Typical plate style Edgelift anchor used in thin concrete wall panels

reinforcement

Cast-in Edgelift Anchor placement in

a precast concrete wall panel,
showing typical panel and anchor

Edgelift Anchor

Figure 18 - Concrete wall panel being lifted, and placed vertically into the building structure

The capacity models presented in AS3850 (SAI 2015) are listed below as the

comparison against these will be made in the test section of this thesis.

2331 Concrete cone capacity
0 — T . 0

T = tension shape modification factor for concrete cone failure
= 1.0 for a reference headed cast-in insert
= value determined from testing for other cast-in inserts

Curtin University, Department of Civil Engineering
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0 = W= Qe
Equation 5
Where
= factor relating to the condition of concrete (cracked or un-cracked)
=10 for headed cast-in inserts in cracked concrete
= 13 for headed cast-in inserts in non-cracked concrete

2.3.3.1.1 Insert edge distance

«j Q
8/ o
Equation 6
Where
'c‘>°‘ = projected concrete failure area of a single insert of heightQ , and base length =3Q ,

where the distance to an edge is equal or greater than 1.5Q .

= critical spacing to ensure adjacent inserts  do not influence characteristic
tensile resistance of the insert

CicrN = minimum edge distance required to achieve the characteristic tension load
resistance

=1.5"Q for headed cast-in inserts according to current experience

k]
=]
<

concrete cone

Figure 19- Idealised single edge truncated failure cone, ETAG 001 (EOTA 2013)
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Figure 20 - Actual projected area of the idealized concrete cone at the edge of a concrete
element, ETAG 001 (EOTA 2013)

As distance to the edge, ,islessthan 1.5"Q , then the edge distance reduced

projectedconcretefailurearea,d s, (seefigure10)is:

0 =( P81 (20157 )
Equation 7
2.3.3.1.2 Effect of a thin wall
Q. =—0
Equation 8
Where
Q = modified effective depth of embedment for narrow elements
= maximum distance from centre of an insert to the edge of element
<
= minimum value for edge distance to achieve characteristic tensile
resistance
Pansl
. Thickness
I

Figure 21 - Edge reduction effect in thin walled panels
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2.4. Prefabricated wall panel lifting design

When it comes to dimensioning and tolerance of precast elements, the guidelines are
detailed in various industry guidelines PCI (2004) and AS3850 (SAI 2003). These
documents ensure that in-service, serviceability, manufacturability and durability of
the concrete element are suitably designed and manufactured in a safe way. It is the
considerations of lifting, transportation and placement where the guidelines and
design regulations are not specific to allow a consistent approach by designers and
specifying engineers. This is further exaggerated by the fact that regulations may

contain st at ement s i ke, irefer to the maaiuf acturer s

l'ifting anchorséo, where the design

products are not controlled by a prescriptive approach. State of the art information
has not been sufficiently researched and documented for public review for there to be
an industry accepted approach. Therefore, there are various conflicting interpretations
that can be taken from the existing applicable standards for Load Case and Load

Resistance calculations.

2.4.1 Edgelift Inserti testing to derive capacity

Lifting design if done correctly will consider many aspects which should be considered
through the transportation load cycle of the concrete element. The considerations
should cover the lifting system components and the load resistance components, refer
to Appendix AT Lifting Design. Using suitably qualified and experienced engineers is
certainly recommended as the consequences of getting the lifting design incorrect can
be fatal. Efficiencies can be gained from getting the lifting design correct, by optimizing
the number of anchors, correct reinforcement detail of the element, the correct
selection of the anchor type and the minimizing the complexities of the load resistance

components.
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2 LITERATURE REVIEW i Cast-in place Anchors

Figure 22 - Typical shear bar design

Shear bars, typical to the above, Figure 22, are used to increase the shear capacity
of Edgelift anchors. A typical shear bar is defined with variables such as height, H,
(which is a function of embedment depth of the Edgelift anchor in the shear direction)
leg length, L, (which is related to the stress development length) and the bend angle,
U (which is required to clear the anchor void and allow the shear bar to sit in a position
minimising the bending stresses of the bar). The mandrel diameter used to bend the
shear bar, if cold bent, is limited to at least 4 x the diameter of the bar, in accordance
with AS4671 (SAI 2001).

Applied Load

/,/ Test panel
Open Span of
1.8m

Figure 23 - Typical test panel arrangement to measured lateral tension capacities of Edgelift
anchors

When a load is applied to the anchor, as shown in the above Figure 23, the shear bar

is initially subject to bending, especially at the centre of the bridge which is in contact

with the anchor.

Curtin University, Department of Civil Engineering 3



2 LITERATURE REVIEW i Cast-in place Anchors

Figure 24 - The shear bar, as shown, is subjected to bending with an applied shear load

When the shear bar is being installed into the panel formwork it is important for the
installer to ensure that the bend radius sits in contact with the anchor, as highlighted
in Figure 24, and is adequately tied in. In the case where there is a gap between the
anchor and shear bar at this point, and a shear load is applied, the anchor can move
until it engauges the shear bar, and the concrete will crack around the head of the
anchor. Special care should be taken during the test setup to ensure the shear bar is
suitably tied in. This is done by first tying in the shear bar bridge prior to tying in the

shear bar legs.

2.5. Cast-in Edgelift anchor individual load resistance

components

Shear
Anchoring

Supplementary

Reinforcement

Complimentary

Tensile .
Reinforcement

Anchoring

Figure 25 - Load resistance model of an edgelift anchor system
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2.5.1 Edgelift anchor - Cracked or un-cracked concrete

In the design of reinforced concrete flexural or tension components, a cracked tension
zone is assumed because concrete possesses relatively low tensile strength, which
may be fully or partly used by internal or restraint tensile stresses not taken into
account in the design. There is sufficient documented evidence which demonstrates
that crack widths resulting from quasi-permanent loads (a dead load plus a factored
live load) do not exceed ~0.3mm to 0.4mm. These crack widths are acknowledged as
permissible. Wider cracks are to be expected under maximum permissible service
loads, which according to Eligehausen, et al (1990), reach ~0.5mm to 0.6mm. Even
wider individual cracks can occur under conditions of restraint if no additional

reinforcement has been included to limit crack widths.

As a practical position from an anchor design perspective, the precast concrete
element designer should calculate the flexure in a concrete element and include
additional reinforcement to not induce a crack > 0.4mm prior to placement of the panel.
There should be an additional Limit State Factors (LSF) applied to the Ultimate Load
Capacity Eligehausen (2014) and ACI318 (2008) suggest a 25% reduction in ultimate
capacity, if flexure induces a crack > 0.4mm. On the other hand, if there is sufficient
reinforcement in the element to keep the flexural cracks < 0.4mm then anchor un-

cracked Working Load Limits, WLL, are sufficient.

AS3850 (SAI 2015), Appendix B defines a practical capacity derivation, including
provision of other failure modes that should be assessed with cast-in anchors. Where
the characteristic ultimate tensile strength is determined from the 5%-fractile of the
ultimate loads and assuming a normal distribution with unknown standard deviation
and a confidence level equal to 90% in the assessment of the described modes of

failure.

2.6. Current performance models i assumed concrete behaviour

The compressive, splitting and bond strength for concrete at early ages has been the

subject of limited research. The relationships between compressive strength and
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splitting strength are influenced by different temperature profiles, and the degree of
hydration of the cement paste Dao, et al (2009).

Gardner (1990) studied the tensile strength capacity material property development
of young concrete with the incorporation of fly ash and proposed some empirical
formulas.

Testing has previously researced the tensile strength measurements of early age
concrete, and determined the differences in mechanical properties for normal and

high-strength concretes Iso-Ahola, et al (2012).

A complete stress-strain curve, published by Iso-Ahola,et al (2012), is used as an
example to show the mechanical property differences between early age and mature
concrete, shown in Figure 26. This curve demonstrates the behaviour of concrete
under an external force. Curves at ages 18hours, 1, 2, 3, 7 and 28 days are
represented in Figure 26. There are significant differences in the shape of the
compressive stress-strain response at various ages. The slope of the ascending part
of the stress-strain curve becomes steeper for the concrete after 7 days for Normal
Strength Concrete (NSC), and after 2 days for High Strength Concrete (HSC), and so
does the slope of the descending part. As the compressive strength increases, both
the ascending and descending portions of the compressive stress-strain curve
become steeper and more linear, which implies that the concrete becomes more
brittle as the age increases. Noise in the curve can be observed, which is as a
consequence of micro-crack propagation. It was seen that the modulus of elasticity

increases with age.
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Figure 26 - Advanced Concrete Technology: Complete stress-strain curve of NSC,
Iso-Ahola, et al (2012)
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Figure 27 - Complete stress-strain curve of HSC, Iso-Ahola, et al (2012)

Other considerations when deriving the capacity of an embedded cast-in Edgelift
anchor is the presence of cracks, which can be influenced by shrinkage or creep.
There is sufficient research, Bischoff (2001), Browning, et al. (2011) & Scanlon, et al
(2011), available reporting that shrinkage causes cracks, meaning that the concrete
cracking moment can be reduced by shrinkage caused during cracking. Also, the
creep and shrinkage effect can be increased if the loading starts at early age. Long
term loss of tension stiffening also needs to be considered when considering time-

dependent effects.

The ratio between tensile and compressive strength development in relation to

hydration age is critical to this research because of the emphasis on early age
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concrete performance on cast-in inserts used for lifting of prefabricated concrete
elements. While the concrete tensile strength affects breakout capacity of the anchor,
compressive strength is most commonly measured and reported. In the literature
review, concrete compressive strength is the most commonly applied strength
characteristic used to predict anchor capacity and the concrete tensile strength.

Although sometimes it is unclear in the published research whether it is the mature
compressive strength, f, or the strength at the age of the concrete testing, fc,age, that
has been used to determine ac 0 n ¢ r tersike strength or cast-in anchors capacity,
the relationship between the two appears to be that as the compressive strength
increases so, too, does the tensile strength, but at a decreasing rate, and also has a
direct relationship to the concrete mix design, and other strength parameters, as will
be discussed in the testing sections of this thesis. These tensile and compressive
strength ratios are presented and used for comparison with the tested values obtained

later in this thesis.

Parameters affecting the ratio of concrete compressive strength to tensile strength
have been researched Mindess, et al (2002). In addition, their research explores the
difference between tensile test methods and how they produce different ratios. The
ratio of splitting tension to compressive strength is usually in the range of fsy/ 2 equal
to 0.08 to 0.14 (where fs, is the splitting tensile strength, and f% is the characteristic
concrete compressive strength at 28 days). However, the ratio of direct tensile
strength to compressive strength is about 0.07 to 0.11, and the ratio of modulus of

rupture to compressive strength is about 0.11 to 0.23.

Some comparisons to f4 are noted below:

fisp= 0. MB&@f 0
Equation 9

The following equation is proposed by ACI Committee 363.5 (2008)
flt,spz 0. S5MPaf 06

Equation 10

The following best fit of the data is proposed by Mindess, et al (2002).
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f't,sp = 0. ?@NBPaf 0]
Equation 11

This best fit equation is in general agreement except when the best fit exponent is
larger than the ¥ proposed by the American Concrete Institute, ACI318 (2008). This
exponent models the non-linear relationship of the cats-in anchor capacity and the

concrete compressive strength.

Oluokun (1991) state that the ACI318 (2011) exponent of %2 is not valid for early-age
concrete. They tested three laboratory-prepared test mixtures and one sample from
a precast, pre-stressed concrete producer. The 28-day compressive strengths ranged
from 28 to 62 MPa for the four mixtures. Standard 150 x 300 mm cylinders were cast
from a single batch for each series of testing. The coarse aggregate size for all
mixtures was 90% to 100%, as retained on a 19mm sieve, with 100% of the large
aggregate being less than 25mm. The fine aggregate was a manufactured crushed
limestone aggregate. Oluokun (1991) concluded that crushed aggregate produced a
tensile strength about 25% higher than smooth aggregate. Equation 12 is the

recommended formulation proposed for tensile strength.

f't =0.584 f %° MPa
Equation 12

Khan, et al (2002) selected the modulus of rupture as a measure of the tensile
strength. Three different curing conditions were investigated, including temperature -
matched curing, sealed curing, and air-dried curing. The three concretes design
strength included a nominal 30, 70, and 100MPa compressive strength at 28 days.
Khan, et al (2002) concluded that ACI318 (2008) overestimates the modulus of
rupture for concrete compressive strengths less than 15MPa and underestimates it

for strengths above 15MPa.
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3 LITERATURE REVIEW - Early Age Concrete Strength

Parameters

This literature reviews of the different material properties that develop whilst the
concrete is curing will be compared against tested experimental values and used as
approximations for properties which have not been determined via physical tests in

this research.

An important reference is the work carried out by Hengjing, et al (2008), in which the
development of almost all properties of concrete was reviewed in literature and where
they conducted independent experiments of these properties to cross-reference

against the literature.

3.1. Early age concrete - Material considerations

Concrete at early ages is characterized by the rapid development of its properties due
to the chemical and physical processes that take place between Portland cement and
water. The properties change, after an apparent initial in-active period, very fast in the
first days, thereafter the changes slow down and reach a steady state after three to
seven days. The hydration continues in this final stage, if sufficient water is present,
for years at an ever-slower rate until eventually the degree of hydration of the clinker
minerals has approached 100%. Note that total hydration may only be approached
asymptotically due to the diffusion control of the reactions, Mindess, et al (2002). In
this period, the hydration of the clinker minerals, except for the Belite (C.S), takes
place and thus the majority of the properties are developed. This is illustrated in Figure
28 where the degree of hydration of the different clinker minerals is plotted as a
function of time. At an age of only 3 days around 70% of the C3A and 50% of the Alite
(CsS) phases have hydrated, while 45% of the ferrite phase and 20% of the Belite
phase has hydrated. The diffusion controlled slow rate of hydration is seen to finally

dominate the rate of hydration at around two to four weeks.
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Figure 28 - Hydration of the clinker minerals in cement past, Mindess, et al (2002)

The hydration of the cement is highly exothermic and large amounts of heat are
released during the process. This heat release is called the heat of hydration. The
heat of hydration is dependent on the type of clinker mineral. Alite and C3A releases
high amounts of heat while hydrating as opposite to Belite and C4AF, which only
release moderate to low amounts of heat, Mindess, et al (2002). One-way
temperature raises in concrete may be controlled by lowering the content of Alite and
C:A since these compounds have the highest hydration heats, and also the highest
rate of heat development. On contrary, early age high strength, or rapid, cements
usually have high amounts of Alite compared with Belite in combination with a finer
grinding. The latter increases the surface area of the cement and gives therefore the
water easier access to the cement, Gambhir (2004). These two measures increase

the rate of hydration and thus the rate of development of properties.

The heat of hydration will lead to an increase of the concrete temperature and is not

the case for thin wall concrete panels.

Sealed curing concrete exhibits dilation due to heat of hydration and autogenous
shrinkage. Itis clear that these volumetric expansions and contractions by themselves
will not result in cracks forming in the concrete mix. In order to build up stresses in the
volume, some sort of restraint should be present. In practice this will occur to some

extent, either externally or internally.

External restraints include structural restraints, for example when the volume is not

free to dilate due to contact with a sub-base or a previously cast structure or when the
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concrete is cast around rigid corners or around rigid inserts, as is the case with this
research.

Internal restraints are caused by gradients in the dilation of the material or by rigid
parts of the material itself, e.g. shrinkage cracking around aggregates. The latter
mechanism was explored in Dela (2000), where a device suited for measuring the
shrinkage stress around aggregates was developed.

External restraints are often simulated using a cracking frame in which either the
length of the specimen or the stress in the specimen is kept constant, refer to RILEM
Report 25 (SARL 2002); Dao, et al (2009); Altoubat (2000) and a number of examples
in ACI Committee 446 (2004). A variation is a cracking frame where the temperature
is controlled where either isothermal conditions or certain temperature histories may
be simulated; ACI Committee 446 (2004). An example of a cracking frame is shown
in Figure 29. In this setup two specimens are tested. The left one in Figure 29 (a) is
free and may expand or shrink as a function of the thermal and autogenous dilations
plus any extra dilation caused by exchange of energy with the surrounding
environment. This specimen is a reference on which the free length change is
measured. The right specimen is loaded with either a constant load that suppresses
the length change of this specimen. The latter situation simulates a fully restrained
situation and makes it possible to measure the self-stresses, which are building up

under such conditions - including the early age creep effects, which work as significant

P() 4

shrinkage mechanisms.

V
Figure 29 - Principle of the cracking frame, (a) free specimen, and (b) loaded specimen

7
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A setup similar to the one shown in Figure 29 was used by RILEM Report 25 (SARL
2002) and a sample result is shown in Figure 30. In this experiment, the temperature
and the force were measured restraining the specimen. Due to the hydration a
temperature rise was reported in the first 15 hours. Then, as the rate of heat
development decreased, the specimen starts to cool off and the specimen
approaches ambient temperature, 20°C, at 100 hours. As the lower part of figure 30
shows, this temperature rises results in compressive stresses in the specimen,
peaking at 10 hours. Then, due to the early age shrinkage of the stress and the
decrease in rate of heat development, the compressive stress decreases at 12 hours,
the specimen experiences tensile stress. Now, the specimen contracts due to cooling
and autogenous shrinkage, and these effects results in tensile stress being recorded.
Also the tensile strength development is displayed on the lower part of the figure 30
and, at approximately 70 hours, the tensile stress surpasses the tensile strength and

cracking occurs.
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Figure 307 Recorded self-stresses of a fully restrained specimen Dela (2000)
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The problem illustrated with this example is experienced during testing of Edgelift
anchors. Full or partial restraining of the early age dilations occurs in numerous

situations and they do result in cracking.

As with an edgelift anchor, the restraint could also be internal which is caused by
gradients in the concrete temperature (Prasanna, et al 2010; Gambhir 2004).
Temperature gradients will occur when heat is dissipated from the surface of the
concrete volume. In the initial heating phase internal tensile stress may occur at the
surface and result in thermal cracks. Later, in the cooling phase, where the surface
regions of the concrete have reached ambient temperature, these regions will restrain
the thermal contraction of the central parts and result in tensile stress here and

possibly tensile cracking.
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Figure 31 - Hydrostatic pressure exerted on stress sensor with time for two different
cement pastes (P00 is without SF and P20 is with 20% SF.), Dela (2000)

As mentioned, self-stresses in the concrete will occur due to the shrinkage of the
cement paste. This was investigated by Dao, et al (2009) where the shrinkage-
induced clamping pressure on an inhomogeneity (in this case a thermometer) was
measured experimentally. It is clear from these experiments that the clamping
pressure is significant and strongly dependent of the amount of micro-silica added to
the paste. Shrinkage cracking around aggregates was investigated in Dela (2000)
employing a stress sensor, which was developed for the particular test. Figure 31
shows the measured stresses, which are built up around the aggregate with respect
to time for the two different cement pastes tested. It is seen that the hydrostatic

pressure in the case of 20% SF reaches high values and it was demonstrated that
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shrinkage-induced cracking around cylindrical aggregates did occur in the case of
20% SF.

3.2. Temperature related strength models

Volumetric dilations occur in early age concrete and cracking may occur if these
deformations are restrained - which is likely in practice. It is therefore not always
possible or preferable to avoid early age cracking. Ultimately if the cracked situation
is well understood and can be modelled then cracking can be allowed. This is

acceptable if the crack widths are kept below acceptable serviceable values.

To model early age cracking a detailed knowledge of the development of all the
important material properties, and preferably their interactions, must be obtained.
Important properties to monitor are tensile strength, modulus of elasticity, thermal
dil ation coefficient, Poi ssonods rati o, cr
development of these properties with time. However, measured fracture mechanics
properties to understand the crack initiation stresses, and the crack propagation paths

related to the material properties help establish a failure mode assessment.

Once these properties are established, they can form the material parameters used
in a numerical simulation or performance model to shown position of cracks, crack
paths and size. Based on these models, the choice of material and structural design
may be selected depending on the calculated outcomes. Alternatively, your models
can assist the selection of particular material properties, where they are selected from
the most desirable model outcomes, in order to select the best concrete mix

appropriate to the application being considered.

In the past, the risk of cracking in early age concrete was based on a temperature
criterion (Jensen and Hansen 2001). In its most simple form, a temperature profile
may be applied by limiting the maximum temperature in the concrete volume and the
difference between parts of the concrete structure. This is done by controlling a
maximum difference in temperature within the cast concrete, and by controlling a
maximum temperature gap between any existing structure or sub-base and the
concrete, which is being poured. This simple temperature profile can be based on
experience where it has been found that concrete can withstand the thermal dilations
caused by a temperature difference of 15°C- 20°C, (Jensen and Hansen 2001).

However, this temperature related method has clear limitations and may not be a safe
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assumption if applied to unique elements, AClI Committee 446 (2004). The method
does not take into account the development of strength properties or the temperature
history. Neither is the influence of any external restraint regarded, which may cause
thermal cracking, or build-up or stresses around aggregate. Depending on the
temperature history, a temperature difference may or may not be detrimental. This
was discussed in RILEM Report 25 (SARL 2002) which demonstrated that the internal
restraint stresses depend on the temperature history and that they are not necessarily
zero when the temperature stabilizes. Only a certain temperature gradient, dependent
on the temperature history, will produce zero stresses in the structure. In Institute of
Civil Engineers (2014) it was found that if no external restraint is present, the simple
temperature-differential method is adequate, but also that any external restraint may
cause thermal cracking for temperature differentials lower than 15°C. For large

structures, the method may yield unreliable results (Browning, et al 2011).

More importantly with respect to this research and application with edgelift anchors,
the differential temperature based criterion will not suffice for modern prefabricated

concrete mix designs, which show significant autogenous shrinkage.

The only way to cope with cracking occurring due to autogenous shrinkage is
technologically to reduce the magnitude of these dilations. This was the subject of the
work by Seigneur, et al (2000) and RILEM Report 25 (SARL 2002) who found that the
use of Shrinkage Reducing Admixtures (SRA) is a very efficient method to reduce
autogenous shrinkage as well as drying shrinkage. This was also concluded by Holt
and Leivo (2000) and noting similar conclusions. Another technique has been
explored by Jensen and Hansen (2001). Here, water filled Super-Absorbent Polymers
(SAP) are entrained in the cement paste and represent a water-supply, which
suppresses the self-desiccation of the paste, thereby preventing the self-desiccation
shrinkage and thus reducing the autogenous shrinkage. Also water filled lightweight

aggregates have been employed for the same purpose Browning, et al (2011).

Curtin University, Department of Civil Engineering 46



3 LITERATURE REVIEW - Early Age Concrete

3.3. Early age concrete - Mechanical Properties

Besides detailed published knowledge of early age volumetric dilations, the
mechanical properties must be determined in order to be able to model the
mechanical behaviour of early age concrete. The compressive and tensile strengths
determine whether failure will occur, while modulus of elasticity gives an estimate of
the stresses, which are building up as a result of the volumetric dilations and the
degree of restraint. Poi ssonés ratio

generalizations suitable forfini t e el ement model | i nige ratid
of transverse to axial strain). Each of these are discussed in this section showing the

relevance to early age concrete property strength capacity.

3.3.1 Compressive Strength

The development of the compressive strength is probably one of the most intensively
studied parameters of concrete. This is due to the fact that this parameter, along with
the modulus of elasticity, is the most important one in structural analysis. Literature
surveys of the development of the compressive strength may be found in Hengjing,
et al. (2008) and Hoyer, et al (2000), as well as in text books like Mindess, et al
(2002).

The development of concrete compressive strength is mainly dependent on the water-
cement ratio, type of cement, additives, pozzolans and curing conditions (temperature
and moisture). A common framework for describing compressive failure of concrete
is the theory of plasticity (Nielsen 1999). The plastic yield surface used is the modified
Mohr-Coulomb yield surface. This surface is determined by three parameters, namely
the cohesion, the friction angle and the tensile strength. While the development of the
tensile strength is investigated in more detail later in this thesis, information of the
development of the cohesion and the friction angle is lacking in current research.
Bazant, Concrete fracture models: Testing & Practice 2002 report the friction angle
for concrete before maturity is reached. The measuring technique adopted was the
tri-axial test. The experiments were conducted on concrete with a water-cement ratio
range of 0.44 to 0.66 and a maximum aggregate size of 20mm, similar mix designs
used in this research, and it was assumed that the cohesion was zero, refer to mixture

designs in Table 6.
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3 LITERATURE REVIEW - Early Age Concrete

3.3.2 Tensile Strength

The development of the tensile strength of concrete is important to assist the
prediction of the crack initiation, and especially within the context of this research. The
uniaxial tension test, which is believed to give the best estimate of the tensile strength,
is not widely used due to the difficulties conducting the test. Instead several indirect
methods have been developed, e.g. the Splitting test (also known as the Brazilian
test) and the three-point bending test (which gives the modulus of rupture), refer
Section 4.1 - Concrete tensile strength and cast-in inserts. However, the interpretation
of these indirect test methods often relies on linear elastic formulas combined with
correction factors determined empirically. The use of the models for indirect tension
are unreliable if the tensile strength in unusual situations, for example concrete in
early age or fibre reinforced concrete, are to be determined. This is due to the fact
that the correction factors are compensating for the actual behaviour of the concrete,
which is not linear elastic and ideal-brittle, but quasi- brittle. The brittleness of the
concrete is significantly changed in early age and for fibre reinforced concrete

compared with matured, normal strength and fibre-free concrete.

Oluokun (1991) predicted a lower initial tensile strength than the ACI318 (2008)
model , which is consistent with Khanés findings
the initial tensile capacity gain is higher than the compressive capacity. Thus,
experimental validation should result in tensile strength gains on the order of 30% to
50% more than compressive strength gains based on Oluokun (1991) hypothesis.
Theoretically, the inserts should perform well at early age. Table 2 summarizes the

model equations evaluated for tensile capacity.

Table 2 - Various published concrete tensile strength models, Winters et al (2013)

CEB =079 =
Oluokun =0.2. °7
ACI318 = 048N =
ACI363 =0.591 =
Mindess, Young & Darwin = 0.305. ®-56
Oluokun, > 6hours & >5MPa = 0.584. ®.79
Oluokun, <5MPa =0.928. agfee
Khan (open) ()=0.085Y, 5
Khan (sealed) ()=04] 23
()] e
Khan (dry cured) ()=038] ()
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Courtois (1989) described problems with testing using small blocks that resulted in
flexural splitting failure of the block before the ultimate capacity of the insert was
reached. In addition, tests conducted in this research showed both concrete
compressive strength and embedment depth to be important parameters for
determining pull-out capacity. A shear cone breakout failure occurs where a concrete
cone defined by the depth of embedment of the insert fails in tension. This is the type
of breakout failure that was presented as a simple model and was used in early
editions of the PCI Design Handbook. This approach is also similar to punching shear
calculations for a slab around a column. Courtois (1989) identifies split cylinder tests
as more informative than compression cylinder tests. He suggested that the breakout
strengths might be more closely predicted when the concrete tensile strength is known

versus when just concrete compressive strength is known.

Sattler (2012) reports the pure tension strength of headed inserts based on a conical
failure surface model. Sattler proposes a global safety factor equivalent to a load
factor divided by a corresponding strength reduction factor of 2.0 to derive an
alowab| e | ifting |1 oad. Sattlerés work did not
factors for multiple anchors, edge-distance reductions, or anchoring in cracked

concrete.

Bode and Roik (1987) recommend design formulas for single inserts loaded in tension
based on cube strengths and the square root of the embedment length. They also
note that for shorter inserts, 50mm in total length after welding, the standard deviation
is greater than for longer inserts because of the non-homogeneous composition of
the surrounding concrete and the distance between the anchor head and the concrete
surface. Bode and Roik (1987) recommend reducing the strength by 20% for shorter

inserts. No further recommendations on other lengths are discussed.

Hawkins (1984) conducted 12 tests on 25mm diameter anchor bolt breakout
specimens in 20MPa concrete. Embedment depth varied among 75mm, 125mm, and
175mm. The washer diameter below the bolt varied among 50mm, 100mm, 150 mm.
The thickness of this washer also varied as either 16mm or 22mm. Nine specimens
were 450 x 450 x 225mm and reinforced near the edges. The other three specimens

were 1150 x 1150 x 175mm and also reinforced near the edges.
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Hawkins (1984) used a loading frame which reacted against the concrete with
450mm x 50mm steel beams with 400mm centre-to-centre spacing for the smaller
blocks and 760mm x 125mm steel beams with 1,025 mm centre-to-centre spacing
for the larger block. Load was applied through a 996kN centre-hole ram positioned
over a loading rod attached to the bolt. Only three specimens showed conical
breakout failures: one from the smaller block tests and two from the larger block tests.
The explanation concluded, is that the moment generated by the testing frame
induces flexural cracking in the concrete, causing radial cracking failure before conical
breakout failure can be reached. This is similar to the problems listed by Courtois

(1989), where the majority of the failures reported were splitting of the concrete.

From Hawkins (1984) conclusions, an embedment depth of 8 to 10 times the bolt
diameter is required for ductile behaviour. Splitting failure is likely to occur when the
embedment depthi toi bolt diameter ratio exceeds 4. Also, anchor bolts are likely to

have ultimate capacities 20% to 30% less than comparable sized headed anchors.

Experimental results using a uniaxial tension test method is not widely researched.
This may be a consequence of the perceived difficulties to conduct the test, and due
to the problems with self-weight and frictional forces, which become significant in early
age concrete. Specimens, which are tested in an upright position, are influenced by
self-weight while specimens that lay down are influenced by friction against the sub-
base. The latter may, however, be reduced by the use of Teflon sheets. The results
for tensile strength are often reported as a function of the compressive strength or the
splitting tensile strength. Although this seems relevant from a practical viewpoint it
clouds the development of the uniaxial tensile strength since the behaviour of the

other test methods change with brittleness and age.
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Figure 32 - Relationship between Tensile and compressive strength gain, Eligehausen (2014)
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Figure 33 - Uniaxial tensile strength gain for varying cement types and w/c ratios. Kasai (1971)

A uniaxial tension test was conducted by Dao, et al (2009). Figure 33 shows the
development of the uniaxial tensile strength at early ages starting at 2 hours. Tensile
strength is very low in the beginning (2 hours). It is interesting to note that the tensile
strength increases at a higher rate than the compressive strength at very early age,
see Dao, et al (2009), and also reported by the author, Barraclough (2012), where the
experiment is detailed in Section 4.1.
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In the work by Hengjing, et al. (2008) a large number of uniaxial tension tests were
conducted on concrete with different water-cement ratios, cement type and curing
conditions. The experiments started at 8 hours and progressed for one month. The
results were similar to the ones obtained by Dao, et al (2009) and noted in Section
4.1.

Besides the direct and indirect methods, fracture mechanics test methods are
increasingly applied to determine concrete tensile strength. These methods include
Crack Mouth Opening Displacement (CMOD) controlled uniaxial tension tests, three-
point bending tests and wedge splitting tests. A fracture mechanics interpretation of
the three-point bending test in combination with a method for extraction of the tensile
strength (inverse analysis) was applied in the report by AClI Committee 446 (2004).
Here the experiments were started at an age of 2 days and continued through 28

days.

3.3.3 Tensile vs compressive strength

Correlations have previously been obtained between flexural tensile strain capacity
and flexural strength for various concrete ages Dao, et al (2009), and Prasad, et al
(2010). Approximate short term strain capacity in flexure can be estimated if the
modulus of elasticity and strength are known. It has been shown Iso-Ahola, et al
(2012) that the thermal strain capacity of concretes of similar strength and workability
is related to the type of coarse aggregate used, and there is a good correlation
between strain capacity and modulus of elasticity for these results. As far as tensile
strength is concerned, the splitting tensile test and the three (or four) point bending
test have been widely applied. There are some consistent results obtained between
flexural tensile strain capacities. But all these tensile tests have the disadvantage of
a non-uniform state of stress, which is superimposed over the local stress fluctuations
that are present in concrete. With the splitting test a very steep stress gradient
develops, and just below where the load is applied compressive stresses develop
perpendicular to the axis of the load. This combination of local stress gradients
interacting may result in a variance of crack development dependent on aggregate
position, size and volume. Thus it may be suggested that various configurations of
calibration of the splitting test machine may be necessary versus concrete mix and

type being tested.
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Whereas the bending test has its own set of issues to consider, like self-weight of the
specimen which may alter the post failure (softening) effect of the test result. Again
the damage around the applied load may alter the stress gradients, and crack
propagation, for different material types. This results in a degree of confinement within
the Fracture Process Zone. Factors affecting the relationship between tensile stress
and strain show that this is not a constant value Dao, et al (2009) and is relative to
the test method, the type and size of aggregate, the gauge length, the water/cement

ratio, curing conditions, age of concrete and test loading rate.

3.3.4 The derivation of tensile strength

The tensile strength and tensile strain capacity of concrete are used widely in the
assessment of crack occurrence in concrete members. Based on the tensile strain
capacity rather than the tensile strength, it is more convenient and simpler to evaluate
cracking where the forces can be expressed in terms of linear changes. The tensile
strain capacity can be evaluated from the Modulus of Rupture test, where ACI224.2R
(2001) suggests the following expressions to estimate tensile strength as a function

of compressive strength

Modulus of rupture: = N1 . *= _
Equation 13

Direct tensile strength: = 8 ne
Equation 14
where:

= unit weight of concrete (kg/m3)

# = compressive strength of concrete at time of test (MPa)
=0.012t0 0.021 (0.013 i 0.014 is recommended)
= 0.0069

It can be seen that the elastic modulus of concrete increases with age, as noted by
ASTM C469 (2002).

Table 3 - E Modulus of concrete values

Age 18hrs lday 2days 3days 7days 28days
NSC 12.95 14.92 16.12 15.96 24.04 25.47
HSC 10.53 18.88 22.39 28.24 30.02 33.05
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Dao, et al (2009) in contrast presented the variation of tensile properties of concrete
under various degrees of stress. In BS8110 (BCI 2010) the tensile strain capacity of
concrete using granite as a large aggregate was used.

3.3.5 Factors affecting tensile strain capacity

Although it is convenient to assume a constant tensile strain capacity; concrete
mixture composition, curing conditions, specimen size, gauge length, loading rate and
the presence of a notch, affect the capacity in different proportions. The tensile stress-
strain curve, Figure 35, of concrete typically show the curve, up to 75%, as almost
linear, thereafter the pre-peak nonlinearity due to micro-cracking occurs. The
softening response corresponds approximately in two parts, the first a descending
one in which strain localization occurs and the second the later descending part with
a long tail Vesely, et al (2010).

N3N vy @@

a) Micro-crack shielding b) Crack deflection
%//} —— T N
@ &4
¢) Aggregate bridging d) Crack surface induced closure

Figure 34 - Crack propagation interactions of concrete in tension

3.3.6 Predictions for anchor pull-out capacity

Concrete passes through different states from the initial wet mixing to a stable state
several months later. During the early stages of concrete strength development,
inserts cast into precast panels depend on being able to predict the inserts strength
development, and therefore allowing the element to be lifted from the manufacturing
facility to on-site placement. Fracture Energy and Modulus of Elasticity are the
controlling material parameters that affect the tensile strength gain Bazant (2002).

Concrete up to 3 days old, and loaded near the concrete tensile capacity, will cause
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a fracture surface to propagate through the mortar mix. At early concrete age, and
near the lifting inserts ultimate concrete capacity, the induced stresses transmitted
through the lifting insert during the precast panel lifting process, are unlikely to have
sufficient energy to shear the large aggregate.

Understanding the complete behaviour of concrete subjected to tensile loads is
inevitable in precast lifting design, and especially during the lifting process of precast
elements. The relationship between compressive and tensile concrete behaviour is
specified in Australian Standard - Concrete Structures, AS3600 (SAl 2009), this

standard defines the characteristic uniaxial tensile strength, as:
®  m8d%p W
Equation 15
Alternatively, the uniaxial tensile strength is also defined in AS3600 (SAI 2009), and

can be determined from the measured splitting tensile strength, if tested in
accordance with AS1012.10 (SAI 2000):

=09
Equation 16
Where:

LD NQ D 0 Q

jﬂ: 0@ @ N Q Q( Q ) 0 W 28

o)

= Mean @D Q Q
= ® nQ Q Q , @ 0 1012.10 Q1

A relationship of direct tensile concrete strength to characteristic compressive
strength of mature concrete, AS1012.10 (SAI 2000):

fe=0:8 WX F
Equation 17

Where:
= Direct Tensile Strength of concrete
=0.0069
= Unit Weight of Concrete (kg/m3)
& Characteristic Compressive Concrete Strength (MPa)
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The tests covered by this research include the comparison of various tensile strength
tests, including: Cored cylinder compressive tests, in-direct splitting tensile test,
uniaxial direct tensile tests, and cast-in lifting insert tensile tests. Various concrete
mixes were tested and appropriate tests were compared against a moulded cylinder

compression test.

3.3.7 Concrete tensile behaviour

The behaviour of concrete subjected to tensile loading has been represented by
several researchers, where Holt and Leivo (2000) obtained a stable and complete
stress-strain diagram of concrete in direct tension. The tensile stress-displacement
curve of concrete, Figure 35, shows the curve, up to 75%, as almost linear, thereafter
the pre-peak nonlinearity due to micro-cracking occurs. The softening response
corresponds approximately in two parts, the first a descending one in which strain
localization occurs and the second the later descending part with a long tail Vesely,
et al (2010).

It has been confirmed that substantial non-linearity before peak load is attained ACI
Committee 446 (2004). Point A corresponds to about 30% of the peak load up to
which propagation of micro-cracks of internal voids is negligible. Point B corresponds
to about 75-80% of the peak load, where the cracks propagate between A and B and
are isolates and randomly distributed over the specimen volume. According to ACI
Committee 446 (2004) the tensile stress is uniformly distributed in the direction of
loading over the specimen length. Between B and C the micro-cracks start to localize
and the distribution of tensile strain in the loading direction is no longer uniform over
the specimen. Beyond the peak load the tensile strain within the fracture zone

continually increases, whereas the material outside the fracture zone starts unloading.
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Figure 35 - A typical stress-displacement curve of concrete, (w = Length of crack zone)

The tests discussed in this experiment recorded the maximum load post the elastic

phase and in the plastic phase of a typical concrete stress-strain curve.
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capacities

4 EXPERIMENTAL RESEARCH 1 Concrete Strength and

Cast-in headed insert capacities

The literature reviews highlight available published models and the influence certain
parameters and environmental conditions have on concrete strength. This chapter
details the tests conducted to measure the significance of the concrete strength

parameters discussed in chapter 3.

A series of tests conducted in section 4.1 details the differences between compression
cylinder, direct uniaxial tension and indirect tension showing the relationship of
concrete strength gain in relation to the test method used. The forty-two, 42, tests in

this series are referred to as A1 7 A3.

Results of a further series of tests are reported in section 4.2 using headed inserts
and loaded in tension to establish their capacity in different concrete ages and
mixtures. These test results are compared against compression cylinders and
comparisons are made to the models published in the standards of ACI318 (2008)
and AS3850 (SAI 2015). The one hundred and forty, 140, tests in this series are

referred to as Test Series B1 1 B10.
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4.1. Concrete tensile strength and cast-in inserts

Time, maturity and degree of hydration are described from current published data.
Depending on the circumstances, each of these approaches may be appropriate, and
they may all be precise, but the reason for this series of tests in this research is to
examine the tensile properties of concrete in early age and how it affects the
performance of a cast-in edgelift anchor.

Table 4 - Concrete strength gain series of tests in early age ocncrete

Test Concrete _ _ Stress Sample size @
. Test Type Specimen size, mm rate, each concrete
Series Age, days .
MPa/min age, n
Al Compression 100 x 200 cylinder 20 3
Uniaxial Direct | 1 2 3 7 100x 200 cylinder

A2 . 1409, [, : 20 3
tension 21 and 28 | 30mm reduced section

A3 Indirect 150 x 300 20 1
splitting

4.1.1 Experimental Program

This experimental program was conducted as per the tests and specimens denoted
in Table 4.

Compression Cylinder specimens (Al): Cylinders used for testing were standard
100mm diameter by 200mm long, Figure 36, a cylinder throat was inserted into the
mould to create the reduced section. Concrete was prepared in plastic cylinder
moulds in accordance with AS1012.8.1 (SAI 2000), with dimensions of 100mm
diameter x 200mm long capped cylinders. The cylinder throats reduced the cylinder
diameter by 40mm, with a 30mm long reduced section, where the plastic throat was
stripped after demoulding. The cylinders were de-moulded at time of test and all cured
in a stable shaded atmosphere with a temperature range of 10 to 25°C. 30 cylinders
were prepared from a single concrete batch, and tested at 1, 2, 3, 7, 21 and 28days.
At each of the 5 time intervals there were 3 cylinders tested in compression, 3
cylinders tested in direct tension and 1 cylinder in indirect tension. The total time to
test the 7 cylinders was within 4 hours. After de-moulding, the ends of the cylinder
were prepared in accordance with AS1012.8.1 (SAI 2000).
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Rl L1 Lash

Figure 36 - Cylinder moulds, and a demoulded cylinder prior to the reduced section being

stripped

The compression cylinders were tested in the methodology as stated in AS1012.8.1
(SAI 2000). Compression testing were conducted by fitting the cylinders with rubber
caps at each end. Compressive stress was applied at 20MPa/min until the peak load

was achieved and compressive rupture of the cylinders occurred.

Figure 37 - Compression test setup, and a typical failure at early age (1 day)

Uniaxial tensile specimens (A2): The uniaxial direct tensile cylinders were made up
of 100mm diameter x 200mm length cylinders with a reduced diameter in the centre
by 30mm as illustrated in figure 37. This was to initiate a fracture surface across the
reduced section. Uniaxial direct tensile tests were carried out at 1, 2, 3 and 7 days.
Published data by Barraclough (2012), Tensile and compressive behaviour of early
age concrete, assessed the direct tensile cylinders which were also tested at early
concrete curing ages to further test the relationship between tensile and compressive
strength and the compare these results against the indirect splitting tensile results.
For each concrete age a compression cylinder test was completed, to compare the
results.
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Reduced diameter, 70mm

Figure 38 - Direct tension test specimen, overall dimensions of 200mm Diameter, 200mm long.

The cylinder throats reduced the cylinder diameter by 40mm, with a 30mm long
reduced section, where the plastic throat was stripped after demoulding. After de-
moulding, the ends of the cylinder were prepared in accordance with AS1012.8.1 (SAl
2000).

To attach the specimens to the tensile test machine, steel plates were glued to each
end of the concrete cylinder. Gluing, as prescribed in the RILEM (SARL 2001) uniaxial
tension test standard is not as difficult on very early concrete samples as the RILEM
(SARL 2001) defined specimen, due to the cylinder not needing a notch to be
machined. Using the cylinder reduced sections keeps the notch inside the mould and
is sufficiently large so that the crack propagation is more likely to start and finish in
the reduced section. This research uses this uniaxial tension method from 24 hours
onwards. The dog-bone UTT specimen is well suited to establish early age concrete

tensile properties.

It is assumed that this test method minimizes compressive stresses in the test
specimen whilst the load is being applied. Two concrete strengths were used, which
represent typical mixes used in the precast industry. These were selected to study

the relationship between compressive strength and direct tensile strength.

The test specimen was developed to ensure a fracture would occur in the narrowest

section of the cylinder throughout all concrete tensile strengths.
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The cementitious materials used was GP Portland cement, as per AS3972 (SAl
2010), and aggregate and sand as per AS2758.0 (SAI 2009). The concrete batch was
specified with a typical w/c ratio of 0.4, and detailed specifically in Table 6.

Tensile testing was conducted by capping each end of the cylinders with precision
steel caps bonded with epoxy adhesive. The cylinders were then fitted between the
universal joints of a tensile testing machine, refer below picture, and loaded at
1.0mm/min until tensile rupture of concrete occurred. Test load and tensile

displacement data was recorded for each test.

Figure 39 - Tensile test setup, and typical failures of tensile cylinder

In-direct Splitting Cylinder specimens (A3): The cylinders were tested in the
methodology as stated in AS1012.10 (SAI 2000) for indirect tension measurement.
Indirect tension, or Brazilian testing was conducted by fitting the cylinders horizontally
inside 2 plates lined with hard board, Figure 40. Compressive stress was applied at

20MPa/min until the peak load was achieved and rupture of the cylinders occurred.
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Figure 40 - Splitting tensile cylinder test setup

The splitting tensile strength test was conducted on concrete specimens of 150mm
diameter and 300mm in length. The testing was conducted in accordance with
AS1012.10 (2000).

Figure 41 - Split test setup, and typical fracture.

4.1.2 Test Results and Analysis

Typical stress-strain curves recorded from the direct tension tests adopted are shown
in Figure 42. As noted by Dao, et al (2009) since concrete is a hon-homogeneous
material; the curves should deviate at higher stress levels. This deviation is dependent
on the stress concentrations at the tips of the micro-cracks, or crack pattern, existing

in the test specimen. The load was applied at 1mm/min for each tensile specimen.
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Figure 42 - Stress-strain curves of concrete in direct uniaxial tension

As expected, concrete with lower wi/c ratios gain strength faster, Figure 43 and Figure
44, Additionally, Mindess, et al (2002), recorded for the same wi/c ratios, the use of
larger aggregate reduces the specific area of the aggregate and hence a lower bond

strength, resulting in a reduction of concrete tensile strength.
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Figure 43 shows the compressive and tensile strength observed, and also showing
that the tensile strength stabilized after day 7 whilst showing a typical compressive
strength gain curve. Both compression and tensile cylinders were made from the

same concrete batch and cured under the same conditions.
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Figure 44 show the compressive and tensile strength observed, and also showing that
the tensile strength stabilized after day 7 whilst showing a typical compressive
strength gain curve. Both compression and tensile cylinders were made from the

same concrete batch and under the same conditions.

Less than 3-day old concrete developed tensile strengths at different rates than the
when measured by direct or indirect methods. A maximum tensile strength of just over
2.5MPa was measured by In-direct Splitting Test, whereas a maximum tensile

strength of 1.4MPa was measured by the direct Uniaxial Tensile Test.

gl
o

N
o

w
o
X

N
(=
*

=
o
4

o

10 15 20 25
Concrete Age, Days

4 20MPa Panel Mix X 40MPa Panel Mix
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Figure 46 - Comparison of measured indirect and direct tensile strengths

Comparing the indirect and direct tensile strengths shows a gain of 1MPa over 3 days
(indirect) and a gain of 0.3MPa (direct)
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Figure 47 - Comparison of measured direct tensile strengths for both batches

When comparing the measured direct tensile strengths, including minimum and

maximum values, it is noted a difference of over 0.6MPa during the first 3 days.
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Figure 48 - Comparison of tensile/compressive ratios between both batches

Figure 47 display the relationship between tensile to compressive strength ratio and
age of concrete for both concrete batches. The tensile to compressive strength ratio,
Figure 48, decreases as concrete matures to day 2 and then increases to day 7. This
shows the rate of strength rate in tensile strength is smaller than the increase in

compressive strength.

The relationship between tensile to compressive strength ratio and compressive
strength of the 2 types of concrete compressive design strength are depicted in Figure
48.

The tensile to compressive strength ratio decreases as compressive strength
increases, or concrete ages. By association the tensile strength gain is smaller than
the increase in compressive strength. For these tests the tensile to compressive
strength ratio varies from 0.2 and 0.35, whereas the data from Mindess, et al (2002),

ranged from 0.1 to 0.06 using the indirect test method.

4.1.3 Concluding remarks

Based on the mix proportions, cementitious materials used and the experimental

method adopted in this test analysis, the following conclusions can be made:

1 The uniaxial tension test, which is designed for ease of use, and is required to have
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a low coefficient of variation and accuracy of concrete tensile reading to be
meaningful, produces a larger distribution of results than other direct methods of
testing

2 For different design strength concrete mixes, the tensile strength gain rate varies,

and the uniaxial test records lower tensile values than the Brazilian test.

3 Tensile strength of concrete increases with curing age at a lower rate than
compressive strength. The direct tensile to compressive strength ratio varies

bet weenrad?2 8for2édly age concrete less than 7 days old.
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4.2. Cast-in headed insert capacities

One hundred and forty headed anchors were cast using various concrete

compressive strengths and concrete mixtures. Test blocks, 2,000mm x 1,000mm X

300mm, were made. Blocks were tested at concrete ages of 1, 3, 7, 14, and 28 days

at a applied load rate of 20kN/min. The remaining three test series were tested at 28-

day concrete age and at different strain rates. These three test series were tested

at different applied load rates of 20kN/min and two at 60kN/ min. The compressive

strength was measured using the mean of three cylinders at each age.

Table 5 - Test program series for headed insert tensile tests

Test Concrete | Minimum insert Minimum edge Sample Load
Test Date : . ) - ) - rate,
Series Age spacing, ci, mm | spacing, Sin,, mm size, n KN/min
B1 12 hours 330 180 20 20
B2 16 hours 330 180 20 20
04/03/2011 B3 20 hours 330 180 20 20
B4 2 days 330 180 20 20
B5 7 days 330 180 20 20
B6 14 days 420 210 8 20
13/05/2011 B7 28 days 420 210 8 20
B8 28 days 420 210 8 20
B9 28 days 420 210 8 60
08/02/2011
B10 28 days 420 210 8 60

4.2.1 Experimental Program

Headed anchors, in accordance with Figure 50, with a nominal length of 75mm and

a shank diameter of 13mm were used throughout testing. These specimens had a

"Q | ratio of approximately 6, where a concrete cone failure is anticipated.
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Figure 49 - Panel insert edge and spacing minima. B1-B5 8 anchors per block, B6-B8 3 anchors
per block

Each panel used a cast-in headed insert, as shown in Figure 50, which was placed at

an embedment depth of 75mm.
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Figure 50 7 Experimental headed insert dimensions
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Three uniaxial direct tension tests were conducted on representative headed
anchors to establish the average steel strength. The assemblies were loaded to steel
failure using a universal tensile testing machine, and tested to have a nominal tensile
strength of 530MPa.

All the test blocks were cast, being 2,000mm x 1,000mm x 300mm thick. The concrete
was a typical mixture used in prefabricated wall panels, as per Table 6, and designed
to have a 28-day characteristic compressive strength of 32MPa. The concrete mixture
used a maximum 20mm crushed large aggregate. The inserts were puddled into the

near face of the test block after pouring and finishing the concrete pour.

Table 6 - Concrete specifications used in all tests throughout research

Strength Grade (f'c) (MPa @ 28 days) 40 32 20
Early Age Strength (MPa @ 3 days) 32 n/a n/a
Maximum Aggregate Size (mm) 20 20 20
Nominal Slump (mm) 8015 | 8015 | 8015
GP Cement?7 AS3972 293 259 202
20mm Aggregate AS2758.1 597 577 558
14mm Aggregate AS2758.1 527 422 496
Manufactured Sand AS2758.1 158 228 331
Natural Sand AS2758.1 574 583 574
WR Admix AS1478 | 100-500 | 100-500 | 100-500
Design Total Free Water (L/m®) 177 168 165
Typical Total Cementitious (kg/m?) 385 324 251
Cementitious Type to AS3972 GP GP GP
Typical W/C ratio 0.44 0.52 0.66

The inserts were spaced more than 2h,from the edge, ci, of the concrete specimen.
For spacing, sin, between inserts, this minimum is doubled to 4h,;. The inserts were

spaced at no less than 180mm from edges and at a no less than 340mm, from each

other.

Each insert was spaced no less than 340mm from each end to minimize the moment
created during stripping and to reduce the possibility of cracking the block while
moving it into position for testing. The blocks were reinforced with a single N20

reinforcing bar in the centre of each block, and reinforcing mesh (8mm diameter bars
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at 200mm centres, termed SL822 panel mesh) to provide tensile strength in the block
to help rotating the block after it had been cast. While casting the blocks, thirty- four
100 x 200 mm and twenty-six 150 x 300mm compression cylinders were also cast in
PVC moulds to determine the concrete strength during testing. After casting, the
specimens and cylinders were then covered with plastic to cure at ambient

conditions.

In a second pour, a further 5 blocks were cast, the number of inserts per block was
reduced to three to increase the insert spacing and edge distance. The minimum
edge distance was increased to 210mm and the insert spacing increased to 420mm,
respectively. Twenty 150 x 300mm and twenty 100 x 200mm cylinders were cast to
determine the strength of the blocks at the time of testing as well as the 28-day
strength. The concrete mixture was the same as used for the first tests. The blocks

and cylinder were again covered with plastic to cure.

A difference between the first five series of tests and the second is the use of a
different loading frame. ACI318 (2008) recommends that the minimum distance from
the centre of the insert to the nearest point of contact on the loading frame be no less
than twice the effective embedment depth h of the anchor. Using this criteria, a
reaction frame was used with a distance from the axis of the applied load to the
nearest point of contact of 150mm, or 2h,, Figure 51. The frame contacted the
concrete with two beams supported by 2 each 50mm x 50mm x 5mm steel plates.
This frame was used throughout the test for series B1 to B5. Many of the breakout
segments flared out and extended to the frame contact points, which could have

affected the insert concrete capacity.

For the subsequent 5 series of test (B6 to B10) of testing, a frame with an open span
of 600mm was used. In both series of tests, the load was applied using a 200kN
centre-hole hydraulic cylinder, actuated at approximately 20kN/min. The hydraulic
cylinder was attached to a 400kN load cell and was then placed on top of the
loading frame. The load cell was connected to the inserts by a lifting clutch. This
arrangement helped align the rod and anchor so there was minimal bending in the

loading frame. Displacement of the stud relative to the concrete was measured by

2SL82 panel mesh is a Class L reinforcing mesh made from 500 MPa welded ribbed wires and
complies with AS/NZS 4671:2001. 8mm wire welded at 200mm centres.
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two linear potentiometers placed on either side of the insert threaded rod. The
potentiometers were placed on a bridge so that they would not be affected by the
breakout surface or the deflections of the loading frame, as recommended in
European Guidelines for technical approval of metal Anchors Used in Concrete,
ETAG 001 (EOTA 2013), Appendix A, and depicted below in Figure 51.

==

load cylinder—_|

loadcell ——— 1 |

; 3 displacement transducer
universal joint ——__|

—d _
support —___ | ] Jr/ adapter
fixture — | ’ j
anchor —___
Gt G
i 7/ =07
///4,/,44/ 7 e
/ =z 1.5hg 2 1.5hg
// Z2ohy | 2 2he,_]

test member

Figure 51 - Example of the reaction frame tension rig setup, ETAG 001 (EOTA 2013) Appendix A
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4.2 Cast-in headed insert capacities

Figure 52 - Loading frame for the series of tensile tests

The reaction frame setup for testing is as per figure 52.

Circles were drawn marking the theoretical breakout diameter as presented in, Figure
53. The predicted breakout load was calculated using Equation 5, 0,, and

compared against tested results, Py.

During the first five series of tests, each block was removed from the mould, moved
into position for testing, and rotated so that the inserts were on the top side of the
block two hours prior to the breakout test. One hour prior to testing, three cylinders
were tested in compression and two cylinders were tested in a Split Cylinder Test. On
the second compression cylinder, a load was applied equal to 40% of the failure load
of the first cylinder. The compressive load and stress, and tensile strength was

recorded.

An initial load of approximately 900N was applied, and the headed anchor was then
pulled to failure using load rate control of the hydraulic pump. The tension testswere

performed at concrete ages of 12, 16, and 20 hours and 3, 7, 14, and 28 days.

The second set of 5 series of blocks tested was conducted using the same test
method. Because there were fewer inserts per block, two blocks were tested at each
of the concrete ages 12, 16, and 20 hours. To be able to test two blocks at once, all
blocks were removed from the moulds at a concrete age of 9 hours and placed into
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position to be tested. Supplementing the cylinder tests at the time of the testing, five
150 x 300mm and five 100 x 200mm cylinders were tested in compression and
splitting, at 28 days to establish the 28-day strength. Figure 53 shows a typical series
of breakout failures.

Figure 53 - Pull-out test block at 16 hours (Series B2)

4.2.2 Test Results and Analysis

The data collected from each headed anchor test included the loading, mode of failure,
block concrete compressive strength and displacement history, with the loads tabulated
in Appendix B - Test Data. The failures were all expected to be concrete cone, but in
the first round of testing, steel failure began to occur at a concrete age of 3 days and

older.

S 312
Applying Equation 5, 0' - nmeE . Q

where:
=13

© is calculated as per Table 7
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Figure 54 - Comparison of predicted breakout strength vs. tested data

40

Table 7 - Ultimate load vs predicted load ratios for headed inserts (Load applied rate 20kN/min)

TestSeries| Bl B2 B3 B4 B5 B6 B7
Concrete age, hr 12 16 20 24 72 168 336 672
fc,age, MPa 6 10 12 16 18 28 32 35

143 142 184 164 119 077 134 121

155 169 182 162 118 159 145 169

146 134 208 175 144 173 148 148

Tested Data, 131 151 18 152 121 119 129 146

B /N 172 136 173 165 161 108 174 109

LT 198 131 166 152 145 12 19 164

2.1 147 195 18 177 116 215 147

195 149 163 15 143 13 18 145

N’ kN 207 267 293 338 358 447 478 500

std dev 569 304 407 338 710 1246 304 936

Cofv 337 210 224 207 503 995 183 652
Sample size, n 20 20 20 20 20 20 8 8

Average, Pu/Nﬂu,c 169 145 182 164 141 125 166 144

0. predicted tensile strength, refer Equation 5

Pu - maximum load recorded

Curtin University, Department of Civil Engineering

76



4.2 Cast-in headed insert capacities

4221 Concrete failure test results

During the first stage of testing, all failures occurred as concrete breakout until the

concrete age was 3 days and older. For the 28-day strength test block, B7, all

failures were tensile steel failure of the anchor. The average test-to-predicted

(Equation 4) ratios for the concrete breakout failures ranged from 1.4 to 1.8. These
concrete capacity equations under predicted the strength in all cases.

120

100

80

60 '

40
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Concrete Compressive Strength, MPa

Figure 55 - Tested versus predicted to EQUATION 4 results

For the 7 and 28 day tests, the failure mode changes from concrete breakout to
steel yield. Thus, only the data for specimens less than 7 days old is appropriate
for analysis of concrete breakout capacity. Second, the material specifications for
this experiment provides only the minimum yield and ultimate tensile stress. Loads
exceeding these minimums are possible. Over strength conditions occurred in
tests over 28 days, where both breakout loads and steel yield loads exceed the
lower 5% fractile calculated bound of 47.5kN yield and 56.5kN ultimate. All tests

were stopped at 90kN to protect the test equipment if brittle failure were to occur.

The second series (14-28 days, B6-B8) of tests was conducted to determine
whether the compressive stresses caused by the loading frame may have
caused the test-to-predicted ratio to be higher than 1.0. In the tests that had a

steel yield failure mode, the average test-to-predicted ratios were all greater than
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1.1. At 14 days, three of the inserts d i d faibat 90kN as the test was stopped
to avoid damaging the load cell and transducers. These test results are not
included in the test-to-predicted calculations.

4222 Concrete strength results

The compressive cylinders show a 28-day average compressive strength of 37MPa
(+1.2 7 0.8MPa) for the tests. The c y | i rcdnepressise strength increased with
age as was to be expected. The strengths were then compared with the equation
presented by ACI318 (2008), et al. (Figure 56).

Average tensile strengths were consistently lower than the expected tensile
strengths based on the equations presented in the literature review comparing the
concrete compressive strength with the splitting tensile strength. The split tensile
strength prediction is increased on average by 25% when crushed coarse
aggregate is used as suggested in the literature review. Applying this increase to the

tested results would have resulted in a better match to predicted strengths.

= CEB(TTL 1997) = Oluokun (1997) 7
== ACI 318 (2008) = ACI 335 (1997)
=== Mindess, etal (2002) 12 > Test Series 1

Test Series 2 /
5 B

f,, MPa

//

0 T T T T
10 15 20 25 30 35 40 45

f MPa

Figure 56 - Predicated and tested concrete tensile vs compressive strength

c,age’s
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4.2.3 Concluding remarks

The average tested anchor capacities exceed the predicted concrete failure values
compared against experimental data and the model published in ACI318 (2008).
Based on this test program and the theoretical tensile strength gain, the capacity
predictions in ACI318 (2008) are sufficient for the design of inserts or lifting inserts
for concrete compressive strengths as low as 7MPa in un-cracked concrete. This is
consistent with the findings in the literature review that tensile strength increases
faster than compressive strength at early age.

Although the age of the concrete does not need to be corrected for compressive
strength, the strength at release or stripping a concrete element in a prefabrication
factory remains an important factor. Low-strength concrete is more sensitive to
breakout, as the higher the concrete strength steel failure is the likely failure mode.
As can be seen below, Figure 57, the coefficient of variation for the applied loads is

less at lower concrete compressive strengths.
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Figure 57 i Tested versus predicted characteristic resistance, N°%,Normalised concrete

strength, Concrete Cone Failure only (1 to 14 days, Test series B1-B6)

Headed anchors have been used as a default geometry for a lifting insert within
ACI318 (2008) and AS3850 (SAI 2015). Inserts that vary in geometry from a headed

anchor are typically estimated to behave similarly to these inserts, AS3850 (SAl

2015) , Appendi x B, where a Shape Modiof i

model the difference in performance. Also the models presented in  ACI318 (2008)
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and AS3850 (SAI 2015), assume that the headed anchors behaves as calculated in

normal-strength concrete and early age concrete, where f¢ age is used.

It is concluded that the tensile strength increases faster than compressive strength
at early age when compared with the corresponding strength gains of mature
concrete. This is determined from the higher slope of the tensile-to-compressive
strength graph at early ages, figure 58. A prediction method used by ACI318
(2008) underestimates the modulus of rupture at compressive strengths greater
than 15MPa.

When comparing the different CCD models, the author proposes the following:
For hetless than 75mm and an unrestrained cone the AS3850 (SAI 2015) adopted
model is shown to be suitably conservative when compared to actual tested
capacities, refer Figure 58. AS3850 (SAl 2015) better matches the performance of
headed anchors for concrete failure modes.
45
® ACI318-08 Nu ® AS3850:2015 Appendix B .

40 EQUATION b5, N“M

35

Concrete Capacity, kN
N
(9]

10 12 14 16 18 20 22 24
Concrete Compressive Strength, MPa
Figure 58 - Predictive models for cast-in insert concrete cone capacity against tested
characteristic values, N% ¢

For concrete compressive strengths greater than 25MPa, at 75mm embedment, the
steel capacity, using 350MPa steel, is the failure mode of the insert. The model
presented in AS3850 (SAI 2015) is suitably conservative for all concrete strengths
where concrete cone is the mode of failure.
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5 EXPERIMENTAL RESEARCH - Edgelift anchor capacities

in early age concrete

This experimental section details the results of six hundred and sixty-four, 664, tests,
conducted to establish the tensile capacity effect different steel reinforcing
configurations around various cast-in anchors at various concrete compressive
strengths and concrete mixtures.

These series of five different Edgelift anchor pullout tests in concrete

covers the following:

Edgelift test 1 7 Anchor shape and configuration experimental program
(section 5.1, test series TA1 1 TAl1l)

- Edgelift test 2 - Panel reinforcement influence on failure loads (section 5.2,
test series EP1 1 EP8)

- Edgelift test 3 - Influence of anchor reinforcing on failure loads (section 5.3,
test series EL1 1 EL7)

- Edgelifttest 47 Anchor reinforcement influence on shear failure loads (section
5.4, test series ES1 1 ES7)

- Edgelift test 5 - Stress distribution along an edgelift anchors length (section
5.5, test series A - G)

Section 5.1 includes a series of tests on an Edgelift insert to research the prediction
of capacity in early age concrete. These tests include the results of one hundred and
fifty, 150, tests conducted on three anchor types at various concrete compressive
strengths and concrete maturity ages. Of the three types of anchor there is (a) three
anchor e mb e d me g, with snterdadlypseriated, teeth, (b) one anchor with
wavy legs, (c) seven anchore mb e d maepths) hss, as headed anchors. This series
of test are referred to as TA1 T TA1l.
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Section 5.2 experimental program was conducted with one anchor type (internally
serrated teeth) and one embedment depth, and with various steel reinforcement, both
steel complimentary (attached to the anchor and part of the cast-in anchor
configuration), and steel supplementary reinforcement (not attached to the anchor,
but traversing across the anticipated concrete fracture surface) at various concrete
compressive strengths and one concrete mixture. One hundred and ten, 110, tests
are included in this section. This series of test are referred to as EP1-EP8.

Section 5.3 includes two hundred and sixty-nine, 269, tests where the test includes
one hundred and fifty-four, 154, Edgelift anchor tests and one hundred and fifteen,
115, headed anchor tests. This is research assessed the effect of various panel steel
reinforcement compared against a series of cast-in headed anchor tensile tests, to
relate the cast-in Edgelift anchor performance against the published headed anchor
CCD model in ACI318 (2008) and AS3850 (SAIl 2015). This test series included
various cast-in headed anchors effective embedment, and one type of cast-in Edgelift
anchor, all at various embedment depths, concrete compressive strengths and

reinforcement configurations. This series of test are referredto as EL1 7 EL7,

Section 5.4 assesses one type of cast-in Edgelift anchors performance subject to a
load applied in a shear direction, which is the first loading a thin concrete panel
experiences as it is lifted from the casting bed. This experiment was conducted using
variable panel thicknesses, various steel complimentary reinforcement and various
concrete compressive strengths. One hundred and twenty-six, 126, tests are included

in this section. This series of test are referred to as ES1 7 ES7.

Section 5.5 is an experiment on a single cast-in Edgelift anchor using strain gauges
along the legs of the anchor, while loading the cast-in anchor in tension. There are 9
test in this series. The assessment of the test shows the stress distribution along the
length of the cast-in edgelift anchor that will be typically experienced and how this
related to mechanical interlock, concrete crushing and stresses that may by induced

on the surrounding concrete to the anchor. This series of test are referred to as A - G.
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5.1. Edgelift test 1 1 Anchor shape and configuration

experimental program

Edgelift anchors (lifting inserts) are used to transfer lifting loads between the lifting
equipment and concrete. These lifting inserts have embedded undercut feet to
interlock with the concrete. They are unlike footed lifting anchors that have a single
mechanical interlock, and Edgelift lifting inserts have multiple teeth along its lengths.
The direction of the interlock changes from anchor to anchor, with two predominate
technologies available on the market today. These 2 types of anchors rely either with
internal teeth interlocking with the concrete, or both internal and external interlock with
the concrete, as shown in Figure 59.

Figure 59 - Anchor with internal interlock and the bottom

anchor with internal and external interlock

The interaction models available to engineers are derived from a single headed
anchor interlock function. The anchor with both internal and external toothed legs,
bottom anchor in Figure 59, can fail due to spalling to the surface in thin panels, or

blow-out, Figure 4.
5.1.1 Experimental Program

This experimental program included four cast-in Edgelift anchors, and eight cast-in
headed anchor geometries. Of the four Edgelift anchor, three had internal serrations
and one had wavy legs, and all have different effective embedment depths. The eight
headed anchors have all different embedment depths. All tests were direct tensile

load directions.
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A total of twenty (20) headed anchors for test series TA8 1 TA11 with various effective
embedment depths, 35mm, 45mm, 50mm and 65mm were cast in two reinforced
concrete panels 2m x 2m x 150mm thick with 30 anchors in each panel. The
reinforcing was SL82 mesh and an N16 perimeter bar located 50 mm from the edge
of the panel. These anchors were tested in direct tension as the concrete matured;
the average compressive strength of the concrete at time of testing was 21MPa.
Concrete compressive data for all series is shown in Table 9. All anchors of Series
TA8 T TALll failed due to concrete cone failure. The headed anchors were arranged
with sufficient edge distances such that concrete capacity was not reduced due to

edge effects.

Thirty (30) headed anchors of Series TA5 1T TA7 were cast in unreinforced concrete
blocks of 2m x 2m x 0.6m deep with 2 anchors per block. The anchors of Series TA5
were tested in direct tension once the concrete had matured. The average
compressive strength was 22 to 26MPa, with an average compressive strength at
time of testing (which was at 28 days) of 23MPa (Table 8). This was to ensure the
headed anchors failed not due to steel tensile failure but rather a concrete cone
failure. The headed anchors of series TA5 T TA7 were of varying embedment depths;
120 mm, 170mm and 240 mm effective embedment depth. All anchors of Series TA6
and TA7 failed due to steel tensile failure of the anchor, and are not reported in the

tested data.

Plate-type Edgelift anchor pull out tests (one hundred, 100) were conducted at
concrete compressive strengths and embedment lengths that would ensure a
concrete cone failure. The Edgelift anchors were series A he=252mm, series B
he=272mm and series C he=295mm effective embedment depth, 16 mm plate, with
a profile as shown in Figure 59 shown as the top anchor with internal serrations. The
Edgelift anchor for series D he=370mm effective embedment depth, 16 mm plate, with
a profile as shown in Figure 59 shown as the bottom anchor with wavy legs. They
were all cast in thin (150 mm thick) panels with varying reinforcement arrangements

in the panels and around the anchors.

Where reinforcement configuration A test panels had no reinforcement in the panels
(as seen in Figure 61 (a)). Reinforcement configuration B test panels had an N12
shear bar, centrally placed SL82 mesh and a centrally placed N16 perimeter bar.

Details are summarised in
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Table 9 and photos of the layout in Figure 61.

Normal strength concrete was used throughout all series of the tests; being 14 mm
coarse aggregate, 0.44 water/cement ratio, and nominal grade 40MPa design
strength supplied by a commercial ready-mix company. The range of concrete
compressive strengths at time of test was 10.1MPa to 40MPa, with an average of
21MPa. Full concrete compressive data for all series is shown in Table 8.

Sheaar Bar

Anchor yoid Anchor

R Central SLAZ Mesh

m

\Perlme-u bar

Figure 60 - Reinforcement layout

Table 8 - Experiment test series

Test Series Type hef, mm t)F’zF?gS Sg?;gflne fc,age, MPa ;:gog%r:;
TAl Internal 252 B 25 22 2
TA2 Internal 272 B 25 22 2
TA3 Internal 295 B 25 22 2
TA4 Wavy 370 B 25 22 2
TAS5 Headed 120 A 10 24 28
TA6 Headed 170 A 10 23 28
TA7 Headed 240 A 10 23 28
TA8 Headed 35 n/a 5 21 2
TA9 Headed 45 n/a 5 21 2
TA10 Headed 50 n/a 5 21 2
TA1l Headed 65 n/a 5 21 2
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5.1 Edgelift test 1 T Anchor shape and configuration experimental program

Table 9 - Reinforcement Configurations for Test Series TA11 TA7

Reinforcement N16 Perimeter
) ) N16 Shear bar | N12 Shear bar | Central SL82 mesh
Configuration bar
A Nil Nil Nil Nil
B Nil Yes Yes Yes

The preparation of the specimens for testing is shown in Figure 60.
Figure 61 (b) shows a typical 2m x 2m x 150mm thick panel formwork with N16
perimeter bar and 16mm x 295mm effective embedment depth plate Edgelift anchors
in the form. As can be seen, this panel had two test anchors which was the typical
arrangement. If, after testing one of the anchors, it was observed that cracking had
propagated then the second anchor, whilst still tested, was excluded from the results
presented in this analysis and experiment.

R - « o
- ‘ M~ 4 e
(a) Series 1 anchor with no reinforcement (b) Series 2 prior to installation of shear bar

= T—

(c) Series 3 Test Panel prior to installation (d) Series 4 or5
of perimeter bar with SL82 mesh

Figure 61 - Typical Test Panels Prior to Casting

The anchors were loaded under load-control at a rate of 20 kN/min via a hydraulic
jack with a load cell. The test data recorded for each specimen included load-
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5.1 Edgelift test 1 1 Anchor shape and configuration experimental program

displacement (of the anchor relative to a fixed point on the test panel or block) and
load-time. The panels with Edgelift plate anchors were tested horizontally and
supported off the floor on timber gluts whilst the panel reacted against a steel frame
with an open span of 1.8 m as the load was applied to the anchor. The spacing of the
reaction frame for the anchors was outside the predicted failure zone for the concrete
by at least 450mm as shown in Figure 62. The foot anchors embedded in the face of
the panels and blocks were tested at the same loading rate in direct tension. The
load was applied to the headed anchors via a tripod reaction frame with the legs of
the reaction frame placed at a distance from the anchor of least three times the
effective embedment depth of the anchor.

1900mm reinforced area

1800mm open span

REACTION FRAME

PANEL

Figure 62 - Panel plan indicating open span of the reaction frame (Edgelift plate anchor tests)
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5.1.2 Test Results and Analysis

120
110  ®ACI318-08 Nu, kN

8

® AS3850:2015 Appendix B, kN

Tested load, Pu, kN

60

Concrete Capacity, kN
@

40 e

30
150 200 250 300 350
Anchor Effective Embedment Depth, h, (mm)

400

Figure 637 Various hettested loads vs ACI318 (2008) and AS3850 (SAI 2015) (test series TAL i

TA4)

When comparing the tested capacities, Py, for various anchor embedment depths
detailed in TAL T TA4, against the models presented in AS3850 (SAI 2015) and
ACI318 (2008), it is found that both the published models provide an adequately

conservative prediction of the anchor capacity.

120
® ACI318-08 Nu (ci modified), kN
100
= ® AS3850:2015 Appendix B (ci modified), kN
P
e 3L Tested load, Pu, kN
5
(] 60
i
ot
2 40 R B PRI E
=) I R g
o @ e
_.."-'“,.. ........
20 = M
0
0 20 10 60 80 100

Anchor Effective Embedment Depth, hg, {(mm)

Figure 647 Various hertested loads vs edge modified cone capacity in ACI318 (2008) and

AS3850 (SAI 2015) (test series TA5-TA8)
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5.1 Edgelift test 1 1 Anchor shape and configuration experimental program

The model presented in AS3850 (SAI 2015), modified for edge distance, correlates to
the tested characteristic loads found in testing detailed in TA5 i TA8. As shown in
Figure 64 the model presented in ACI318 (2008), with edge distance modifications
applied, predict a more conservative model than AS3850 (SAI 2015).

]

60.0

Load (kN)
/‘/

0.0 20 a0 6.0 80 100 120 14.0 16.0 180 200

Displacement (mm)

Figure 65 - Load vs displacement curves for test series TAL - TA4

The analysis of the test results concludes that both ACI318 (2008) and AS3850 (SAl
2015) are suitably conservative to predict the concrete capacity of these anchors, for

both non edge reduced and edge reduced models.
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5.1 Edgelift test 1 T Anchor shape and configuration experimental program

Figure 66 - Panel of Series TA11 with failed headed anchor

The Edgelift anchor test data was compared with the predicted capacity as
determined using the ACI318 (2008) characteristic N, formula as a mechanism of
comparison to the well-established relationship for foot anchors presented in literature

and verified in the tests shown in Section 5.2.

For the tests with Edgelift anchors and no central mesh reinforcement in the panels;
Series TA1 and Series TA2, the following observations were made: The addition of
shear and perimeter bars (Series TA2) resulted in a slightly increased absolute failure
load for comlparable tests and is indicated by a slightly higher average ratio of
test/predicted compared to Series TALl. Since the manufacture of panels without
central mesh is impractical, the number of tests conducted was small; however, the
test results are valuable as an indicator that the provision of the perimeter bars is
likely to be beneficial to the capacity of the anchor. Thus this detail (N16 perimeter
bar) along with central panel mesh of SL82 was subsequently used in Series TA3,
TA4 and TA5.

For the three series of panels with central mesh reinforcement and N16 perimeter bar
in the panels; Series TA3, Series TA4 and Series TA5, the following observations
were made: Series 3, the Edgelift anchors with no additional N12 or N16 shear bar
reinforcement, has a significantly higher capacity than the unreinforced panels as
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5.1 Edgelift test 1 T Anchor shape and configuration experimental program

indicated by the value of test/predicted ratio average of almost 2.5. The two series
with additional shear bar of either N12 or N16 had similar average and range of
test/predicted apparently less than the panels without shear bars.

5.1.3 Concluding remarks

This experiment is an evaluation of pull out test data for Edgelift anchors in thin walled
elements. Using the formula in the ACI 318 (2008), developed predominantly for
headed anchors, comparisons of the predicted capacity and the test pull out capacity
of the Edgelift anchors is made. Three series of panels were reinforced with centrally
placed SL82 mesh, and the ratios of test to predicted failure load indicate that the
capacity of these anchors was well in excess of the predicted failure load as per ACI
318 (2008), approximately 1.43 to 1.92 times.

Overall, 140 tests were conducted using Edgelift anchors in direct tension; the
variables tested include concrete compressive strength at time of testing which
ranged from 21MPa to 44MPa with an average of 32MPa, and arrangement of
reinforcement which included the provision or exclusion of perimeter bars, and shear

bars (N16, N12 or nil) and central mesh reinforcement in the panel.

The tested tensile capacity of cast-in Edgelift anchors with various reinforcement

configurations analysis are shown below.

Using Equation 5 to calculate the characteristic predicted capacity of the headed

0 32 . I
anchors, | = o "Q) , with no modification factor as these tested are

7

tested with a reaction frame greater than 2 x her, and there are no spacing or edge

reductions to account for and the anchor is a headed anchor.
Smaller coefficient of variation for all concrete strengths. The tested ultimate is smaller

than the shallower embedded Edgelift anchors, and displays a different failure mode,

being side blow-out.
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300 X
250 -
7 X/V

200 | < X Tested resistance, py
2 ACI318-08 D8 pga22 _ ] Cast-in edgelift anchor
=~ Standard Headed Anchor - X with internal serrations het
a’ Unconfined Cone - f A 370mm

< 150 - ¢ ; Wavy Legs
ko] het he @ het
3 X 25ymm  27zom 295mm¢ b4
§100 1 R —
© * $
£
=]
5 P Eligehausen CCD
50 - 150mm double edge reduced
AS3850:2015, Appendix B
Shape Modification Factor
0 T T T T T T T T
200 220 240 260 280 300 320 340 360 380
Embedment Depth, (h,), mm
@ Tested Capacities + Eligehausen CCD model X ACI318-08, eq D8 pga22 A AS3850:2015 Appendix B

Figure 67 - Tested tensile resistance versus predicted characteristic resistance of cast-in

Edgelift anchors

The values presented in Figure 67 for AS3850 (SAI 2015) values are calculated using
Equation 3, for ACI318 (2008) Equation 2 was used, and Eligehausen CCD Equation

1 was used, where:

¢ =20MPa
"Q =210mm, 252mm, 265mm, 272mm, 285mm, 295mm, 340mm and 370mm.
«  =1.25 for non-cracked concrete
I =0.876
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The modification factor for double edge reduction applied to the Eligehausen (2004)

model is the power formula, as follows:

Edge reduced modification =

m & 5 Q) (sin30° , Q) (sin30° 3 Q) (sin30° 4, Q)

Equation 18

Where ci1, Ci2, Cizand cisare measured as follows:

L 1

% I
Ul
I Anchor I

Concrete Element

Figure 68 - Distance to four edges for edge reduction
modification, for ciz, Ciz, Cizand Cia
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5.2. Edgelifttest 2 - Panel reinforcement influence on failure loads

This experiment summarises the pull out failure data (placed under both direct tensile
and shear loads applied in a load controlled manner) of one hundred and ten, 110,
Edgelift anchors embedded in concrete panels with various supplementary
reinforcement (perimeter bar, shear bar, panel mesh) configurations around a plate

style Edgelift anchor, shown in Figure 69.

Various configurations of supplementary reinforcement were load tested in tension
using one anchor type (shown in Figure 69); including with and without panel mesh,
with and without perimeter bar, with and without shear bar, and no tension bar.
Whereas, shear tests were load tested with types of anchors, including a tension bar,
and two variations of supplementary reinforcement; including a centrally placed
perimeter bar or double perimeter bar, a shear bar and panel mesh, and both with a
tension bar. The sizes, shapes and lengths were chosen based on common precast
standard manufacturing practice. N Class? reinforcement steel, 16 mm thick plate
Edgelift anchors were tested by pull out tests in a direct tensile and shear direction on
anchors placed in 150mm thick panels measuring 2m x 2m perimeter. The tests were
conducted using normal weight Portland cement concrete with a compressive
strength at the time of testing of between 15MPa to 25MPa. The minimum strength

recommended for lifting in a precast manufacturing application is 15MPa.

3 Class N (normal ductility) reinforcing deformed bar complies with AS/NZS 4671 (SAI 2001) Steel
reinforcing materials
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1

4

Figure 69 - Panel Reinforcement layout in relation to the lifting insert

(1), shear bar, (2), perimeter bar (3), double layered in the top picture and centrally

placed in the bottom picture, both with SL82 panel mesh (4).

The pull-out failure loads are compared against each other to note the ultimate load,
capacity increase with various reinforcing configurations, and spread of test data.

Both working stress and strength design methods are currently used in the design of
lifting inserts. As cast-in anchors of the plate type used for Edgelifting vary
considerably in the way they interlock mechanically with the concrete, it is unwise to
assume the application of calculated capacities derived from published performance

models if the particular anchor design is untested.

Working stress methods account for anchor placement and reduction factors that may
have to be applied for variables such as edge distance from the anchor to the concrete
surface and spacing to other anchors. The strength design methods are analytical
approaches employing predictive equations as noted in ACI318 (2008), ACI 349
(2006), ACI355 (2003) and PCI Design Handbook (2004).
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Ci,cr.N
Edge Sin
, Distance Anchor Spacing |

1 |

Anchor Length

Figure 70 - Anchor spacing, Sinand edge distances, Cicrn

Anchor spacing and edge distances can be a unique characteristic to an anchors
mechanical interlock features, where wavy legged plate anchor performance, Figure

71 (b), is adversely affected by edge distance to a greater degree than internally

toothed plate anchors, see below photo.

a) Splayed foot type plate anchor,
b) Two wavy leg type plate anchors,
¢) Internal serrated toothed type

plate anchor

Figure 71 - Anchor Types

The above types of cast-in plate style anchor have unique mechanical interlock
characteristics by the way the launcher legs are shaped, and which consequently
influences load distribution embedded in concrete.

For the purposes of these tests the anchor (c) in Figure 71, was selected.

5.2.1 Experimental Program

The test method employed to establish failure loads of lifting inserts should be in
compression zones, as would normally be experienced in lifting process. Different
Edgelift plate anchor shapes will affect the ultimate capacity disproportionally with
other variables such as: concrete type, aggregate specification, initial lifting concrete

strengths, placement sensitivity to side splitting, moment couple to the shear bar in a
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shear load direction, stress distribution along the anchors length, based on their
individual mechanical interlock characteristics. When the capacity of an anchor is
determined by brittle concrete failure, there may be limited distribution of the forces
between the highly stressed and less stressed mechanical interlock sections of an
anchor, and may be related to the geometry and shape of the anchor.

Plate-type Edgelift anchor pull out in a tensile (ninety, 90) and shear direction (twenty,
20) were conducted at concrete compressive strengths that would initiate a concrete
cone failure. The perimeter bar used was either a centrally placed N16, or 2 x N12
perimeter bars placed either side of the anchor head. A shear bar was used in test
series EP3, where a N16 x 90mm (height) x 250mm (leg length) was used. SL82
shrinkage mesh was used in test series EP4 and test series EP6. The same type of
plate anchor was used throughout all the tests, which was 16 mm plate, with a profile

as shown in Figure 72.

The test panel were all 150mm thick, with perimeter dimensions of 2m x 2m, the
layouts and positions of the steel reinforcement, if used, is shown in Figure 72, Figure
73 and Figure 74.

Figure 73 - Side view of double layer mesh and perimeter bars
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Figure 74 - Side view of tension bar, mesh and perimeter bar placed central

Figure 72 side view layout shows a plate Edgelift anchor, N16 centrally placed
perimeter bar and SL82 mesh, and a N16 x 90mm shear bar. Figure 73 side view
layout shows a plate Edgelift anchor double N12 perimeter bars and double layer
SL82 mesh, and a N16 x 90mm shear bar. Figure 74 side view layout shows a plate
Edgelift anchor, double N12 perimeter bars, centrally placed SL82 mesh, and a N16
x 90mm shear bar.

Test Series EP1 to EP6 were tensile tests and Test Series EP7 and EP8 were shear
tests. Test Series EP1 test panels were a 150mm thick panel, a plate Edgeliftanchor
of 80mm width x 16mm thick, with no additional reinforcement in the panel. Test
Series EP2 test panels were a 150mm thick panel, a plate Edgelift anchor of 80mm
width x 16mm thick, with a centrally placed N16 perimeter bar. Series EP3 test panels
were a 150mm thick panel, a plate Edgelift anchor of 80mm width x 16mm thick, with
a shear bar of N16 x 90mm height, and a centrally placed N16 perimeter bar. Series
EP4 test panels were a 150mm thick panel, a plate Edgelift anchor of 80mm width x
16mm thick, with a centrally placed N16 perimeter bar and centrally placed SL82
shrinkage mesh. Series EP5 test panels were a 150mm thick panel, a plate Edgelift
anchor of 80mm width x 16mm thick, with a top and bottom placed N12 perimeter bar.
Test Series EP6 test panels were a 150mm thick panel, a plate Edgelift anchor of
80mm width x 16mm thick, with a top and bottom N12 perimeter bar, and top and

bottom SL82 shrinkage mesh.

= =) - g N

Figure 75 - Tensile applied load rate 20kN/min, 150mm thick panel, and open span 1.8m
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Test Series EP7 test panels were a 150mm thick panel, a plate Edgelift anchor of
80mm width x 16mm thick, N16 x 500mm tension bar, with a centrally placed N16
perimeter bar and centrally placed SL82 shrinkage mesh. Test Series EP8 test panels
were a 150mm thick panel, a plate Edgelift anchor of 80mm width x 16mm thick, N16
x 500mm tension bar, with a top and bottom N12 perimeter bar, and centrally placed
SL82 shrinkage mesh.

Normal strength concrete was used throughout all series of the tests; being 14 mm
coarse aggregate, 0.44 water/cement ratio, and nominal grade 40MPa design
strength supplied by a commercial ready-mix company, with the mix detailed in Table
6. The test was scheduled to be conducted in 3 progressive concrete compressive
strength intervals, being a target mean compressive strength at 15 +/-2.5 MPa, 20 +/-
2.5 MPa and 25 +/-2.5 MPa, where the mean actual compressive strengths, fc age,
15.3MPa, 20.8MPa and 26.5MPa were achieved. Full concrete compressive data for
all series is shown in Table 11. Concrete compressive strength, fcage, Was recorded
by means of cylinder compression tests. Were 4 anchors were setup in a panel for
testing, 9 cylinder compressive strengths were recorded for each panel test, 3 at the
beginning and end, and 1 after testing anchor 1, 2 and 3. The mean of these cylinder
compressive strengths was calculated, fcage, for each panel test, and noted in Table
11.

Table 10 - Reinforcement Configurations for Test Series

) Anchor
Applied Panel Reinforcement, N Class )
Test Reinforcement Sample
- Load -
eries i 1ze, n
Direction Fée;mﬁi(;r Perimeter Shear Bar, SL82 Tension bar,
! Bar, N12 x2 N16x90mm Mesh N16 x 500mm
Central
EP1 Tensile Nil Nil Nil Nil Nil 15
EP2 Tensile Yes Nil Nil Nil Nil 15
EP3 Tensile Yes Nil Yes Nil Nil 15
EP4 Tensile Yes Nil Nil Yes Nil 15
EP5 Tensile Nil Yes Nil Nil Nil 15
EP6 Tensile Nil Yes Nil Yes Nil 15
EP7 Shear Yes Nil Yes Yes Yes 10
EP8 Shear Nil Yes Yes Yes Yes 10
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Table 11 - Concrete Compressive Data, tested at 3 progressive strengths for each test panel

Test Series Lower Compressive Mid Compressive Higher Compressive
Strength fcage (MPa) Strength fc,age (MPa) Strength fc,age (MPa)
EP1 18 22 26
EP2 15 23 29
EP3 16 20 24
EP4 16 21 25
EP5 15 20 28
EP6 12 19 27
Average 15.3 20.8 26.5
EP7 16
EP8 16 Not applicable
Average 16

Figure 77 - View of EP6 panel setup i tensile test
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Figure 78 - View of EP8 panel setup i shear test

Figure 76 shows the tensile test panel setup of an 80mm x 16mm plate Edgelift
anchor, centrally placed N16 perimeter bar. Figure 77 shows the tensile test panel
setup of an 80mm x 16mm plate Edgelift anchor, double N12 perimeter bars and SL82
shrinkage mesh. Figure 78 shows the shear test panel setup of an 80mm x 16mm
plate Edgelift anchor, N16 x 500mm tension bar, double N12 perimeter bars, centrally
placed SL82 shrinkage mesh. All anchors were tested in 150mm thick panels.

1900mm reinforced area

1800mim open span
REACTION FRAME pen e
N‘\h Predicted fracture zone, 2he either side
~u of the anchor at approximately 45°
dl |-
- »
L .
N >
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-
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Figure 79 - Tension panel reinforcement placement, where applicable
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\

— Gz

X

Figure 80 - Predicted concrete fracture cone from a cast-in anchor in a thin panel, tensile load
direction

The anchors were loaded under load-control at a rate of 20kN/min via a hydraulic jack
with a load cell. The anticipated failure mode is shown in figure 80. The test data
recorded for each specimen included load-displacement (of the anchor relative to a
fixed point on the test panel or block) and load-time. The full test data is detailed in
Appendix B - Test Data. The panels were tested horizontally and supported off the
floor on timber gluts whilst the panel reacted against a steel frame with an open span
of 1.8 m as the load was applied to the anchor. The spacing of the reaction frame for
the anchors was outside the predicted failure zone for the concrete by at least 900mm

as shown in Figure 79.

5.2.2 Test Results and Analysis

Plate-type Edgelift anchor tensile pull out tests (one hundred and ten,110 off) were
conducted at concrete compressive strengths that would initiate a concrete cone
failure. The reinforcement used in these tests were N12 and N16 perimeter bar, SL82
shrinkage mesh and 80mm (width) x 16mm (thick) plate Edgelift anchors. They were
cast in thin (150mm thick) panels with the various configurations of reinforcement in
and around the anchor, detailed in Table 10. The range of concrete compressive
strengths at time of test was 12MPa to 29MPa, with an average at each targeted
compressive strength of 15.3MPa, 20.8MPa and 26.5MPa, which is detailed in Table
11.
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TENSILE TESTS

EP1- 150mm Panel, 80x16mm Anchor, No Reo

Concrete Compressive Strengtfugt MPal 18 22 26
Mean 59 64 72
Count 5 5 5
Coefficient of Variatior] 18.8% 21.4% 21.1%
EP2 150mm Panel, 80x10mm Anchor, N16 Perimeter bar
Concrete Compressive Strengtfugt MPal 15 23 29
Mean 79 90 112
Count 5 5 5
Coefficient of Variatior] 3.8% 3.9% 3.5%

EP3 150mm Panel, 80x16mm Anchor, Centrally placed N16 perimeter bar, N16x90mm Shear bg

Concrete Compressive Strengtfugt MPal
Mean

Count]

Coefficient of Variatior|

16 20 24

63 71 79

5 5 5
14.8% 15.1% 15.2%

EP4 150mm Panel, 80x16mm Anchor, Centrally placed N16 Perimeter bar and SL82 mesh

Concrete Compressive Strengtfugt MPal 16 21 25
Mean| 122 131 141
Count] 5 5 5
Coefficient of Variatior] 6.5% 6.1% 6.3%
EP5- 150mm Panel, 80x16mm Anchor, Double N12 Perimeter bar
Concrete Compressive Strengfugt MPal 15 20 28
Mean| 86 100 112
Count] 5 5 5
Coefficient of Variatior] 3.7% 3.6% 4.0%
EP6- 150mm Panel, 80x16mm Anchor, Double N12 Perimeter bar and SL82 mesh
Concrete Compressive Strengtdugg MPal 12 19 27
Mean| 148 173 192
Count] 5 5 5
Coefficient of Variatior] 5.2% 5.1% 4.8%
Table 12 - Tensile capacity results for test series EP1 - EP6
A
Figure 81 - Series EP1 typical failure, no panel reinforcement
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Series EP1 displays brittle failure, with no steel reinforcement to provide ductility. The
failure mode experienced was concrete truncated cone on one side, with root of the
crack starting from within 5mm of the first anchor tooth. Flexure cracks (Figure 82 A
and Figure 83 C) were observed very close to the ultimate load, within 5kN.

Figure 82 - Series EP2 typical failure, N16 central perimeter bar

Series EP2 displays brittle failure, a change in crack direction above the perimeter bar
was noted. The failure mode experienced was concrete truncated cone, with root of
the predominant crack within 5mm rearward of the position of the perimeter bar. The

crack angle changes direction approximately 25mm from the panel edge.
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Figure 83 - Series EP3 typical failure, N16 central perimeter bar, N16 x 90mm shear bar

Flexure cracks (Figure 83 C) were observed to within 10% of the ultimate applied
load. Series EP3 displays brittle failure, with a change in crack direction when normal
to the perimeter bar. The failure mode experienced was concrete truncated cone, with
root of the predominate crack within 5mm rearward of the position of the perimeter
bar. This predominant crack comes to the panel edge surface within 100mm of the
anchor (Figure 83 A), and other horizontal cracks (Figure 83 A) are visible on the
panel edge surface. The crack surface area is noticeably smaller than that observed
in series EP2. Flexure cracks (Figure 84 A) were observed at approximately 50% of

the ultimate applied load.

Crack formed
at anchor
embedment
depth

Figure 84 - Series EP4 typical failure, SL82 central mesh, N16 central perimeter bar
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Series EP4, Figure 84, displays permanently displaced crack widths <1.5mm
maximum, with the predominant crack normal to the perimeter bar and anchor
intersection, and a secondary crack formation normal to the anchor embedment depth
position. Crack distribution is less concentrated in series EP4 than those noted in
series EP1-EP3. Flexure cracks as per Figure 84 were observed. A horizontal crack
was observed on the surface, which opened up at approximately 50% of the ultimate
applied load.

Figure 85 - Series EP5 typical failure, N12 double perimeter bars

Series EP5 displays permanently displaced crack widths <1.0mm maximum, with the
secondary crack above the perimeter bar and anchor intersection, and the primary
crack formation normal to the anchor embedment depth position, figure 85 A. Crack
positions are similar to series EP4, where the secondary and primary cracks are

swapped over.

o e S

Figure 86 - Series EP6 typical failure, N12 double perimeter bars, SL82 double layer mesh

Series EP6 displays a predominant crack on the panel broad face above the perimeter
bar and anchor intersection, with no noticeable secondary crack. Other cracks were
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observed on the panel edge face (Figure 86 A) originating from the anchor head in
two directions on both sides.

Plate-type Edgelift anchor shear pull out tests (20 off) were conducted at a concrete
compressive strength that would initiate a concrete cone failure. The reinforcement
used in these tests were centrally placed N16 reinforcing bar, SL82 shrinkage mesh
and 80mm (width) x 16mm (thick) plate Edgelift anchors, and a N16 x 500mm tension
bar. They were cast in thin (2m x 2m x 0.15m thick) top panels, with a reaction base
cast underneath (2.4m x 2.4m x 0.1m) with the various configurations of reinforcement
in and around the anchor, detailed in table 2. Normal strength concrete was used
throughout the series of the tests; being 14 mm coarse aggregate, 0.44 water/cement
ratio, and nominal grade 40MPa design strength supplied by a commercial ready-mix
company. The concrete compressive strength at time of test was 16MPa, which is
detailed in Table 11.

SHEAR TESTS
EP7- 150mm Panel, 80x16mm Anchor, Centrally placed N16 Perimeter bar and SL82 mesh
Concrete Compressive Strengthade MPa 16
Mean 51
Count 10
Coefficient of Variatior| 6.0%

EP8 150mm Panel, 80x16mm Anchor, Double N12 Perimeter bar and SL82 mesh

Concrete Compressive Strengthafe MP4 15
Mean 62
Count] 10

Coefficient of Variatior 7.0%

Table 13 - Shear capacity results for test series EP7 and EP8

Figure 87 - Series EP7 typical surface cracks

Series EP7 displays the predominant crack origin normal to the perimeter bar and
anchor intersection, on the panel edge face (Figure 87 A) with the secondary crack
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originating from the head of the anchor, Figure 87 B. Cracks observed on the panel
edge face (Figure 87 A) originated from the centre line of the anchor head in two
directions on both sides.

Figure 88 - panel near face failure surface observed for series EP7 and EP8

Figure 88 depicts typical dual conical failure surfaces, with one originating from the
anchor head and the other originating from either the perimeter bar position or shear
bar effective embedment depth. Both cracks propagate to the surface of the panel

broad face as a ¥ cone.

Figure 89 - Series EP8 typical surface cracks

Series EP8 displays the start of predominant crack at the head of the anchor (Figure
89 A), and the secondary crack (Figure 89 B) normal to the centre of the anchor head,
and on both sides of the anchor head. Smaller cracks, <1mm width, were observed
on the panel edge face (Figure 89 C) originated from the base of the anchor in two
directions on both sides.

The Edgelift anchor ultimate loads were used to establish the standard deviation,
mean, and co-efficient of variation for each target concrete compressive strength and
are represented in Table 12 and Table 13.
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y=2.9355x+114.21

EP1 - 150mm Panel, 80x16mm

190 Anchor, No Reo
170 EP2 - 150mm Panel, 80x10mm
S Anchor, N16 Perimeter bar
o
8 150
g v = 2.1525x + 86.649 EP3 - 150mm Panel, 80x16mm
ko Anchor, Centrally placed N16
o perimeter bar, N16x90mm
= 130
& Shear bar
— EP4 - 150mm Panel, 80x16mm
(%]
< y= 1-9257X+58-7Oi Anchor, Centrally placed N16
~ 110 Perimeter bar and SL82 mesh
Lo y=23128x+42.247 ® EP5-150mm Panel, 80x16mm
90 Anchor, Double N12 Perimeter
L y = 2.025x+30.533 bar
70 EP6 - 150mm Panel, 80x16mm
Anchor, Double N12 Perimeter
y=1.7375x+26.708 bar and 5182 mesh
50
10 15 20 25 30

Concrete Compressive Strength, f. ..., MPa

Figure 90- Characteristic tensile failure loads at various concrete strengths, fc,age, MPa

There was a capacity increase observed in the test results from Series EP1 to Series
EP2, this shows that an N16 perimeter bar adds slight tensile capacity compared
against an unreinforced panel. The coefficient of variation for the unreinforced test
panels, Series EP1, was on average above 20%, whereas the test panels with just
the N16 perimeter bar, Series 2, tested at 4% coefficient of variation. The Pearson
product moment correlation coefficient for Series 1 and 2 is calculated at 0.983 and
0.932 respectively. Series EP4, EP5 and EP6 test results calculated an average
coefficient of variation of 6%, 4% and 5% respectively, whereas Series 3 test results
calculated an average coefficient of variation of 15%. Series 3 was tested with a shear
bar attached, whereas test series EP4, EP5 and EP6 did not. it should also be noted
that Series 3 did not have panel mesh installed. Both test series EP4 and EP6
included panel mesh, SL82, and displayed a combined minimum test result, at
16MPa, of 113kN, whereas the combined maximum test result, at 15MPa, from Series
EP3 and EP5 was 89kN. Since SL82 panel mesh includes both horizontal and vertical
8mm bars, further research would be required to establish the capacity contribution

to ultimate load based on orientation to the crack failure surface.
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5.2 Edgelift test 2 - Panel reinforcement influence on failure loads

Series EP2 with series EP3 shows a decrease in ultimate anchor tensile capacity,
with the reinforcing configurations being N16 perimeter bar for series EP2, and N16
perimeter bar and N16 shear bar for Series EP3. Test series EP3, including the shear
bar, experienced panel flexural cracks at approximately 50% of ultimate load. SL82
panel mesh was not installed in either series EP2 or EP3.

Both Series EP4 and Series EP6 included SL82 panel mesh, perimeter bars (Series
EP4 central N16, and Series EP6 double N12), where Series EP6 has a steeper
ultimate load capacity gradient of 1:2.94, with increasing concrete compressive
strength, than Series 4 with a gradient of 1:2.15. Series EP6 test results, which was
tested with double N12 perimeter bars and SL82 panel mesh, show an increased
ultimate load capacity of approximately 25% at 20MPa +/-1, compared against series
EP4, which was tested with a centrally paced N16 perimeter bar and SL82 panel
mesh. The calculated Pearson product moment correlation coefficient for Series EP4
and EP6 is 0.98 and 0.99 respectively.

It should also be noted that Series EP2 and Series EP5 ultimate load capacities tested

at an average coefficient of variation of 4%, display similar gradients of increasing

ultimate load capacity with concrete compressive strength increase.
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70

65 EP7 - 150mm Panel, 80x16mm
Anchor, Centrally placed N16
Perimeter bar and SL82 mesh

60

Shear resistance, P,

55

EP8 - 150mm Panel, 80x16mm
Anchor, Double N12 Perimeter bar
50 and SL82 mesh

45
10 11 12 13 14 15 16 17

Concrete Compressive Strength, f_ ..., MPa

Figure 91 - Characteristic shear failure loads at concrete compressive strengths, fc age, MPa

The shear tests conducted show that double N12 perimeter bars contribute 20%
additional anchor shear load capacity, at 16MPa, when compared to a centrally placed
N16 perimeter bar. Both series EP7 and EP8 calculated a coefficient of 6% and 7%

respectively, and include SL82 panel mesh.

5.2.3 Concluding remarks

This experiment is an evaluation of pull out test data for various configurations of
panel reinforcement of Edgelift anchors in thin walled elements. Using the ultimate
tested loads, an estimation of load contribution can be made for each variation of

panel reinforcement.

Overall, one hundred and ten, 110, tests were conducted using Edgelift anchors in
direct tension and 20 tests were conducted using Edgelift anchors in shear; the
variables tested include concrete compressive strength at time of testing which had a
target range of 15MPa, 20MPa and 25MPa. With a tested average of 15.3MPa,
20.8MPa and 26.5MPa respectively for the tensile tests, and 16MPa average

concrete compressive strength for the shear tests.
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5.2 Edgelift test 2 - Panel reinforcement influence on failure loads

The test results show that by using double N12 perimeter bars with a double layer
SL82 mesh, compared against centrally placed SL82 shrinkage mesh and centrally
placed N16 perimeter bar, the anchor capacity is increased, by a tensile ultimate
anchor capacity of 25% at 20MPa, fc.age, and a shear anchor ultimate load capacity
increase of 20%. These tests show that a N16 perimeter bar and a N16 shear bar
installed with a plate Edgelift anchor, the tensile ultimate load is reduced on average
by 20%, at 16MPa, when compared to the same reinforcement configuration without

a shear bar.

Adding a steel shear bar placed over the head of the anchor increases the reliability
or coefficient of variation to the tested results. The capacity is increased when

assessing the relative concrete failure modes.

Conducting an ANOVA analysis to this the entire data set shows that F > Fg,
therefore the null hypothesis is rejected. This means that of the 6 populations, EP1 i
EPG6 are not all equal. At least one of the means is different. Therefore, a t-Test was
calculated to test each pair of means. First an F-Test was calculated to determine if

the variances of the two populations are equal.
As the standard deviation between EP3, EP4 and EP6 is between 8 and 9, similar
normal distribution of data, ANOVA analysis to separate increase in capacity over test

error or normal data spread, the following ANOVA analysis was calculated.

The null hypothesis? for an ANOVA assumes the population means are equal. Hence

the null hypothesis is:

Ho: M1 = M2 = Us

NOTE: The concrete compressive strength capacities are normalised to 20MPa

The test statistics in ANOVA is the ratio of the between and within variation in the

tested data, and follows the F distribution.

4 Null hypothesis - No significant difference between specified populations, any

observed difference is due to sampling or experimental error.

Curtin University, Department of Civil Engineering 112



5.2 Edgelift test 2 - Panel reinforcement influence on failure loads

Total sum of squares, SS=B _;B _; (&

Q)

2

, Where ris 4 (samples size) and ¢

is 3 (EP3, EP4 and EPS6), &is the grand mean, and & is the i observation in the j

column. Therefore, calculated as follows:

Table 14 - ANOVA analysis for EP3, EP4 and EP6

Groups Couni Sum Average Variance
EP3 6 621.9 103.6 1745.9
EP4 4 659.1 164.8 104.7
EP6 4 560.5 140.1 11.8
ANOVA
Source of Variatior SS df MS F Pvalue  Fcrit
Between Groups 9383.378 4691.7 5.7 0.0 4.0
Within Groups 9079.067 11 825.4
Total 18462.44 13

As F > F¢it we reject the null hypothesis and accept that adding SI82 over a N16 Shear

bar and replacing a N16 perimeter bar with 2 x N12 perimeter bars adds capacity to

the anchor.

The following calculations were made, t-tests and F-tests, for a series of combinations

to establish whether there is a statistical difference between the tests or the difference

is from the test method, materials or normal variation of the data distribution. The

calculations are shown in Table 15, and summarised in Table 16.

FTestTwoSampldor Variances

EP3 EP6
Mean 103.65 140.14
Variance 1745.95 11.78
Observations 6.00 4.00
df 5.00 3.00
F 148.25
P(F<=f) ongail 0.00
FCriticalone-tail 9.01
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5.2 Edgelift test 2 - Panel reinforcement influence on failure loads

t-TestTwo-SampleéAssumindynegualNariances

EP3 EP6
Mean 103.65 140.14
Variance 1745.95 11.78
Observations 6.00 4.00
Hypothesized Mean Difference 0.00
df 5.00
t Stat -2.13
P(T<=t) ongail 0.04
t Critical onetail 2.02
P(T<=t) twetail 0.09
t Criticaltwo-tail 2.57

Table 15 - EP3 to EP6 F-Test and t-Test statistical differences is data

Hence from the above there is no statistical difference in the spread of data to

conclude that changing from using an N16 Perimeter bar and a N16 Shear bar to

using a double N12 perimeter bar and SL82 mesh on the same anchor loaded in

tension.

Groups

EP3
EP1
EP5
EP3
EP4
EP5
EP2
EP4

EP6
EP2
EP2
EP4
EP5
EP6
EP3
EP6

KEY

PB 1 Perimeter bar

F-Test
reject
reject

accept
reject
reject

accept
accept
accept

SBi Shear bar
DBL - Double

t-test
accept
reject

reject
reject

Benefit
No
Yes

No
Yes
Yes

No

No

No

Reinforcing configuration change (from and to)
N16 PB + N16 SB to DBL N12 PB + SL82

No reo to N16 PB

DBL N12 PB + SL82 to N16 PB

N16 PB + N16 SB to N16 PB + SL82

N16 PB + SL82 to DBL N12 PB

DBL N12 PBto DBL N12 + SL82

N16 PBto N16 PB + N16 SB

N16 PB + SL82 to DBL N12 PB + SL82

Table 16 - Combinations of ANOVA data distribution, accepted or rejected null hypothesis

From the analysis in Table 16 there is statistical difference in the data distribution by

adding a 2" perimeter bar or adding mesh, when testing Edgelift anchors in tension.
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

5.3. Edgelift test 3 - Influence of anchor reinforcing on failure

loads

This research was conducted to establish the pull-out capacity (under direct tension
loads applied in a load controlled manner) of 154 Edgelift anchors embedded in thin
concrete panels with and without reinforcement provided near the anchor. Various
configurations of reinforcement were tested in conjunction with the Edgelift anchors;
including with or without a shear bar (reinforcement of the anchor in the shear
direction, reference Appendix AT Lifting Design), with or without panel mesh and with
or without a perimeter bar. The configurations were chosen based on common
standard practice and recommendation. Grade 350MPa, 16mm thick Edgelift plate
anchors, hes = 257mm, were tested in direct tension by pull out tests of the anchors in
150mm thick, 2m x 2m panels. The tests were conducted using normal weight
Portland cement concrete with a compressive strength at the time of testing of at least
10MPa and up to 40MPa, using a nominal 40MPa mixture, as detailed in Table 6. In
practice the minimum strength recommended for lifting is typically 15MPa but lower
compressive strengths were included as a lower bound as they may occur in

application.
The pull out failure loads were compared to the predicted capacities as determined

by design provisions provided in ACI318 (2008) Appendix D which have been

developed from the basis of extensive Headed anchor tests.
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

5.3.1 Experimental Program

Table 17 - Edgelift anchor experimental program - various reinforcement

Test Series - Edgelift Edge Load
) Sample Concrete fc,age, Anchor )
anchor reinforcement ) distance, rate
) ) Size, n Age, days MPa hef, mm )
configurations Ci, mm kN/min
EL1 - No reinforcement 5 10 21 295 1,000 20

EL2 - N16 shear bar,
N16 perimeter bar

6 12 23 295 1,000 20

EL3 - SL82 mesh, N16

perimeter bar

77 7 18 295 1,000 20

EL4 - N16 shear bar,
SL82 mesh, N16 29 10 22 295 1,000 20
perimeter bar

EL5 - N12 shear bar,
SL82 mesh, N16 37 12 23 295 1,000 20
perimeter bar

39, 50,
5 7 10, >500 20
55, 90
5 7 10 50 1,000 20
10 7 10 55 400 20
EL6 - Headed anchors 6 6 10 400 20
various hef
10 7 12 400 20
10 8 17 90 400 20
6 12 20 400 20
3 20 25 400 20
EL7 - Headed anchors
60 10 21 50 >200 20

50mm her

Plate-type Edgelift anchor pull out tests (154 off), tests EL1-5, were conducted at
concrete compressive strengths and embedment lengths that would initiate a

concrete cone failure. The inserts were cast with varying reinforcement arrangements
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

in the panels, 2,000mm x 2,000mm x 150mm, and reinforcement around the anchors,
detailed in more detail below, refer Figure 92. The Edgelift anchors were made from
16 mm plate, with a profile as shown in Figure 93.

Anchor Void

Anchor Shear Bar

Anchor

SL82 Mesh

Mesh Perimeter Bar

Figure 92 - Edgelift anchor reinforcement layout

Anchor Void Shear Bar Anchor

Centrally placed
SL82 Panel Mesh

Centrally placed Mesh Perimeter bar

Figure 93 - Placement of Edgelift anchor and anchor reinforcement in a thin walled concrete panel

Thirty (35) headed anchors for EL6 were cast in unreinforced concrete blocks of 2m
x 2m x 0.6m deep with 2 anchors per block. The anchors of EL6 were tested in direct
tension once the concrete had matured. The concrete compressive strength was 42
to 46MPa, with an average compressive strength at time of testing (which was at 28
days) of 43MPa ( Table 18). This was to ensure the headed anchors failed due to
steel tensile failure rather than a concrete cone failure. The headed anchors of test
EL6 were of varying embedment depth; 39mm, 50mm, 55mm and 90mm effective
embedment depth. Anchors in test EL6 that failed due to steel tensile failure of the
anchor, is not reported in this experiment. All 4 anchor embedment depths had a
concrete cone failure up to 20MPa, and the analysis of this experiment focussed on
the concrete capacity of these anchor embedment depths between 10 and 20MPa

concrete compressive strength.
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

Sixty (60) headed anchors of EL7 with a 50 mm effective embedment depth were cast
in two reinforced concrete panels 2m x 2m x 150mm thick with 30 anchors in each
panel. The reinforcing was SL82 mesh and an N16 perimeter bar located 50mm from
the edge of the panel. These anchors were tested in direct tension as the concrete
matured in order to initiate concrete cone failures; tests were conducted at
compressive strengths ranging from 18MPa to 26MPa, with an average of 21MPa.
Concrete compressive data for all series is shown in Table 18. All anchors of EL7
failed due to concrete cone failure. The headed anchors were arranged with sufficient
edge distances such that concrete capacity was not reduced due to edge effects, i.e.

no less than 2 x het.

EL1 test panels had no reinforcement in the panels (as seen in Figure 94). EL2 had
N16 shear bars placed over the notch of the Edgelift anchor and a centrally placed
N16 perimeter bar which extended the length of the panel and was lapped at the
corners of the panels (summarised in Figure 95). EL3 had no shear bar and had
centrally placed SL82 mesh with centrally placed N16 perimeter bar. EL4 had an N16
shear bar, centrally placed SL82 mesh and a centrally placed N16 perimeter bar. EL5
had an N12 shear bar, centrally placed SL82 mesh and a centrally placed N16

perimeter bar. The reinforcement configurations are summarised in Table 17.

Normal strength concrete was used throughout all series of the tests; being 14mm
coarse aggregate, 0.44 water/cement ratio, and nominal grade 40MPa design
strength supplied by a commercial ready-mix company, mix design detailed in Table
6.

Table 187 Different concrete compressive data for the batches used during this experiment

Test Series Céc;rt]ggitse fcv(é;&eprg;n f c@z I\/2Il28> 6(ll;ays
EL1 1 21 26
EL2 2 23 28
EL3 3a&3b 18 36
EL4 4 22 40
EL5 5 23 35
EL6 6 10-25 28
EL7 7 21 26

The preparation of the specimens for testing is shown in the below photos. Figure 94,

Figure 95, Figure 96 and Figure 97 show a typical 2m x 2m x 150mm thick panel
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

formwork with N16 perimeter bar and a 16mm x 295mm effective embedment depth,

her, plate Edgelift anchors in the formwork. In Figure 94 4 anchors were placed in each
panel in each 2,000mm edge.

o
Figure 94 - EL1 - Anchor with no reinforcement

As can be seen in Figure 95 this panel had two test anchors which was the typical
arrangement. If, after testing one of the anchors, and it was observed that cracking

had propagated in the panel then the second anchor, whilst still tested, was excluded
from the results presented in this experiment.

Figure 957 EL2 prior to installation of shear bar
Figure 96 shows how the panel mesh, SL82, was placed centrally in the 150mm

thick formwork. The reinforcing mesh reinforcing bar was also placed between the
Edgelift anchors legs.
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

Figure 96 7 EL3 Panel prior to installation of perimeter bar with SL82 mesh

Figure 97 shows the placement of the panel mesh and the N16 reinforcing bar
placed at the perimeter of the mesh, and both placed centrally in the 150mm thick
formwork. The reinforcing mesh and perimeter reinforcing bar was also placed
between the Edgelift anchors legs. Figure 97 also shows the shear bar placed over
the head of the Edgelift anchor.

Figure 977 EL4 & EL5 Panel installed with Edgelift anchor, shear bar, panel mesh and perimeter
bar

Atest load, applied at a rate of 20kN/min, as per Table 17, was applied via a hydraulic
jack and the load measured with an in-line load cell. The test data was recorded for
each specimen, including load and displacement. The displacement was measured
of the anchor relative to a fixed point on the test panel away from the anticipated

fracture zone.

The thin walled concrete panels with Edgelift plate anchors were tested horizontally
and supported off the floor on timber gluts whilst the panel reacted against a steel
frame with an open span of 1.8m as the load was applied to the anchor. The spacing
of the reaction frame for the anchors was outside the predicted failure zone, as shown
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

in for the concrete by at least 450mm as shown in Figure 98. For EL6 and EL7 the
headed anchors embedded in the face of the panels and blocks were tested at the
same loading rate in direct uniaxial tension. The load was applied to the headed
anchors via a tripod reaction frame with the legs of the reaction frame placed at a
distance from the anchor of least three times the effective embedment depth of the

anchor.

1900mm reinforced area

1800mim open span

REACTION FRAME

"

Predicted fracture zone, 2het

" either side of the anchor at
approximately 45°

< »
o4
-

Figure 98 - Panel plan indicating open span to the reaction frame (for Edgelift plate anchor
tests)

Figure 99 - Edgelift anchor test reaction frame setup

5.3.2 Test Results and Analysis

From the analysis presented in Table 19 of the headed anchor tests which failed due
to cone failure of the concrete (EL7 test specimens), it can be said that the ETAG 001
(EOTA 2013) and ACI318 (2008) average concrete capacity approach (four sided
pyramid), refer EQUATION 6, better predicts the behaviour of the concrete failure load
due to the similar average value to the PCI 5th equation, but with a smaller standard
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

deviation. This is since the model of the four-sided pyramid that forms a slope of 35°
with the horizontal surface better simulates the failure surface and therefore failure
load when compared with the PCI (5th edition) 45° model.

Table 19 - Assessment of tensile strength due to concrete formula of ACI318 (2008) for panel
tests conducted with edge-lift anchors

_ n, number of Test / Predicted,

Test Series hef, mm
Tests (N% ¢/ Py) @ 10MPa

EL1 - No reinforcement 5 1.03 257
EL2_ - N16 shear bar, N16 6 1.95 257
perimeter bar
EL3_ - SL82 mesh, N16 77 1.57 257
perimeter bar
EL4 - N16 shear bar, SL82
mesh, N16 perimeter bar 29 1.08 257
EL5 - N12 shear bar, SL82
mesh, N16 perimeter bar 37 1.25 257
EL6 i Headed anchor hef
39mm 5 2.00 39
EL6 7 Headed anchor hef
50mm 5 1.58 50
EL6 7 Headed anchor hef 10 156 55
55mm
EL6 7 Headed anchor hef
90mm 35 1.22 90
EL7 7 Headed anchor hef
90mm 60 1.93 90

It should be noted that in all of these pull out tests, edge effects were not a factor in

the failure.
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Figure 100 - Typical Load vs Displacement curves for EL1

Figure 100 shows the smallest displacement prior to the Edgelift anchor forming a
concrete cone. EL1 has a similar displacement to EL2 at ultimate load. EL1 and EL2

are the only 2 tests in this experiment that do not have panel mesh.
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Figure 101 - EL1 No reinforcement anchor capacity vs ACI318 (2008) and AS3850 (SAl 2015)
models

Edgelift anchor capacity with no associated steel reinforcement, when assessed using
AS3850 (SAI 2015) appendix B Shape Modification Factor, the performance of the
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

tested anchor is higher than that predicted in AS3850 (SAI 2015). However, the
capacity of the Edgelift anchor when compared to the capacity of a headed insert
placed in a thin panel, double edge reduced, results in a tested capacity less than that
predicted in ACI318 (2008), when calculating the characteristic capacity with a
concrete cone failure mode.
Compiled Chart for TRR 2044
140
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Figure 102 - Typical Load vs Displacement curves for EL2 and EL3

Figure 102 is showing the load versus displacement curves for EL2 and EL3 where
EL2 has a shear bar and EL3 has panel mesh, and both have a perimeter bar. EL3 is
shown on the right in Figure 102, displaying a 20% increase in load capacity of the
anchor system when compared to EL2 which has a shear bar. The load carrying
capacity of Edgelift anchors tested in EL3 includes the panel mesh, where the panel
mesh crossing through the fracture surface is no less than 4 x 8mm bas parallel to
the Edgelift anchor and 2 x 8mm perpendicular to the Edgelift anchor. Whereas the
difference between EL3 and those in EL2, is where the EL2 Edgelift anchors have a
shear bar perpendicular to the anchor and crosses the fracture surface 25mm form
the thin edge of the panel, where is provides little load carrying capacity to the Edgelift

anchor system.
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PANEL

Concrete Capacity, kN

Panel mesh with 4 x 8mm bars

crossing the fracture surface, as

l l per EL3
\4 \ 4

/ —lL Panel mesh with 2 x 8mm

horizontal bars crossing the

= | = fracture surface, as per EL3

Figure 103 - Typical fracture surface of EL2 and EL3 post ultimate load
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Figure 104 - EL2 anchor capacity vs ACI318 (2008) and AS3850 (SAl 2015) models

EL2 test results are suitably conservative when compared against AS3850 (SAI 2015)
Appendix B, and ACI318 (2008).
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Figure 105 - EL3 anchor capacity vs ACI318 (2008) and AS3850 (SAI 2015) models

EL3 test results are suitably conservative when compared against AS3850 (SAI 2015)
Appendix B, and ACI318 (2008).
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Figure 106 - Typical Load vs Displacement curves for EL4 and EL5

Figure 106 shows the largest displacement prior to the Edgelift anchor forming a
concrete cone. Both EL4 and EI5 have a shear bar, SL82 mesh and a perimeter bar

which is contributing to the ductility and extra displacement compared with EL1 1 ELA4.
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Figure 107 - EL4 anchor capacity vs ACI318 (2008) and AS3850 (SAI 2015) models

EL4 test results are similar when compared against AS3850 (2015) Appendix B.
However, the capacity of the Edgelift anchor when compared to the capacity of a
headed insert placed in a thin panel, double edge reduced, results in a tested capacity
less than that predicted in ACI318 (2008), when calculating the characteristic capacity
with a concrete cone failure mode.
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Figure 108 - EL5 anchor capacity vs ACI318 (2008) and AS3850 (SAl 2015) models

ELS5 test results are suitably conservative when compared against AS3850 (SAI 2015)
Appendix B, and ACI318 (2008).
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Figure 109 - EL6 hef 39mm headed anchor capacity vs ACI318 (2008) and AS3850 (SAI 2015)
models

EL6 test results for a headed anchor, het 39mm, are suitably conservative when

compared against AS3850 (SAI 2015) Appendix B, and ACI318 (2008).
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Figure 110 - EL6 her 50mm headed anchor capacity vs ACI318 (2008) and AS3850 (SAI 2015)
models, (ACI318 and AS3850 data are similar)

EL6 test results for a headed anchor, hes 50mm, are suitably conservative when
compared against AS3850 (SAl 2015) Appendix B, and ACI318 (2008).
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Figure 111 - EL6 hef 55mm headed anchor capacity vs ACI318 (2008) and AS3850 (SAI 2015)

models

ELG6 test results for a headed anchor, hes 55mm, are suitably conservative when
compared against AS3850 (SAl 2015) Appendix B, and ACI318 (2008).
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Figure 112 - EL6 hef 90mm headed anchor capacity vs ACI318 (2008) and AS3850 (SAl 2015)

models (ACI318 and AS3850 data are similar)

EL6 test results for a headed anchor, hes 90mm, are suitably conservative when

compared against AS3850 (SAl 2015) Appendix B, and ACI318 (2008).
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5.3 Edgelift test 3 - Influence of anchor reinforcing on failure loads

Figure 113 - Photo of EL7 headed anchor, het 70mm, failure surface

Figure 114 - Concrete block layout for headed inserts (2m x 2m x 150mm) for EL7

The placement of the head inserts, in EL7, ensured that the distance to the panel
edge, c;, from the centre of the headed anchor was no less than 2 x her. The spacing,
sin, between the headed anchors was no less than 4 X her.
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