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ABSTRACT (English)

This thesigpresents aonlinearspring model based approach for thalistic assessment

of anchoages loaded in tension, shear or combined tersiear in th&ease of concrete
breakouffailure modes First, the nonlinear spring model was conceptualised for anchor
groups subjected to (1) tension loads, (2) shear lo8YigoMmbined tensieshear. The
concept of the spring model for tension is based on the assumption that within an anchor
group, anchors resist the tension forces, while the compression forces are transferred di-
rectly by the base plate to the concrete. Nwdr tensioronly springs are used for mod-
elling the anchor behaviour in order to account for the distribution of forces among the
anchors of the groupVhile defining the characteristics of the nonlinear anchor springs,
due consideration is given to théiwity of the edge and the neighbouring anchors
through a tributary area approach. The contact between the base plate and concrete is
modelled using compressiamly springs, while the base plate is modelled using finite
shell or solid elements to realesdlly consider the base plate stiffness. An analogous
model was conceptualised felnear loadednchorages. However, the tributary area ap-
proach was replaced by a tributary volume approach to enable the consideration of dif-
ferent edge distances within archor group. The model for interaction is a superposition

of the nonlinear spring model for tension and sh&aomprehensive experimental pro-
gram was designed and performed to verify the postulates made during the conceptuali-
sation of the nonlinear spring mod€&he aim of this experimentpfogramwas to inves-

tigate the behaviour @énsion anghear loaded anoh groups ofvariousconfigurations
undergoing concreteone and concrete edgeeakoufailure, andto understand the load
displacement behaviour of single anchors and anchors as a part of an anchoflggoup
tension tests on anchor groups were aimethvestigate the following influencesi)
different geometric configurations, (ii) varying stiffness of the base platelo@iging
eccentricity (iv) vicinity of concrete edge and (v) crack pattern. The shear tests were
carried out on single anchors aachor groups of different configurations to obtain in-
formation on (i) the group behaviour, (ii) the crack initiation and propagation, (iii) the
influence of the displacement behaviour of single anchors on the behaviour of anchor
groups (iv) the influencef hole clearance patteemd (v)theinfluence of crack pattern

The nonlinear spring models for tension, shear and interaction were vagéetst a vast
number of experimental results on diverse anchor grpepgermed within the frame-

work of this thesis and those available from the literatUilee results othe experiments

and the spring model display excellent agreement in terms of ultimate loads as well as
load-displacement behaviour due to considering the change in stiffness and the corre-
spondingredistribution of forces among the anchors of a group. Recommendations for
thecalculation of resistances afchorages are given for using the nonlinear spring mod-
elling approach including the field of application, the safety concept, the modelling rules
and the verification of the results for Ultimate Limit State (ULS) and Serviceability Limit
State (SLS).



KURZFASSUNG (Deutsch)

Im Rahmen dieser Dissertation wurde ein nichtlinearer Federmodellansatz fur die realitats-
nahe Berechnung und Bewertung v@ruppenbefestigungen bei Betonversagensarten unter
Zug-, Quer oder kombinierten Zugund Querbeaspruchung entwickelZunachst wurde das
nichtlineare Federmodell fir Gruppenbefestigungen konzipiert, die (1-p&agspruchun-

gen, (2) Querbeanspruchungereo@3) deren Interaktion ausgesetzt sind. Das Konzept des
nichtlinearen Federmodells basiert auf der Annahme, dass innerhalb einer Gruppenbefesti-
gung die Zugkrafte von den einzelnen Befestigungsmitteln aufgenommen werden, wahrend
die Druckkrafte direkt dwh das Anbauteil in den Beton eingeleitet werden. Zur Modellierung
des Dubelverhaltens werden nichtlineare Federn verwendet, um eine realistische Kraftvertei-
lung und-umverteilung innerhalb einer Gruppe in Abhéngigkeit der Ankerplattensteifigkeit
und der snstigen Randbedingungen zu berticksichtigen. Um den Einfluss eines Bauteilrandes
und benachbarter Befestigung zu bericksichtigen, wird im nichtlinearen Federmodell ein
neuer Ansatz fur die Beriicksichtigung der Flachenverhaltnisse bei der Ermittlung eler Fed
kennliniender Einzelbefestigungen verwendet. Der Kontakt zwischen der Ankerplatte und
dem Beton wird mit reinen Druckfedern modelliert, wahrend die Ankerplatte mit finiten Scha-
len- oder Solidelementen modelliert wird, um die Steifigkeit der Ankerptatdistisch zu
bertcksichtigen. Ein analoges Modell wurde fur querbeanspruchte Gruppenbefestigungen
entwickelt. Allerdings wurde der Ansatz der projizierten Flachen durch einen Ansatz der Vo-
lumen ersetztum die Berlcksichtigung unsahiedlicher Randabstde innerhalb einer
Gruppenbefestigung zu ermdglichen. Das Modell fur Interaktion ist die Kombination der
nichtlinearen Federmodelle fur Zugnd Querbeanspruchung. Ein umfassendes Versuchspro-
gramm wurde konzipiert und durchgefihrt, um die bei der Konaégierung des nichtline-

aren Federmodells aufgestellten Postulate zu verifizieren. Ziel dieses experimentellen Pro-
gramms war es, das Verhalten von-zugd querbeanspruchten Gruppenbefestigungen ver-
schiedener Anordnungen zu untersuchen, und das Lastwdrsohsverhalten von Einzelbe-
festigungen und Befestigungen als Teil einer Gruppenbefestigung bei den Versagensarten Be-
tonausbruch und Betonkantenbruch zu verstehen. Die Zugversuche an Dubelgruppen zielten
darauf ab, die folgenden Einflisse zu untersuchinn{erschiedliche geometrische Anord-
nungen, (ii) unterschiedliche Steifigkeiten der Ankerplatte, (iii) exzentrische Belastung, (iv)
Nahe der Betonkante und (v) Einfluss des Rissbildes. Die Querzugversuche wurden an Einzel
und Gruppenbefestigungen untéhedlicher Anordnungen durchgefiihrt, um Information
Uber (i) das Gruppenverhalten, (ii) die Rissinitiierung tagsbreitung, (iii) den Einfluss des
Verschiebungsverhaltens von Einzelbefestigungen auf das Verhalten von Gruppenbefestigun-
gen, (iv) den Einfiss des Lochspiels und (v) den Einfluss des Rissbildes zu erhalten. Die
nichtlinearen Federmodelle fir Zug, Querzug und Interaktion wurden anhand einer Vielzahl
von Versuchsergebnissen an verschiedenen Gruppenbefestigungen verifiziert, die im Rahmen
dieserDissertation durchgefuhrt wurden und aus der Literatur vorliegen. Die Ergebnisse der
experimentellen Untersuchungen und des Federmodells zeigen eine sehr gute Ubereinstim-
mung sowohl hinsichtlich der Tragfahigkeiten als auch des Lastverschiebungsvetrdiens



Bertcksichtigung der Steifigkeitsdnderungen und der entsprechenden Kraftverteilung und
Kraftumverteilung zwischen den Befestigungen einer Gruppe. Es werden Empfehlungen fur
die Berechnung des Widerstandes von Verankerungen unter Verwendung degareit
Federmodellansatzes gegeben, die das Anwendungsgebiet, das Sicherheitskonzept, die Mo-
dellierungsregeln und die Verifizierung der Ergebnisse fur den Grenzzustand der Tragfahig-
keit (GZT) und den Grenzzustand der Gebrauchstauglich&&iGj umfassen.
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hole clearance
reference projected area of a tension loaded single anchor
projected area of aff individual anchor of a tension loaded group

actual projected area of a tension loaded anchor or anchor group considel
member thickness, the spacing and edge distance from all sides

reference projected areda shear loaded sife anchor
projected area of aff individual anchor of a shear loaded group

actual projected area of a tension loaded anchor or anchor group considel
member thickness, the spacing and edge distance from all sides

edge distance
edge distance in direction 1
edge distance in direction 2

edge distance of the individual anchors of a shear loaded group, in direc
(loading direction)

edge distance of the individual anchors afh@ar loaded group, in direction
(direction perpendicular to loading)

characteristic edge distance to ensure the characteristic resistance of a si
chor

coefficient of variation of initial anchor stiffness

diameter ofanchor bolt or thread diameter, diameter of the stud or shai
headed anchors

diameter of clearance hole in fixture
nominal anchor diameter
design action

eccentricity of resultant tension force of tensioned anchitfs respect to the
centre of gravity of the tensioned anchors

eccentricity of resultant shear force of shear loaded angtitirgespect to the
centre of gravity of shear loaded anchors

concrete compressive strength of a cube with a siugth of 150 mm
concrete compressive strength of a cube with a side length of 200 mm

characteristic concrete compressive strength of a cylinder of 150 mm diamt
300 mm height

mean cylinder compressive strengticohcrete
tensile strength of concrete

fracture energy of concrete
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thickness of concrete member in which the anchor is installed
effective embedment depth of the anchor

secant stiffness values of thachor (idealised loadisplacement curve)
secant stiffness of an individual anchor of a group

secant stiffness of the anchor group

base plate length

effective load transfer length

number ofanchors within a group

number of anchors in a group in direction 1 (direction 2)

tension component of the design action

design tension resistance of the anchorage

design resistance in case of concrete daihgre under tension load

characteristic resistance of a single anchor placed in concrete and not infl
by adjacent anchors or edges of the concrete meimtmerse of concrete cor
failure

characteristic resistance of an amchr an anchor group in case of concrete ¢
failure

mean tension resistance of the anchorage

mean resistance of a single anchor placed in concrete and not influenced k
cent anchors or edges of the concrete meinbease of concrete cone failure

mean resistance of ahindividual anchor of an anchor groimpcase of concret
cone failure

mean tension resistance of the anchorage in case of concrete cone failure
measured ultimate tension load

mean measured ultimate tension load

ultimate tension load obtained from thgring model

design actiorin the direction with thel vertical

design resistance of the anchorage loaded at an dmglk the vertical

characteristic resistance tife anchorage loadegt anangl e d wi t
for concrete breakout failure

measured ultimate load of an anchorage loaded under combined tension ar
under | oading angle d with the ve

design value of resistance
characteristic value oksistance
anchor spacing

anchor spacing in direction 1

anchor spacing in direction 2
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spacing of the individual anchors of a shear loaded group, in direction 1 (Ic
direction)

spacing of the individual anchors olaear loaded group, in direction 2 (directi
perpendicular to loading)

characteristic spacing for to ensure the characteristic resistance of a single
base plate thickness

reference tributary volume of a singlachor with an edge distance equal to
edge distance of an anchor of'agw of a shear loaded group

tributary volume assigned tn " anchor of a'f row considering the distanc
from the adjacent anchors, edge distance and memblendlss

shear component of the design action
design shear resistance of the anchorage
design resistance in case of concrete edge failure under shear load

characteristic resistance of a single anchor in cas®mirete edge failuraot
affected by neighboring anchors or edge or member thickness

characteristicesistance of an anchorage in case of concrete edge failure
mean shear resistance of the anchorage
mean basic resistance of a single anchor in case of concrete edge failure

mean basic resistance of a single anchor in case of concrete edge failure
sponding to the edge distance of an anchor Bfawy

mean resistaze of anindividual anchor of ajrow of an anchor grouim case
of concrete cone failure

mean resistance of an anchorage in case of concrete edge failure
measured ultimate shear load

mean measured ultimate shézad

ultimate shear load obtained from numerical analysis

ultimate shear load obtained from the spring model

base plate width

exponent for the interaction equation, which depends on the failure mode
compressive strength of concrete measured on cubes with a side lengtimmi z

partialsafetyfactor for concrete cone, concrete edge, concrete-bldwandcon-
crete pryout failure modes

partial safetyfactor for steel failure
displacement of anchor
crack width

factor taking into account the influence of a shear load inclined to the edge i
of concrete edge failure

factor taking into account the group effect when different tension loads are
on the individual anchors of a group in case of concrete cone failure



factor taking into account the group effect when different shear loads are
on the individual anchors of a group in case of concrete edge failure

factor taking into account the fact that concrete edge resistance does not il
proportionally to the member thickness

factor taking into account the effect otampression force between the fixtt
and concrete in case of bending moments with or without axial force

shell spalling factor

factor taking into account the effect of reinforcement located on the edge i
of concrete edgtailure

factor taking into account the disturbance of the distribution of stresses
concrete due to the proximity of an edge in the concrete member in case «
crete cone failure

factor taking into account thdisturbance of the distribution of stresses in
concrete due to the proximity of further edges in the concrete member in ¢
concrete edge failure

steel stress of the highest tension loaded anchor
steel stress of the highestear loaded anchor

loading angle with the vertical



21 Introduction

1 INTRODUCTI ON

1.1 MOTIVATION AND PROBLEM STATEMENT

Anchor groups consisting of cast headed studs or peasistalled anchors are widely used in
engineering practice to form connections between structural elements or to fassémctmal
elements to structures. Examples for structural applicatimisdei.a. connections between
steel columns to concrete foundations (h@ate connectiong)r beam to column connections
Typical nonstructural applications are fexamplepipe hangers, facade installations and sus-
pended ceilings.

In general, the desmof anchorages offers a flexible application in terms of anchor size, anchor
spacing,edge distancegmbedment depth and concrete strenkfibwever, the scope of the
configurations covered by the current design provisions is rather limited due to thensemi
pirical nature of the concepts and due to the fwased methods where the highest loaded
anchor governs the desighhese limitations restrict the design to a maximum of 3x3 anchor
group with anchors arrangedamectangular patterim all loading directionsand usinga suf-
ficiently stiff base platés required foreénsion loadednchoragedn the case of shear loading,

in general, the base plate stiffness is not critidaWwever, the hole clearance pattern and the
crack patterrtannot beexplicitly considered in theecentdesign approaches, leading to ever
conservative design solutions in certain ca€esrently, for anchorage under sheaprede-
cision on the failure crack initiation should be made in the sense of whether the diack wi
appear from the front row or the back rowsluences such abevicinity of concrete edge(s)

or loading eccentricity are accounted for by different empirical facidieh have been deter-
mined based on the available test data on mostly single anahdr2x2 anchor groupsd
might not be directly applicable to larger than 3x3 anchor grdtgrsanchorages beyond the
scope of the design guidelines, which are used due to technical, functional or architectural re-
quirements, the design requires specaisiderations based dinite element modelling and
engineering judgement.

Introducingadisplacemenbased ¢r performancebasedmethodfor the design of anchorages

in the fastening technology could eliminate the restrictions of the current methods leading to
reliable design solutions considering arbitrary anchor gommfigurations base plate geome-

tries base plate stiffnesand thanfluence of loading eccentricity, crack pattern and hole clear-
ance pattermwith accounting forealistic loaddistribution and redistributiorzurther benefit of

a displacemenbased approach is that @gby-check performance check is availabde the
designed anchorage

In this thesis, a new displacemdraised approach referred to as the nonlinear spring model is
developed, verified and proposed for the design of anchorages in the case of concrete breakout
failure modes under tension, shear and intemadhereof. The information obtained by per-
forming a nonlinear analysis with the nonlinear spring moaele=used for the performance

based assessment of reinforced con@etetures



22 Introduction

The main goals of this dissertation are:

I.  Tounderstand andummaise the limitations of the currently applicable provisions for
the design of anchorages in the case of conbreigouffailure modesinder tension,
shear and interaction loading

II. To generate a test database for both tensiorslaear loadednchor groupghat goes
beyond the scope of the current regulations such asaotengular anchorages, anchor-
ages with more than three anchors in a row, anchorages with flexible base plate and
anchorages with hole clearance.

lll.  To develop a genetgl applicable model for the concrelweakoutfailure of anchor
groups, whichaccountdor influences such as different arrangement of anchors, eccen-
tricity of loading, base plate stiffness, cracked concrete condition, multiple anchor rows,
hole clearance patteamd is able to consider a realistic load distribution and redistribu-
tion within anchor groups'he model igeferred to as the nonlinear spring model.

1.2 CONTEXT FOR THE RESEARCH

Theoverallgoal of this thesis wa® tdevelop a displacemebased approach foine design of
anchorage concrete, which is applicabieespective of the arrangement of the anchors, the
stiffness of the base plate, the loading case and can explicitly consider the influence of crack
pattern and the hole clearance pattérmonlinear spring model was developed, verified and
proposed for the design of anchorages in the case of concrete breakout failure modes under
tension, shear andclined loads (interaction)

First, thenonlinear springnodel was conceptualised fanchoragesinder tension,shearand
inclined (interactionjoadingconsidering several aspects to reach the ultimate aim i.e. to reflect
the behaviour of anchor groups of arbitrary configuration realistically, and to give a good esti-
mate about the performnce of the anchorage.

To reach that goal ant obtain the information required ftine development of the model
while understanding the behaviour of anchor groups heiteextensivéest program was de-
signed for tensionandshear loadednchoragesrhe well-designed and welhstrumented ex-
perimental program was carried out to genesatewtest database, with special emphasis on
load-distribution and redistribution among the anchaithin an anchoigroup.

The tests werperformedon different rectagular and nowrectangular anchor group configu-
rations with varying the base plate stiffness, crack pateige distancépading case (concen-
tric/eccentric), hole clearance pattern and the combination ohéméionedparametersinder
tension and sheao&ds The focus of the experiments was to obtain the required information
about the loadlisplacement behaviour of the anchor group and the behaviour of the individual
anchors of the groyand thé& comparison with the loadisplacement behaviour of the corre-
sponding single anchofrherefore, the measurement of the load and displacement values was
of particular importance when generating new res@tgy with careful measurement tfads
anddispla@ments in the ascending branch, plateali @g@scendindpranch,it is possible to
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evaluate the load distribution and redistribution (if any) among the anchors of a group. Further-
more, in thisvay, the mrameters influencinpr not influencing the axial ad shear stiffness
of the ancha can be determined or confirmed

The areful evaluation of the test resudtsabledo establish the principles of thewdisplace-
mentbased metho¢honlinear spring model)rhe basic principles in the development of the
nonlinear spring modeihcludethe consideration of virtual edges between the neighbouring
anchors through the tributary areatributary volume approach and the consideration of real-
istic distribution and redistribution of forces among the anchprgerfaming nonlinear anal-
ysis in displacement contrdbking into accourthe anchor stiffnessnd the change in stiffness
undertension and shear.

The nonlinear spring model for tension, shear and interaction was verified against a vast number
of experiments carried out within the framework of this thesis and from the literature. The re-
sults of experiments and the spring model display excellentragréen terms of ultimate loads

as well as loadlisplacement behavioufFhe verified approach was associated with a general
safety concept in order to make the approach suitable for the design of anchorages in concrete.

1.3 ORGANISATION OF THE WORK

The work caried out within the framework of the thesis is organized as follows:

I.  Development of spring models

a. Development of a nonlinear spring model fengion loade@dnchor groups in
thecase of concrete cone failure mode

b. Development of a nonlinear spring model $bear loadednchor groups ithe
case of concrete edge breakout failure mode

c. Development of a nonlinear spring model for tensbear interaction ithe
case of concrete breakout failure

II.  Experimental and numeal investigations

a. Experimental investigations oertsion loadedingle anchors and anchor groups
in case of concrete cone failure mode

b. Experimentaland numericainvestigations orshear loadedingle anchors and
anchor groups in case of concrete edgerfaimode

lll.  Verification of models

a. Verificationof the nonlinear spring model for tension against experiments from
this work and frontheliterature

b. Verification of the nonlinear spring model for shear against experiments from
this work and frontheliterature

c. Verification of the nonlinear spring model for tensishear interaction against
experiments frontheliterature

IV.  Recommendationfr the calculation of resistances

a. Recommendations fapplyingthe nonlinear spring modédr anchoragesn-

dergoing concrete breakout failure modes
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2 GENERAEHBVI OUR OF ANCHORAGES I N CONCRETE

This chapter discusses the behaviour of anchorages in concrete. Setfiocuses on the be-

haviour of anchorages under tension loading, whereas S@c#&on the b&aviour of anchor-

ages under shear loading with explaining the basics of thermasfer mechanisms and failure
modes. Special emphasis is placed on the concrete breakout failure modes such as concrete
cone failure under tension and concrete edge failoder shear loads Sections2.1.2and

2.2.2 respectively.

Anchorages are used to transfer loads into concrete struethilesconnectingstructural or
nonstructural elements with structural componeiitse components of an anchoragelude
thefixture or base platasuallymade of structural steelvhich distributes the loads to the an-
chors,the attachment antie anchorshattransfer the load from the base plate to the concrete
andthe concrete base material surrounding the anchorBigesde view of aypical anchorage
with headed studsaving one anchor row imcrackis depicted irFigure 2.1

1 /Attachment

/ Fixture/Base plate

Concrete

Anchors

/l/

Figure 2.1. Nomenclature of aypicalanchorage

~

In this thesis, the terms anchor, anchor group, anchorageateosedd e s cr i be .t he #dc
However, these terms are considered equivalent to the terms fastener and group of fasteners
used according to the European Standard EN-#98®&jure 2.2 gives an overviewf the def-

initions related to concrete member dimensused.
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Applied tension
load N

Concrete member

thickness h

Figure 2.2. Definitions related to concrete member dimensiarsl loading directions

2.1 BEHAVIOUR OF T ENSION LOADED ANCHORAGES

2.1.1 Load-transfer mechanism and failure modes

Depending on the anchor type, tension loads applied on anchoragesnaferred into the
concrete by mechanical inteck, friction, or bondor by a combination of these loamansfer
mechanismasdepicted inFigure 2.3 (Eligehausen et al., 20p&xamples for anchor systems
using mechanical interlock as leg@dnsfer melsanism include headed studs, undercut anchors,
concrete screws and anchor channelshe case of mechanical interlock, the load transfer is
ensured by a bearing interlock between the fastening system and the cdiheré&edtransfer
mechanism frictions employed by expansion anchors, which generate high expansion forces
during installatior(pressing the expansion sleeve of the anchor against théeadihg tohigh
frictional forces between the anchdhe resistance is providedoly the frictioral force, which

is in equilibrium with the externigi appliedtension force. In the case of adhesive anchors, the
tension load is transferred into the concrete by means of bond, which is a combination of adhe-
sion and micro keying.
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ST .

G

Figure 2.3. Load transfer nechanism of anchors under tensiofrom left to right: mechanical inter-
lock, mechanical interlock, friction, bondreproducedbased orEligehausen et al. 2006)

Anchoragein concrete subjected to tension loads may fail due to anchor steel failtieytpull
failure, concrete cone failursplitting of the concrete componemtside face blowout failure
(Eligehausen et al., 20Q6)hich failure mode is governing, deperaisa humber of parame-

ters such asnchor size, anchor embedment depth, anchor spacing (in the case of anchor
groups), edge distance, concrete strength and the combination of the installation parameters.
Note that the decisive failure mode of an anchor groight differ from the decisive failure

mode of the corresponding single anchor.

The anchor steel failure &ssociated with the ductile failure of the steel, which represents the
upper limit of the loacbearing capacity of a single anchbrgure 2.4a). The pullout failure as
shown inFigure 2.4b in case of heagll studs occurs when thmechanical interlock is inade-
guate and thanchorcan bepulled out of the concrete causing concrete crushing at the anchor
head(Furche, 1994)however without leading tahe breakout of the concrete. In the case of
postinstalled anchors, puthut failure corresponds to the failure mode where the anchor is be-
ing pulled out of the drilled hole. This can be due to insufficient expansion forces in the case of
displacementortrolled expansion anchoy due to the lack of a proper follewp expansion

in the case of torqueontrolled expansion anchqiiligehausen & PusiiWachtsmuth, 1982)
Furthermore, bonded anchors may fail due to pullout failure ahdnrearconcrete or threaded
rod-mortar interfacen case ofaninsufficient bond(Meszaros, 199%Kunzet al, 1998. Fig-

ure 2.4c andd show a single anchor and an anchor group failing due to concrete cone breakout.
In the case of a single anchor, a cehapeal breakout body develgpwhich in the case of
anchor groupsnight result in the development otammon breakout bodyepending on the
anchor spacingFuchset al, 1995) Figure 2.4d refersto the combined concrete cepallout

failure of bonded anchors, where the concrete cone forms at the top end of theathose

bond fails along the embedment deffigure 2.4e) (Lehr & Eligehausen, 1998, Appl, 2009 ).

The splitting failure occursither due to limited dimensions of the concrete specinkég (

ure 2.4f) or due to the installation of the anchor close to an edge or when a line of anchors are
installed close to each oth@ksmus, 1999)Side face blowout failure might be decisive in
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caseof tension loadedheaded studs having small edge distamecesombination with large
embedment depth{&urche & Eligehausen, 199@gnerating a local blowout failure in the vi-
cinity of the headFigure 2.4g).

! !

,:\
9)
Figure 2.4. Failure modes of achors under tension: a) steel failure, b) putlut failure, c) concrete

cone failure of a single anchor, d) concrete cone failure of an anchor group, e€) combined concrete
cone and pullout failure, f) concrete splitting failure, g) siel blowout failure
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Note that in the case of steel failure and jouit failure, the resistance of the anchors is not
influenced by the adjacent anchors or by the vicinity of the edge of the concrete member. There-
fore, the verification of these failure modes for anchor gretipsid be carried out only for the

most loaded single anchor. However, in the case of concrete cone failure and splitting failure
of anchor groups, the anchor spacing and the concrete edge distance have a significant influence
on the loaebearing capacitpf the group, which have to be considered in the design. Further
details about the behaviour of anchorages failing due to concrete cone breakout are given in
Section2.1.2

2.1.2 Concrete cone failure of énsion loadedanchorages

When a single headed stachbedded in concrete is loaded in tensthe load is transferred to

the concrete by the bearing of the head against the concrete. During the initial loading phase,
thestiffness of the loadisplacement curvd-{gure 2.5) is determined primarily by thdaestic
elongation of the steel shaff.the steel shaft of the anchor is smooth, then the frictional re-
sistance along the anchor shaft is negligible. On further increasing the applied tensile force, the
concretecrushing takes place localyround the heh which results in the change in stiffness

of the loaddisplacement curve.

gid Real cone
““\Idealised cone

Pt
Softening
of concrete

Elastic elongation
of steel

Figure 2.5. Nonlinear behaviour of a single headed stud failing due to concrete cone failure

The local crushing of the concrete leads to the formation of a wedgeshiét in the devel-

opment of radial tensile stresses in the concrete. Once the tensile strength of the concrete is
exceeded, the radial cradkvelops (concrete congpically from the edge of the head due to
stress concentration. Experimental investageg by Eligehausen and Sawade (1989) showed
that when the ultimate resistance of the anchor is reached, thdemgtika is approximately
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30-40 % of the side length of the radial crackKigure 2.6). After reaching the peak load, the
crack growth beames unstable and the softening in the ldegblacement curve can be ob-
served.
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Figure 2.6. Relative tension load as a function of relative crack length (reprodubaded onEli-
gehausen & Sawadel 989

The tensile behaviour gistinstalled anchors in the case of concrete cone failure is, in general,
similar to the behaviour of a castplace headed stud as described above. However, the actual
load-displacement behaviour might be different depending on the anchor type/pfaenet-

ally, the initial stiffness is governed by the anchor tyfm® examplebonded anchors or con-
crete screws display higher stiffness than the expansion amstbes undercut anchoos the
corresponding size and embedment depth. The change iessitind the length of the plateau
aredominatedby the stress concentration at the unloaded end of the anchor, which in turn,
depends on the anchor type. The descending branch of theispdalcement curve ntrolled

by the concrete strength, concrgtee, aggregate tygerushed or round gravednd size.

Tests by Eligehausest al.(1992) showed that the average angle of the failure cone measured
with respect to the surface of the concrete member corresponds to ca. a slope of 1:1.5. This
means thatite diameter of the projected concrete cone at the concrete surfacetisnes e

anchor embedment depth.

If a neighbouring anchor is placed at a distance of smaller thiame3 the anchor embedment
depth, and the anchors are connected by a commerplats, then the connection is referred

to as an anchor group. In this case, the concrete cone breakout bodies of the individual anchors
interceptand a common breakout body develdjs.example is shown iRigure 2.7.
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Figure 2.7. Photo of a 1x4 anchor group failed due to concretnefailure

However, the behaviour of anchor groups and the force distribution among the anchors of a
group is significantly influenced by the base plate stiffness. In the case of an anchor group
havinga stiff base plate subjectedda@oncentric tension force, the displacement of the indi-
vidual anchors is equéfFigure 2.8a). Assuming the same anchor axial stiffness for the anchors

of the group, the load carried by the individual anchors is ebloabever, if the same anchor
group configuration is connected by a flexible (or not sufficiently stiff) base plate, due to the
unequal displacement of the individual anchors, the tension force taken up by the individual
anchors depersbn the base plate #hess Figure 2.8b). The current forcédased design pro-
visions pn the basis o£CD Method such a€£N 19924) are valid only in the case of anchor
groups with sufficiently stiff base platéBhe necessary but not sufficient condition to consider
the baseplate as stiff is that under design actions it must remlastic Additionally, the de-
formations of the base plashould besignificantly smaller than the displacement of the an-
chors. This implies that the requirementgaiufficiently stiff base platdepends on the anchor
stiffness and therefore, the relative flexural rigidity of the base plate to the stiffness of the an-
chors should be considered. However, there is no specific guidance given to ensure that the
base plate is sufficiently stiff.
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Figure 2.8. Influence of the base plate stiffnesm the load distribution among the anchors of an
anchor group
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The requirement of a stiff base plate is, however, contradictory to the approach followed in the
design of the base plates for stetelictures where the plasticisation of the base plate is one of
the desirable failure mechanisms. In particular, in the case of column bases subjected to bending
moments, the anchor bolts are considered to take up the tension forces, while the bdaing of t
base plate on the concrete surface provides the internal equilibrium (Wal®260&). Gen-

erally, two cases are considered for the column bases. In the first case, the bolts are flexible and
the base plate is stjfand the plate is separated frame ttoncrete. In the second case, the base
plate is in contact with the concrete resulting in prying action, and the bolts are loaded by addi-
tional prying force Alternatively, the component method can be used for the design of steel
column bases (Wald et 22008b).

In the case of énsion loadednchors in uncracked concretiee rotationally symmetric stress
distribution is generated by the anchor, where the hoop stresses in the concrete provide the
equilibrium Figure 2.9a). However, if an anchor loadeéd tension is intercepted by a crack,

the distribution of stresses in the anchorage zone changes compared to the anchor in uncracked
concrete because the tension force cannot be transferred across the crack plane (Eligehausen et
al., 2006). This leads toraduction in the stiffness and the leeatrying capacity of the anchor
depending on the anchor type and size, embedment depth, crack widtiguete2.9shows a
schematic from (Rehm et all988)for consideration of force distribution in uncradkend

cracked concrete.Wo independent cones are considered for cracked conEigted 2.9).

However, in reality, the shape of the concrete fracture surface in cracked concrete is not differ-
ent from that in uncracked concrete except that the cone isassghdy the crackurther in-
formation on the behaviour of anchorages under tension loads can be obtained from Eli-
gehausen et a2006).

a) b)
Figure 2.9. Forcedistribution in the concrete anchorage zone ofension loadecheaded stud in a)
uncracked concrete, b) cracked concrete (reprodubeded orRehm et al, 1988)
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2.2 BEHAVIOUR OF SHEAR LOADED ANCHORAGES

2.2.1 Load-transfer mechanism and failure modes

Whenanchorages are loaded in shear, it is assumed that the behavioufin$iadisid anchors
is the same as the behaviour of dagplace anchors and that the same failure modes can occur
for both posiinstalled and cash anchors (Hofmann, 2005).

When amanchorage is subjected to shear loads, the shear load is transferred to the anchors via
the base plate or fixturén the beginning, the shear load is transferred between the concrete
and the base plate via friction generated by the preload in the ariemy) ( When the applied

shear load exceeds the frictadmesistance of the base plate, the anchors tetdake upthe
shearforces and the resistance is provided bybieringof the anchor shaft agairtbe concrete
(Figure2.10. In the initial loaling phase, beyond frictional resistance, the stiffness is primarily
governed by the anchor diameter, which in turn governs the bearing pressure. As the load is
increased, concrete spalling in front of the anchate placdeading to a loss of stiffnesthe

shear behaviour beyond this point is decided by the dominant failure mode, which is controlled
by the installation parameters sucham&hor type and size, steel grade, anchor embedment
depth, concrete strength, edge distance, anchor configuratmmraspacing and loading di-
rection(Figure 2.11).

Load / )
Tension load

Shear load

Failure

Concrete spalling

Contact of the anchor
with the base plate

Slippage of the base plate

Load transfer via friction

—

Displacement in loading direction

Figure 2.10. Comparison of dealised loaedisplacement curves for anchors subjected to tension and
shearwith no edges in proximitfRehm, Eligehausen, Malléel988 reproducedon the basis otli-
gehausen et al2006)
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If the anchor is placed far from the concrete edge and the embedment depth is sufficiently large,
it might fail due to steel failure of the anchor with a concrete spalling in front of the anchor
case the load is applied witholever arm Figure 2.11a) (Fuchs, 1990)If the shear load is
applied with a lever armFgure 2.11b), the failure occurslue to the bending of the anchor
(Scheer et al 1987) Pryout failure is governing when the anchor embedment depth is short
andthe anchois placed far from the edge, or located close to the edge but the shear force is
applied inthe direction away frortheedge Figure 2.11c) (Zhao, 1993Anderson & Meinheit

2005 Jebara, 20)8Anchorages loaded in shear close to one or more etigdeaded towards

the edgemay fail bythebreakout of the concref€igure 2.11c) (Fuchs, 1990, Hofmann, 2005,
Unterweger, 20085rosser, 2012, Bokor et a2202Q Bokor et al.2021).

-
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c) d)
Figure 2.11. Failure modes ofanchorages under skar-loading: a) steel failure, b) steel failure with
alever arm c) pryoutfailure, d) concrete edge failure

2.2.2 Concrete edge failure okhear loadedanchorages

The concrete edge breakout failuresbéar loadednchorages, just as thenooete cone failure

in the case ofansion loade@nchorages, is a concrete tensile failure, which occurs when the
tensile strength of theoncrete is exceeded by the tensile stresses generated by the applied shear
load. In the case of posinstalled anchors, an annular gap exists between the hole in the base
plate and the anchor rdd enable installation and construction tolerandethis gap is not

filled, first the base plate might displace in order to close this gap before the force can be trans-
ferred by the plate to the anché&iiqure 2.12). The resistance up to this point is provided only

by friction and is rather small (Cook, 198@)nce the base plate starts pushing the anchor and
the anchor rod bears against concrete resulting in compression force in the front of the anchor
shaft, the resistance rises steeply with the displacerfgnir€ 2.12). High bearing stresses in

this zone rsult in concrete spalling in the front of the anchor and the radial tensile stresses
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develop in the hal§pace continuum, which are analogous to the radial tensile stresses devel-
oped under the tensile forces in case of anchors under teBsmi(2.1.2. The direction of

the tensile cracks is perpendicular to the direction of the tensile stresses developing in the con-
crete. Once these stresses exceed the tensile resistance of concrete, failure crack develops form-
ing a semiconical shaped concrete edgediout body. Asigure 2.12shows, theangle sub-

tended by théailure crack with the concrete edigetypically ca. 35° and develops to a depth

at the face of the concrete edge equal to approximately 1.5 times the edge distance (Stichting
Bouwresearchl971, Fuchs& Eligehausen]1986/9. This is analogous to the development of

the failure crack in the case of tension loading, where the average angle of the failure cone with
respect to the concrete surface corresponds to ca. 35° (S2dtidn

i
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Figure 2.12. Single anchor loaded in skar towards a closedge: loadbearing mechanisnmand ide-
alised loaddisplacement curve
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The stress distribution along the anchor length depends on the embedment depth to anchor di-
ameter ratio of the individual anchors; consequently, also the depth ofrtbeeteobreakout

body depends on this ratio. This is because stiff anchors distribute the stresses more evenly and
deeper into the concrete, whereas for anchors with lower stiffness, stress concentration takes
place rather in the area of the concrete ser{etofmann, 2005).

In the case of anchor groups failing due to concrete edge btetk®ibase plate stiffness is

not criticalbecause the #plane stiffness of the base plate is generally sufficient to allow equal
displacement under concentric loadiitne concrete edge breakout under shear is analogous
to the concrete cone breakout under tenditmwever, unlike anchagroups loaded in tension,
where the anchors always have equal embedment depth as per design, the shear loaded anchor-
ages with multiple anchor rows are associated with different edge distiheestore under
tensionthe projection of the concrete cone breakout bodiebearsedo determine the group
capacity(CCD Method,projected area2D problem. However, in the case shear loaded
anchoragewith multiple anchor rowghe problem is essentiallijireedimensional Therefore,
currently, for anchor groups having multiple aocihhows under shear, a pdecision on the
failure crack initiation should be made in the sense of whether the crack will appear from the
front row or the back rows. This pdecision is required in order to enable the 3D problem to
be simplified to a 2D blem.Figure 2.13depictsthe theoretical crack pattern of a 1x3 anchor
group inthecase of concrete cone and concrete edge breakout failure
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Figure 2.13. Theoretical crack pattern of a 1x3 anchor group in case of a) concrete cone and b)
concrete edge failure

When anchorages are loaded in shear, the force distribution depends on the effectiveness of the
anchors resisting shear loads, whichnsag others influenced by the hole clearance pattern.

For anchor groups without hole clearance, the shear load is initially distributed to all anchors.
For anchor groups with hole clearance, the entire shear load is initially distributed only to the
front anchors in case of unfam@ble anchor configuration or only to the back anchors in case

of favourable anchor configuration as shownHigure 2.14 The formation of a crack at the

front anchors may negatively influence the group capadépending on thkole clearance,

anchor spacing to edge distance ratio, anchor typ¢reichs & Eligehausen, 198dpfmann,

2005, Unterweger, 2008, Grosser, 20&akor, 2020. The influence of hole clearance pattern
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on the loaedisplacement behaviour of an anchorage with two anchor rows is schematically
explained irFigure 2.14 If the hole clearancef the backanchomrow is zerd(case 1)the shape

of the loaddisplacement curve is similar to that obtained for thgecof the corresponding
anchorage with a single anchor row. However, ifftloat anchor row has no hole clearance
(acifront= 0) while the back row doe&@ciback> 0) as incase 2, then the shear loadnigially

taken up by the front anchor row onssuming thathe shear stiffness is independent of the
edge distance, the initial stiffness of the curves for case 1 and case 2 would be the same. In case
2, the cracking would first occur at the front anchor row and thed@adlacement curve would
display a drop in the capacity with increasing displacements until the base plate dibglaces
aciback and the back anchor row gets activated. Once the back anchor row gets activated, the
load-displacement curvstars to rise again and depending on the displacement behaviour of
the anchors and the hole clearar&enécy), the same anchorage capacity for case 1 and case 2
might be reached.
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Figure 2.14. Loaddisplacement behaviour ai 2x2 anchor group having favowable and unfavour-
able hole clearance pattern

The behaviour of anchor groups with different spacing to front row edge distance ratios
(s1.4/c1.9) failing due to concrete edge breakout, was investigated by Grosser (2012). It was sum-
marised that for anchorgups without hole clearance, the crack formation at the front anchor
may be neglected for the ultimate limit state (ULS) verification, however, the performance of
the group should be checked for the serviceability limit state (SLS) verification. Inshefca

tests with hole clearance, the focus of the study was on the displacement at the failure of the
corresponding single anchor to the hole clearance ratio. It was reported that if the activation of
the back anchor is possible before the failure ofrtwat fanchor occurs, then the shear load can

be redistributed to the back anchor and the anchors are loaded equally. The approach, to not
only focus on the failure loads, but also on the displacement behaviour of the different anchor
rows is deemed appropte, and concurrently highlights the importance of the evaluation of the
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complete loaddisplacement behaviour of anchorages. However, to presume whether a crack at
the front anchor row will form or not, Grosser (2012) evaluated the resistance of theiont
compared to the resistance of the back row for the correspandiog: (anchor spacing in the
loading direction to edge distance of the front anchor) ratios.

2.3 BEHAVIOUR OF ANCHORAGES UNDER INCLINED LOADS (INTERACTION )

The behaviour of anchorages subjected to combined tesisear loads (interaction) is a com-
bination of the behaviour of the anchorage under concentric tension and shear loading and is
dependent on the loading andgle failure modes associated individyalith tension or shear

loads are possible in different combinations under inclined i1dadexample, steedteel,con-
cretesteel, concreteoncrete, steatoncrete(tensionshea). For large embedment depths and
largeedge distances, typicallthe conbination of steekteel failure is dominant. Fonedium
embedment depstand large edge distanceake concretesteel failure combination is typical.

The combination of concretoncrete failure mode is governing in the case of anchorages
placed close tche concrete edge having relatively small embedment depths. The failure com-
bination steetoncrete is theoretically associated with anchoratpesed close to the concrete
edgehaving large embedment depths in a combination with small anchor dianetactual
influence of the tension component to the shear capacity andefisa is dependent on the
failure mode. The interaction between the tension and shear capacity of an anchorage is typi-
cally considered through a-salled interaction equatidiseeEq. 1). The influence of the fail-

ure mechanism on the interaction between tension and shear capacity is considered through the
exponenga.

0 W Eq.1
0 W

Where

0 is the tension component of the applied ultimate load

0 is the mean tension resistance of the anchorage

W is the shear component of the applied ultimate load

W is the mean shear resistance of the anchorage

| is theexponent for interaction equation, which depends on the failure moelé.p for
concretebreakout failure mode according to H¥924 assuming rigid base plate)

The behaviour of anchorages under inclined loads in the case of cezametete failure com-
bination was investigated by Zhao & Eligehaug€E302/]). For tension loadednchoragesn+
dergoing concrete cone breakout, domcrete fracture is initiated at approximat8@/- 40%
of the ultimate loadSimilar behaviour is associated also $brear loadednchorages in case of
concrete edge breakotor anchor groupwith multiple anchor rowslaced close to the con-
crete edge and subjected to inclined loads towards the tha@gerack initiation from the front
anchor row due to the shear component ofaihyglied load might occur at relatively low load
level compared to the ultimate shear capacity of the gfeigpre 2.15. This crack might have
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a negative influence on the group capacity under the tension component of the applied load.
Zhao & Eligehauselif1992/) provide this behaviour as an explanation why the expoaent
assumes a value of 1.5 in case of coneteterete breakout failure, while a value of 2.0 is
valid in case of stediteel failure. Relatively recent tests performed by Sharma €Qd4P)
confirmed the validity of the exponeat= 1.5in case of anchor groups formed by headed studs
welded on the base plate.

P

~Crack corresponding to pure tension

Cracks corresponding to pure shear

Figure 2.15.Schematicof a crack pattern of an anchor group close to an edgdjsated to
inclined loading(reproduced based on Zhao, Eligehausen 1992/1)

Lachingen2012) investigated the behaviour of 2x2 anchor groups placed close to the edge and
installed withthemost unfavourable hole clearance pattetfmexplained that the bekiour of

anchor groups with unfavourable hole clearance pattern under inclined loads is significantly
affected by the ratio of anchor embedment depth to edge distance of the front anctior row.
the case of anchor groups with relatively short embedmaeitit diae failure crackdeveloping

from the front anchor roFigure 2.16a) would have a much stronger negative influence on

the tension capacity of the anchorage compared to the corresponding anchorage with larger
embedment depthF{gure 2.16b). Thereforethe consideration dhehole clearance pattern is
essential for the assessment of anchorages under inclined loads.

P P

o7 Tl

VAR

a) b)

Figure 2.16. Influence of embedment depth ohé interaction behaviour of 2x2 anchor groups placed
close toan edge and installed with most unfavourable hole clearance patt@nsmall embedment
depth, b) large embedment deptteproducedbased orLachinger, 2012 Lachinger & Bergmeister

2014)
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Another important aspect that must be considered while evaluating the performance of anchor-
ages under inclined loads is the base plate stiffness. The base plate stiffness influences the be-
haviour of the anchorage undée tension component of the appliexhd significantly. The
behaviour under the shear component, however, remains largely uninfluenced by the base plate
stiffness. Therefore, the influence of base plate stiffness would beprmreunced for the
caseswith lower valuesof loading angle withrespect to the vertical. Therefotee exponent

a = 1.5used in the interaction equation for concred@crete breakout failure mode is valid
provided a sufficiently stiff base plate is ussmad might not be applicable in case of anchor
groups with flexiltke base plates.

Based on the above discussion it is clear that the behaviour of anchor groups placed close to the
concrete edge subjected to inclined load towards the edge is influenced by the following pa-
rameters and the combination thereof: edge distaamchor spacing, anchor embedment depth,
anchor size, anchor stiffness, base platimess, hole clearance pattern. Therefore, for realistic

and reliable design of anchorages, it is essential to consider theispdacement behaviour of

the anchorsnder tension and shear.

2.4 SUMMARY

In thischapter, the behaviour of anchoragesoncretein generaljs briefly summarized. The

load transfer mechanism of anchorages under tension, shear and inclined load (interaction) is
discussedand the typical failure modes are describite importance of a realistic considera-

tion of base plate stiffness, anchor stiffness, hole clearance pattern and crack pattern is dis-
cussedSpecial emphasis is placed on tbad-displacemenbehaviour ofandors andanchor

groups in the case abncrete breakout failure modes to highlitite factthat for the realistic

and reliable design of anchorages the ideghlacement behaviour of the anchors under tension
and sheashould be considered
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3 APPROACHES FOR THE DESI GN AND ASSESSMENT OF AN

The design of anchoragess in general,performed according to fordeased approacheshich
are implemented in various standards sudche@&uropean Standard EN 1992r the standard
of theAmerican Concrete Institute, AGIL8. Howevergdepending on the application, anchor-
age configuration and the complexity of the design tdisklacemenbased or researdbased
approaches, as well as the Finite Element Methadht benecessary to applyptensure a
reliable safeand realistic desigof the anchoragdn Section3.1, the development of foree
based approachessummarized, on which the e¢ent design provisions are bas&ection3.2
gives an overvievof possible design solutions baseddisplacemenbased approaches such
as the component method and the equivalent spring model for anchorages. In 58 dfen
design based on usinige Finite Element Method is discussed.

3.1 FORCE-BASED APPROACHES

3.1.1 General safety concept

The design of anchages, in general, is performed by considering all the possible failure modes
that an anchor may undergo under applied action and evaluating the resistance of the anchorage
against each failure mode. The failure modes for an anchorage loaded in tenstee|des-

ure, concrete cone failure, palut, side face blovout and splitting failure (Sectich1.1). The

failure modesshear loade@nchorages can undergo are steel failure, pryout failure and con-
crete edge failure (Secti@?2.]). In the case of anchorages under inclined loading (interaction),
failure modes associated individually with tension or shear loads are possible in diffenent
binations as described in Sect®:3.

The design load iseterminedas the minimum value of the resistancakulated for each

failure modeafter applying theppropriatepartial safety factorsl'he verification for tension,

shear and interaction i® be performed separateli#zollowing the design philosophy of

EN 1990, wlen using the partial factor method, it shall be verified that, in all relevant design
situations, no relevant limit state is exceeded when design values for actions or effamia®f ac

and resistances are used in the design m@a&l4990) The design values are typically ob-

tained by using the characteristic values, in combination with partial factors. Correspondingly,

the following requirement must be fulfilleBs O «fesignat i on O Design resi

In this dissertation, the focus is placed on the concrete breakout failure modes, under tension,
shear and inclined loads. Therefore, in the following, dalyre modesassociated with con-

crete breakowtre discussed in detadurther information on the design approaches for anchor-
ages can be obtained from Eligehausen et al. (2006).
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3.1.2 Concreteconebreakout failure of anchoragesunder tension loading

For the calculation ahe failure loador anchorages undergoing concrete edge breakout under
tension loading, numerous analytical approaches, based on various assumptions have been de-
veloped in the pastCpurtois, 1969 Braestrupet al., 1976 Cannon et al.1981, PusilF
Wachsmuth 1982 Rehmet al., 1992 Fuchs et a).1995).Two generaphilosophies exist to

predict the concrete cone failure load ofeasion loadednchoragethe 43 cone method
(Courtois, 1969and the concrete capacity design (CCD) method (Fuchls #095).For the

45° cone method, the concrete breakout resistance of an anchor is calculated assuming a conical
surface taking the slope between the failuréasgrand concrete surface as(#gure 3.1a).

In the case of the CCD method, a feided yramid failure surface, with a slope between the
failure surface and the surface of the concrete membapmbx.35 ° (1:1.5)is assumedo
calculatethe concrete breakout resistance of an andfigufe 3.1b).

2heet+dy |
o | L5h,
AT R [ D
a) b)

Figure 3.1. Concrete cone idealisation aonical failure surface. b)four-sided pyramid failure sur-
face (reproduced from Pallarés & Hajjar, 2009)

The first guides to calculate the resistance of anchors subjected to tension, shear and combined
loads were proposed I§annon et al. (1981For tension loaded single anchors, the 45° failure
cone was assumed in the formiidns. The recommendatiobhy Cannon et alwereadopted

by theAmerican Concrete Institute, AGK9 (1980).

In the approach according tbe American Concrete Institute, AGKU9(1980 to 199y, the
concrete congvas assumed to be a 4&5nefor embedment depth higher than or equal to 5
inches (12/m)initiating at the bearing edge of the anchor (anchor head) and radiating toward
the free surface of the concrete memlasd constant tensile stress over the projected failure
surfacewas recommendedrigure 3.2). The nominal tensilstrengthof the anchaage Te, is
determined by applying a nominal tensile strength to the projecteddareéthe pullout cone

at the surfaceq. 2).

Y 127°0D (Ib) Eq.2
Where

"® is thesquare root of specified compresssteength of concrete, psi

0 is thetotal projected area of the failure surface as described abdve
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The projected area of the pullout cone is limited by the intersection of the cone with any free
edge of the concretagure 3.2). To calculate the concrete cone resistance of a group, the pro-
jected area of the groupy, should be calculated, which is limited by tnerlap of thandi-

vidual anchor concrete cones, by the intersection with free edges and by the member thickness.
The exatcalculation of the projected area of the groups is difficult. Thereffbaesh & Bur-

dette (1985)ynd Siddiqui & Beseler (1989) provided apmoximate method for calculating

the projected area with overlapping failure coimez simplified way.

Single anchor Projected areas of a group of
four anchors, large spacing

(0
oo

|

i
|
i
0
|
|
|
|

l./tan 6 Projected areas of a group of
, ’ four anchors, small spacing
N
| A2
I.| L |
. 0
|

Figure 3.2. Shape of concrete cone according to ACI 349 (1990) and projected areas

However, the limitation ottis approacls thatit becomes unconservatit@ largeembedment

depths sine the size effect is neglect€dlg b @L990) investigated numerically the influence

of considering size effect on the capacity of an anchorage. He showed that it is reasonable to
consider the highest possible size effect according 1 the) “a size effect lawg a § ,dl904)

while calculatng the concrete cone breakout capacity of an anchdfagee 3.3gives a com-

parison of the failure load calculated following different approaches. It can be seen that neglect-
ing the influence of size effect might lead to rather unconservative estirh#étedalure loads

for embedment depth larger than ca. 300 mviofe that the recent versions of the ACI stand-
ards adopted the CCD method to calculate the concretkdareresistance of anchorages

(ACI 318, versions 2002 onwaids
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Figure 3.3. Comparison of failure loads calculated following different approach&&rtical axis =
Failure load in MN, Horizontal axis = Effective anchor embedment depth in(importance of con-
sidering size effect)(taken fromO g b,d995)

Furthermore, theasultsof experimental ashnumerical investigations showed that the angle of

the concrete cone breakardrresponds tapproximately35°instead of 45° as assumed earlier.

To account for these two phenomena, a modified approach that came to be known as CCD
Methad was introduced (Fuchs et,al995). In principle, the CCD Method is based on the
mechanical model used in the-called k-Method by Rehm et al. (1992). However, due to
visualising thevarious influencing factors (known kgfactorg used in th& Method, the CCD
Method is more user friendlyn the CCD Methodto include the size effede equatiorfor
concrete cone breakowias modifiedor asingle anchor as follows

65 QoQ; "daon QQQ—h £a.3
6, ‘ooefhoq @ Eq.4
Where,
Qp is the concrete compressive strength of a cubeasttie length of 200 mmN/mn?
Q is the cylinder compressive strength of congrisitenn?
Q is the effective embedment depth of the anchnon

k, k andks are constants

0 IQ; h specifies the concrete tensile capacity

Q0 considerghe surface area of the failure cone

—F considers théargest possible sizffect ofon failure loadB a g 4984,

Sawade’ Eligehauser1989 Eligehause® O g b 299G O g b 0993

Recognizing the angle of the failure cone as approx. 35%rtjected areaf the breakout
bodyfor a single anchor without any influence of a nearby edge or other anchefsexd as
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the area of the square circumscribing an idealised projection of the concrete cone to the concrete
surface(Figure 3.4a), whichcan be calculated accordingEg. 5.

0g wINQ Eq.5

If theanchors are installed in a group with a common fixture with spacing largeortiegual
to three times the embedment deph ( Qy), tBendeveloping adjacent concrete cones are not
overlapping and for each anchor, a{silte concrete breakout body camm (Figure 3.4b).
Consequently, the resi st aimeséthe aoricrete toee registameep C O
of a single anchor. Jhowever, theanchors within a group are installed with spacing less than
three times the embedment deph(3hy), the adjacent concrete cones are intercepting and a
common failure cone develogBigure 3.4c). According to the CCD Method, the influence of
the spacing on the group resistance is taken into account by thécmtm? .\ he failure load
of an anchor group away from the concrete edge and loaded in concentric tension is calculated
according tceq. 6.
G: ©¢ aO_h Eq.6

0 j
0 j isthe reference projected area of a single anchor with a distance from all the edges equal
to or greater than the critical edge distacgg = 1.5hs (seeEq. 5)

0  isthe actual projected area for the group of anchors considering the spacing and edge
distance from all sides

=
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Figure 3.4. a) Idealised concrete cone failure surface of @nsion loaded) single anchor, b) anchor
group withsO & ¢) anchor group with s < 3k (reproduced based on Fuchs élt,a1995)

Figure 3.5 gives a comparison of analytical failure loads obtained follesiagchors and for

anchor groups with up to 36 headed studs following the CCD Method and the 45° cone method
approach (ACI 349.990) along with experimental values. The failure load is plotted as a func-

tion of the anchor spacing between outermost anchiaran be seen that the failure load esti-

mated by the CCD method follows the experimental values closely, while the 45° cone method
generally overestimates the strength of the anchorages. This overestimation increases with in-
creasing embedment depth duesto ze ef f ect (Bagant 1984, Sav
Ogbolt & Eligehausen 1990).

Concrete cone failure load N, [kN]

3000

|
Tests
fea00 =25 N/mm? n_[Symbol
hy =185mm 1 + .
n =1 to 36 headed studs 4| o 4
0OA 5 . 16| A -~
+0 Average failure load of a test series 36| O P
2000 z

1000

200 400 ' 600 800 1000
Spacing s, [mm]

Figure 3.5. Comparison of failure loads calculated according to the 4shemethod and the CCD

Method with test results (taken from Eligehausen et 2006)
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If the free edge of the concrete member is located at a distance of less than the critical edge
distance, ¢~y < 1 h )Bfrom the anchorage, it has a tfald effectthat leads to the reduction

of concrete cone breakout resistagiéechs et aJ.1995) On one hand, theomplete concrete

cone breakout body cannot foteading to a reduced projected ar@anj, while on the other

hand, the state of stresseglisturbed compared to the rotationally symmetric ¢asenpare

Figure 3.6 with Figure 3.4c). The geometric influence of reduced projected area is accounted
for by the ratioAzj A2 ,\whereas the influence due to disturbed stress state is considered by

themultiplication factor g defined byEq. 7.

~
g

W Eq.7
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Figure 3.6. Influence of edge distance on the shape of the concbemkoutbody

Note that the limiting value ¢f ; = 0.7, for c = Orepresents a theoretical case, where the free
edge is considered equivalent to a crack passing through the anchor axis resulting in a reduction
in the capacity by 30% (Eligehausen et al. 2066)thermore, according to the CCD Method,

for anchor groupsifluenced by moréhan oneclose edges, the factory, should be calculated

for every close edgand the minimum value should be applie@Eq 7. Interestingly, accord-

ing to thek-Method by Rehm et al. (1992), the correspondisfgctor accounting fiothe in-

fluence of the vicinity of the concretegslkar, should bedetermined for every close edge and

the product of théactorsshould beapplied inEqg. 7.

The point of application of the resultant tension loads on the anchorage nwynoode with

the centre of gravity of the anchorage leading to an eccentric load situation. The eccentricity of
the load alters the loadistribution on the anchors of a group with certain anchors being more
loaded than the others and therefore resultsrieduction in the loadarrying capacity of the
anchorage. The influence of eccentricity on the concrete cone resistance under tension loads is
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considered in the CCD Mettahrough a reduction factar, j appliedto the group capacity
according tdEg. 8 (Riemann, 1985)

P Eq.8
p ¢MNjoIQ

[ A

Whereen is the eccentricity of resultant tension force of tensioned fastesntérsespect to the
centre of gravity of the tensioned fasten&@. anchorages loaded with a tension load eccen-
trically about both the orthogonal axisand 2biaxial eccentricity), the factor j is calcu-
lated in the two directions and multipliech@ product of théactors [ T 5 I )
should be applied i&q. 8.

Note that according to the CCD method, in the case of an anchor group with two anchor rows
subjected to uniaxial eccentricity, if the loading is applied directipwewith one anchor row,
the failure load of the group corresponds to the failure load of a single anchor irrespective of

the spacingThis can be explained by the fact the fa¢tor; becomes equal t4.j Ag for
en=S/ 2

The general formulation of the CQethod tocalculate the concrete cone capacity of an an-
chorage in unreinforced concretecouning for the influence of anchor embedment depth,
concrete strength, anchor arrangement and spacing, vicinity of concreteaygric load
application is given aBqg. 9.

. - Eq.9

Ur UVR3E—D I 3 a

O

The CCD Method forms the basis of design procedures for anchors in various international
codes and standards (EN 1992ACI 318, ACI 349, filBulletin 58).

3.1.2.1 Design for concrete cone failure according to EN 1992

The design of anchorages for concreteecfailure under tension loads according to Euoeo-
pean StandarBN 19924 is based on the CCD Method. The design is applicable if the follow-
ing requirements are met:

(1) Within one anchor group, only anchors of the same,tgize and embedment depth
areusd.

(i) Only rectangular anchor groups wémaximumof three anchors in a row are al-
lowed. The possible configurations are categorized accordanctwmorgroups with
or without hole clearance, edge distances and loading diredtiguse 3.7 shows
the permissible configurations ahchorages (poststalled and cash headedan-
chorg.

(i)  The base plate should be sufficiently stiff.



48 Approaches for the design and assessment of anchorages
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Figure 3.7. Pamissible configurations according to EN9924: a) fastenings without hole clearance
for all edge distances and fastenings with hole clearance situated far from edg@sn@{10hs,
60d.om}) for all load directions and fastenings with hole clearance usited near to an edge
(ci< max{10hs;60d.om}) loaded in tension only; b) fastenings with hole clearance situated near to an
edge (c< max{10hsy; 60dom}) for all load directions

According to EN 19924, the characteristic resistance of an anchor @na@hor group in case
of concrete cone failure is calculated according to the following fornigalQ):

. . O Eq. 10
Vi U aF—Pad ad /I i )
A
Where,0 j is the characteristic resistance of a single anchor placed in concrete and not influ-
enced by adjacent anchansedges of the concrete member
5 . Qoo "oq P Eq.11
ki is the empirical coefficient taken from the technical approkat(ker N for cracked concrete

andki = kyer,nfor uncracked concretelndicative values fokern andkuer,n arekern= 7.7 and
kuer,n = 11.0 for postinstalled andkr,n = 8.9 andkucr,n= 12.7 for castin headed fasteners

Q is thecharacteristic cylinder compressive strength of concrete in K/mm
Q is the effective embedment depth of the anchor in mm

The geometric effect of axial spacing and edge distance on the characteristic resistance is taken
into account by the valuk.zi Al

0 seeEq.5

¢

0  isthe actual projected area for the group of anchors considering the spacing and edge
distance from all sides

[ seeEq.7
[
[

[ n moment loading factor thédkesinto account the effect of a compression force between
the fixture and concrete in case of bending moments with or without axial force

seeEq. 8

>5¢

shell spalling factoconsideringhe influence othepresence of surface reinforcement

=
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3.1.3 Concreteedgebreakout failure of anchorages undershearloading

In general, the models for concrete edge breakout failure (pusboetfailure) foshear loaded
anchorages are analogous to the models for concrete cone failure of anchorages under tension.
Some of the earlyorks that focused on the concrete edge breakout failure mechanism were
performed by Bailely & Burdette (1977), Swirsky et al. (19T7gnnon et al(1981), Klinger

et al. (1982) and Armstrong et al. (1985). Probably the first recognised method to edlilat
concrete edge breakout resistance of anchorages was the 45° method, which was also incorpo-
rated in ACI349(1990). According to this method, the concrete edge breakout body (referred

to as pushoutone) is considered to initiate from the intersecpomt of the top concrete sur-

face with the anchor longitudinal axis. The base arglef the pushout cone is taken as 45°
(Figure 3.8). Constant tensile stress proportional to the square root of the concrete compressive
strength is assumed over the breakout surface. The concrete edge resistance is obtained accord-
ing toEq. 12 (see example ifkigure 3.8). The projected area of the pushouteas limited by

the intersection of the cone with any other free edge of the concrete. The projected area of the
group,Ayp, is limited by the overlap of the individual anchor pushout cones and by the intersec-
tion with any other free edges.

®» 1270FD (lb) Eq.12
Where

"® is thesquare root of specified compressive strength of concrete, psi

0 is thetotal projected area of the failure surfairg
m m /tan 0
.V
(=—

|

|

P
=
0 |

Figure 3.8. Shape of concrete pushout cone according to ACI 349 (1990) and projected i@g®-
duced based on Cook, 1989)

A similar approach was suggested by Klingner et al. (1982), where the concrete edge resistance
of a single anchor is calculated as follows:

O mPT I (N) Eqg.13
Where

f is thecompressive strength ebncrete measured on cubes with a side length of 200
mm, N/mnf?
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™ is theedge distance, mm

Cannon et al. (199 studied the variation of the angle of the breakout body as a function of
edge distance. He proposed a linear variation of the failure cone angle frogb° for the
theoretical value of = 0 to an angle o& = 45°for a- = 127 mm(5 inches). This was consid-
ered in the calculation ahe projected area of the breakout body modifyiigg13to Eq. 14.

O M P! 00 MXjOAT (N) Eqg. 14
Where
Q is thediameter of anchor shaft, mm

Fuchs et al. (1995) extended theplication of the CCD Method for anchorages under shear
loads undergoing concrete edge breakout failun@logous to the tension model, the breakout
angle was considered as approximately(35E.5) and the projected area of the breakout body
was considred through a rectangle circumscribing the theoretical breakout body projected to
the front edgéFigure 3.9a).

&>
/\/

AC,V ACEV

a) b)
Figure 3.9. Shape of concrete breakout body and projected arka single anchor and a 1x3 anchor
group according to the CCD Method

The basic concrete edge breakout resistance of a single anchor not influenced by further edges
or neighbouring anchors or tiye limited thickness of the concrete specimen is given as:

‘ 8 Eq. 15
G ™00 00F 207 4 &HB o a
Q is thenominal anchor diametemm
a is theeffective load transfer lengtmm, O

o is theedge distancenm

Note that the size effett case of concrete edge breakout faiigreonsidered in a similar way
as inthecase ofénsion loadednchorages.
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Based ona large number of experimental and numerical investigations, Hofmann (2005)
showed thaEq. 16 leads taanoverestimation of thenfluence of anchor diameter, specifically
for anchors withdhom> 25 mm He proposed a modified equation to calculatd#ssc concrete
edge breakout resistance

wp o8t W O0Qp w8 Eqg. 16
| nzp:)d oo Eq.17
i oo g 8 Eq. 18

If the anchors are installed in a group with a comrnase platevith spacing larger than or
equal to three times the edge distarmeQ 13, the developing adjacent concréteakout
bodiesdo not interceptand for each rachor, a fullsize concrete breakout body can faand
the resistance of t-timesthg coacrefe edgmhrenkes resistarctessofd o i
single anchor. Howeveif, the anchors within a group are installed with spacing less than three
times tle edge distancés: < 3c1), the adjacent concrete breakout bodisrceptand a com-

mon failure breakout body develoffagure 3.%). The influence of the spacings well as of
further edge distances and partly the effect of thickness afaherete member on the re-
sistanceon the group resistance is taken into account by theAg;igAg .\Jhe failure load of

an anchor groufwaded concentrically in shear towards the free éslgalculated according to

Eq. 19.

0 r Eq.19
Wi  WRI3— a

0 j
Where,

0  is thereference projected are@a single anchor calculated as:
b T®IW Eq. 20

0 ; theprojectedarea of the idealised concrete breakout body, limited by the overlapping
concreteébreakout bodiesf adjacenanchorgs O3 ¢) as well as by edges parallel to the loading
direction €, O1 .c,%and by member thickness Q1 .c,%

In the case athealoadedanchorages placed in the corner of a concretabaeor in a narrow
component, the concrete breakout body (that develops in the case of one close edge) cannot
fully develop, and the concrete fracture surface may be restricted leading to furgedmstre
ruptions(Rehm et al.1992, Fuchs, 1990, Paschen & Schoénhoff, 1983, Zhag é6&89. This

applies when the distance to the edge parallel to the load direction is smaller thare4 the

edge distance in the loading directi@a € 1.5c1). Thecritical valuec: < 1.5¢ corresponds to

a fracture angle of 35° assumed in the CCD Method. The geometric influence of reduced pro-
jected area is accounted for thye ratioA.;jsA _with the limit conditionc, = O representin@
theoretical case, where the breakout cone associated slidaa loadednchor in a corner is
reduced by 50%. Furthermore, thisruptedstress state leads to further capacity reduction,
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which is considered in a manner similar to that adopted for tesaalsby the multiplication
factorf  defined byEqg. 21.
@ Eq.21

; T®W—— P8 q
[ h T 0B I P
When anchorages are installedairtoncrete member with limited thickness, the formation of
the concrete breakout body is restricted leadingredaction in the anchorage capacity (Eli-
gehausen et aR006). The geometric influence of the limited thickness is accounted for by the
ratio A.;jsAY5. However the concrete edge resistance does not decrease proportionally to the

member thickness as assed by the ratioAc,;jEAg . \Hofmann, 2004, Zhao & Eli-
gehausenl992/2, Zhao et 311989, Eligehausest al. 2003). To account for this influence,
Eq. 19 should be multiplied by the factpr f, .

T Eq. 22

Q

In the case of anchor groups placed close to the free edge and loaded in eccentric shear towards
the edge, the influence of the eccentric load application on the concrete breakout resistance can
be calculated in a manner similar to that proposed by Rie(i&&5) for the tension case (see
Eq. 8). The reduction factor accounting for thdlirence of eccentric shear loading is j, ,
thattakes into account a group effect when different shear loads are acting on the individual
anchorsof a group

3 P Eq.23
[k C 0 .
P oD
Where,
Q is the eccentricity of the resulting shear load acting omicborgelative to the centre

of gravity of theanchordoaded in sheamm

Several research activities have been done to investigate the influahedoafding angle of

shear loadednchorages close to the edge. If the anchorage is subjected to a shear force acting
parallel to the free concrete edge, a splitting force actingepéicular to the edge is generated
corresponding to ca. 50% of the applied shear force (Stichting Bouwresearch, 1971,
Fuchs,1990). This means that the resistance of the anchorage placed close to the free edge and
is loaded parallel to the free edgetwso times the capacity of the corresponding anchorage
loaded perpendicular towards the edfee nfluence of inclined loading considered by the

factor] , in the CCD MethodHowever, notéhatthe formulation was not verified loading

angles othethan 0 and 90°.

[ h P8 formJ | vuJd Eqg. 24
[ 5 pl wgi ™3I 'QE  foruuv J| W J
[ r Q8 forwmt J | pyrmd

| is the angle between design shear load and a linemdiqular to the verified edge
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Based ona large number of experimental and numerical investigations, Hofmann (2004)
showed that the ancrete pressure generated by the anchor influences the ratio concrete
breakout load of an anchor loaded in shear parallel to the edge to the value valid for loading
perpendicular to the edge. The concrete pressure generated by the anchor dependseon the si
of the compressed concrete area and is proportional to the square of the anchor diameter. Ac-
cording to Hofmann (2004) the linear interaction equaign24 is conservative and a more
accurate predictiors given by a quadratic interaction equation:

@ Y i © J N Eq.25
; ; p8t
Wh Wh

The general formulation of the CCD Method to calculate the concrete edge breakout resistance
of an anchorage in unreinforced concrete accounting for the influence of concrete edge distance,
anchor embedment deptmchor diameteconcrete strength, anchamangement and spacing,
vicinity of further concrete edggeeccentric load applicatiothe influence of limited member
thicknessand influence of inclined load applicatiengiven as€q. 26.

: . On Eq.26
Wy, (A)ﬁaé—rj:Dﬁ:Dﬁ:D RO |
h

3.1.3.1 Design for concrete edge failure according to EN 1992

The design of anchorages for concrete edge breakout failure under shear loads according to the
EN 19924 is based on the CCD Method. The design is applicable if the folloeduigrements
are met:

(1) Only rectangular anchor groupee permissible. For anchorages without hole clear-
ance, the maximum permissible anchor pattern is with three anchors in a row, and
for anchorages with hole clearance, a maximum of only two anchors in a row is
allowed (sed-igure 3.7)

(i) Only anchors closesd the free edge loaded in shear are assumed to be effective for
the verification of concrete edge failure if dagchoris located close to tfeeeedge
(c< max{10hef, 60chomt) and loaded perpendiculamtardsthe edge

(i)  The minimum spacing dhe anchorin a group should b&in O  nd

(iv)  For anchorages with more than one edge verification shall be carried out for all
edges.

According tothe EN 19924, thecharacteristishear resistance of an anchorage in case of con-
crete edge failures calculated according to the following equations

, . 05 Eq.27

Gh ®FFTI 5P 9 A9 5D “
h

Where,

W  is thecharacteristioesistanceof a single anchoin case of concrete edge failure in
uncracked concrete without any influences and is calculated accordiag28.



54 Approaches for the design and assessment of anchorages

OFp QX B OQaH8 Eq.28

Q is the empirical coefficienkg= 1 .for cracked concrete akg= 2 foduncracked con-
crete

o "Q in case of uniform diameter of the shank of the headed fastener and a uniform diam-
eter of the posinstalled fastenet; 01 2,d if dy o @2 4 mm
andlfOma x __.( 8310 OfdygmP4 mm

0 seeEq.20

0 g isthe actual projected area for the grouprdhors considering the spaciedge dis-
tance from all sideand geometric influence of member thickness?

[ r seeEq.21
[ n seeEq.22
[ seeEq.23
[ seeEq.24
[  factor takes account of the effect of the reinforcement located on the edge.

Note that in case of anchor groups with multiple anchor rows, according to the approach given
in EN 19924, the failure load corresponding to the cotemdge failure is calculated by as-
suming the failure crack originating from the front anchor row, whereas according to the ap-
proach followed by the fib Bulletin 58 and ACI 318, the failure crack initiation can be as-
sumed from the front, middle or baakchor row. However, if the failure crack is considered

to appear from the back or mid anchor row, only the anchors not located in the theoretical
breakout body can be considered to resist shear loads for the verification for steel failure.

3.1.4 Concrete breakaut failure of anchorages under inclined loading (tensiorshear
interaction)

The behaviour of anchorages subjected to inclined loads (testsgam interaction) was studied

by McMakin et al. (1973) through performing experimental tests on headed studsaarudhor

an elliptical interaction equation was propadedlrther tests were done by Bode & Hanenkamp
(1985) to investigate the lodxkaring behaviour of headed studs with a large edge distance
subjected to combined tension and shear loads. Bode & Raflk) proposed a tlinear equa-

tion to describe the behawoof anchors under inclined loadghao & Eligehausen (1992/1)
evaluated the results of interaction tests performed on single anchors as well as on groups of 2
and 4anchors. They segregated thsts based on the failure modes such as-steel, steel
concrete, concretsteel and concreteoncrete failurainder tensiorshear combinatiori.otze

& Klinger (1997) studied the lodakearing behaviour of torqusontrolled expansion anchors
and underat anchors
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The verification of anchorages subjected to combined tension and shear loading (interaction) is
performedthrough a secalled interaction equatiomm general, two types ofteraction equa-
tions are recommended in the design provisions foraages, namely a thinear or an ellip-
tical equationln the case of a tlinear interaction curve, the anchorage need not be verified
for interaction if the tension or shear load applied to the anchor is smaller than 20% of the
ultimate strength in ter@n or shear, respectively. If the tension componenof the applied
load is larger than 20% of the tension capadity and the shear componeNt of the applied
load is larger than 20% of the shear capavfiythen the following equation should setisfied
to verify the anchorage for interaction:
v Eq. 29
5o P8
Alternatively, he elliptical interaction can be used, as giverEim 30. Theinfluence of the
failure mechanism on the interaction between tension and shear capacity is considered through
the exponend.

0 W Eq. 30
e - p8t

An exponent equal to 5/3 on both the tensile and shear strength was proposed by McMakin et
al. (1973) for the elliptical interaction equatiomespective of failure modes. Zhao & Eli-
gehausen (1992/1) suggest using an expamer?.0 (circular interaction) for steedteel com-

bined failure modea = 1.5 for concretesteel combined failure mode,= 1.5 for concrete
concrete combined failure mode (anchorage far from edgeg anil.2 for concreteconcrete
combined failure mode (anchoraglose to edge) under tension and shear loads.

3.1.4.1 Design for concrete breakout failure of anchorages under inclined loading ac-
cording to EN 19924

The design for concrete breakout failure of anchorages under combined tension and shear load-
ing according to EN 1992 is performedy verifying the following equation.

0 W Eq.31
m ; P8t
U h W n

Where

0 is the tension component of the design action

0  isthe design tension resistance of the anchorag® failure mode

W is the shear component of the design action

® { Is the design shear resistance of the anchorag® failire mode

T he s ulbosepresentst paifticular failure mode.

| is theexponent fotheinteraction equation, whichegpends on the failure mode

| = 2.0for anchor steel failure
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| =1.5for failure modes other than anchor steel failure

Alternatively, EN 19924 allows to use a tlinear interaction relationship for verification of
failure modes other than stdallure:
0 W Eq. 32
e -
U h W R

with —  p8t and —  p8rt
h h

3.2 DISPLACEMENT -BASED METHODS

3.2.1 Component method forthe design of steeto-concrete joints

The component method proposed by Kuhlmann.€g@ll4) for the design of steel to concrete
joints uses a network of springs to represent the behaviour of headed studs embedded in con-
crete under tension loads. For a headed stud without supplementary reinforcement, three springs
connected in series regent the anchor loadisplacement behavioyseeFigure 3.10. The

first spring simulates the steel elongation (componenh&)xecond spring captures thélout
behaviour (component Rpdthe third spring considers thesplacements due tmncrete coe

breakout (component CC).

£ ?\ Components
S
P
CC
a)
Component S Component P Component CC
Nact Nact Nact
Neag——r—1— NRaph——— oo
NRd,c | NRd,C
e I
: 8Rd,p,Z
1 1 !
8Rd,sy 8(85u) 8 8Rd,p,l 8 80
b) C) d)

Figure 3.10. Components of anchorages embedded in concrete, a) spring component modahb)
ponent S, ¢) componeii, d) componenCC according to Kuhlmann et al. (2014)
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The steel component assumes an elgréectly plastic behaviour to simulétee elongation
of the shafheaded stu¢seeFigure 3.1M). The design yield load can be calculated as:
. o Q Qr Q Eq. 33
U p Op G—F “D . C)—r

Where

0  isthe crossectional area of the shaft of the headed, stunf
Q is the characteristic ultimate strength of the shaft maétiaim?

i is the partial safety factor for steel

Until design yield strength, the anchor elongates with its elpstjgerties. Displacement cor-
responding to yield load is given as

0 v , g Eq. 34

1o 0p 0 (0]

0 is the length of the anchor shaft measured from the point of loading to thaf tbp
anchor headnm
O is theelastic modulus of the ste®, = 210 000 N/mm?2

To consider the deformations due to the local crushing, the spnmgatingthe pulloutcom-
porentis represented by the nonlinear ledidplacement curve, which is divided into two range
of loads (sed-igure 3.1Cc). The design failure load corresponding to foult failureis deter-
mined as:

6 oo Gro_ Eq.35
n is the characteristic ultimate bearing pressure at the headedeaftud in N/mm
b pOE
o) is thebearing area on the head of the headed stuaf ! -0A A
Q is thediameter of the head of a headed sty
Q is thediameter of the shaft atheaded studnm

r = 1.5 partial safety factor for concrete

Until the concrete cone breakout initiates, the stiffness of the stud is high and later it reduces.
Two load ranges arconsideredNact O ri\tandNrac< NactO N

For the first rangeNact O rNandli g3 Jiithe loaddisplacement relationship is defined as

. 0 Eq.36
1 936 30 1 hn

For the second range élc< Nact O  u)Nthe loaddisplacement relationship is defined as
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. <o Eqg. 37

0 .
5 0Q hh
Wherek, considers the influence of the head size and the concrete conditioacfett or
cracked)

For the concrete cone component, no deformation is considered until the failure load is reached
(seeFigure 3.10d). This is reasonable since until the concrete cone capacity is re&chdjl (

the deformations are caused by the steel elongatitwcal crushing of concrete around the
head, which are considered in the steel component and the pullout component, respectively.
However, component CC is assuming a linear descending branch to take into account the de-
formations coming due to the concretne breakout failure in the pgseak phase. The de-
grading stiffness is given by the following equation:

o | oRJe "2 59 ; =4 38

¥} =-537i' s an empirical factor of component AfAc
Q is embedmat depth of the anchorage, mm

Q is characteristic concrete compressive strength, N/mm?

At any load level B, the stiffness is calculated and the corresponding displacement can be
determined.

3.2.2 Component model forthe pull-out behaviour of a headed anchored blind bolt
within concrete-filled circular hollow section by Oktavianus et al.(2017)

To model the behaviour afheaded anchored blind b@HABB) within concretefilled circular
hollow section(CFCHS),a component model for puthut was proposed by Oktavianus et al.
(2017). The approach was developed based onla-linear component sprg modelthat is
able torepresent the behaviour of tbemponents of alind boltsuch as the shank of the holt
the embeddd headand the washemwhich isbearing on the inside of the tube wéHig-
ure 3.11). To develop and calibrate tim@nlinear behaviour of each compongmtmonotonic
loading, in which the yield and ultimate strengtid the initial andsecant stiffness of each
component were taken into accou@ktavianus et al. performedtensive finite element anal-
yses using ABAQUSThe component spring model of a HABB connection proposeokbg-
vianus et al. (2017¥ shown inFigure 3.11that assumethe tensile behaviour of each compo-
nent as a spring arignoresthe bond between the bolt shank and the concféte.ultimate
pull-out strength of an individual HABB within a CFCHS is either determined by the strength
of the free blind bolt or the combined strength of the tube wall and the headed #mnatedore
the springs in the model are connected as folldle springs for the embedded bolt shéd)k
and for the embedded he@l) are modelledn seriescorresponding to local concrete crushing
or concrete cone failurandare modellegarallel tothe spring accounting for the steel tube
wall (2), andfinally, the systenof springs 23-4isin series withthe free blinebolt spring(1).
Thepull-outbehaviour of the HABBn CFCHSis modelled by assembling the sprimpgsvided
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that the corresponding loatisplacement curve of each spring is determined. Furthaitief
themodel can be taken fro@ktavianus et al. (2017).

— NV
Throughbolt | i+ % | CFCHS 457X127
— . ++,. . M Headed Anchor
ngh Strength Curved T-stub < ',‘ . 'dj_: Blind Bolt {HABB)
structural bolt Point of rotation 4 ™ _',’/?_,'/ 7\\.
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[_] 4 1: Free blind-bolt Multi-linear
2: Steel tube wall load-displacement curve
3: Embedded bolt shank of the i-th component
4: Embedded head

b)
Figure 3.11. a) gpplication of blind bolted Tstub connections, b) components of the spring compo-
nent model (taken from and reproduced based on Oktavianus eR@ll7)

3.2.3 Equivalent spring model by Sharma(2013

Sharma (2013) developed an equivalent spring mamiedidering the anchor stiffness and an-
chor deformations over the complete linreanlinear rangéo describe the behaviour of anchor
groups under tension loading. & bquivalent spring model wigen included iran assessment
model to evaluate the seismic performance of joints retrofitted with fully fastened haunch ret-
rofit solution(FFHRS)(Figure 3.12).
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Figure 3.12. Equivdent spring modelproposedto consider the anchorage behaviotor FFHRS
(reproduced based on Sharma, 2013)

The anchor group behaviour is modelled by a single sgdingled in Figure 3.12), which
offers a good solution for a relatively simplified model and can also predict tloeet®n
cone/boneslip behaviour of the group with sufficient accuracy. Several assumptions were
taken to consider the anchorage behaviour realistically. The ageh@modelled as axial
spring because only tension loascritical in the case ofhe desgnedanchorageThe axial
spring representing the anchorage system is considered as stiff and linear elastic when loaded
in compression to simulate that the developing compression is transferred ttiv@ebgharing

of the base plate on the concrete memiddre possible failure modes for anchorages under
tension loading are considered in the model such as steel failure, concrete conarfdgutie

out failure. The concrete cone breakout strength for anchor group, which is considiwed as
most critical failure mode for the anchors calculated using the formulations of the CCD
Methodat mean leve{Eqg. 9). Furthermore, due to the nature of the problem of seismic retro-
fitting, cracked concrete should be assumed and the model is only appiaradtehors ap-
proved for the use in cracked concrete.

The characteristics for the equivalent spring to model anchorage behar@alascribed by the
nonlinear loaedisplacement behaviour of the anchor grougd(curve inFigure 3.12. For
idealisation othe loaddisplacement response of the anchoragengalinear format was used

by Sharmaoffering a good balance between accuracy and simplibitg.coordinates of load
displacement datpairs A, B, C and D as shown kigure 3.12are dependent on the failure

mode of the anchor group. To consider the corresponding estimated failure mode in the model,
the distance between points B and C as welleasden points C and D should be varied. Fur-
thermore, typical displacement values are recommended for anchors in uncracked and cracked
concrete undergoing steel failure, pullout and-gulbugh failure, bond failure and concrete

cone failure to consider ¢hoaddisplacement behaviour reasonably.
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The stiffness values of individual anchors are suggested to take from technical approvals or
better from test results evaluating the stiffness of the anchmdeterminghe group stiffness

further recommendains are givenln the case of steel failure, pwut failure, pulithrough

and bond failure, the resistance of the anchors is not influenced by the adjacent anchors or by
the vicinity of the edge of the concrete mem@dereforenot just the resistance

(Ngroup = N-Nindividua) but alsathe stiffness of thgroup can be obtained agimes the stiffness

of the individual anchorkgroup= Nn-kndividual), Wheren corresponds to the number of anchors
within the grouplin the case of concrete cone failurepigar philosophy is proposed to estimate

the group stiffness glenu Or knu) as to consider the geometric influence of group effect:
Kgroup= Acsd A . ndividua. ONce the equivalent model for thension loade@nchorage is es-
tablished, it can be used to model the anchorage behaviour in the proposed jointFigedel

ure 3.12 right).

The principle concept of the model was retained and used by other researcthesléalisa-
tion of theload-displacement response of the anchorage as it is or with slight modifications to
the format (Hofmann et akR015, Dwenger et a2016, Dwenger, 2019, Hofmann et 2020).

3.3 FINITE ELEMENT MODELLING

In the case where no standard rules for the desfganohorages are available, thimite Ele-

ment (FE) methodan beused for theassessment ardksign of anchorageblowever, as FE
modelling is a powerful tool, it requires a carafmiderstanding of thassumptions, thenod-

elling rules andoroblem definiion. For simulating concrete breakout failure modée, FE
analysianust be performed using Fledes incorporatg constitutive laws and fracture criteria

that can reasonably simulate the concrete behaviour under predominant tensionNatkire.

that theapplied FE code should be welloven and validated against experiments. Such codes
were used, for example, in the work Bifgren et al.(1989),0db ol t & EIl i gehaus
Cervenka et al. (1990 ofmann (2005), Schmid (201®ichtner (2011), Grosser (201R)il-
foroush(2017, Jebara (2018), Tian (2019)6th (2020).For axisymmetric cases;dmen-

sional analysis can be performed to reduce the problem size and the computational time. How-
ever, performing a-8imensional analysis always the best option to capture the behaviour of

the anchorage.

The following component®r anchorages in unreinforced concrsitwuld be modelledare-

fully: (i) concrete specimen, (ii) anclspi(iii) contact or bond between anchor and concrete,
(iv) base plate and attachmer{tg contact between the base plate and concrete, (vi) boundary
conditions, (vi) loading scenario.

() Concrete specimefhe concrete specimen should be meshed in a way to enable the
crack initiation and propagation to be captune a reasonable wayhe concrete can
be meshed using solid finite elements. Generallyode tetrahedral elements are con-
sidered appropriate for modelling the concrete as base material for anchorages because
it allows for a relatively random orientati@f the meshTypically, a relatively finer
meshis requiredin the critical zones where the crack might initiate and propagate
from. To reduce the computational time, the zones away from the critical zones can be
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(ii)

(iii)

(iv)

meshed with a relatively coarse mesh. Theice of the mesh size depends on the
overall dimensions of the problem such as anchor size and anchor spacing, edge dis-
tance, detailing of the base plate and attachnienmodel the cracla discrete crack
approach (Ngé& Scordelis1967, Nilson, 1968) aa smearedrack approacfRashid,
Y:R.,1968B a g a ®h,19&) may be followed with thiatterbeing more popularly

used because it does not requirenreshing after a crack has developed and therefore,
this approach is computatially inexpensiveTo ensure mesh objectivity, methods
suchascrack and met hod (Bagant &.ThehconcrdteOcBn3 ) c
stitutive law should interact well with the analysis method used. Microplane model for
concrete with relaxed kinematicrestraint (@polt et al, 2001) has been shovio be
capable ofa realistic assesment of anchorages in concrete under different loading
conditions. The same model has been utilised to simulate the anchorage behaviour in
this work (Sectior®.3). The crackmitiation is generally decided by the attainment of
critical stress limits in the finite elements, white tfracture behaviour of the concrete

is typically simulated through fracture enetiggsedcriteria

Anchors: The model of the anchor should be able to represent thdrkozsfer mech-
anisms under tension, shear and combined (ters$iear interaction) loading appro-
priately. The anchors should be modelled usirdjm3ensional solid (tetrahedral or
hexahedral) eleents. The mesh should replicate the geometric features of the anchors
depending on the anchor type. The material behaviour assumed for steel depends on
the expected behaviour of the anchorages. If no yielding of the anchors is expected, a
linearelastic méerial behaviour can be used. Alternatively, to capture the material
nonlinearity, an appropriate constitutive law, such as elpstifectlyplasticor trilin-

ear stresstrain curve can be used. A yield criterion such asM@es is generally
associateavith the constitutive law for steel. Furthermore, recent studies have shown
the appropriateness tife microplane model for steel to capture the nonlinear as well
as fracture behavi200by of steel (Ogbol't

Contact or bond between anchor andarete: Dependingnahe type oftheanchor,

which is modelledand the loading directiothe contact between the anchor and con-
crete shouldbe modelled such that the lednsfer mechanism is considered appro-
priately. For example, in general, in theseaf headed studs, the contact between the
anchor and the concregbouldbe simulated using compressionly elements that do

not take up any tension or shear forces. In the case of bonded anchors -trenkfad

is activated bythe bond between thenahor and concrete. Therefore, bond elements
that can transfer both compression and shear should be modelled between the anchor
and concrete. This approach is used in this work, and further details are given in Sec-
tion 9.3

Base plate and attachment$ie base plate and attachments should be mediatl a
way thatthe model represents the geometric properties such agteeament of
inertia, shear area, etc. as realistically as posdible base plate shouli modelled

an

e |



Approaches for the design and assessment of anchorages 63

using 3dimensional soliqtetrahedral or hexahedral) elents.The material behav-
iour can be modelled in a similar way as for anchors, either as-ifeséc or, pref-
erably, by associating the strestgain law and yield criteria.

(v) Contact between the base plate and concrete: In the design of anchorages, the base
plate is assumed to take up compression forces only, which develop between the base
plate andhe concrete. To account for this in the model, the contact between the base
plate and the concrete should be simulated using compresdipelements that do
not take up any tension or shear forces.

(vi) Boundary conditions: The boundary conditions shaelsresent the actual support
conditions of the test specimen and the anchorage. Note that since the anchorage is a
local problemthe boundary conditions might have a strong influence on the predicted
behaviour of the anchorageherefore, the realistic ndelling of the boundary condi-
tions is essential.

(vii) Loading conditionsThe loading conditions shoulgpresent the actual loading sce-
nario. Unless otherwise required, the analysis should be performed in displacement
control to obtain the overall response, including the-pesk behaviour of the an-
chorage.

The results of the FE analyses can be evaluatetms of baddisplacement behaviour of the
anchorage and the single compongatsck propagation, stressate, deformations, strut mech-
anismsetc. Through careful pogtrocessing, the performance of the anchorage can be checked
at each loading stap different directions at any location of the model

3.4 SUMMARY

This chapter provides an overview of thpproaches used for the design and assessment of
anchorages in concret@ Section3.1, the development of fordeased approachéssumma-

rized Section3.2gives an overviewf possible design solutions based on displacetnased
approaches such as the component method and the equivalent spring model for anchorages. In
Section3.3, the design based on usiting Finite Element Method is discussed.
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4 OPEN QUESTI ONS AND OBJECTI VES

Over the past several decades, researchers have worked towards the understanding of anchorage
behaviour and the development of design rules and recommendations for them. An overview

of the state of the art is discussed in Gbeg? and3. However several questions remain open,

which limit the application of the current design rules for anchorages in concrete. This Chapter
aims at summarizing some of the open questions, which are targeted to be solved by the non-
linear spring mdelling approach for anchor groups developed within the framework of this
thesis.

The following open questions are addressed:

(i) Geometric configuration and anchor pattern

(i) Consideration of cracked concrete condition

(iii) Influence of loadingeccentricity

(iv) Requirements on base plate stiffness

(v) Assumption of failure crack initiation fonahorages placed close to the concrete edge

4.1 GEOMETRIC CONFIGURATION AND ANCHOR PATTERN

The current design approaches explicitly address the desigotahgudr anchor groups with
anchors witha maximumof three anchors in a row, where the group consistmohorsof

same type and size. Consequently, it is assumed in the design that all anchors within a group
exhibit the same stiffnesBlowever, due to technical, functional or architectural requirements,
anchorages with more than three anchors in a row andee@mgular anchorage configura-
tions such as circular, triangular, trapezoidal,shaped are also used in the indugkig-
ure4.1). These restrictions are primarily due to the sempirical nature of the CCD method,
which relies heavily on the available tefmta.Note, howeverin the case of anchor channels,

the number of anchors is not limited. This is because the verification for anchor channels is
performed for the most unfavourable anchor accounting for uneven load distribution among the
anchors.
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F]gre 4.1. Anchorages used in practigeossibly not covered by the current design prov:i“smns’

The existing test database is mostly based on investigations on single anchors and anchor groups
of regular rectangular configurations walmaximumof three anchors in a row. RatHienited
tests are available on anchor groups with more than three anoharrowin unreinforced
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concrete but these investigations are primarily carried out under shear or shear and moment
loads (GrosseR012, Sharma et aR016, Ruop@® Kuhlmann 2017).Further tests available

on anchor groups with multiple rows were mostly carried out either far from the concrete edge
or in heavily reinforced specimens or failure modes other than cenetge breakout were
governing (Cook & Klingner, 1992, Buia et,&018, Epackachi et aR015). Extremely lim-

ited tests exist on the tension behaviour of anchor groups with more than three anchors in a row
(Eligehausenteal., 2006 Eligehausen et al1992 Zhao, 1992 Nevertheless, all the existing

tests are perfored on the anchorages with anchors arranged in a rectangular and regular pattern
and no tests on other geometrical configurations (e.g. cirarkarjot known to the authdrhe
possible configurations are categorised according to anchor groups witthoutwible clear-

ance, edge distances and loading directionsKsgee 3.7).

4.2 CRACKED CONCRETE CONDITION

According to the current foreeased design approaches, tdumcretecondition (cracked or
uncracked) must be determined by the desiggineer. If the crack initiation in the concrete
member cannot be ruled out in the anchorage zone, all anchors are assumed to be intercepted
by cracks and the design of the anchor group must be carried out for cracked concrete condition.
For anchorageghe concrete conar concrete edgeesistance in cracked concrete is considered

as 70% of the corresponding anchoraggistancen uncracked concrete, with all the other
parameters remaining sankewrthermore, for all the anchors of the group, it is assiuine the

stiffness gesdown by the same amount and thereftine relative stiffness of the anchorage

does not changelhis assumption of considering all the anchors intercepted by a crack is
deemed conservativaecording to the current design philospph

However,due to the geometric and reinforcement detailing of the anchorage base (structural
member) for anchorages with multiple anchor rows, it is postfibtenot all the anchors tfe

group are intercepted by a cradlis leadsto a significant difference ithe stiffness of the
anchors of the same group (anchors not intercepted by a crack having significantly stiffer re-
sponse than the anchors intercepted by a crack). The difference in the stiffness of the anchors
causes the anchors in uncracked concrete todded more than the anchors in cracked con-
crete, which in certain conditions might result in a group resistance that is lower than the re-
sistance obtained assuming all the anchors intercepted by a crack.

\ \ \ R \.\
X X N
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a) b) C)
Figure 4.2. Quadruple anchor group with different crack patterloaded in concentric tensiom)
design casgb) normal casec) most unfavourable case
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This aspect has been addressed with limited experimental, analytical and numerical investiga-
tions on quadruple anchor groups with applying the tension load concentrically on a stiff base
plate and varying the crack pattern accordingigure4.2(Mayer & Eligehausen, 1984, Okelo,

1996, Periskic, 2009, Mahrenholtz, 2012, Di Nunzio & Muciaccia, 2019). No testsovatk f

where the load was applied with eccentricity or/afléxible base plate was used.

Considering only cases from the literature, whereatiehor spacing was equal to the critical
anchor spacing, it was found that assuming all anchors to be located in cracks is conservative
since the ultimate load of the group was higher than four times the ultimate load of one single
anchor in cracked condee However it was found that when three out of four anchors are
located in cracks, the group resistance is smaller than four times the capacity of a single anchor
in crack. In this case, the cracked concrete assumption would yield unconservativei-The ult
mate load of anchor groups in cracked concrete is strongly influenced by the number of anchors
located in cracks and by the ledsplacement behaviour of the anchors in cracked and
uncracked concrete. It should be noted that altepertednvestigations were carried out with

stiff base plateand on 2x2 anchor groupdowever, the base plate stiffness and the relative
stiffness (base plate to anchor stiffness) have a significant influence on the load distribution and
on the behaviour of the anchor gpsuCook & Klinger1992 Malle€, 20041, Malleé, 20042,

Bokor et al, 2019. Furthermore, the influence of crack pattern might be more pronounced in
case of larger anchorages, in particutethe case ofroups with a single anchor row having
multiple archors.

The influence otrack pattern on the behaviour of anchor groups placed close to the concrete
edge, loaded in shear towards the edge failing due to concrete edge breakout failure has not
been investigatedA limited number of tests amvailable on single anchorBuchs & Eli-
gehausen (1989)erformed tests on peststalled anchorplacedclose to the concretedge

failing due to concrete edge breakadthe results showed a reduction of approximateit3%

in terms of ultimate load arareduction in terms of anchor stiffness (not quantified) due to the
presence of the craclExperimental investigations were carried out by Vintzeleou & Eli-
gehausen (1991) on the influence of crack width £ 0.1 mm + 0.8 mjron the single anchor
shear reistance using undercut and expansion anchors. For the testedtwmaeshors with

small edge distances, the anchor failed due to concrete edge breakout showing a reduction in
failure load with increasing crack widffsee Figure 4.3a). For crack widthsgreater than
0.3mm, the failure load decreased approximately by 30% compateé failure load meas-

ured in uncracked concreteigure 4.3b depictstypical shear loadlisplacement curves from
tests on expansion anchors withr8th edge distancanddifferent crack widthgailing due to
concrete edge breakouthe curves display a reduction in anchor stiffness; however, since not
all load-displacement curves are reportedvimtzeleou & Eligehausen (1991), the stiffness
reductiondue to the presence of the crack cannot be evaluatetitgtiaely. No tests were

found that showhe dependence afack widthon the behaviour of anchors with different di-
ametersHowever, @pending on various parameters for individual anchors anddbk pat-

tern of the group, the specified reduction of 30% due to craek=(0.3 mn) on the anchorage
capacity might not be generally applicable for all cases.
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Figure 4.3. a) Influence of crack width on the anchor shear resistand®) Typical shear loaedis-
placement curves from tests on expansion anchors with 80 mm edge distance failing due to concrete
edge breakouftaken from Vintzeleou & Eligehauseri997)

4.3 CONSIDERATION OF THE ECCENTRICITY OF LOAD

If the point of application of theesultant loads on the anchoratmesnot coincide with the
centreof gravity of the anchor group, it leadsdn eccentric load situatiatue to whichthe
load-distribution on the anchors of a groigpaltered. Due to the loading eccentricitgstain
andorsareloadedmorethan the othersesultingin a reduction in the loadarrying capacity
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of the anchorage. The influence of eccentricity on the conbretkoutresistance under ten-
sionand/or shealoads is considered in the design through a reduction factgy, (Eq. 8) or
[ (EQ.23) applied on the calculated group capacity.

The factor[  , was proposed bRiemann (1985){or anchorages under eccentric tension
loads and was armajously adopted and applied to anchorages under eccentric shear loads
( #)- The eccentricity factas defined as a function of the eccentricity (distance between the
point of application of the load and the centre of gravity of the group) anditical spacing

of the ancharlt is valid only if the base plate can be considered rigid, and the eccentricity is
uniaxial. For anchorages loaded with a tension loater biaxial eccentricitythe factor

is calculated in the two directions amultiplied (Figure 4.4a) leading to significantly con-
servative results (Zhao, 199okor et al.20191). In general, the factor  , to consider the
influence of eccentricity on group capacity, is deenmtservative (Eligehausen et,&006).
However,all the eccentric tension tests available in the literature have been performed on the
groups away from an edge.

S INu,l

tNu,Z

TTT

Nu,l < Nu,2

a) b)
Figure 4.4. a) Influence of biaxial eccentricityon a 2x2 anchor grouph) Influence of eccentric
tension loading on an anchor group placed close to an edge

No tests are currently available verifying the superposed influence of eccentric loading and
vicinity of the concrete edg&Vhen a anchorage is placed close to an edgeh thatedge
distances less than the critical distance and the load is applied eccentrically, there is a signifi-
cant difference in the behaviour of the anchorage whether the eccentricity is applied towards or
awayfrom the free edge. In such a case, if the eccentricity of the applied load lies towards the
edge, it should be expected for the anchorage to provide lower resistance compared to the case
when the eccentricity of the applied load lies away from tgeeAn example of anhsion
loadedanchor group loaded eccentrically close to an edge is givi@gtine 4.4b.

The loading eccentricity and the uneven load distribution among the anchors of a group placed
close to the concrete edge and loadedhiear towards the edge is considered in the design
analogous to the corresponding eccentrically loaded anchorage under tersigih the re-
duction factor] j , appliedto the calculated group capacity. When an anchor group is placed
close to a edge and is loaded in shear eccentrically towards dbe, some anchors of the
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group might be subjected sheadoadsacting away from the edgé&his effect was showhy

Mallée (202), Hofman (2005) and Grosser (201Based on these findings, tbarrent design
provisions for anchorages neglects the component of a shear load acting away from the verified
concrete edge in the calculation of the shear forces on the anchors dlusev¢ofied edge.
However, it may not be reasonable to exclude this effect for general cases

4.4 REQUIRED STIFFNESS OF THE BASE PLATE

For the application of the CCD Method for the design of anchoragesyf the most important
requirements ishat the bas plate, which transmits the loads into the singlehars, must be
sufficiently stiff. The requirement of theufficiently stiff base plate is currently not quantified,

and only qualitative guidelines are given such that the base plate should remaieléisga

and the deformations of the base plate should be small compared to the vertical displacement
of the single anchors.

If the requirement for the rigid base plate is not fulfilled, the elastic deformation behaviour (e.g.
prying effect) of the basglate shall be adequately taken into account to determine the tension
loads acting on individual ancharslowever, no explicit guidelines or methsoate described

to consider the deformation behaviour of the-nigid base plate. Since the deformationghef

base plate can have a significant influence on the-lwerof the internal forcgBokor et al.,
2019/1) the verification of the rigid base plate assumption is of particular importance for the
safety of anchorages designed according td 892 4. If the base plate is nsufficiently stiff,

the assumption afsing a rigid base plate when determining the anchor forces can lead to unsafe
results. This is explained Figure2.8. In the case of a rigid base plate, the forces are distributed
linearly among the anchors within a group, but the assumed linear force distribution is not valid
if the base plate is not rigid and therefore certain anchors would carry higher forces than calcu-
lated using a linear force distribution. Relatively few experital investigations were per-
formed to verify the influence of base plate stiffness on the anchor forces &Cidbikgner,

1992 Mallée, 2004 Fichtner, 2011). Based on the evaluation of these tests, the influence of the
base plate thickness on the anclooces is highlighted (Fichtner, 2011, 2017, Bokor et al.

2019/). A reliable analytical method for evaluating the anchor forces in case oigidibase

plates is still under discussion in scientific committéaso approaches are possible: (i) to
ensure througlananalysis that the base plate is sufficiently stiff and the GA&thod is appli-

cable, or (ii) for the given base plate, the analysis is performed considering the actual stiffness
of the base plate and its influence on the force distribwtiothe anchors.

(i) The first approach requires direct comparison of the flexural rigidity of the base plate
with the axial stiffness of the anchors. In such an approach, it is required to appropriately
account for the thickness of the base plate, arrangeshdre anchors, anchor stiffness,
overhang of the base plate beyond the anchor rows, arrangement of stiffeners and at-
tachmentCurrently, no such quantitative guidelines are available, which include all the
aforementioned parameters. Certain simplifiediglines are proposed by researchers
(Cook & Klingner, 1992, Fichtner, 2011) but their scope of application is rather limited
(mostly to 2x2 anchorages).
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(i) Alternatively, the distribution of anchor forces can be calculated by explicitly modelling
the actual base plate stiffness, anchor stiffness and anchorage config@atrenof
suchmethods that try to consider some of the aforementioned pararaterdeen
proposed in the pasind are included in the work 8tork (1998, Li (2017, Trautner
& Hutschinson(2017), Fitz et al.(2018. Althoughsome ofthese approaches consider
the influence of base plate and anchor stiffness, of the major limitationsf these
methods is thahe analysis is performed withineforce domain. Thefore, accounting
for the anchor force redistribution is not possible and consequently, various influences
cannot be captured automatically, and an indirect approach is rfeetlaee evaluation
of the obtained result&urthermore, the group effect in case of anchorages failing due
to concrete cone failure mode is not explicitly considered in these methods.

4.5 CONSIDERATION OF FAILURE CRACK INITIATION FOR CONCRETE EDGE BREAKOUT

In the case of anchor groups placed close to a concrete edge, the failure is often governed by
concrete edge breakodthe design of anchorages loaded in shear against concrete edge failure
is performed according to the CCD Meth@ge Sectio.1.3. For anchor groups with only

one anchor row (anchors placed parallel to the edge), the design provisions given in various
standards are, in principle, unified since the failure crack appears from the location of the anchor
row. However, in case of anchor growpsh multiple anchor rows, the failure load correspond-

ing to the concrete edge failure may be calculated either by assuming the failure crack originat-
ing from the front anchor row (approach given in EN 1@92r by assuming the failure crack
originating fom the front, middle or back anchor row (approach followed by fib Bulletin 58,
ACI 318-19). However, if the failure crack is considered to appear from the back or mid anchor
row, only the anchors not located in the theoretical breakout body can be considered to resist
shear loads for the verificatiafi steel failure Figure 4.5). The approacto consider the failure

crack originating from the first anchor row was included in EN 19%2cause in many cases,

it is not obvious whether the redistribution of the shear load to the back anchor row can take
place after the crack (if any) has formedttee front anchor rowWBokor et al., 202D This
approach is deemed conservative for anchorages with multiple anchor rows since the force re-
distribution to the back anchor rows is completely neglected (see e.g. in G204 1Sharma

et al, 2017). If he failure crack is assumed to initiate from the back anchor row, then due to
the larger edge distance, the calculated failure load is significantly higher than the failure load
obtained by assuming the failure crack originating from front anchorfHigure 4.5highlights

that according to the current rules, if the failure crack is assumed from the front anchor row, the
design is resulting in the same failure load for a group having a single anchor row or multiple
anchor rows if the edge distance for thistfanchor row and all other instion parameters

are the sam@okor et al, 2020.
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Figure 4.5. Possible approaches to consider the failunack initiation for concrete edge failure in
case ofgroups withtwo anchor rowswithout hole cleaance

The requirement of a pi@ecision on the initiation of the failure crack for concrete edge failure
comes from the fact that the CCD Method utilizes the projected areas (Se2t@dnthe cal-
culation of which requires a specific edge distance. Howevér,this approachit is difficult

to account for the influence of anchor spacing in loading direction, hole clearance pattern and
to account for different limit states. Furthermore, it is not possible to consider the load redistri-
bution among the anchor§different anchor rowdn case of anchorages with multiple anchor
rows, the approach to assume the failure crack originating from the front anchor row can be
rather conservative (Grosser, 2012, Sharma g2@L7, Bokor et a].2020. On the contrary,
assuming the failure crack from back anchor row might be unconservative depending on the
spacing to edge distance ratio or hole clearance pati@fiménn, 2005, Unterweger, 2008,
Grosser & Cook, 2009Y.herefore an approach that can consider the displasgrhehaviour,
different edge distances, anchor pattern, hole clearance pattern and the load distribution and
redistribution is essential to minimize the assumptions anddaeisions currently required for

the design of anchorages under shear loads.

4.6 NEED FOR ANEW CONCEPT

Castin place and posnstalled anchorages are used for decades to form connections between
structural components or between structural andstiactural components. Typically, to con-
nect structural members, base plate connec{mgs column base platese applied, whereas

to connect nosstructural elements to structures, fixture attachments including a base plate and
the anchors are us€Morgan, 2018) The design of anchorages
t ec hnol o gyo&trict mundariem iThe enain reason for the limitations can be attributed
to the semempirical and forcdased ature of the design provisions, which are generally suf-
ficient for the design of nestructural connections.
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With vast progress in the mafiacturing technology, better, heagyty and robust anchor sys-
temsaredeveloped. At the same time, the development of code provisions and approval proce-
dures allow extended applications of the anchors to structural connections. However, frequently
in structural applications, and in particular, for anchorages used for strengthening, innovative
solutions are required because the anchorage cannot be designed following the standard provi-
sions due to the relatively high demand placed on anchorages in straogiistrengthening
applicationgSharma, 2019)

The improvement of computational power allows higlegel analysis methods such as dis-
placemenbased analysis, nonlinear analysis, pushover analysis, etc. for the assessment of the
structuresWith such méhods, the interaction between the structure, connected component and
the anchorage can be accounted for over the complete range of interest (for &SteBnplesS;

loading until failure) Furthermore, through performing such an analysis, detailed infanmati
about the components of the structure can be obtaameda stejby-step performance check

can be made.

However, to include an anchorage as a component in such a nonlinear analysis of the structure,
the nonlinear loadlisplacement behaviour of the &iwcage should be providefl.few models
existthat can consider the nonlinear behaviour of anchorages (refer to SegJiddowever,

they are either overly complex to be included in a global structural n{oefel to Sec-

tion 3.2.1), or simpler but baseon several assumptions (refer to SecBaa 3. An optimum

solution would be to combine the strength of the two approaches such that thesjdade-

ment behaviour of individual anchoes well as other influences (group effect, base plate stiff-
ness, crack pattern, hole clearance pattedge influences etc.) oharbitrary anchogroup

are consideredandthe model yields a resultant lodisplacement curve that can be imple-
mented agquivalent spring characteristicsa global structural modehuch a model is highly
advantageous not only to simulate structural connections but also the calculate the capacity and
load-displacement response of nsinuctural onnections.

4.7 OBJECTIVES OF THE WORK

The overall aim of this work is to develop a nonlinear spring model that is able to predict the
load-displacement behaviour of anchoragése model should considarbitrary anchor pat-

tern, base plate geometry and stiffness,influence of parameters such as eccentricity, edge
distance, crack pattern, hole clearance pattern realistidallpccount for all these aspects, a
displacemenbased approach is neededtthan consider the load distribution considering the
relative stiffness (base plate stiffness/anchor stiffness) and load redistribution among the an-
chors considering the nonlinear behaviour of the anchorage. To realise the overall aim, the fol-
lowing objecives werdargeted

(i) to conceptualise and develop the nonlinear spring model for anchorages subjected to
tension shearand combined tensieshear (interactionpads,

(i) to design,executeand evaluatan optimum and welihstrumented test program to
extract the information required for the development of basic postulates and to under-
stand the loadlisplacement behaviour of anchor groups,
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(i) to design, execute and evaluatevellinstrumented test program for the verification
of the model against anchges of various configurations

(iv) to associate the verified model with a general safety concept in order to make the
approach suitable for the design of anchorages in concrete

4.8 SUMMARY

This chapter summarises several open questions that are aimed to artbwethe/framework

of this thesis. The followig open questions are addressed: Extension of the scope of application
to arbitrary @ometric configuration and anchor pattesonsideration of cracked concrete con-
dition, the influence of loading eccentrigitrequirements on base plate stiffnessumption

of failure crack initiation for anchorages placed close to the concrete dugaeed for a new
displacemenbased concept is emphasized and the objectives of the work are summarised.
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5 CONCEPT OMONHH NEAR SPRI NG MODEL FOR CONCRETE
FAI LURE

In Chaptel5, the concept and the development of the nonlinear spring model for evaluation and

design of énsion loadednchor groups in the case of concrete cone failure are discGgesed.

tion 5.1 summarigs the most important assumptions made to develop the concept and defines
the components used for the nonlinear spring modelling approach. Detailed discussion on the
nonlinear spring modelling approaisgiven inSection5.2-5.5,

5.1 INTRODUCTION

Several asgcts need to be considered for the development of the spring model for concrete
cone failure of énsion loadeénchor groups. The ultimate aim is to reflect the behaviour of
tension loadednchor groups of arbitrary configuraticealistically and to giva good estimate

about the performance of the anchordger. that, first, assumptions for the modelling were
made and the components, which should be considered in the model, weréHeszlare the
nonlinear anchor behaviour uncracked and cracked coetg the geometry and stiffness of

the base plate, the contact betwé®sconcrete surface and the base plate (to consider prying
action), possible steel stiffeners, the position and geometry of connecting profile and the load-
ing.

The assumption, on which the concept of the nonlinear spring model for tension is primarily
based, is that within an anchor group only the anchors resist the tension forces, while the com-
pression forces are transferred directly by the base plate to theemrmAnchors suitable for
resisting compression forces are beyond the scope of this dissertation and they are not consid-
ered by the spring modelling approach. To realise the assumption, the real behaviour of the
anchors is modelled using tensionly spings, while the contact between the base plate and
concrete is modelled using compressooy springs (see details 8ections.2andSection5.4,
respectively. The base plate is modelled using finite shell or solid elements to consider the base
plate gemetry, and consequently, the base plate stiffness realistiSaition5.3).

Furthermore, the complete nonlinear anchor behaviour is considered in the model by the ten-
siononly anchor springs to enable a realistic force distribution and force redglistniamong

the anchors of the group. In this way, it is possible that the anchors, which lose stiffness by
reaching high forces, redistribute the forces to the other anchors of the group. However, in order
to do that, it is essential to perform a dispfaeatcontrolled nonlinear analysis according to
Section5.5.

The components of the spring model are schematically depictéidune 5.1 for an anchor
group of 1x4 configuration, which are:

i.  Anchor springs: nonlinear tensiamly axial springs to model th@nlinear loaelis-
placement behaviour of individual anchorsincracked and cracked concrete,

ii.  Contact springs: compresstonly axial springs for modelling the bearing of the base
plate on concrete
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lii.  Base plate: Finite shell or solid elements to modebthise plate inclusive stiffener and
profile (if any) realistically.

The details about (i) the procedure for the determination of the anchor spring characteristics,
(i) the modelling of the base plate, (iii) the modellioigthe contact springs and (ithe dis-
placemenicontrolled nonlinear analysis are described in the follov@agtiors 5.2-5.5.

Base plate:
T Finite shell or solid elements

Contact element:
Compression-only spring,
g Concrete compression curve

o
Tension-only spring,
Non-linear load-displacement behaviour

Figure 5.1. Conceptual representation of the spring model ehsion loadedanchor groups in case
of concrete cone failure

5.2 DETERMINATION OF THE CHARACTERISTICS FOR SPRINGS TO MODEL THE ANCHOR BE-
HAVIOUR

In this section the determination of the characteristics for springs to model the anchor behav-
iour is discussed. The nonlinegpring modelling approach is a displacemeased approach,
where the spring characteristics are used to define the nonlineatispdacement behaviour

of a ension loadedingle anchor. As defined iBection5.1, the anchor behaviour in case of
tensionloading is considered in this thesis by tensioty nonlinear axial springs derivedsed

on the idealisedbad-displacement curves obtained from tension ¢é@ssingle anchors away
from theedge or neighbouring anchoi&he question is how teterminethe springs and how

to consider different failure modes and influences such as edge distance and anchor spacing.

The loaddisplacement behaviour, and consequently the spring characteristics depend on the
anchor type and failure mode of the anchor, i.el $édare, pullout failure or concrete cone
failure. Note that splitting failure or combined concrete cone and pullout failure modes are out
of the scope of this work. However, an approach similar to given here can be developed in
future to cover these fare modes as well he loaddisplacement curves for the targeted fail-

ure mode of the anchors can be determined from the tension tests performed on single anchors
as it is schematically shown kigure 5.2 The targeted failure mode should be ensured éy th
appropriate combination of tlgpometric and materiglarametershgs, thom fc, €tc.).
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Figure 5.2. Schematic of the failure modes of a single anchor with fdealisedload-displacement
behaviour(typical) represented as spring characteristigsoncrete conesteel, pullout

In the case of steel failure and pullout failure, the resistance and behaviour of the anchors are
not influenced by the adjacent anchors or by the vicinity of the edge of the conerabeem
Consequently, for the failure modes steel failure and pullout failure, thedispldcement

curves obtained for single anchors can be directly used as the spring characteristics for the
individual anchors of an anchor groupidgure 5.3). Note thatfor different anchor types and
pullout failure types, different types of curves are possible (Eligehauser?€04). Adetailed
discussion of failure modes other than concrete cone failure is beyond the scope of this disser-
tation. However, recommendattis for the application of the proposed approach for steel failure
and pullout failure are given fBection14.2.1

S FRr ol a

a) | b)
Figure 5.3. Spring propertiegtypical) forindividual anchors of a group in case of a) steel failure, b)
pullout failure

Therelativelybrittle concrete cone failure mode occurs if the capacity of the anchorage ground

is less than the pullout capacity and the steel failure load of the anchamdgég full tensile
capacity of the concrete is utilised (Eligehausen et al., 2006). The resistance of a single anchor,
which fails due to concrete cone failusamainly influenced by the anchor embedment depth,



Concept of the nonlinear spring model for concrete cone failure 77

the concrete fracture energy, the conchaang’s Modulus and the cracked or uncracked con-
crete condition (Eligehausen et &006). However, if we are talking about anchor groups, the

geometric arrangement of the anchors, the anchor spacing, the concrete edge distance and the

base plate stiffres also have a significant influence on the concrete cone resistance of the
group. Therefore, it is intuitive that in many cases, when the single anchor would fail by, for
example, pullout failure, the decisive failure mode of the group will be concre¢efaiture.

An anchor group (or group of fasteners) by the definition of EN#992i s a finumber

ers with identical dimensions and characteristics acting together to support a common attach-

ment, where the spacing of the fasteners does not exoeed thh ar act er i sti c
spacing between the n number anchors of a group is equal to the critical spagingnd the
anchor group is loadezbncentrially in tension with a rigid base plate, then the capacity of the
group is rtimes the capacity of a single anchor in case of concrete cone failure. However, if
the spacing between the anchors is less than the critical spacing, then the capacity opthe gro
will be less than #imes the capacity of a single anchor. This means that the spring character-
istics obtained from the loadisplacement curves of single anchors cannot directly be used in
the model, bumust be modified to account for the influenceanthor spacing and/or the vi-
cinity of concrete edgd-(gure 5.4). Thismethod is discussed Bection5.2.2
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Figure 5.4. Spring propertieqtypical) for individual anchors of a group in case of concrete cone
failure

5.2.1 lIdealisation of the anchor springs ér concrete cone failure

This sectiongives information about how to generate the spring characteristics frordikad

0]

S P

placement curves on single anchors, which can be then assigned to the spring model as shown

in Figure 5.1 For the development of the capt and the verification, the spring model and
the test results are considered and evaluatétb aiean value level. This allovtBe best com-
parison and plausibility. Recommendations for a method for conversion to characteristic level
is explained irChapterl 3.
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Load-displacement curves obtained from tension tests on single anchors should be used to gen-
erate the spring characteristics for a single anchor failed due to concrete cone failure. The an-
chor spring properties should be evaluated on the basension tests performed on single
anchors in cracked and uncracked concrete according to the recommendations given by
EAD 330499 and EAC330232 or ACI 355.2 and ACI 355.4. However, in order to describe the
spring characteristics with a limited numbepafameters, the loatdisplacement curves should
beidealised by generating loatisplacement data pairBigure 5.5).

For idealisation otheload-displacement response of the single anchor, a {ieet@ format

was chosenHRigure 5.50) because it offera good balance between accuracy and simplicity

and because the software used in this dissertation (SAP2000) supports this format when defin-
ing the nonlinear behaviour of the corresponding component. It is recommended to characterize
the nonlinear anchdsehaviour using the pentimear format. However, more number of seg-
ments may be used for the idealization of the {disglacement curve if the curve progression

of a certain anchor behaviour requires that. A minimum diintear curve should be usedvha

ing an ascending branch, a plateau and a descending branch.
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Figure 5.5. Nonlinear spring properties of tension loadedsingle anchor: a) Loaddisplacement
curve of a single anchor failed by concrete coné r e f e r e flispademéntocance; b) Idealisa-
tion of t hedcirveéfthe pertdineaeformdt

This dissertation supports using the pdmtaar formatfor which six characteristic points

should be defined. Data pairs of lo& @nd displacementif values define the characteristic

points AF. Point A is at the origin locatedidt=0kNandli = .@PoimtsnC and D correspond

to the maximum load, andeh displacement coordinates define the extent of the plateau in the
peak region, which depends on the type of the anchor and failure mode (Sharman@013
2017). Point B corresponds to the end of the idealised initial stiffness range, which can be de-
fined as 80% of the maximum load. The transition point (point B) for the initial stiffness range

of 80% was chosen because it was shown by authors in the past, based on the evaluation of a
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large number of tests, that for most of the anchors the initial stifisevalid up to 80% of the
maximum load The initial stiffness is defined as the secant stiffness corresponding to 50% of
peak load sustained by the anchor. Point E is used to idealise the descending branch and corre-
sponds to 20% of the ultimate loadire postpeak region. Note that here gldte displacement
depends on theg/pe of anchor and failure modeoint F is located & = 0 kNandir = el

In Figure 5.5, the spring characteristics are defined using the load and secant stiffness values
(ki-ks) corresponding to each poif8harma, 2013).

If n number of tests were carried out in one test series, aldispthcement curves should be
idealised separately, and the mean value of load and stiffness values should be taken for the

spring characteries (Nim= (SNi%/n, whereg = 1- nand km=(Sk/n, whereg = 1- n).

Table5.1. Salient points otheidealisedload-displacement curvespring properties

Point Load Stiffness Displacement
A 0 0 Ua=0

B 0.8-Nkm k1 UB = 0.8'N?rr/k1
C NRrm ko Uc = Nri'k2

D NRrm ks Up = Nrn/ks

E 0.2-Nrm Ka Ug = 0.2-Nrn/Ka
F 0 0 Ur= el

Note that different anchor systems may display different-thgplacement behaviour, there-

fore the definition of points AF of the idealised curve may be altered depending on the shape
of the loaddisplacement curve (for example B&abNzm or 0.6Nrmin case of some anchors),
provided that the idealised curve offers a reasonably good representation of the original load
displacement curve. Based on the description above, thediggldcement curves obtained
from the tests can be idealised and used asgpmharacteristics of a single anchor failed by
concrete cone failure.

In addition, based on the evaluation of a vast number of test results (from tests of this thesis and
from approval tests) on single anchors, recommendations were worked out for & toetho
idealise the obtained loatisplacement curves with sufficient accuracy and safety, which can

be used for the design. It should be noted that the rdsuitsthe approval tests are not pub-
lished. Tlosetest results were made available by fischerw&keH & Co. KGfor scientific
purposes in order to develop a method for idealisation, which can be automated. Details are
given inSection13.3.2.1

5.2.2 Consideration of anchor spacing and vicinity othe concrete edge

As it is accentuated iBection5.2thata method should be developed to consider the influence

of anchor spacing and concrete edge distance on the behaviour of individual anchors within a
group. This is essential for the nonlinear spring model, wheradhgdual springs represent

the nonlinear behaviour of the neighbouring anchors in the group. Bettisn examples are
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given and assumptions and postulates are made based on theoretical and practical considera-
tions.
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F)igure 5.6. Modelling ofanchorages using nonlinear springst) two single ancha with s= 3he, b)

anchor group with s= 3hes and ¢) anchor group with s < 3h

If two single anchors having the same installation parameters are placed with a spacing equal
or larger than the critical spacing ( Q), vty separate concrete cones can develop and the
behaviour of each anchor can be described by thedisgthcement curve obtained from ten-

sion tests on single anchors. These ldmsglacement curves can be ussdspring characteris-

tics in an idealised format (according to Sectah 1) for each anchoHigure 5.6a). It is intu-

itive, however, that it is not necessary to use a spring model to describe the behaviour of a single
anchor loaded concentrically in téms far from a concrete edge because the result of the model
would be the same as the spring characteristics. However, the same spring characteristics of the
single anchor can be assigned to the individual anchors connected by a common base plate if
the archor spacing is larger or equal the critical anchor spasing @) (Bidure 5.6b). Under
concentric tension loading, the theoretical anchor group capacity will be twice the capacity of
the corresponding single anchors because in this case, suffidiemievof concrete is available

for each anchor to develop its full capacity. The overall displacement of the group, which is
measured at the point of load application, will depend on the stiffness of the individual anchors
and on the stiffness of the badatp. However, if the anchor spacing within the group is smaller
than the critical spacing-{gure 5.6c), then the theoretical concrete cones of the neighbouring
anchors are partly intersecting and a common failure cone develops leading to a group capacity
which is less than twice the capacity of the corresponding single anchor. Consequently, the



Concept of the nonlinear spring model for concrete cone failure 81

spring characteristics appliedfigure 5.6a andb cannot directly be used for the case depicted
in Figure 5.6c but the spring characteristics of the individaathors must be modified to ac-
count for the reduced capacity due to group effect and the overlapping concrete cones.

The question is how to modify the spring characteristics of a single anchor to account for group
effect and/or vicinity othe concrete ege. The examples shown kigure 5.7 andFigure 5.8
should help to explain the assumptions and postulates made for theeaorspring model.

According to theCCD Method the influence of the spacing on the group resistance is taken
into account by the facta, j 0 Where the concrete cone resistance is increasing in propor-
tion to the projected area of the group (Fuchs e85, Eligehausen et a22006). The pro-
jected area of a single anchor that is not influencedhbyoncrete edge and neighbouring
anchors is calculated accordingHg. 5, and the projected area of an example anchor group
depicted inFigure 5.7 is calculated according t6q. 39, respectively.

6r 0JQ O c¢d ph3Q Eq.39

6 5 0 53 ifi 000 Eqg. 40

0 5 U § C)—“ ifi oJQ Eq.41
h
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Figure 5.7. Definition of the projected area of a single anchor (left) and of an anchor group of 1x3
configuration close to the concrete edge (riglatgcording to theCCD Method

In the spring model, the focus is on the resistance anetispthcement behaviour of tivedi-

vidual anchors of the group so that the spring properties can be assigned to the individual an-
chors in the modeHigure 5.1). According to the current design provisions, anchors within an
anchor group must have the same type, size and embedmensdepdt it can be assumed

that the stiffness conditions within the group are approximately the same. In the nonlinear
spring modelling approach, anchor groups having the same embedment depth are considered.
However, it is possible to consider anchors hgudifferent stiffness such as for example the
same anchor type but in cracked or in uncracked part of the concrese¢siess.2.3. Having

equal embedment depth for all anchors means also thartsien loade@dnchor groups can
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be simplified to a 2problem (just like according to t&CD Method. The intesectionof the

conical breakout bodies can be converted into the overlapping of the projected areas. Therefore,
in the spring modelkhe projected tributary area of the individual anchors and $ietaace of

the individual anchors are of interest. The same example group (1x3 configuration close to the
edge) as for th€CD Methodis taken to explain the procedure used in the spring model, to
highlight the similarities and point out the differencesnipareFigure 5.7 with Figure 5.8).

The assumptions taken are explained in the followiing. assumed in the nonlinegpring

modé that the failure load of aff'ianchor of an anchor group (compared to the failure load of

a single anchor) is influencday the neighbouring anchors and/or by a close edge and it de-
creases in proportion to the projected area. The influence of the spacing and vicinity of concrete
edge on the individual anchor resistance compared to the single anchor resistance is taken into
account by the factofkic ' 0 .4 his is similar to how th€CD Methodaccounts for the geo-

metric influence of the vicinity afhe concrete edge in the case of a single andHowever,

here, a virtual edge instead of a real edgessumed between the neighbouring anchors.

Postulate 1:

The first postulate made in the spring model for the individual properties: The mean failure load
of an " anchor Ng 1, , influencedby neiglbouring anchors or close edge can be calculated as
. . 0
U fm U § 30— Eq.42
f

Where,

0  Iisthe basic concrete cone breakout strength of the anchor not influenced by the neigh-
bouring anchbrs or close edge, given By. 4 or obtained from single anchor testsl

0 j, Iis the tributary projected area assigned to the anchor considering the distance from the
adjacent anchors and the edge distanua

0 g Isthe reference projected area of a single anchor with a distance from all the edges equal
to or greater than the critical edge distaogg = 1.5hf, mm, given byEq. 5

The tributary projected area assigned tosanichor is limited either by theakconcrete edge

c in case othevicinity to the edge, or by a virtual edgg: considered at a distance of half the
spacing to the neighbouring anchor, but not more ih%@in:. This is explained with the help of

the example ifFigure 5.8. For a 3x1 anchor group depictedrigure 5.8, both the close edge

and the neighbouring anchor limit the tributary area. Thus, for anchor 1, the tributary area can
be calculated as

6r @ ™3I 203Q ® © 2030 Eq.43

For anchor 2 (middle anchor), the tributary projected area is limited by both the neighbouring
anchors but not by the real concrete edge.tiibetary areaan be calculateds

6 ¢OmMJ 2030 ¢ad 2090 Eq. 44
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For anchor 3, the tributary area is limited by the neighbouring anchor on one side but not by the
concrete edgelhereforethe tributary areaan be calculateds

bp ™I p®TIQ D200Q & p®JIQ D203Q Eq. 45
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Figure 5.8. Definition of the tributary areas and anchor resistances associated with individual an-
chors
0p Opf Op Of
cdQ o0 MmJI | ™I phIQ Eq. 46
cJQ Jn ¢d pdJIQ

Eq. 46 shows that if the individual tributary areas used in the spring model are summed up, the
area is equal to the area considered for the group according@&hélethod However, the
nonlinear spring modelling approach is a displacerhased approach, atiue tributary areas

are only used to determine the resistances of the individual anchors based on results on single
anchors, so the forcélg m) value becomes known, but here, data pairs of load and displace-
ment values are required for taealysis and consequently, stiffness values. Therefore, the rules
for the stiffnesshould be set

Postulate 2:

The second postulate made in the spring model for the individual prop€&heesibutary area
assigned to arf"ianchor of the group does riafluence the stiffness of the anchéi { ks in

Figure 5.9) and the stiffness values remain unchanged compared to the stiffness values deter-
mined for the corresponding single anchor.

This means that when the tributary area, which belongs tbaarchor is ascertained, the spring
characteristics for thé'ianchor can be determined by scaling the basic spring characteristics of
the single anchor by following the postulates 1 and 2 stated above. The failure load is reduced
usingEq. 42, while the sffness values for each characteristic point is maintained. This is ex-
plained inFigure 5.9. Note that no further modification due to the vicinity of a real or virtual
edge is required. The virtual edge does not lead to the disruption of hoop stressegdfiive
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effect caused by the disruption of hoop stresses in case of anchors placed close to the edge,
which is accounted for by s factor in theCCD Method is taken into account automatically
in the spring model by performing a displacememtrolled nonlinear static analysis.

It can be summarised that the spring characteristics cdatbeminecprovided that the load
displacement curves of single anchor tests are available. Finally, the -dasedFigure 5.9
can be directly used as spring @&eristics for anchor 1 in the group depicte#igure 5.8.
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Figure 5.9. Scaling of the idealised curve of a single anchor

5.2.2.1 Non-rectangular configurations

The tributary approach can be extentledectangular anchor groups upadarge number of
anchors if the rules are followed. However, one of the biggest advardhgige nonlinear
spring modelling approach for concrete cone failure is that the input pararfretelimear

spring propertiesgre defined for each individual anchor within the group. Consequently, if a
rule for assigning the tributary areas can be set for anchor groups-oéatangular configu-
rations then any anchor configuratiocan be calculated or evaluated by means ofgpecach.

For that, the method for the assignment of the tributary area for an individual anchor should be
extendedandcertain extra considerations are necessary. The concept for assigning the tributary
area for the individual anchors, so that the spcimgracteristics for the individual anchors ar-
ranged in a nomectangular pattercan be determineds explaine with the help of a triangular
anchor group in the following.

As depicted inFigure 5.10g, first, a theoretical reference tributary area given by a square of
side length equal t8hes is assigned to each anchor of the triangular group. Thehigas

ure 5.1 shows keeping the anchor axis as the axis for rotation, the reference theoretical trib-
utary areas3her -3hef) are rotated until the highest amount of overlap between the reference
tributary areas of neighbouring anchors is achieved. Once the condition of the maximum over-
lap is reached, the individual tributary area is given by theaverapping area belonging to

the anchor and half of the overlapping area with the neighbouring anchoFsgisexb.1M).
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Figure 5.10. (a) Possible consideration of the projected area with reference projected area of a single
anchor; (b) actual projected area of the group based on the considerations below

In other words, the tributary area of ifranchor within a group can be obtained by subtracting
half of the overlapping area with the neighbouring anchors from the reference projeeted a
according tdeq. 47. Thesdributaryareas are identified by the pentagons hatched with different
patterns inFigure 5.1(b. This method is supported by the least energy princigie hghest
overlap leads to the lowest total projectecaarehich in tirn leads to the lea&trce required

for the breakout

Op Op ™ 0 Eq. 47
Where,
0 ; is the tributary projected area assigned ta'ttenchor

0  is the reference projected area of a single anchoiC:

5¢

B0 j is the total overlapping area of tHeanchor with all the neighbouring influencing an-
chors

Note thatthe method for determining the tributary areas for anchors arranged in gudatan
pattern is a special case of the method for determination of tributary areas for anchors arranged
in an arbitrary (nosrectangular) configuration. The definition of the virtual edge at the middle

of the adjacent anchors automatically accounts fomtagimum overlap or minimum total
projected area of the anchor group.

The postulates taken for the consideration of anchor groups etotangular configurations
are verified by the experimental results discussefeation8.3.2.2 and the verification is
given inSectionl10.

5.2.3 Considering cracked concrete condition

As itis discussed iBectiord.2, according to the current design of anchorages, the anchor group

is to be considered in cracked concrete if the crack initiation céenated out in the anchor-

age zone. This is valid even if ordpeor some of the anchors are intercepted by a crathe If
cracked concrete condition is determined, all anchors of an anchor group are considered to be
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intercepted by a cracknd it is assmed that the stiffness of all the anchors go down by the
samepercentage as that for a single anathae to the interception by the crack atirefore

the relative stiffness of thenchor grougloes not changéiowever, due to the anchor config-
uration,crack spacing and loading conditiadhe requirement that all anchors within a group
are intercepted by the crack and theretumge approximately the same stiffn@say not al-
ways be valid. The assumption that all the anchors are intercepted by this a@taiecessarily
conservative (Okelo, 1996 reality, the stiffness of the anchor group is highly dependent on
the real crack pattern. Therefooenservativelythe worst possible craglattern and its influ-
ence on the group behaviasltould be condered in the desigrithis is possibléy using the
nonlinear spring modelling approach, since theddaglacement behaviour, and consequently,
the stiffnescharacteristicef each individual anchavithin the group is considerezkplicitly.

The questia is, how should the spring characteristics be modified to account for the cracked
concrete condition at individual anchor levdbte that the method described below is valid
only for the anchors that are approved for use in cracked concrete.

First, the spring characteristics should be determfoethe individual anchors of the groap

it is explained irSectiors 5.2.1and5.2.2 and the dashed curve depicted-igure 5.9 should

be obtained After this, the cracked concrete condition shoulddmanted for by reducing the
failure load and the stiffness case of concrete cone failurecording toEq. 48 andEq. 49
(seeFigure 5.11). This can be donkecausét is assumed that for static cracks of limited crack
widths, which are typically les®ian 0.3 mm, the concrete cone resistance of the anchors re-
duces by ca. 30% compared to the concrete cone resistance of the anchors in uncracked con-
crete Based on the evaluation of the tests performed in this work on bonded anchois using
high strengthepoxy mortar, it appears reasonable to assume that the stiffness of anchors in
cracked concrete is also approximately 30% lower than the stiffness of anchors in uncracked
concrete. The actual values of reduction in stiffness may vary from one productterahbe

typical values of the stiffness of anchors in cracked concrete lie within 30 % to 70 % of the
stiffness in uncracked concrete (Mahrenholtz, 2@l&arma et al 2014).The tributary area,

which is assigned to thendividual anchors, is assumeéd remainthe same as earliefThis is

based on the considerations of @@D Method where the cracked concrete condition is simply
accounted for by 0.7 factor on the group capacity. Furthermore, experimental investigations
were perfomedon single anchors and anchor groups of different configuratmwuerify the
assumptioa The test results are discussedSection8.3.3 and the verification is given in
SectionlO.

(“) g
VY D i ao—“ Eq.48
h

Finally, when the spring characteristics for the individual anchors of a group are ascertained
(seeFigure5.11), the particular springs can be assigned to the group. A simple example is given
in Figure 5.12 where one anchor of a 1x2 anchor group is placed in the uncracked part of the
concrete, whereas the other anchor is placed in such a way that it is intebgeptexdhck. In

this case, the tributary area, which can be assigned for the individual anchors is the same due
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to symmetry reasons, whereas the failure load and stiffness of the anchor loeateatlkis

30% lower. Although the external tension loadpplied concentrically on the group, the dif-
ferent stiffness conditions and leddsplacement behaviour of the two anchors result in an ec-
centricity of internal forces. This behaviour is, however, automatically taken into account by
the displacemerntontwolled nonlinear static analysis, which is explained in Sectdn
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Figure 5.11. Scaling of the idealised curve of a single anclamcounting for cracked concrete con-
dition
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Figure 5.12. Spring properties for an anchor groupf 1x2 configurationwith one anchor ina crack,
one anchor in uncracked concrete

5.3 MODELLING OF THE BASE PLATE

In thissection the requirements on the modelling of the base plate are summarised. The forces
acting on an anchor group are transferred t@ttolors and concrete via the base plate. There-

fore, it should be modelled in such a way that a realistic load transfer and load distribution
among the anchors ensured.

The geometry and the stiffness of the base plate have a significant influencdéavoelugstri-
bution among the anchors of an anchor group and on thaispldcement behaviour of the
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group. Therefore, it is essential to consider the base plate geometry as realistically as possible.
The current design provisions require the use ofid hgse plate to consider the assumptions
made in theCCD Methodvalid. However, assuming and modelling a rigid base plate in every
condition may not be conservative. Having a flexible base plate might result in nonlinear force
distribution and high pryinéprces on the anchors.

Furthermore, different anchor types have different{diaglacement behaviour and different
stiffness values. This means that for some anchor types, the base plate could be considered as
rigid by definition, but for a different ye of anchor having very high stiffness values, the same
base plate could be considered as flexible. This is because the behaviour of the anchor group
depends on the relative stiffness of the base plate, which is the ratio of the anchor stiffness to
the bae plate stiffness, and not on the absolute value of the stiffness of the ba¢8quate
tions4.4and8.3.2.). This means that the stiffness of the base plate is rather relative by defini-
tion. Therefore, the exact base plate geometry and the material properties should be modelled
in the spring model to account for the base plate deformations and stresses automatically, which
develop due to the applied loading. The base plate may be modellsthbyfioite solid ele-

ments or shell elements applying thiglate formulation following the MindliReissner plate

theory.

Figure 5.13. Example of modellingdf an anchorage with attachment using finite shell elements

The model should also consider thelded profile and the stiffeners or any additional parts,
which belong to the base plate and might influence the stiffness conditions. In the case, when
the base plate and the profile are modelled with finite shell elements, the attachments should be
moddled orthogonal to the base plate while connecting all the corresponding nodes (see exam-
ple inFigure 5.13. Correspondingly, the meshing of the base plate should consider the shape
of the attached profile etc. and the anchor location. Within the fratiesadissertation, shell
elements applying thicklate formulation following the Mindl#Reissner plate theory were
used.Alternatively, instead of modelling the attached profile with shell or solid elements, the
adequate constraining of the correspondinges of the base plate can be modelled (Master
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slave constraint). In a system, where each node has six degrees of freedom, the rotation about
all three axes should be constrained, so that all the constrained nodes are rotating equally,
whereas the tranglan in all three directions should be free for all nodes.

Note thatthe nonlinear spring modelling approach does not aim to define the quantitative re-
quirement of a rigid base plate, where a linear strain profile assumption is valid. It is targeted
to aralyse the anchor group behaviour for the given base plate geometry. However, the nonlin-
ear spring modelling approach can be usedHepptimisation of the base plate geometry or
optimisation of anchor type. In this work, the material behaviour oftdeébase plate is con-
sidered as lineaglastic with an elasticity modulus & = 200 GPa However, if required, a

yield criterion, e.g. voiMises may be assigned to consider the nonlinear behaviour of the base
plate as well. In the nonlineanalysis, the loadisplacement behaviour of the group is obtained
considering the anchor springs, contact springs and the base plate deformations in every loading
step.

5.4 CONTACT BETWEEN THE BASE PLATE AND CONCRETE GROUND

It is clearfrom Section5.1that hie concrete as anchorage ground is not modelled discretely in
the spring modelling approach. This makes modelling relatively simple and timesaving. The
concrete tensile behaviour in case of concrete cone failure of the anchors is considered by the
anchor pring characteristics (as discussedattion5.2).

However, when anchor groups are loaded eccentrically in tension and/ogiddmase plate is
used, compression forces below the base plate can develop, which may infludoad the-
tribution and hace theanchor group behaviour.

Compression-only spring

Figure 5.14. Representation of aampressioronly contact spring

The developing compression forces between the base plate and concrete surface should be ac-
counted for and therefore, are modelled with contact springsislthisie by modelling elastic
bedding below the baseplate using uniformly distributed compreesigrsprings as shown in
Figure5.14

These springs get active in case the base plate deformations result in compression between the
base plate and concrete surface. The compressilyrsprings are calculated according to the
Winkler spring characteristics assuming a modulus of elastgity- 30 GPa Note that the

Winkler spring method is originally an idealization representing the soil medium as a system
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of identical but mutually independent, closely spaced, discrete,-at@stic springs. It is used

for modelling the interaction betwe#me structure and soil assuming that a mat foundation sits

on vertical linear springs representing the deformable (linear elastic) soil. In the nonlinear
spring model, similar springs are used but instead of modelling the interaction between the
structureand soil, the developing compressive stresses between the base plate and the concrete
(which is not modelled discretely) are accounted for by the compressipmxial springs.

5.5 DISPLACEMENT -CONTROLLED NONLINEAR STATIC ANALYSIS

When the model of an anchgeunder tensiorns developed using (i) the nonlinear tension

only springs for considering nonlinear anchor behaviour (taking into account the tributary ar-
eas), (i) base plate modelled with solid/shell elements and (iii) compressipsprings to
modelthe contact between base plate and concrete; a displaceomtrailed nonlinear static
analysis is performedi is essential to perform a displacemeantrolled nonlinear static anal-

ysis to account for an accurate force distribution and redistributimm@ the anchors of the
group considering their nonlinear behaviour and to account for the base plate deformations.
This analysis can be done theoretically by hand calculation for certain simple configurations.
However, to use the benefits offered by thpraach (arbitrary anchor configuration and base
plate stiffness etc.), the analysis is best done by a structural analysis software that is capable of
performing nonlinear static analysis.

Displacementcontrolled analysis

The displacemerntontrolled anajsis is required in order to capture the influence of stiffness
change on the loadistribution and ralistribution among the anchors and to obtain the-post
peak branch of the loadisplacement curve for the anchoralyés, however, an iterative pro-
cessso the displacement should be increased iteratively until the entire anchoragdtéais.
natively, the analysis can be performed by incrementing the load and following a secant stiff-
ness method to obtain the descending braNoke that during the enéranalysis, the applied

load and/or the combination of applied ledd.g. different forces on different locations or a
tension force and a moment) is maintained.
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Consideration of nonlinearity

It is required to perform nonlinear analysis to be able to considenaterialnonlinearities to
account for the anchor group behaviour realistically. The nonlinear anchor behaviour is a ma-
terial nonlinearityand isconsidered with tensieanly nonlinear(in this work pentdinear)
springs.The equation of equilibriufF} = [kg]-{ & is solvedand the global stiffness matrix is

updated in each loading stéfigure 5.15. The spring stiffness valuegs is updated in each
step.

1 Element = 1 shell + 4 springs

Each node = 3 DOF
1 translation
2 rotations

The in-plane DOF are

neglected
a)

System of equations to be solved: {F} = |:

vt

Q

| E—
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Applied Force Global stiffness matrix of one element for shell + springs Displacement
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Figure 5.15. a) Finite element representation of an anchorage using spring model, b) Equation of
equilibrium

Output

The following output is obtained from the analysis: the {desgplacement curve of the anchor

group (the global displacement of the anchorage), whicleisetbult of the displacement and
deformation of the individual components), the labgplacement curves of individual anchors,
deformed shape of the base plate and the stresses developed in the base plate. Furthermore, a
stepby-step performance check fevery component of the model is available. It is intuitive

that the accuracy of the nonlinear analysis depends on how well the anchor spring characteris-
tics are determined. The better the characterisation of anchor springs and the estimate of stiff-
ness vaies, the better the estimate on the anchor group performance. Once a nonlinear analysis
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has been performed on the anchorage, its final stiffness matrix ardispdaicement behaviour

can be used as an inpotrepresent aanchorage component (one equeveé spring) in the
structural analysis of a structure.

An indicative example showing seven analysis steps for a concentric loaded 1x3 anchor group
located close to a concrete edge is giveRigure 5.16 The spring characteristicerrespond-
ing to Anchor A, B and C are given as ledidplacement curves in the graphs (Spring A, Spring

B and Spring C).

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

!

T TITT I T I TITTTTIT]

331 §48884499 1895149344 1988
A B C

NNLr\ N[f\ N,E/\ Nb
\ \ \
! ! !
8 8 8 8
N Al ! N Al N
\ \ |
! !
\ \ |
4] <) <) <)
N Al ! N Al N
| \ |
| \
|
/| /] |
& 3] & 3]
Np I \ N NA 77
| \ | /4
' | / 4
/1 7
| \ |
& 3] & 3]
NA | \ NA | NN 7
| \ | 11/
| \ / [/
/1 -"f/
| \ /|
8 4] o 4]
Np | ! Np N
| \ |
e
| I /.
> > a [
4] 5]
Np o Np o Np o
| | |
| |
| | |
Sy |

8

ki:ki:kl'

Figure 5.16. Nonlinear static analysis steps using the spring maddelrepresentative examp(& and
dcorrespond to Tension lahand Displacement of the anchor or anchor group)
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During the analysis, the anchor group is loaded in displacement control by incrementally ap-
plying the load until failure. This procedure is shown by the Group responsdigmpalcement

curves in every sge The graphs of the contact springs accounting for the developing compres-
sion between the base plate and concrete surface were neglected in this example, for the reason
of simplicity. Figure 5.17shows the stepy-step procedure of the spring model fondien

loaded anchor groups. Note that the analysis can be performed following a tangent stiffness
matrix approach or a secant stiffness matrix approach. Due to the fact that secant stiffness is
always positive, the secant stiffness method provides a mwioustrmethod of solution.

Geometry Springs Modelling Analysis Evaluation
(om0 (it 1) (meomtm tha 20 (oo ) (eont ot the)
Define the Calculate the [> Create the 3D E> Perform the Evaluate the
geometric anchor model of the analysis on the results of the

parameters of springs anchor group model analysis

| the anchor _Tests on | - Model the | - Displ. | - L-d curveof
group single anchors base plate/ controlled the group
-Anchor type - Idealisation of attached profile nonlinear static - L-d curve of
and size the L-d curve - Assign anchor analysis the individual
- Embedment - Scaling of the springs - Loading until anchors
depth idealised curve - Assign failure of the - Stresses
- Anchor contact springs group developed in
spacing the base plate
- Base plate
dimensions

L _/ L S o A N _/ LN

Figure 5.17. Stepby-step procedure of thaonlinear static analysis using springhodel for £nsion
loadedanchor groups

5.6 SUMMARY

In Chapters, the concept of the nonlinear spring modelling approachefmion loadedn-
chorages in case of concrete cone failarencracked and cracked concregaliscussed. The

basic components of the model such as the nonlinear temsipanchor spring, the compres-
siononly contact springs and the base plate are introduced,iamXglained how to determine
them. Furthermore, the modelling principles are described, and recommendations for the mod-
elling of the base plate, modelling of the contact springs and performing an appropriate dis-
placementcontrolled nonlinear static analgsare given.

The most essential part to apply the spring model for anchor groups in the case of concrete cone
failure is the derivation of the anchor springs from lde&placement curves obtained from
single anchor tests. The approach is discussed &il,demtd a new tributary area approach is
introduced to consider the edge distance and anchor spacing on taksjgadement behav-

iour of individual anchors of a growd rectangular and nerectangular configurationhe

concept required to set two polstes:The first postulate made in the spring model for the
individual anchor properties is the calculation of the mean failure load S‘famhor,NFiz my ¢

which is influencedy neighbouring anchors or close edge, and it can be calculated based on
the tributary area available for this anchor compared to the projected area of a single anchor

(AL , pe@ )nThe second postulate made in the spring model for the individual anchor properties
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is that he tributary area assignedttei™ anchor of the group does not influence the stiffness

of the individual anchor and therefore, the stiffness values remain unchanged compared to the
stiffness values determined for the corresponding single andhepostulatesreverified by
experimentainvestigations. The verification of the postulates and the verification of the entire
concept of the nonlinear spring modelling approach for the failure mode concrete cone failure
is discussed in Chapt&f.
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6 CONCEPT OF THE NONLI NEAR SPRICRE TMOEBDIGEF OR CON
FAI LURE

In Chaptef6, the concept and the development of the nonlinear spring model for evaluation and
design ofshear loade@nchor groups in the case of concrete edge breakout failure mode are
discussedSection6.1 summarises thenajor assunptions made to develop the concept and
defines the components used for the nonlinear spring modelling approach. Detailed discussion
on the nonlinear spring modelling approasiven inSection6.2-6.5.

6.1 INTRODUCTION

The behaviour othear loade@dnchor groups is rather complex duevariousparameters,

which influence the failure mode, the load distribution and the-dtismlacement behaviour of

the anchorage. The anchorages subjected to shear loads might fail due to anchor steel failure,
concree edge failure, pryout failure or pullout failure. Which failure mode is decisive, depends
on the anchor type and size, steel grade, anchor embedment depth, concrete strength, edge dis-
tance, anchor configuration, anchor spacing and loading directiorligligen et al2006).In

addition, for more than one anchor rows, the load taken up by different anchor rows and the
location of initiation of critical failure crack makes the assessment of anchor groups in shear
rather complicated-urthermore, the loadistribution is significantly influenced by the hole
clearance pattern in case of anchor groMpgishin the frame of this dissertation, a nonlinear
spring modelling approach for the concrete edge failure modeesfr loade@nchorages is
developed.

The nfluencing parameters, the basic failure mechanisms and the open questions regarding the
load-displacement behaviour shear loadednchor groups in case of concrete edge failure are
discussed irSectiors 2.2.2and 3.1.3and Chapted, which serve as basfor developing the
concept of the nonlinear spring modelling approachsii@ar loadednchorages. Furthermore,

the knowledge gained during the development of the spring model for the concrete cone failure
mode of énsion loade@dnchorages is applied.dhould be highlighted that the concrete edge
breakout failure, just like the concrete cone failure, is a concrete tensile failure, which occurs
when the tensile strength of the anchorage ground is exceeded. However, it is important to
define the similaries and differences between the behaviour and modelling of anchor groups,
which fail due to concrete cone failure under tension and concrete edge failure under shear.

The spring model for shear aims to describe the realistic behavialreaf loade@nchor
groups, which fail due to concrete edge failure. However, it is not aimed to divide the concrete
edge failure into the particular components or mechanisms leading to failure but it is aimed to
use the loadlisplacement behaviour corresponding toarete edge failure mod€&urther-

more, it is not aimed to pr@ecide, where the failure crack initiates. It is describ&eittiond.5

that the current design approaches handle the problem of the crack initiation differently, but
rather conservativelylo avoid the need for preliminary decisions on the failure patters
essential to usa displacemerbased approach.
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In thenonlinear spring modelling approafdr shear loadingt is assumethat the shear forces

acting on a group are transferred frdm base plate directly to the anchors. The forces acting

in the loading direction are resisted by the anchors (concrete edge breakout resistance), and the
forces that might develop on the anchor shaft in the direction opposite to the loading in case of
eccentric loading, are transferred also by the anchor; however, considering a resistance in the
direction opposite to the loadinbn this thesis, this is referred to puisack effectand is ex-

plained inFigure 6.1 Furthermore, the hole clearance patterd erack pattern (if any) should

be accounted for.

Centre of rotation

r#___\l;/_ fffffff @/ —'@j Push-back effect
il ® |

‘Applied shear load

e —— —

Figure 6.1. Schematic of the bearing actions on the anchors under eccentric shear load

To realise the assumption, the behaviour of the anchors, including the hole clearance, is mod-
elled usinguni-directional sheaspringsactivein the loading directiongquivalent to a tensien

only spring, while thepushback effect, whichis equivalent tahe prying action in case of
tension loadss modelledusing unidirectional shear springgctivein the direction opposite to
loading (equivalent to a compressiamly spring. This latter component is important to con-

sider when an anchor group is sulgecto eccentric shear loading or to torsional loading and

the shaft of certain ancheis pressing against the concrete in the direction opposite to the
loading (far from edge) contributing to the anchorage capagiysitively (seeFigure 6.1).

However ,this isnot considered in the current forbased design provisions, leading to a con-
servative estimate of the group resistance. The influences such as edge distance and anchor
parameters are included in the nonlinear anchor characteristics in caserefecedge failure

and are discussed in detail$ection6.2 The base plate is modelled using finite shell or solid
elements to consider the base plate dimensions realistiSaityign6.4).

Like in the tension model, the complete nonlinear anbkbaviour is considered in the shear
model by the anchor springs to enable a realistic force distribution and force redistribution
among the anchors of the group and to account for the load redistribution freto-row in

case of anchoragesth multipleanchor rows. However, to consider a realistic load distribution
and redistribution among the anchors and to avoid the need of dinyipaey decisionor as-
sumptionon the developing crack pattern, it is essential to perform a displaceorendlled
nonlinear static analysis according3ection6.5.

The components of the spring model are schematically depickgglure 6.2for anexemplary
anchor group of 3x2 configuration, whicitlude

i.  Anchor springsuni-directional shear springtivein the loaghg direction (equivalent
to a tensioronly spring)to model the nonlinear loadisplacement behaviour of indi-
vidual anchorsn case of concrete edge failure
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ii.  Anchor springs: undirectional shear springs active in the direction opposite to loading
(equivalent to a compressiesnly spring) to model the pressure on the anchors in the
direction opposite to the direction of loading (pimsttk effect),

lii.  Base plate: Finite shell or solid elements to model the base plate realistically.

Note: In thisapproach, the friction between the base plate and the concrete surface is conserva-
tively ignored.However, it is straightforward to extend the model to consider the influence of
friction by using friction elements below the base plate.

The details abouthe procedure for the determination of the anchor spring characteristics, the
modelling of the base plate and the displacersentrolled nonlinear analysis are described in
the followingSectiors 6.2- 6.5.

T

SN

djﬁhse plate:

Fimte shell or
solid elements

Uni-directional springs

(1) in the direction of the loading

(i1) and in the direction opposite to loading
Nonliear load-displacement behaviour under shear

Figure 6.2. Conceptual representation of the spgmmodel forshear loadedanchor groups in case of
concrete edge breakout failure

6.2 DETERMINATION OF THE CHARACTERISTICS FOR SPRINGS TO MODEL THE ANCHOR BE-
HAVIOUR

This sectiondiscusses the determination of the spring characteristics to model the anchor be-
haviour in the case of concrete edge failure of anchor grdupsanchor behaviour in case of
shear loading is considered in this thesisibidirectional shear springs active in the loading
direction (equivalent to a tensikamly spring)derived from loaetisplacement curves from
shear test on single anchors, which failed due to concrete edge failure.

In the following it is discussed how the spring characteristics can be deamddow to con-
sider the influences edge distameéhe Iaading direction(ci1), influence ofa further edge par-
allel to the loading directiorcf) and anchor spacing in loading directisr) &nd inthedirection
perpendicular to loading). Note that in accordance with the current design provisions, only
ancha groups having anchors tife same type, size drembedment depth are covered.

The spring characteristics of a single anchor are, basically, nothing else ingaisel load
displacement curve of the single anchor failed due to a particular failute. Figure 6.3 de-

picts a schematic drawing of the concrete edge failure of a single anchor with the assumed load
displacement behaviour represented as spring characteristics. This failure can occur, when the
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concrete edge fails before the ldaelaring capacity of the steel is reached. Similar springs can
be derived for other failure modes such as steel failure or pryout failsheaf loadednchor-
ages. However, that is beyond the scope of this dissertation.

g \Y% h -
1 1 N
Q
—

SN

Displacement

Figure 6.3. Schematic of the concrete edge failure mode of a single anchor with the assumed load
displacement behaviour represented as spring characteristics

It is well known that in the case of anchor groups, the geometric arrangement of the anchors,
the anchor gacing and the hole clearance pattern have a significant influence on the concrete
edge resistance of the group. Therefore, it is logical that in some easeghougtthe shear
loadedsingle anchor would fail by for example steel failure, the ancharpgroight fail by
concrete edge failurdepending on the anchor spacing and arrangenéig is due to the

group effect. When the anchor spacing is smaller than the critical spacing, then the concrete
edge breakout bodies airgersectingleading to a grapl resistance smaller thamtimes the

single anchor resistance because the concrete tensile strength is utilised before the steel failure
of would happenA simple example having only one anchor row with two anchors is given
Figure 6.4

Figure 6.4. Influence ofthe anchor spacingon the anchorage resistance
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6.2.1 Idealisation of the anchor springs for concrete edge failure

The idealisation of the anchor springgn be done, in general, for all kind of failure modes of
asingleanchor the same way, ass describedor the concrete cone failure ofension loaded
single anchom Section5.2.1 Accordingly, n case of concrete edge failutee spring charac-
teristics should be generated from ladigplacement curves of single anchors, which failed due
to concrete edge failure.

The idealisation should be done as it is describ&kntion5.2.1, however, of course, instead

of Nrm Vrmshould le appliedlf n number of tests were carried out in one test series, all load
displacement curves should be idealised separately, and the mean value of load and stiffness
values should be taken for the spring characteristics=,8 VY) / whereg = 1- n and

k =B k%) / whereg = 1- n). Note that it is also possible that timean failurdoad values

(Vr ) of the particular single anchor at the corresponding edge distance are calculated on the
basis of theCCD Method and the loadlisplacement curves@used to define the stiffness
valuesk: - ks. The stiffness valuel - ks can be used for more edge distances of a particular
productif it is assumed thathe shear stiffness of the single anchadwes not dependn the

edge distanceprovided all other parameters such as anchor type, size and embedment depth
are the same at room temperat(see e.g. irGrosser, 201,2Tian et al., 2018Bokor et al,
2020).The salient points of the idealised spring propertiesHe recommended periaear

format are given ifrigure 6.5andTable6.1

4 B
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@ Displacemerit
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Figure 6.5. Nonlinear springpropertiesof a shear loadedingle anchor: a) Loaddisplacement curve
of a single anchorwhich failed by concrete eddailure a=0,fi r e f e r e fuisplceméntrarnc;
b) I deali sat i on-daurve tdthegentdinear foenate nc e 0 L
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Table6.1. Salient points of the idd&ed loaddisplacement curvespring properties o& single anchor

without hole clearance

Point Load Stiffness Displacement
A 0 0 Ua=0

B 0.8-Vrm K1 Us = 0.8-Vrn/k1
C VRm ko Uc = Vr/k2

D VRm ks Up = VrR/Ks

E 0.2-Vrm Ka Ug = 0.2-Vrn/ka
F 0 0 U= g

However, if the hole clearance pattern of the anchors within a group should be considered, then
the hole clearance (gap) should be considered in the individual anchor spring properties with
an additional segment-A", as it is shown ifrigure 6.6andTable6.2 The hole clearance can

be modelled using a gap elemédriglre 6.®).

|

non-linear
spring
properties

S

gap element + shear spring

b)

pcly Total anchor
displacement

k= =)
[} [+]
S <3
- |
VRm 1
0.8Vrm

Kgp1 =0

Kgap2 =0
0.2Vgm-

Sg,g =ay Displacement

Effective anchor
displacement

W

Total anchor
displacement

Figure 6.6. Nonlinear spring properties of a shear loaded single anchay Load-displacement curve
of a single anchorwhich failed by concrete eddailure aa>0mmfAr e f e r e wlisplacemdnto a d
curve; b) 1 deal i s ad-cureero the pentlinear format esingegapeetementéandL

shear spring
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Table6.2. Salient points of the idealised loadisplacementurve: spring properties of a single anchor
with hole clearancdi a0

Point Load Stiffness Displacement

A 0 0 Ua=0

A 0 0 Ua = &l

B 0.8-VRrm K1 Ug = Al 0.8-Vkn/k1
C VRm k2 Uc= Al Vri/ko

D VRm k3 Up= AU Vrmks

E 0.2-Vrm k4 UE = A’EI‘ 0.2-VRm/k4
F 0 0 UF = A’EI‘ E u

6.2.2 Consideration of anchor spacing

6.2.2.1 Anchor groups with one anchor row

For an anchor group having one anchor row otity shear spring model for concrete edge
failure is rather analogous and can be generated in a simigemas the tension spring model
for concrete cone failurd8ecause in this case the edge distamceequal for all anchors just
like the embedment deptiin the tension modelherefore the only influence to account for
the group effecarethe anchor spacing in the direction perpendicular to the loading direction
and the member thickneksHowever, this is notalid forthe case for anchor groups of multi-
ple anchor rowg$Section6.2.2.3.

In Figure 6.7, four casesre shown, which ardasically analogous to the case for concrete
cone failure (compar€igure 5.6). Figure 6.7a depicts the spring characteristics for a single
anchor, which fails due to concrete edge breakout. It is intuitive that the same spring character-
istics can beassignedo the two single anchors if they are placed at a spagiegual to or
greater tharBc, (Figure 6.7b). In this casetwo separatdreakout bodiesan develop and the
behaviour of each anchor can be described by thedispthcement curve obtained franear
tests on single anchor§he same spring characteristics can be applied, whemtixodual
anchorswith s; 03¢, areconnected by a common base piEggure 6.7c). Underconcentric
sheatloading, theresistance of thenghor groupagainst concrete edge failusd! be twice the
resistanceof the corresponding single ancheincesufficient volume of concrete is available
for each anchor to develop its full capackipwever, if the spacing between the anchors is less
thanthe critical spacingst < 3ci), the capacity of the group will be smaller thatirges the
capacity of the single anchor. This requires the modificatfotme spring characteristics to
account for the influence of anchor spacikgy(re 6.7d).
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Figure 6.7. Modelling of anchorages using nonlinear springst) a single anchor b) two single an-
chors with s = 3c;, ¢) anchor group withs, = 3c: and d) anchor group withs; < 3c;

According to theCCD Method the failure load of ahear loadednchor groupn caseof con-

crete edge failurean be evaluated in a similar manner asdaosion loadednchoran case of
concrete cone failur@amely by means of projected areas. However, in this case, the projection

is on the front surface (ségure 3.9, Figure6.8). According to th&€€CD Method the influence

of the spacing on the group resistance is taken into account by theAagte’ . where the
concrete edge breakout resistance is increasing in proportion to the projected area of the group
(Fuchsetal., 1995, Eligehausen et a2006). The projected area of a single anchor that is not
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influenced by a further concrete edge and adyjaaachors is calculated accordingEq. 20
and the projected area of an example anchor group depidteglire 6.8is calculated accord-
ing toEq. 50, respectively.

O6r p® O0dd cJd Eq. 50
w5 W3 ifi oo Eq.51
® K © fOT ifi odb Eq.52

h

W - W §

Figure 6.8. Definition of the projected area of a single anchor (left) and of an anchor group of 1x3
configuration close taoneconcrete edge (right)

By theanalogy of théension model, the projected tributary area of the individual anchors and
theresistance of the individual anchors within the grbaping only one anchor roghould be
defined The groupof 1x3 configuration is taken to explain the procedia is used in the
spring modeto define the tributary areas of individual anchors withmgrouplt is assumed

that theconcrete edgéailure load of an™ anchor of a grous influenced by thedjacent
anchors and it decreases in proportion to the projedtédzltary area. The influence of the
spacing on the individual anchor resismompared to the single anchor resistance is taken
into account by the factaﬁxjC , \4\8 . {rurthermore, in case of anchorages installed in thin mem-
bers, besides the consideration of the geometric influences by the projected areas, the individual
anchor resistance should be multiplied by the factax to account for the fact that the concrete
edge resistance does not decrease propaitty to the member thicknessas assumed by the

ratio A, W .y
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Postulate 1:

For the individual anchor properties in the spring model for concrete edge ,ftheisame
postulatés madeas for the tensibmodei The mean failure load of afi anchor Vi n, influ-
encedby neighbouring anchors bmited member thicknessan be calculated as

, : 0 ;
O 0 ﬁaé—*j:p . Eq.53
h
Where,
O F pFTQXN I O0°Q o8 Eq.54
p® D
; 5 8 p Eg.55

® [ Iisthe basic concredgebreakout strength of the anchor not influenced by the neigh-
bouring anchors durtheredge, given b¥g. 54 or obtained from single anchor testsl

0 j, s the tributary projected area assigned toaiehorconsidering the distance from the
adjacent anchors arlklin member when applicablsn?

0 j s the reference projected area of a single anchor with, givei80.

The tributaryprojected area assigned to &ranchor is limited eitheby a virtual edge consid-
ered at a distance of half the spacing to the neighbouring anchor, but not mored¢hantiy5
the member thicknesshf< 1.5a. This is explained with the help of thesemplesin Figure 6.9
andFigure 6.10without and withtheinfluence of member thickness, respectively

W f - W R WE W R

Figure 6.9. Definition of the tributary areas and anchor resistances associated with individual an-
chors in case of concrete edge failure of an anchor group having one anchor row
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Forthe1x3 anchor groupvithout influence of membehicknesgFigure 6.9), only theadjacent
anchordimit the tributary areal-or anchor land 3 the tributary area can be calculated as

. i . . . -
0p Ojf P& ?C)pEB)CIb PR w  Jpd W Eq.56

For anchor 2 (middle anchor), the tributary projected area is limited by bo#dj#meentan-
chors. Thdributary areaan be calculateds

6r 1 Jp®o ¢ad  Op®d W Eq.57

& : G F O R O

Figure 6.10. Definition of the tributary areas and anchor resistances associated with individual an-
chorsin case of concrete edge failure of an anchor group having @mehor row in a thin member

For the 1x3 anchor group with the influence of member thickness as shéwpuie6.10 the
adjacent anchors, and the member thickness limit the tributary ameanéhor land 3 the
tributary area can be calculated as

i - -
O0fp Of P& 0 ?Q'Q w o JQ Eq.58

For anchor 2 (middle anchor), the tributary projected area is limited by both the adjacent an-
chors. Thdributary areaan be calculateds

6p 1 JQ cad JQ Eq.59
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0 f - 0k 0 i 0 f
W - W R W O

Figure 6.11. Definition of thetributary areas and anchor resistances associated with individual an-
chors in case of concrete edge failure of an anchor group influenced by a further edge parallel to the
loading direction

For the 1x3 anchor group influenced by a further edge paratte foading direction as shown
in Figure 6.11, the adjacent anchors, and a second close edge limit the tributarfpratiea
anchor closest to the further ed§®r anchor 1, the tributary area can be calculated as

. . . v
0 j W ?Opis)ilb W w  Opd W Eq.60

For anchor 2 (middle anchor), the tributary projected area is limited by both the adjacent an-
chors. Thdributary areaan be calculateds

6 1 Op®d ¢ab  Jpd o Eq.61

For anchor 3, the tributary area can be calculated as

. . . -
0 f PR ?Opéﬂ):]b PR w  Opd I Eq.62
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Postulate 2:

The second postulate for the individual propermieshear loadednchors is the same as for the
tension modelThe tributary area assigned to &ranchor of the group does not influence the
anchorstiffness ki - ks in Figure 6.5) and the stiffness values remain uncharfgea the stiff-
ness values determined for tb@respondingingle anchoaway from other influencegur-
thermore, the determined stiffness values can be adpli@ifferent edge distansgprovided
that theotherinstallation parameters are the same. @ssumptions based on the conclusions
given in the literaturéGrosser2012 Tianetal., 2018 Bokor et al, 2020.

Finally, if the tributary area, which belongs to &hainchor of agroup,is determined and the
furtherinfluence of the member thicknessaiscounted foby the factor n\v, thenthe spring
characteristics for thd'ianchor can be determined by scalingréferencespring characteris-
tics of the single anchor by following the postulates stated afddng is done byalculating
the failure badfor individual anchor according tq. 53 while maintainingthe stiffness value
for each characteristic points of the curve unchangked method to derive individual anchor
spring characteristics represented g tashedurvefrom the original spng characteristics
valid for a single anchor away from all influences, depictedhieysolid line is illustrated in
Figure 6.12can be directly used as spring characteristicaridf anchorin the group depicted
e.g.in Figure6.9.

0 A‘:V 1 AOV
Vem AT =Vrm T @ L3 .

o,V . i

1

Figure 6.12. Scaling of the idealised curve of a single anchiailed by concrete edge breakocibn-
sidering tributary areas

/;Az‘—fﬂf-- %

Displacement

Note thatthe method for considering the group effect with projected areas in case of concrete
edge failure iwvalid only if the anchor grouponsists of a singlenchor row(anchors arranged
parallel to the edge). As the sum of individual tributary areas is equal to the total projected area
and the stiffness of all anchors is equal, in casmmotentricshear and a rigid base plate (rigid
perpendicular to the loading direction), the spring model should result in the same concrete
edge resistance as the calculated concrete edge resistance based on the CCDnntie¢hod.
case oftoncentricshear, the spring model should result in the same cenedge resistance as

the calculated concrete edge resistance based @CiheéViethod Verifications forsuch cases

are shown irSection9.4.3 However, under eccentric loading, due to the possible rotation of
the baseplate about the vertical axis, sont@finchors of the group might push the concrete
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in the direction opposite to the direction of loading (pbabk effect) that is analogous to the
prying action ofthe base plate under tension loading. Thereforepotwsider the behaviour of

the group in ase of eccentric loading appropriately, the compression forces developing in the
direction opposite to loading direction should be accounted for. This is explaiBedtion6.3.

The benefits offered by the spring model are much more pronounced in easbafages with
multiple anchor rows sinciae spring modetan accountor a realistic force distribution and
redistribution among the anchaxgthin one anchor row and multiple rows. To consider these,
however further development of the model is reguir which is explained in the following
Section6.2.2.2

6.2.2.2 Anchor groups with multiple anchor rows

The behaviour of anchor groups with multiple anchor rgnere than one anchor row arranged

one behind the other parallel to the edgepther compleandit is strongly influenced byhe

force distribution and déstribution among the anchoits. Section6.2.2.1it is explained, why

the tributary area approla used for the tension model canalogouslybe applied toshear
loadedanchor groups having one anchor romly. This is because the edge distance of all
anchors is the same. Howeverthe case of anchor groups having multiple rows, every anchor
row has a different edge distance. This leads to the fact that the tributary area approach cannot
be simply overtaken for this caecause itannot be simplified ta 2D problemInstead, it is

a 3D problem, where the loatisplacement behaviour of the anclgooup depends atie ac-

tivation order of the anchgrandthe amount of activatecbncrete by the individual anchors.

The current design approaches based on the CCD method utilize the projected area method to
calculate the concrete edge failure capacithefgroup. Therefore, it is required to make a pre
judgement regarding the appearance of the failure crack for the anchorage, namely, either from
the front row (EN 1992) or possibly fromthemiddle or back row (fib Bulletin 58, ACI 318).
However, in any case, from one particular anchor row, andrne fedistribution is aounted

for. However, to allow a realistic force distribution and redistribution, which is aimed by the
spring model, the failure crack pattern should not be assumgecmted in advance, but the

task is to determine the resistance and the-thsyglacement behaviour of individual anchors
within a group, which are infenced by the adjacent anchors.

In the spring modelling approach for shear, due to #lie@nsional famework of the problem,
the tributary area approadh extendednto a tributary volume approach to considdirthe
dimensions necessary for a realistic evaluation of anchor grdopgver, it is not straightfor-
ward how much volume of concrete can belaited to a particular anchor of a grolip the
following, thedevelopedributary volume approach and thesumptionsaken are explained
through an examplef @ 2x3 anchor grou@~igure 6.13. By extensiorof the shear model for
anchor groups having eranchor rovand calculating usingjibutary areas, the tributary volume

of the individual anchors and the resistance of the individual anchors within theigdeder-
mined. It istaken into accourthat the concrete edge failure load oftanchorof aj" row of

a group is influenced by the adjacent anclath orthogonal directiarnrhe resistance of this
particulari™ anchor ofi'" row decreases in proportion to its tributary volume compared to the
tributary volume of a single anchor hag the same edge distance and with all the other condi-
tions remaining samé@ he influence of the spaciisgands; on the individual anchor resistance
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compared to the single anchor resistance (of the same edge disgataden into account by
the facor V. ' ¥/o *{)

Furthermore, in case of anchorages installed in thin members, besides the consideration of the
geometric influences by the projected volumes, the individual anchor resistance should be mul-
tiplied by the factor nvto account for the fact that the coneredge resistance does not de-
crease propohally to the member thicknessas assumed by the ratidd * /¢ . JThus, for
the individualanchors within an anchor groupet mean failure load of af anchor of a'f
row, VFL mJ influencedby neighbouring anchow an edger limited member thickness can be
calculated as

' h

. R P
®'F 03D f £q.63

Wy,
The following dimensions are considered for a single anchor witheunfluence of neigh-
bouringanchorsas it is shown irFigure 6.13a andb for two edge distances, namely for the
front row andback row, respectively: (3c. projected to the front ithe horizontal direction,
(i) 1.5a projected to the front in vertical direction and (@ii)projected to the top, which results
in a volumeequal to4.5a°. Note that this volume is riahg else but the projected area in
accodance with th&€€CD Methodmultiplied byci. Thus, for groups with a single anchor row,
the tributary volume approach automatically reduces down to the tributary area approach as
given byEq. 53. The tributary volume assigned to iranchorof aj" row of a groups limited
either by a virtual edge considered at a distance of half the spacing to the neighbouring anchor,
but not more thaf.5¢ projected to the front in horizontal directionby the member thickness
if h<1.5q projected to the frann vertical direction

Note: The actual volume of the theoretical breakout body would be less than the volume of the
parallelepiped formed by extruding the projected area. However, Binés utilizes the ratio

of the volume of an anchor to the refere volume rather than the actual volume itself, it does

not result in any inaccuracy since the reference volume is also calculated based on the reference
parallelepiped. It is clear that calculating the voduofia parallelepiped is much spter than
calculating the volume of an actual breakout bolye primary reason to utilise a tributary
volume approach instead of a tributary area approach is the fact that for groups with more than
one anchor rows, the problem becometirBensional. One of the majooncerns irthe case

of groups with more than one anchor row is, what is the influence of the presence of front
anchors on the resistance/behaviour of the group? It is known from the past research (Grosser,
2012 Sharma et al., 2017) that in case of amajroups without hole clearance if the ratio of

the anchor row spacing to edge distance is neither too large nor too small, the initial cracks
appear from the front anchor rows but the failure crack apfrean the back anchor row. Even
though the initiastiffness for all the anchors would be sanfiehg stiffness isassumed to be
independent of the edge distance), due to the onset of cracking at the front anchor row, the
stiffness of the front rows would go down and the load will be taken up by therana the

back rows. To take this aspect into account realistically, in the spring nmodase of anchors

having another anchor in the frotie tributary volume of the front anchor is deducted from

the tributary volume of the anchor in the back (geeFigure 6.13 andEq. 66 andEqg. 67).
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Figure 6.13. a)Tributary volume ofthe front single anchor,b) tributary volume ofthe back single
anchor, c) tributary vqumesﬂ-%T (o) -8 d) tributary volumes and anchor resistances associated with
individual anchors in case ofoncrete edgéailure of an anchor group of 2x3 configuration
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As mentioned before, the breakout body formed by the front anchor or the back anchor is typi-
cally in theshape of a half cone (cone split vertically), since we work with the ratio of volumes,
using the volume of a parallelepiped that would circumscribe the half cone leads to equally
good results. The considerations made here with respect to the tributamevaluhe front
anchors is also verified by tests and finite element analysis that will be discussed later in Sec-
tion 9.

Figure 6.1 depicts the volume¥; to Vo ., Which can be assigned to the individual anchors

of a group of six anchors (two anchor rows with three anchors in each row) based on the tribu-
tary volume approach. The edge distance of the front ramwiiand the edge distance of the
back row isc1.2. The anchor spacing in the loading directionsiarsd in the direction perpen-
dicular to the loading iszsintuitively, s1 = c1.2- c1.1. Note that the symbols for spacing and
edge distance are not givenkigure 6.13to avoid the overcrowding of the draws. The
tributary volumes can be calculated accordingdqo64 - Eq. 67.

O Wf  p® g '? Jp® Aog g Eq. 64
wr | Op® g Qdog Eq. 65
OF  Of  p® g '? Dpd Mg Mg O Eq.66
W | Op® g dog  Wp Eq.67

The second postulateadefor theshear loadedhdividual anchorpropertiess againthe same
asaccording tdSection6.2.2.1 The tributaryvolumeassigned to aif® anchorof aj" row of a
groupdoes not influence thanchor stiffnessk{ - ks in Figure 6.5), and the stiffness values
remain unchanged compared to the stiffness values determined for the correspomgleng
anchor.Of coursethe determined stiffness values a particular edge distancan be applied
for different edge distansaf the other mstallation parameter@nchor type, size, concrete
grade, steel grade etcemainsame.

Once the tributary volume ahi'" anchorof aj" row of a groups determinedand the influence
of the member thickness is accounteddipthe factor n v (if applicable) then the spring char-
acteristics for thé&" anchorof aj" row can bedefinedby scaling the reference spring charac-
teristics of the single anch(maving edgelistance equal to that in tH&rfow) by following the
two postulates abovdhe failure loacshould be reducedccording tdEq. 63, while the stiff-
ness valueg: - ks of the curve remain unchanged. The dastde inFigure 6.14 can be
directly used as spring characteristics foriaanchor in the group depicted figure 6.13
Figure 6.15showsthe springs of the model for the discussed group schematically.
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Displacement

Figure 6.14. Scaling of the idealised curve of a single ancHailed by concrete edge breakocbn-
sidering tributary volumes
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Figure 6.15. Spring modelof an anchor group of 2x3 configuratiofoaded inconcentricshearwith
the corresponding spring properties in the direction of the loadingase ofconcrete edgéailure

This approach was verified agaiastast number of testg different anchor grquconfigura-
tions and specimen geometriespducted within the framework of this thearsd againstest
results from the literaturdhe details about the test program are describ&eatiors 9.1.1
and9.2 respectively. The test results are discussed in det@ihapterd. To consider the be-
haviour of anchor groups in case of eccentric loading, the compression forces develth@ng in
direction opposite to loading direction should be accounted for. This is explaiBection6.3.

6.2.2.3 Anchor groups of arbitrary configuration anchor rows

One of the biggest advantages thergpmodel has to offer is th#te evaluation and design of
andor groups of arbitrary configurations is possible. This is due to the fact that in the nonlinear
spring modelling approach, the ledsplacement behaviour of the individual anchors is taken
into account. Following the approach for anchor groups withiphelltows presented iSec-

tion 6.2.2.2 the evaluation of anchor groups of arbitrary configuratiorsdsigpossible. The
tributary volumes for each individual anchor should be determined starting from the front row
andproceedingrom row to rowjust like inFigure 6.13 Finally, the tributary volume of each
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anchor should be compared to the tributary volume of the single anchor with the corresponding
edge distangeand the individual anchor resistancan bedetermined accordingtEq. 63.

Then, the reference spring properties (idealised-tbsjplacement curve) should be scaled for
each anchor. Note that the developed approach can also be used if the concrete specimen is
arbitrary, and the edge distance is variable in the froattdiwconsidering tributary volumes
instead of areas projected to the frdmd.verify that the approach also works for anchor groups

of arbitrary configurationsnd for anchorages placed in specimens with-negalar geome-

tries, sheatfloading test were caried out on triangular and hexagonal configuratiénsther-

more tests were done on 1x3 configuration in a specimen with a step in front of the middle
anchor (different edge distance for outer anchoiBje test results arpresentedn Sec-

tions 9.4.2amd 9.4.3 and theverification of the modek summarised isectionll.

6.2.3 Considering cracked concrete condition

Section5.2.3describes how to consider the cracked concrete condition in case of concrete cone
failure of ension loadednchor groups. Theimilar procedure applies for the concrete edge
breakoutof shear loadednchoragess well.First, the spring characteristicsauld be deter-

mined for the individual anchors of the groupaasording toSection6.2.2 and the dashed
curveshownin Figure 6.12should be obtained. After this, the cracked concrete condaltian

be consideredy reducing the failure load and theffsiessby factor U, and Uy respectively,
according toEq. 68 and Eq. 69 (seeFigure 6.16). The factor for stiffness reductiokky is
considered to be equally applicable to the initial stiffness as well as the secant stiffness corre-
sponding to each salient point of tliealisel loaddisplacement curve.

i _
VRm,c,cracked - Cl'\t'\[Rm,;:

Displacement

Figure 6.16. Scaling of the idealised curve of a single anchor accounting foaaked concrete con-
dition

W
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Note that in the current design of anchorages, the recommended value of the strength reduction
factor U, = 0.7 for considering cracked concrete condition for shear o= 0.3 mn) is pri-

marily based on the test results engion loade@nchors (Eligehaen et al., 2006) artie

analogy betweetheconcrete edge and concrete cone failure. To verify the validity also for the
concrete edge breakout failure of anchors, a test program was carried out within the frame of
this dissertation. A special concrefgesimen was designed to investigate the influence of
crack, without the influence of member geometry or reinforcement of the test specimen. The
tests are evaluated in Secti®®.3 Based on the test results, a value of the reduction factors
U/= 0.7 andk = 0.7is found to be appropriate to consider the influence of cracked concrete
for the anchors used in these tests and for concrete edge breakout failure. However, different
anchor types might result in different valueglpandUk,, and therefore the actual values should

be determined based on the tests on anchors under consideration in uncracked and cracked con-
crete, which fail by concrete edge breakout. No influence of the presence of crack is considered
on the tributary volume agyned to the individual anchors within the group (analogous to the
tension model). This is based on the evaluation of the test results (see in $dcgon

For the reason of simplicitgn anchor group of 1x2 configuration is presented as an example,
where one anchor is placed in the uncracked part of the concrete, whereas the other anchor is
placed in a crackHgure 6.17). When the spring characteristics for the individual anchors of a
group are ascertained (SEigure 6.16), the correspondingpringscan be assigned to tlam-

chors of thegroup. In this case, the tributary volume, which can be assigned for the individual
anchors is the sanfer both anchors due to symmetwhereas the failure load and stiffness of
the anchor located ia crack isredwced by30%. Although the externahearload is applied
concentrially on the group, the different stiffness conditions and-diaglacement behaviour

of thetwo anchors result in an eccentricity of internal &gcThis behaviour is, just like in the
tersion model,automatically taken into account by the displaceruemnitrolled nodinear
static analysis, which is explainedS$ection6.5.

\Y%

Figure 6.17. Spring properties for an anchor group of 1x2 configuration with one anchor in crack,
one anchor inuncracked concrete
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6.3 MODELLING OF THE C OMPRESSION BETWEEN ANCHOR SHAFT AND CONCRETE (THE
PUSH-BACK EFFECT)

In case of anchor groups under eccentric shear loading or torsional loading, or in case of arbi-
trary anchor configurations, when the apploethcentricshear load results in an eccentricity,

the shaft of some of the anchors might press the concrete in the direction opposite to the direc-
tion of loading. For realistic evaluation, this effect should be accounted for within the frame-
work of the nalinear spring model. For the anchor placed close to an edge, the resistance under
loading towards the edge is always smaller than its resistance under shear loading away from
the edge. Furthermore, since it is postulated and confirmed by the testsffribessof the

anchor is independent of the edge distance and hence also of the loading direction. In this work,
the loaddisplacement behaviour of the anchors placed close to an edge but loaded in the direc-
tion away from the edge was not investigated.rétoge, to be realistic yet conservative, it is
assumed that the same ledidplacement behaviour is valid for the anchor in the direction of
the applied load (towards the edge) and in the direction opposite to the direction of the applied
load (away fronthe edge). This assumption is not overly conservative since, even if a higher
capacity would be considered in the direction opposite to loading, it could not be utilised, since
the highest loaded anchors would fail in the loading direction leading tap faiture.

To consider this behavioum the modeluni-directional shear springs, which are active only in
the direction opposite to loading (equivalent to a compressibnspring)areassigned to the
model at the anchor locations. However, an eveplgr way which seemso besufficient on
the basis of the verificatior{seeChapterll), is to define symmetric anchor spring properties
in the shear plane while following the modelling details describaglre 6.18 depicts the
modelling of a 2x3 anchor group loaded eccentrically in shide that the symmetric springs
can be used in every case because even if thesadentridoading, the springs in the opposite
direction remain inactive.

Anchor 4 and 6 Anchor 5

/N A

Anchor 1 and 3 Anchor 2

AN A

Figure 6.18. Spring model of an anchor group of 2x3 configuration loadedéncentricshear with
the correspondingsymmetricspring properties in case afoncrete edgéailure
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6.4 MODELLING OF THE BAS E PLATE

This sectionsummarises the requirements of the base plate modelling for shear spring model.
In general, the modelling of the base plate should be performed the same way as for the tension
model according t&ection5.3. However, there are some additional aspects to consider to
model the anchorage behaviour when subjected to pure shear loading.

The current design requires that the base plate is constructed in such a way that the shear forces
can be transferred to thedors withoutconsiderablaleformations of the base plate. In the
model, the base plate geometry should be modelled as realistically as possible. The base plate
may be modelled by using finite solid elements or shell elements applyingpthtekiormula-

tion following the MindlirReissner plate theorffhe mesh of the base pate should consider

the position of the anchors and/ or possible attachments or stiffeners and of course, the loading
position.In this thesis, the base plate is modelled with finitdl sHements and the material
behaviour of the base plate is considered as Hekstic with an elasticity modulus of

Es= 200GPa However just likefor the tension modetor examplethe vorMises yield cri-

terion may be assigned to account for thelinear behaviour of the base plate if requirEade

friction between the base plate and the concrete surface is neglected and is not modelled.

The hole clearance pattern has a big influence on the load distribution and consequently, on the
load-displacemenbehaviour of the anchor group. Therefore, it is essential to consider it in the
spring modefor concrete edge failurélowever, it is accounted for by the anchor spring prop-
erties, and it is not modelled explicitly as a part of the base plat&ésten 6.2).

6.5 DISPLACEMENT -CONTROLLED NONLINEAR STATIC ANALYSIS

To perform the displacemenbntrolled nonlinear static analysis in case of concrete edge
breakout failureof an anchor groypghe guidance giveSection5.5applies.

6.6 SUMMARY

In Chapter6, the concept of the nonlinear spring modelling approackhear loadednchor-
ages in case of concrete edge breakout failure in uncracked and cracked copcesenied
anddiscussed. The basic components of the model sudieami-diredional shear springs
active in the loading direction (equivalent to a tensialy spring), uridirectional shear
springs active in the direction opposite to loading (equivalent to a compresdyospring)
and themodelling of thebase plate arexplainal. Furthermore, the modelling principlase
described and differences from the tension model are highlighted

It is explained in detail how to derive the anchor springs from-tisgglacement curves ob-
tained from single anchor tests, which fail by coreesgige breakout to apply them in the spring
model. To consider the influence of anchor spacing, vicinity of an edge, member thickness,
anchor configuration and load eccentricity, a gdniitautary volume approach groposed

that is applicable for gendranchor groups including groups with multiple rows and arbitrary
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configurations. For the case of anchor groups with a single anchor row, the tributary volume
approach simplifies to the tributary area approach.

The concefs) is based omwo postulatesThe first postulate made in the spring model for the
individual anchor properties is the calculation of the mean failure load & archor Vi, ms ¢
which is influencedy neighbouring anchors trin membeyrand it can be calcated ased on
the tributary volumeavailable for this anchor compared to thibutary volumeof a single

anchorhaving the same edge distar(g ,/\JCO )VThe second postulate made in shearspring

model for the individual anchor properties is thgttibutaryvolumeassigned to af'ianchor

of " row of the group does not influence the stiffness of the individual anchor and therefore,
the stiffness values remain unchanged compared to the stiffness values determined for the cor-
responding single anchofhese postulateare verified by experimental invégations. The
verification of the postulates and the entire concept of the nonlinear spring modelling approach
for the failure mode concreezlgefailure is discussed in a separealt@pter, in Chaptetl
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7 CONCEPT OF THE NONLI NEAR SPRI N&SMBRRL FOR TENS
| NTERACTFIOORN CONCRETE BREAKOUT FAI LURE MODE

In Chapter7, the concept of the nonlinear spring model for tensiogar interaction for con-

crete breakout failure is discussddhe failure modes other than the combination of concrete
cone failure nder tension and concrete edge failure under shear (coworateete) such as
steelsteel, steetoncrete, concretstee| are beyond the scope of this dissertationly the

cases, where the shear component of the applied load acts perpendicular easl ttevedge

is considered. However, the principles of the model should be extendable to other loading di-
rections as well.

7.1 [INTRODUCTION

The behaviour of anchorages subjected to combined tesisear load (interaction)is a com-
bination ofthe behaviourof the anchoraganderconcentric tension and shear loading, and is

dependentn theloading angleg. An anchor grouplaced close to the concrete edge suo-
jected to combined tensieshear loadind® at a loading angle afwith the verticals depicted
in Figure 7.1 The failure load of the group is equalRg whereas the tensidw, (¢= 0°) and
sheay (g= 90°) components can kerivedusing the following equations:

0 0 WBEi — Eq.70
® 0 IYQ: — Eq.71

Figure 7.1. Anchor group subjected to combined tensishear loadingat a loading angle ofgwith

the vertical force components

According to the currenforce-baseddesign approaches, the verification of anchorages sub-
jected to combined tension and shear foroesase of concrete breakout failusecarried out

by satisfying the interaction equatigiven inEq. 72,
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0 W Eq.72
T
Where
0 is the tension component of the applied ultimate load
0 is the mean tension resistance of the anchorage
W is the shear component of the applied ultimate load
w is the mean shear resistance of the anchorage

| is the exponent used in the interactiequation, which depends on the failure mode
(4 = 1.5 for concrete breakout failure mode according tdlB8R24 assuming rigid base
plate)

It is clear that to perform the verification for interaction, the calculationpdre tension and

pure shear must be done first to obtain the vabfidéém andVrm respectivelyso thateq. 72

can be solvedl'he resistanceSrmandVrm- considering the influences such as base plate stiff-
ness, vicinity of concrete edge, loading eccentricity, arbitrary anchor pattern, crack pattern and
hole clearance patterrcan ke obtainedy using the notlinear spring modelling approadbr

tension andsheay respectivelyIn this case, two analgs shouldbe carried out separately:

(1) the nonlinear analysis on thension loadednchorage and (2he nonlinear analysis on the
shear loadednchorage considering the geometric and material parameteéng, dparacteris-

tics etc, and following the procedures explained in Chapseaad?.

However, notg¢hatthe behaviour of anchor groups placed close to the concrete edge with un-
favourable hole clearance pattern under inclined loads might be significghtgncedby the
formation of the cracks at the front romefer toLachinger 2012ndFigure 2.16. Thedamage

at the front anchor rodepend®n the ratio of anchor embedment depth to edge distance of the
front anchor rowTherefore, the verification for tensigmear interaction in case of concrete
conel concrete edge breakdwy satisfyingeq. 72 shouldonly be usedor the anchorages with

no hole clearancer wherethe most favourable hole clearance pattern can be ensured to avoid
crack development at the front row(Burther discussioaf the problemand recommendations

are given in Sectiof2.2

Furthermore,d verify the anchorage under combined tensibear (interaction) loads)e in-
teracton equatioraccording td=q. 72 may be used, if and only if a sufficiently stiff base plate
is used(EN 19924). Consequently, if the base plate is not sufficiently gaffit is flexible)

the interaction equation cannot be applied since it might yield unconservative rESigltis.
because the deformatiookthe base plateaused by the tension componeret ot considered
accurately if the tension and shear analyses are performed sepsiratelyrey are just ac-
counted for in the tension modaid are neglected in the shear model

In Figure 7.2, the assumed deformations of a stiff and a flexible basefplad® anchor group
with two anchor rowsinder concentric tension, concentric shear and combined tension and
shear loading (interaction) are depicted. It can be seen that under concentrcltang,if
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astiff base platés usedthe vertical displacements are equal at every sectiotharfdrces are
distributeduniformly among the anchors withthegroup. However, iaflexible base platés
used, theleformationprofile of the base pte as well aghe force distributiorarenonlinear

This means that if a stiff base plate is assumed in the calculdiigms reality a flexible base
plate is used, due to the prying actiont@base plate, the anchors might be subjected to larger
forces than anticipated
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Figure 7.2. Deformations of a stiff and a flexible base plate under a) concentric tension loading,

b) concentric shear loading, c) combined tension and shear logdjimteraction)

For groups with more than two anchors, certain anchors would take up higher forces than cal-
culated using a linear force distribution, which leads to unsafe reBigits€ 7.2a). In the case

of shear loading, the base plate is considered to be sufficiently stiff to transfer the loads in the
shear direction without considerable deformations. Consequently, the horizontal displacements
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(di) of a stiff and flexible (under tension)d®mplate, which are loaded with the same amount

of force ) will be the theoretically the samEi§ure 7.2b). However, when the anchor group

with not sufficiently stiff or flexible base plate is subjected to combined tension and shear load-
ing andfails due to concrete breakout failure, the force distribution, the anchor displacements
and the base plate deformations are even more complicated because of the interactional influ-
ence Figure 7.2c). Therefore, it is not obvious that the ultimate load disglacement at ulti-

mate load obtained from the tensidfre, ANrm)) and shearMrm AVrm) Spring models are

equal to the tensiofPr modetC0S}, APRr,mode):C0S)) and shealPr modetSing, APr,mode): Sing)
components obtained from an interactexudion, where all influences are considered at the
same time. In such cases, to consider the influences with sufficient accuracy and to avoid an
unsafe design, the nonlinear spring model for tenskaar interaction should be used, which

is described in théollowing.

7.2 THE CONCEPT

The nonlinear spring model for tensishear interaction of anchor groups, which fail due to
concreteconeconcrete edgbereakout failure, is a combination of the nonlinear spring model
(tension)for concrete cone failuraf an anchorage placed close to the concrete (&lppters)

andthe nonlinear spring modd€khear)or concrete edge failuf@€hapter6). The assumptions

and postulates made for the tension and shear models are valid for the interaction model as well.

The influence of combined tension and shear loading on thedispthcement behaviour of
the anchor group is taken into account automatically by applyegatiiesponding spring char-
acteristics for anchors in tension and shearfanthe concreteontact springs, as well as by
realistic modelling of the base plate and performing displacement controlled nonlinear analysis.

However, notg¢hatthe behaviour banchor groups placed close to the concrete edge with un-
favourable hole clearance pattern and loaded under inclined loads might be significantly influ-
enced by the formation of the cracks at the front row. The influence of cracking with respect to
shear reistances is accounted for by the shear spring characteristics by considering the influ-
ence of hole clearance pattexplicitly. However, the influence of this crackiagthe fontis

not automatically considered for the tension compomgtfit the tension springs. Neglecting

this influencemightyield unconservative results. Therefore, the spring miodathout modi-
fications should only be usefibr anchor groupwithout hole cleaance, owhenthe most fa-
vourable hole clearance pattern candmsured Based on evaluation of test results from
Lachinger (2012), further discussion of the problem and recommendations for applications with
most unfavourable hole clearance pattern arergin Sectiori2.2
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concrete breakout failure mode

The components of the spring model for interaction are schematically depictepiia 7.3
for an exemplary anchor group of 2x2 configuratrathout the influence of hole clearance
which include:

Anchor tension springs: the nonlargensioronly springs for considering the nonlinear
anchor behaviour in case of concrete cone failure

Anchor shear springs: wdirectional shear springs active in the loading direction
(equivalent to a tensieonly spring) to model the nonlinear ledsplacement behav-
iour of individual anchors in case of concrete edge failure,

Anchor shear springs: wdirectional shear springs active in the direction opposite to
loading (equivalent to a compressionly spring) to model the pressure on the anchors
in the direction opposite to the direction of loading (pbabk effect if any),

Base plate: finite shell or solid elements to nidde base plate realistically,

Contact springs: compresstonly springs to model the contact between base plate and
concrete

Base plate:
Puy ,’ff\\\\ Finite shell or solid elements
K N

S
o

i
{1 Contact element
-;-:" Compression-only springs

Concrete compression curve

Anchor under tension
Tension-only spring
Nonlinear load-displacement behaviour under tension

Anchor under shear

Uni-directional springs

(1) in the direction of the loading

(i1) and in the direction opposite to loading
Nonlinear load-displacement behaviour under shear

Figure 7.3. Components of the spring model for combined tensgirear (interaction) in case of con-
crete breakout failure
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7.3 DETERMINATION OF THE SPRING CHARACTERISTICS TO MODEL THE ANCHOR BEHAV-
IOUR

For determining the anchor spring charastms for tension and shedections5.2 and6.2,
respectivelyapply.Figure 7.4 depicts the spring characteristics of an exemplary anchor group
of 2x2 configuratiorwithout hole clearanc& o eachanchor,one tension and orghear spring
should beassigned considering the geometric and concrete cond{ticacsked or uncracked)
according to the rules given in the corresponding sections

4
NorV

—— Back anchor
Frontanchor  N_ | ___. Front anchor

Figure 7.4. Anchor spring characteristics for tension and shear

7.4 MODELLING OF THE BASE PLATE

The modelling of the base plate should be performetkssribedn Section5.3.

7.5 CONTACT BETWEEN THE BASE PLATE AND CONCRETE GROUND

When anchor groups are subjected to combined tewssiear loadingcompressior(prying)

forces below the base plateghtdevelop, whictwouldinfluence the load distribution ariolus

the anchor group behaviour. The developing compression forces between the base plate and
concrete surface should be accountedrféhe nonlinear spring modahd therefore, are mod-

elled with contact spring3.he contact between the base plate and concrete ground should be
modelledaccording to Sectiob.4.

7.6 DISPLACEMENT -CONTROLLED NONLINEAR STATIC ANALYSIS

It is essential to perform a displacemeanntrolled nokinear analysis on the anchorage sub-
jected to combined tensieshear to account for an accurate force distribution and redistribution
among the anchors of the group considering their nonlinear behaviour in tension and shear, and
to account for the base ptadeformations. The behaviour in case of interaction is automatically
consideredy assigningthe corresponding springs in tension and shear loading directions as
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described irSection7.3. The componentgiven inFigure 7.3 should be modelled befopo-
ceeding with the analysith general, thaelescriptiongivenin Section5.5 applies forthe dis-
placemenicontrolled nonlinear static analy#isn anchor grouis loaded in combined tension
shear failing due to concrete breakout failure (concrete odeoncrete edge breakout)

Load application and monitoring

In case ofnteractionthe load is appliedn the anchor grougt an angley (measured from the
vertical) as shown irFigure 7.1 The best wato perform the analysis is if the load can be
applied in the polar coordinate systesmdthe monitoring of force®(g) and displacements

d g) is alsodonedirectly in the directionof loading This way, the loadlisplacement curve
obtained from the analyst®rresponds to the behaviour of the group that is loaded at an angle
of g. The obtained ultimate load of the group correspon@gtgde(g) and the displacemeant
failure load corresporsdto dPrmodel(@)). If in the used structural analysis software the load
application is only possible in a Cartesian coordinate system, then the load should be applied
on the anchorage &snsion and shear componeriarthermore, in this case, the results of the
analysis are alsobtained as components in tensfbina(\)) and sheafV, a(V)) directions and
these components should cmmbined through vector addition to obtain the {de&placement
behaviour in the direction of the loading.

7.7 SUMMARY

In Chapter7, the concept of thaonlinear spring modelling approach for anchor groups sub-
jected to combined tensieshear loading (interaction) is describ&the model for interaction

is a combination of the spring models for concrete cone failure in tension and concrete edge
failure in shear. Besides the application of the interaction model, it is discussed that in cases,
where usingof a sufficiently stiffbase plate can be ensumud the anchor group is without

hole clearancethe interaction verification of the anchorage accordinggo72 can be done

using the analysis results from the tensibig) @nd shear\(y) models.However,in all other

casest is recommended to use thenlinearspring model for interaction to acaaufor the
realistic behaviour of the anchor grodjme verification of the concept of the nonlinear spring
modelling approach for interaction in case of concrete breakout failure mode is discussed in
Chapterl2.



Experimental investigations on tension loaded anchorages 125

8 EXPERI MENTAL | NVESTI GATI| QD E®DN ANEMDIRAN E S

8.1 ScoPE

The experimental investigations carried out on tenkaded anchoragés investigate their
behaviour in case of concrete cone brealkoatdescribed and discussed in this chapter. The
program overview is given ithe followingsubsectiors 8.1.1, 8.1.2 8.1.3including all test
parameters.

Theexperimental investigations on tensloaded anchorages aimdgenerate a test database
onanchor groups of various configurations, to investigate different influences, to obtain infor-
mation about the load distributicgmd most importantly to validate the concept of the nonlinear
spring modefor tensionChaptei5). The tests included rectamgr and nofrectangular anchor
group configurations within and beyond the scope of EN 9%he test parameters were the
anchor configuration, anchor spacing, edge distance, anchor type and size, the base plate thick-
ness (stiffness), the eccentricitytbe loading, the concrete compressive strength and the con-
crete condition (cracked or uncrackedjithin the scope of this dissertation, 143 tension load-
ing tests were carried out on single anchors and different anchor group configurations with up
to eight anchors in a group in uncracked and cracked concrefabie8.1to Table8.3, the
pictogram of the particular anchor group along with the most important installation and test
parameters are given.

Reference single anchor testsre performedo the corresponding anchor groupsverify the
postulates made for the tributary area appro&ett{on5.2.2, and to monitor the distribution

and redistribution of forcg$f any) within a group Furthermorethe loaddisplacement behav-

iour of single anchors and individual anchors of an anchor group with the same installation
parameters were compared to verify the behaviour of the individual anchors as a part of the
anchor group.

The test parameters, such asarete strength, anchor diameter, embedment depth and anchor
spacing were chosen through qmadculations in a way that failure modes other than concrete
cone failure, i.e. steel failure, pullout failure or bond/mixed failure were not decisive neither in
single anchor tests nor in thechor group tests.

Three to five tests were performed for each sesies The details abouhetesting procedure
such aghe description of the used concrete specimens, anchor types, anchor installation and
test setupsra described ifsectiors 8.2.1t0 8.2.3

The test results are evaluatediection8.3. Section8.3.1provides information about the load
displacemenbehaviour of anchor groups within the scope of F9924. Section8.3.2.1dis-
cusses the results on the influence of base plate stiffness. Tkertessbeyond the scope of
EN 19924 are discussed iBection8.3.2.2and the results of tests performed in cracked con-
crete are given iection8.3.3
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8.1.1 Anchor groups in uncracked cacrete within the scope of ENL9924

Table8.1includes the test parameters for regular rectangular anchaf@jge8 and 2x2 con-
figurationsthat are within the scope of the current design provisions of EN498®&as aimed

to investigate the influenad loading eccentricity, edge distance, base plate stifnedsheir
superposed influenamn the behaviour of the anchor grouipsr this reason, the tests included
concentricand eccentric tension test away from the concrete edge and close to the concrete
edge usindase plates with varying thickne3$rough this test program, ¢ébuld be shown,
which of the influences ammnsidered with sufficient accuracy according todheentforce-
basedlesign provisiong-urthermore, these configurations enabled direct comparison with the
CCD Methodsince theCCD Methodis accepted and verified to be accurate for anchor groups
up to 2 configuration having stiff base plate and ajying concentricor eccentric loading
about one axisand it is permitted to use up to 3x3 anchor configurations (acc. to EN4).992

In Table8.1, the eccentricities,ieand e are defined as distances between the point of the load
application and the céme of gravity of all anchors within the group in two perpendicular direc-
tions 1 an 2, respectivelyandthe point of load application on an anchor group is marked by
t he symbol 0x 6.

Table8.1. Test program for anchor groups in uncrackexncrete within the scope of EfN9924

Anchor Test Testtype Base plate Mean Em-  Anchor Edge Eccen- No.
system  series dimensions concrete bed- spacing dis- tricity of  of
ID cube ment tance loading tests
compr. depth
strength
[*w*t fegm het s/s c el/e
[mm*mm*mm] [N/mm?3  [mm] [mm/mm] [mm] [mm/mm] [-]
Torque R1 Ref. single - 25.8 55 - >Cor 0/0 3
toleg  GlIR [ = 270*50*30 258 55 98-  >cy  0/0 3
expan-  G12 [c_= ©°f|  270"50*30 25.8 55 98f- 50 0/0 3
ifgf " G613 270*50*30 258 55 98- >Cr  -49/0 3
M12 R2 Ref. single - 30.3 55 - >Cor 0/0 3
G22 [ _exe]|  270*50*30 30.3 55 98/- 50 49/0 3
G23 | 270*50*30 30.3 55 98/- 50 -49/0 3
R3 =R1 - 25.8 55 - >Cer 0/0 -
G31R oa 160*160*30 25.8 55 98/98 >Cer 0/0 3
G32 23 160*160*30 25.8 55 98/98 >Cer -25/+25 3
R4 =R2 - 30.3 55 - >Cer 0/0 -
G43 2 160*160*30 30.3 55 98/98 50 -25/+25 3
Bonded R5  Ref. single - 66.6 70 - >Cor 0/0 3
anchori
M16 G51R [0 = o 400*120*50 66.6 70 120+ >Cer 0/0 3
G52 400*120*50 66.6 70 120 >Cer -60/0 3
G53 & o o© 400*120*50 66.6 70 120+ >Cer -120/0 3
G54 & o o 400*120*25 66.6 70 120+ >Cer -120/0 3
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8.1.2 Anchor groups of rectangular and norrectangular configurations beyond the
scope of EN19924

Table 8.2 tabulates the test parameters for rectangular anegraapangular anchogroups
which arecurrentlybeyond the scope of the design provisions of EN 429he tests included
concentricand eccentric tension test away from the concrete edge usingmiftbaible base
plates of different geometry

Table8.2. Test program for anchor groups in uncracked concrete beyond the scope dfdI24

Anchor Test Testtype Base plate Mean Em-  Anchor Edge Eccen- No.
system se- dimensions congete bed- spacing dis- tricity of  of
ries cube ment tance loading tests
ID compr. depth
strength
*w*t feem Pet s/ c ele
[mm*mm*mm] [N/mm?3  [mm] [mm/mm] [mm] [mm/mm] [-]
Bonded RS8 Ref. single - 314 60 - >Cer 0/0 4
f"mgr G81 350%60*40 314 60 90F  >cy 0/0 3
G82 350*60*40 30.3 60 90/ >Cer -90/0 3
G83 350*60*10 31.4 60 90/ >Cor 0/0 3
G84 350*60*5 30.3 60 90/ >Cor 0/0 3
Bonded R9 Ref. single - 37.0 60 - >Cer 0/0 3
?rmgr GOl [ Sidelength:  37.0 60  s=140 >cy Positon 3
e 220,140, 140, Bl
r 220, 360, 360,
t=50
G92 °,e Side length: 37.0 60 s=140 >Cer Position 3
c 220,140, 140, B2
220, 360, 360,
t=50
R10 =R9 - 37.0 60 - >Cer 0/0 -
G101 /T D=210 37.0 60  s=140  >co 0/0 3
N4 t=25
R20 Ref.single - 70.0 60 - >Cor 0/0
G201 D=210 70.0 60 s=140 >Cor 0/0
t=25
Bonded R30 =R8 - 31.4 60 - >Cor 0/0 -
anchor o017 D=300 303 60 =120 >cy 00 3
I M12 SN
7y t=40
R40 =R8 - 314 60 - >Cer 0/0 -
G401 D=300 31.3 60 s=120 >cy Position P 2
\VaY/ t=40
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In Table8.2 the eccentricities,;end e are defined as distances between the point of the load
application and the centre of gravity of all anchors within the group in two perpendicular direc-
tions 1 and 2, respectively, and the point of load application on an anchor group is marked by
the symbdb 06 x 6 .

The tested configurations were the 1x4 anchor grotghdped anchor groups including 8 an-
chors, triangular anchor group with round base plate, hexagonal anchor group with round base
plate and trapezoidal anchor group with round base plate. Teathgonfigurations was nec-
essary to show that using the nonlinear spring model approach, not only rectangular anchor
groups with stiff base plate can be designed but the model can be generalised to arbitrary anchor
group configurations. It was aimed tongeate a test database and to validate the spring model
against experiments with different installation parameters, anchor configurations, and base
plate stiffness. Thisection reports and discusses the test results, whereas the verification of the
modelis given in ChaptetO.

8.1.3 Anchor groups installed in cracked or partly-cracked concrete

Table8.3includesthe test prograrfor anchorages in cracked concrete within and beyond the
scope of the current design provisions of EN 189Zhe tests aimed to instgate the influ-

ence of the crack patterand the superposéafluence ofcrack pattern and loadirggcentricity

on the loaelisplacement behaviour of anchorages, and to verify the spring modelling approach
for cracked concretéSection5.2.3. The testsncludedconcentricand eccentric tension tests
away from the concrete edge arthtively thickbase plates that were assumed to be rigid were
used. The crack width wa3v = 0.3mmin all casesln Table8.3, the eccentricitiesg; ande>

are defined as distances between the point of the load application and the centre of gravity of
all anchors within the group in two perpendicular directions 1 and 2, respectively, and the point
of load application on an anchor group is marked by the symbé x 6 .

Due to a relatively low tensile strength, the concrete members may experience cracking due to
mechanical or thermal loads during its lifetime, unlesssotionis designed to resist these
actions asmauncrackedsection Due to the notch effecf the anchor hole and the high tensile
stresses caused by thesteessing force applied to the anchor, there is a high probability that
fasteners are intercepted by a crack unless special reinforcement is provided to arrest the for-
mation of the crack. Awording to the current design procedure, unless otherwise proven, the
design of the anchorage must be carried out assuming cracked concrete. In case of an anchor
group, it is assumed that all the anchors are intercepted by the crack; however, this may not
always be true and also may not lead to the most conservativel oasgestigate, how the
anchor group behaviour is influenced if only some of the anchors are being intercepted by a
crack, tension tests were performed on single anchors, anchor grdujpssivigle row of three
anchors (%3 configuration), on quadruple anchor groups2(2onfiguration) and on hexagonal
anchor groups in cracked andcrackedoncrete according tbable8.3.
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Table8.3. Test program for anchor groups in cracked concrete
Anchor Test Testtype Base plate Mean concrete Embed- Anchor Eccen- No.
system series dimensions ment spacing  tricity of  of
ID comprstrength depth loading tests
[*w*t Per si/s el/e
[mm*mm*mm] [N/mm?] [mm] [mMm/mm] [mm/mm] [-]
Bonded R6- Ref. single - 23 60 - 0 5
anchor ncr uncracked
T M12 .
R6-cr Ref. single - 23 60 - 0 3
cracked
G61 o @ o 400*120*50 23 60 120+ 0 4
G62R fo——sl} 400*120*50 23 60 120+ 0 4
G62 400*120*50 23 60 120+ 0 3
G63 400*120*50 23 60 120¢ 0 2
G64 [ & o 400*120*50 23 60 120+ 0 3
G65 400*120*50 23 60 120¢ -60/0 3
G66 400*120*50 23 60 120¢ 60/0 3
G67 [& & 4] 400*120*50 23 60 120+ 0 3
G68 [§xo & 400*120*50 23 60 120+ -60/0 3
Under- RT- Ref. single - 18 80 - 0 4
cutan- ncr uncracked
chori .
R7-cr Ref. single - 18 80 - 0 4
M12
cracked
G71 oo 220*220*50 18 80 160/160 0 3
G72 i ° 220*220*50 18 80 160/160 0 3
G73 o 220*220*50 18 80 160/160  +40+40 3
G74 0 220*220*50 18 80 160/160  +40/+40 3
Under- R50 =R7-ncr - 18 80 - 0/0 -
cutan- ncr
chori _
M12 R50 =R7cr - 18 80 - 0/0 -
cr
G501 D=300 18 80 =120 0/0 3
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8.2 TESTING

8.2.1 Test specimens for tension tests

The tension tests on single anchors and anchor growpeiacked concrete were carried out
using plain concretdabs as the anchorage material (Specimen | an@iig dimensions of the
concrete specimens were designed in a way that during the testing, the formation of the full
size concrete breakout bodieasensured without the influence from or toddgcent anchor-

ages The clear distance between the outermost anchors oéitebouring anchagroups was
always greater than four times the effective embedment degilof the anchorso prevent

any influence from one group to anoth@ihe thickness of the concrete specimen was main-
tained greater thadhes to have negligible flexural deformations and no splitting of concrete.
The drawing of the typical test specimens is given in Appefdix

Special concrete specimens were cast for the tests in cracked concrete, where all anchors or
some anchors of the group were intercepted by cracksS(ssmmen Il AppendixA). Steel

plates of 2 mm thickness were used as crack inducers in the designcohtirete specimens

that enabled the crack formation by hammering wedges into tHermpned holes in the con-

crete members. The pattern of the crack inducers in the specimens was designed in a way that
the crack pattern of the corresponding anchor cordigans could be ensured. Note that the
same specimens could be used for anchorages in uncracked concrete provided that the cracks
were not induced. The economic design and the casting direction of the specimens allowed
using two sides of the specimen fbe anchorage testing. However, once a crack was induced

in one side, the same position of the other side had to be considered as cracked concrete. The
thickness of the concrete specimen was 440 mm. The plain concrete depth available for the
anchors was ZDmm due to the steel plates cast in the concrete, which is greater thaim2$

the embedment depth of the largest anchor embedment depth (80 mm) of the test program (see
Table8.3). The dimensions of the concrete specimens enabled the formation follikize

concrete breakout bodies without influencing @ldgacengroups during testing.

The tension loading tests were carried out in the following types of test specimens:

1 Specimen I. concrete slab with edge reinforcement at the top and bottoen{ihpf)
1 Specimen II: concrete slab with edge reinforcement only at the bottom (Appgendix
1 Specimen Ill: concrete specimen for tests in cracked concrete (App&hdix

The concrete mix of the corresponding concrete batches was designed according to
DIN EN 206, with a maximum grain size of 8 mm for the Seriesd%8 and 16 mm for all

other tests, respectively. In all tests, round gravel aggregates were used. The influence of con-
crete mix composition and aggregate type (crushed or rounded) was beyond éhefsbop
dissertationThe compressive strength of the concrete batches was measured on standard con-
crete cubesa(= 150 mny according to DIN EN 1239@5. The concrete compressive strength

in the performed tests was in the rangé&gfso,= 18 N/mnii 70 N/mm. The exact values at

the day of the testing are givenTiable8.1- Table8.3for the corresponding test series.
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8.2.2 Tested fasteners and installation

Within the scope of this dissertation, three diffetgpes ofpostinstalled anchor systems were
used according tdable8.1- Table8.3

1 Torquecontrolled expansion anchor of size M12,

1 Adhesive anchor with a bond strength of ca330MPa (Epoxy mortar + 12.9 threaded
rod of size M12 and M16)

1 Undercut anchor of size M12.

Notethat the most of thexperiments were carried out with bonded anchecsuse this anchor
system allows flexible combination of test parameters such as embedment depth, anchor diam-
eter, steel strength and no installation torque is required, which is beneficial when testng cl

to the concrete edge.

1 Anchor installation in uncracked concrete:

The anchors were installed according to the corresponding Manufacturer’s Installation Instruc-
tions. Accordingly, the holes were drilled perpendicular to the concrete surface. In the case of
anchor groups, steel templates with pholes were built witlanaccurate hole spacing to ease

the precise vertical drilling process since an accurate positioning of the anchors within the group
was necessary to investigate the influences with sufficient accuracy. After the drilling and
cleaning process, the anchorsraveet, and the fixture or the base plate was positioned on the
anchor(s), respectively. In the case of the expansion anchor and undercut anchor, the prescribed
installation torque was applied, which resulted ingkpansion (in case of expansion and un-
dercut anchors) angrestressing of the anchors. The torque was set back to 0 Nm after 10
minutes, and the nuts were only harmghtened to ensure the same initial conditions for all
anchors during the testing since the different stiffness conditions witgioup would influ-

ence the loadlisplacement behaviour of the group. In the case of bonded anchors, no installa-
tion torque was applied, and the nut was only kagtitened after the prescribed curing time

of the epoxy mortar.

M Anchor installation in cracked concrete:

In the case of the tests in cracked concrete, an initial crack (hairline crack) was created first to
ensure that the crack passes the anchor location. After that, the hole was drilled through the
crack using steel templates with pilmles b ensure accurate positioning of the anchors within

the group, according to the steps givefkigure 8.1 After drilling, the boreholes were cleaned
according to the corresponding Manufacturer’s Installation Instructions, the borehole depth was
measuredand it was verified with an endoscope that the crack is present over the complete
depth and goes diametrically across the borehole. Only boreholes with a diametrically passing
crack over the full depth were accepted as cracked condition to ensure thaisahwendi-

tions for each test in cracked concrete. After the drilling and cleaning process, the anchors were
set and the base plate was positioned on the anchors, respectively. For the anchor groups with
bonded anchors, no installation torque was ag@ied the nut was only haiightened after
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the prescribed curing time of the epoxy mortar. In the case of the undercut anchors, the pre-
scribed installation torque was applied and after 10 minutes the torque was set back to 0 Nm
and the nuts were only hatightened.

Figure 8.1. Installation steps of anchor groups in cracked concrete: a) formation of hairline cracks;
b) drilling the holesusing steel template and checking the presence of the cracks in the holes; c)
installation of the anchors, d) photo of the first installation step

8.2.3 Test setup and test procedure

This sectionprovides information about the test setups, which were useddaxgperiments.

Figure 8.2depicts a schematic drawing of a test setup for anchor groups, which can be used for
testing in cracked and uncracked concrete applying the tensiondoaghtrically or eccentri-

cally.

The test setup consisted of the followingjon@omponents:

1 atension test rig with adequate support distance to allow the formation of an unrestricted
concrete cone,

1 a hydraulic cylinder and high strength threaded rod for load application,

a calibrated load cell,

1 displacement transducers for rmeang anchor and base plate displacement and crack
width,

1 adata acquisition system with computer interf@acescord the test data

]

The tension load was applied to the anchors through the base plate. The load was actuated using
the hydraulic testylinder of the expected load range. A high strength M24 threaded rod was
used to transfer the load from the hydraulic cylinder into the base plate. In the case of tests with
eccentrically applied loads and tests in cracked concrete, a hinge was befvéei the base

plate and the threaded rod to allow the free rotation of the base pigtee(8.2 and Fig-

ure 8.3c). Thus, the load acting on the group could be distributed among the individual anchors

of the group based on their stiffness. Tdmsion load applied to the anchor group was measured
using a calibrated load cell with respect to the expected load range.
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——Spherical calotte
—Load cell

—Hydraulic cylinder

LVDT for vertical base plate
displacment measurement
High-strength rod

Force washer

Calotte

LVDTforcrack A0~ ______/_| — LVDT stand
width measurement

Concrete specimen | | L

Figure 8.2. Typical test setup farensionloaded anchor group eccentric loading in cracked concrete

To measure the axial ammhforces in the group, Strain GauBased force washe@@6.5 mm
clearance hol&é2.7 mm/16 mm = 20 mmincl. hardened washer) and a spherical cal@&2(

mm, t = 10 mmpwere placed between the nut and the base gragere 8.3d) where it was
possible The vertical displacements were measured using displacement transducers (LVDT
with a measuring range of 0.0175.00 mm) directly at the point of load application on the base
plate and in case of tests with noigid baseplates als@n individual anchis (Figure 8.3d).

For the case of tests where the plane of rotation of the anchor plate was not obvious, e.g. anchor
groups with l-configuration (test series G91 and G92), to allow free rotation of the plate, a
double hinge system as showrFigure 8.3ewas used. In the case of tests in cracked concrete,
the crack width was measured as the average of two LVDTs placed perpendicular to the crack
on both sides of the groupi@ure 8.4). For the tests with more than one crack, e.g. test series
G67and G68, both the cracks were set to a width of 0.3 mm and both the cracks were monitored
during the test. The total load, the individual anchor axial forces and the total vertical displace-
ment of the group were recorded continuously during the testdembi®n tests on single an-
chors were carried out according to the recommendations given in ETAG 001, Annex A, Sec-
tion 4 with a setup ifrigure 8.3a having the same major components as the group tests. Photos
of the setups used for the tests in uncracketicaacked concrete are showrFigure 8.3and

Figure 8.4, respectively.
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e)
Figure 8.3. Typical test setup imncracked concrete a) for reference tension tests on single anchors;
b) for tension tests on anchor groups with stiff base plate; c) for eccentric tension tests; d) for tension
tests on anchor groups with nerigid base plate; e) for tension test on anchgroups of L-shaped
configuration
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\\ Crack width
measurement = Crack 'tt,a v,;

b)
Figure 8.4. Typical test setup for tension tests on anchor groups in crackmucrete: a) 1x3 config-
uration, b) 2x2 configuration, ¢) hexagonal configuration

p.”
<5 Crack width
measurement

8.3 TEST RESULTS AND DISCUSSION ON TENSION LOADED ANCHORAGES

Theresuls of theexperimentainvestigations carried out oarision loadednchorages are dis-
cussed in thisection The results were obtainé@m performing the programs on anchorages,
according toTable 8.1 - Table 8.3 Furthermore, the results are compared with calculations
based on the recommendations given in EN 1499&hereapplicable.The summary of the
experimental results in terms of the mean value of the ultiteatgonloadsNy,m for the par-

ticular test series given inTable8.4- Table8.6. The loaddisplacement curves and the failure
modes are given in the following, in the correspondintpsectiors. Note that for the cases,
where the group tests (e.g. G82, G84, G301 and G401) were performed in a diffaczate

batch than the batch of the reference single anchor test, the mean ultimate load of the groups
was normalised with respect to the concrete compressive strength using the following expres-
sion:

0 8 Eq.73

Where,

Nur® is the mean failure load obtained after normalisation due to concrete strength
Num is the mean failure loads obtained from the group tests

fecret IS the cubic comp strength of concrete in which raingle anchor tests were perforche

fectest IS the cubic compressive strength of concrete in wiielanchor groups were tested
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8.3.1 Anchoragesof rectangular configurations in uncracked concrete within the scope
of EN 19924

The tension tests discussed in testionwere carried out on anchor groups of rectangular
configurations in uncracked concrete within the scope o1 &»24. Table8.4summarises the

results obtained on anchor groups of 1x3 and 2x2 configurafibesests listed infable8.4

aimed to generate test data on anchor groups with the corresponding reference tests, which are
covered by the current standards. Through this, it is possible to verify the spring model for
tension not just against experiments bigbao compare the results directly with calculation
results. Adhesive anchors and torque controlled expansion anchors were used in the tests. All
the tests were designed to achieve the concrete cone failure, which was also the failure mode
observed in althe tests on single anchors and anchor groups.

Table8.4. Summary of the test results of anchorages of rectangular configurations within the scope
of EN 19924 tested in uncracked concrete

Anchor system Test series Test type Mean ulti-  Calc. mean con-
ID mate load  crete cone re-
sistance
Nu,m Nu,EN19924 Nu,m/ Nu En19924
[kN] [kN] [-]
Torquecon- R1 Ref. single 27.2 27.1 1.00
trolled expan- ;5 s 56.1 59.3 0.94
sion anchoi
M12 G12 [c & o] 48.1 475 1.01
G13 40.7 37.2 1.09
R2 Ref. single 29.5 29.3 1.01
G22 [o_oxo] 33.1 32.2 1.03
G23 EEEEE 41.6 32.2 1.29
R3 =R1 27.2 27.1 1.00
G31R o0 63.4 68.8 0.92
G32 46.4 40.6 1.14
R4 =R2 29.5 29.3 1.01
G43 | 49.2 33.9 1.45
Bonded anchor R5 Ref. single 58.5 62.4 0.94
M16 G51R a & o 103.9 1335 0.78
G52 oxo o 83.3 84.9 0.98
G53 70.4 65.1 1.08

G54 & o o 61.8 - -
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8.3.1.1 Anchor groups of 1x3 configurationi Influence of loading eccentricity and in-
fluence of vicinity of the concrete edge
The test serie611R, G11 and>12 wereperformed to investigate the influence of the eccen-
tricity and the vicinity of concrete edge separat@lye effective embedment depth of tised
torquecontrolled expansioanchors wages = 55 mm and the anchor spacing was 98 mm
The test series @lwascarried oubn anchorgroupsof 1x3 configuratioraway from thecon-
creteedge The anchorages wegelbjected taoncentrictension loadsThe obtained failure
load wash6.1 KN 6eeTable8.4). The series G12 was performead the same anchor configu-
ration, however, the anchorage was installed close to the concretto @égéy the influence
of thevicinity of the edge. In the tests, thead applicatiorwas maintained agoncentric In
testseries G13, itvas targeted tmvestigate and verifyhe influence of load eccentricitn
anchor groupsaving large edge distancehe influences of the vicinity of concrete edge and
eccentricity led to a reduction in the failure load of the correspgnglioups, which was also
expected, and confirm the wd&hown phenomena on the behaviour of anchorages (Eli-
gehausen etl., 2006). Compared to the concentdaded anchor group, the mean ultimate
loads decreased by 26% due to an eccentricigy=0#9 mmand by 14% due to the vicinity of
the edge. The loadisplacement curves obtained from the individual tests are depidtéghin
ure 8.5a. Note that negative displacements shown in the graph are cheasuring errors and
not due to anchor behaviour. Thdluence of the close edge thie eccentricity on the failure
loads is clear, howevenot that much pronounced on the displacement behaviour iropre
postpeak.Figure 8.9b-d depicts typical failure modes of the performed tests.

----- Nu,m - Tests-G11R|
Gl11R-1
— —-GlIR-2

----- Nu,m - Tests -G12
Gl2-1

——-3Gl12-2
|

Load [kN]

----- Nu,m - Tests -G 13
—@Gl13-1
——-Gl3-2

-1 0 1 2 3 4 5 6
Displacement [mm]
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Figure 8.5. a) Loaddisplacement curves of test series G11R, G12 and G13; Typical failure modes of
test series: b) G11R; ¢) G12; d) G13

8.3.1.2 Anchor groups of 1x3 configiration T Superposed influence of loading eccen-

tricity and vicinity of the concrete edge
The test series @and G23were performedo investigate thesuperposednfluence of the
vicinity of the edge and the eccentricitjhe effective embedment depth of the used terque
controlled expansion anchors wag= 55 mm and the anchor spacing was- 98 mm The
testsresults show that when anchor groups are located tothe concrete edge and are loaded
eccentrically in tension, it makes a considerable difference whether the eccentricity of the load
is away or close thedge(Figure 8.6). For the same value of load eccentricgy= 49 mmthe
measuredneanultimateload for the group loaded with eccentricity close to the edge (series
G22) was obtained as 33.1 kN, while the mean failure load for the group loaded with eccen-
tricity away from the edge (series G23) was &IN6 This shows thaéven with the same ec-
centricty, theresistancef the anchor grouggainst concrete cone failusas 21% lower when
the eccentricityvasmeasured towards the edge. Tihéhaviour isbecausenchors, which are
closer to the load application, have to take up higher forces than the other anchors within the
group. However, if the highdoaded anchors are close to the concrete elge, resistances
limited due to the influencef the concreeé edge and therefore, the group capacity is also re-
duced. The loadisplacement curvesorresponding to series G21 and Gi2& plotted irFig-
ure 8.6a. Furthermore, aypical failurepatternobtained in test series G22dspictedin Fig-
ure 8.6b.

The calalated mean ultimate group resistance according td M4 is given inTable8.4

along with the measured mean ultimate lodde calculated mean ultimate load agrees well
with the mean ultimate load skriesG22, whileit is conservative with respeat the mean
ultimate load obtained for the test series G23. This is in agreement with the statements by Zhao
(1993) and Eligehausen et al. (2008hich say that the model for considering the influence of
loading eccentricity on the failure loads t#nsion loadednchorgroups is, in general, con-
servative. However, it should be noted that wvtfitt model given in ENL9924 might not be
alwaysconservative for certain cases, e.g. the case where the eccentricéigsisred towards
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the edge. Therefore, to maintain a unif@afetymargin for all cases, the exact loading position
should be consideread the calculations
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Figure 8.6. a) Loaddisplacement curves of test series G22 and G23; b) failure moderigfiss&22

8.3.1.3 Anchor groups of 2x2 configurationi Influence of loading eccentricity about

two axes
The test series G31R, G32 and G43 were perfowneguadrupleéo investigate the influence
of biaxial eccentricity (eccentricity about two orthogonal axes). t€sts aimed to highlight
that the current standards consider this influence rather conservativetyding to EN1992
4, in case of biaxial eccentric loadi (Figure 4.4b), the factorr ecn (EQ. 8) to account for
eccentric loadings tobe determined separately thie loading directions @Sec,n,1 and[ ec,n2.
After that, themultiplication of the factors shall be inserted in #oiation to determine ¢h
resistance of the anchorage
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In test series G31R, the anchor group was installed far from the concrete edge and the load was
applied in the centre, whereas in series G32,ldading was eccentric about two orthogonal
axes The effective embedment depth of the used tormpmrolled expansion anchors was
hes= 55 mm and the anchor spacing was 98 mm The mean failure loateduced by 27%
due tothebiaxial eccentricity Table8.4). However, according to thelculations oEN 1992

4, the reduction in the mean failure loads41% for the eccentric case compared tocie-
centriccase which is significantly more thahatwas measured in the tests. The loiéplace-
ment curvesndtypical failurepatternsaregivenin Figure 8.7. The conservatism in the current
designapproach is clear by comparing the testults with thecalculated failure loads for the
anchorage subjésd to eccentric tension loadsote that the conservatism increases with in-
creasing level of eccentricity.

Test series G43 was carried out to investigate the superposed influence of biaxial eccentricity
on quadruple anchor groups and the vicinity of tbeccete edge. The anchor group was
stalledparallel to the edge and was loaded with biaxial eccentricity away from the edge as it
can be seen iRigure 8.7d. Themeasurednean ultimate load was 49.2 kN and the calculated
mean ultimate load according ttNEL9924 was 33.9 kN, which is 31% lower than the meas-
ured valueThe difference between the measured and calculated resistances is rather big and
highlights the conservatism of the current approach for cases where the eccentric load is applied
about two a&es. Furthermore, the current approach does not consider the exact loading position
(eccentricity towards or away from the edge) when calculating the concrete cone resistance of
groups located near to the concrete edge, which again leads to furthendégsfée load
displacement curves obtained from the testslapgctedn Figure 8.7b.

To express thmfluence of biaxial eccentricity on anchor groups located near the concrete edge
it is necessary to compare tests performed on the anchorage loadedntridensionfar from

the edge and on anchoradeaded in eccentric tensiarose to the edg&ince there were no
eccentric testcarried out far from the edge in the concrete batch of seriesti@Bfluence

of the vicinity of the concrete edgeshown by comparing the series G43 to series &t
normalising the failure loads accordingEqg. 73. Theultimate load decreasdyy only 2% if

the group with biaxial eccentricity was placed near to concrete edge with the eccentricity away
from the edgdG43). According to the model of EN9924, the reduction for the eccentric
loaded group due to the concrete edge is 23%. This aghoates that there is a significant
difference in the capacity of the anchorages placed close to an edge depending on whether the
eccentricity of the load is towards or away from the edge. If the eccentricity is towards the edge,
the current approacdteansreasonabléor the cases tested hewehile if the eccentricity of the

load is away from the edge, then the current apprappkars to beather conservative.
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Figure 8.7. Load-displacement curves of test series a) G31R and G32; b) G43; Typical failure modes

of series: ¢) G31R; d) G32; e) G43
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8.3.1.4 Anchor groups of 1x3 configurationi Influence of loading eccenticity

The test series G51R, G52 and G53 were performed to investigate the influence of the eccen-
tricity on anchor groups of 1x3 configuratiofhe tests were carried out mormatstrength
concrete usindgponded anchors away from the edge, urmrcentricand eccentric loading.
The effective embedment depth of the anchorstwas 70 mm and theanchorspacing was
s=120mm The base plate was 50 mm thick, which can be considered as relativelyhsa#.
levels ofload eccentricity were investigatedhe first level is theoncentricloaded case with
e=0mm in series G51Rthe second level is with medium eccentri@ty: §2 = 60 mmin
series G52, and the third level is with extreme eccentecityy = 120 mm witkthe tensioroad
applied drectly on the outermost anchorseries G53. The test results clearly show the nega-
tive influence of the eccentric loadifgeeTable8.4).

Compared tseriesG51Rwith concentricload applicationthe measured mean ultimate load
decreased by 20%, when the load was applied eccentecaky2 = 60 mniG52). By applying

the load withe = s = 120 mneccentricity (G53), the reductionropared to theoncentriccase

was 32%. The influence of the eccentricity on the failure |@mdkear however the displace-

ment behaviour did not change significanBigure 8.8a shows thattte displacements at failure

load increased only slightly due the base plate rotatiomhe typical failure breakout bodies

are depicted irFigure 8.8e-g for series G51R, G52 and G53. In all three cagesommon
breakout body developed. However, for the eccentric cases, a crack between tHeddeder
anchors can be observed. This indicates the load redistribution among the anchors of the group.

Besides evaluating the loalisplacement behaviour of tleachor groups, alsthe individual
anchor axial forces were measured duringdkgerimentdo get information about the load
distribution and redistribution among the individual anchors widimranchogroup. InFig-

ure 8.8b-d, the axial anchor forces @nhemeasuredyroup force are plotted as a function of
time for selected testsf series G51R, G52 and GS3aigure 8.8 shows that irthe case of
concentrictensionloading with a 50 mm thick base plaeeries G51R)the middle anchor
reached itpeak l@adjust beforealsothe outer anchors reached their peak load. Due to a smaller
tributary areaof the middle anchor, theesistancef the middle anchor is loweompared to

the outer anchors. At the time, when the ultimate load of the group was reached, the middle
anchor was already in its pgstak phaseand consequentlyhe maximum possible group ca-
pacity could not be fully utilisedn Figure 8.8c, the anchor axial forces drhe overall group
force are plotted as a function of time for the group with eccenémsion loading

e= s/2= 60mm(series G52)The anchordA1 and A2, which areloser to thepoint of load
applicationreached their peak load nearly at the same tuitie a contribution based on the
activated concretigributary area approadéhseeSections.2.2, whereasmachor A3 contributed

to the ultimate group resistance only witlsraallamount. Anchor A3 reached its peakdoa
when Al and A2 already failed andgtwaythe resistance of anchéB only influenced the
postpeak behaviour of the groupurthermore, the foreeme graphs supported by the crack
pattern on the concrete breakout body showkigare 8.8. It can be seen thahehors A1l and

A2 form a common fractureody, whereas anchor A3 is separated by a crack between anchors
A2 and A3 which is attributable to the rotation of the base plate due to eccentric loading and
the prying forces generated therelyythe case of sexs G53, the tension load was applied on
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the group witrextreme eccentricity, where the load is appliedatly on the outermost anchor
The graphn Figure 8.8d shows that the most loaded anchor Al reached approximately 58 kN
atthepeak, which is almoghe capacity of the reference single anchor without any influences
(seriesR5 Table8.4). In addition, anchoA2 also contributed to theltimateloadof the group
andconsequentlya higher ultimate load (70.4 kN) could be reached. The anchor A3 was acti-
vated only after the anchors Al and A2 halreadyfailed. Howevertheresistanc®f anchor

A3 is also not negligibl®ecause iinfluences the pogteak behaviour of the group. It can be
seen inFigure 8.8g that anchors Al and A2 form a common fractsuweace, while anchor A3

is forming a breakout body, which is similar to a breakout body of a single doeled in
concentridension

The mean ultimate load was calculated for the tested configurations according to EAl 1992
(seeTable 8.4). The calculated ultimate load compared to ttwncentricallyloaded group
(G51R) decreased by 36% due to an eccentricity ®fs/2 = 60 mmand by 51% due to an
eccentricity ofe = s= 120 mmrespectively. This shows that for anchor groups with three an-

chors ina row the current approach estimates more conservative reghtseveasing the
eccentricity
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Figure 8.8. a) Load-displacement curves of test series G5GR3; Axial anchor forces and group
force in function of elapsed time for test series: b) G51R; c) G52; d) G53; Typical failure modes of
test series: ) G51R; f) G52; g) G53
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8.3.2 Anchorages of rectangular and norrectangular configurations in uncracked
concrete

This sectiondiscusses the tests, which were carriedooutectangular and nenectangular an-

chor groupghat are currently beyoritle scope oEN 19924. Special emphasis was placed on

the behaviour of anchages with nosrigid base plate to evaluate the influence of base plate
stiffness.Table 8.5 summarises the results obtairfeain the experimentsThe tests aimed to
generate test data on anchor groups with the corresponding reference tests, wiegbrade

the scope of the current standards and to verify the tension spring model for anchor groups of
arbitrary configurations. Bonded anchors oksit12 and M6 were used in the experiments.

All tests were designed to achieve the concrete cone failure, which was also the failure mode
observed in all the tests on single anchors and anchor groups.

Table 8.5. Test results of anchorages of rectanguland nonrectangular configurations in
uncracked concrete

Anchor system Test series Test type Mean ultimate load Normalised mean
ID ultimate load
Nu,m Nu,m*
[kN] [kN]
Bonded R8 Ref. single 34.3 34.3
anchorl M12  gq 73.5 73.5
G82 48.8 49.7
G83 51.6 51.6
G84 46.1 46.9
Bonded R9 Ref. single 39.5 39.5
anchofi M16 54 j : 105.4 105.4
G92 e 113.4 113.4
R10 =R9 395 395
G101 89.8 89.8
R20 Ref. single 52.5 52.5
G201 128.9 128.9
Bonded R30 34.3 34.3
anchori M12 =R8
G301 127.3 129.6
R40 =R8 34.3 34.3
G401 70.5 70.6
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Note that the results of test series G53 and G54 on 1x3 anchor groups from &8ctidare
used when discussing the influence of base plate stiffness. However, the test results are not
repeated irmable8.5.

8.3.2.1 Influence ofthe base plate stiffness

Test series G5&54 andG81-G84were performed to investigate the influence of the base plate
gtiffness on the loadlisplacement behaviour of anchor groups away from the concrete edge.
For this reason, tension tests were carried out on anchor groups with a single row of three an-
chors and on anchor groups with a single row having four anchors iackedrconcrete with
varying the base plate thicknesscording torable8.1andTable8.2

Anchor groups of 1x3 configuration

Test series G53 and G54 were performede®anchor groupspplying the tension loadith

a loading eccentricity of = s= 120 nm. The base plate thickness was 50 mm and 25 mm for
test series G53 and 54, respectivBly reducing the base plate thicknby0% the measured
mean ultimate load decreased by 12%. ¢tveespondindgoad-displacement curvelsom the

test seles G53 and G54 axepictedin Figure 8.9a, which show a similar behaviour but with
reduced capacity for th2b mmbase platelt may be noted that thesultsobtained from test
series G51R highlighted that evebaseplate thickness df = 50 mmis notsufficiently stiff.
Theresultson series G54how that a base plate witle 25 mmthicknessis rather flexible.
However, a base plate thickness of 25 mm for similar spacing of anchors is often used in prac-
tice and the design of anchorage is perforra&iiming a rigid response, whichight be un-
conservative.

To understand better how the force distribution and redistribution takes place among the an-
chors of a groupvith aflexible base platethe individual anchor axial forces were measured
during the tets. These results are evaluated by plotting the anchor axial forttesfimction

of time to see the anchor activation ordegure 8.% shows the force distribution within the
group G54 Anchor Al is immediately activeebausehe load is applied at the locationtbfs
anchor. h the initial stagesf loading the loadtime curve for the group is the same as the-load
time curve of the anchor Al. The participation of anchor A2 is very limited until the anchor A1
fails, and the athor A2 takes up the load@his explains thathe group ultimate load was only

6% highercompared tdaheresistancef one single anchor (compare series R&ichor A3is
activated after both anchor A1, and A2 fail and therefibes not contribute @anincreased
resistance of the group54-3. It can be seen that the load applied on the group drops after
failure. This is becauseaud to the lever arm and the prying action of the flexible base plate, the
force measured in the anchor is significantly keigthan the external load applied to the group.
The evaluation shows thdtd forces were not distributed linearly among the anchors within a
group due to the flexible base plate, which highlights that the base plate stiffness highly influ-
ences the nonlirae behaviour of the anchor group. The crack pattefigare 8.9c confirms

the order of anchor activatiast the graph inFigure 8.%. The cracks between the anchors
indicate that the load distribution took place from anchor to anchor and the anchaiorce
tribution seems to be in accordance with the tributarg, avlich can be assigned to the group
according tdSection5.2.2
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Anchor groups of 1x4 configuration

The influence of basglatestiffness on the behaviour @rtsion loadednchorages wdsrther
investigated bydst series G81, G83 and G8d this casethe concentrictension load was
applied on a 1x4 anchor group with a base plate thickneéss4 mm which was assumed to
be rigid;t = 10 mmandt = 5 mm which may be considered as flexible elastic and flexible
inelastic base plates,ggectively.This anchorconfigurationis not covered according to the
current regulations of ENI9924. However, according to ACI 318, the CCD method is capable
of extension tdifferentlayouts.The loaddisplacement curvesbtained from the tests on the
anchor groups are depictedkigure 8.1Ca for the three investigate base plate thickneSdes.
failure pictures are given iRigure 8.11for one representative test per series.

The test results confirmed the negative influence of the reduced basthiglatess (and con-
sequentlystiffnesg for the investigated caséBigure 8.5). The measured mean ultimate load
decreased by 30% when the base plate thickness was 10 senesG83 instead of 40 mmm

series G81An even bigger influence was observed in the displacement behatheumean
displacement at ultimate load increased from 0.52 mm to 2.38 mm highlighting the base plate
deformations. If the first peak load thie tests o groups G83s consideredhstead of thgpeak

load, then the decrease in ultimate load is 33%. When the base plate with 5 mm thickness was
usedin seriesG84, the measured mean ultimate load decreased by 37% compareqd and>81

the mean displacement dtimate load inceased from 0.52 mm to 8.20 mm. Howevérs t

large vertical base plate displacement can be attributed to the large base plate deformations. In
the tests G84 and G842, yielding of the base plate was obserwddch is shown by the curve
progression irFigure 8.11e.

The influence of the base plat#fnesson the anchor group behaviour is verified by the anchor
axial force versus time curves kigure 8.1(-d as well In the case of the 40 mm thick base
plate Figure 8.1M), which was assumed to be sufficiently stéfcommon breakout body de-
veloped (se€igure8.11b). However, it can be seenfingure 8.1(b that the anchorage capacity

was not fully utilised This isbecause the outer anchors reached their peak load justhafte
group reached its ultimate load, so the four anchors were not loaded simultaneously. This indi-
cates that the 40 mm thick base plate was not sufficistiffyand therefore, the equal load
distribution among the anchors of the group was not vialidddition to the experimentsun
merical investigations were carried out on the same anchor group configuration in another work
(Bokor et al, 2018) to verifythe assumption. The results of the numerical investigation con-
firmed that the 40 mm thick base f@as not sufficientlystiff and an equal force distribution
within this particular anchor group could only be reached if the basewdaia least 80 mm

thick. However, notehat this is only valid for the investigated configuration and might be
different for other anchorages.

In the case of the groups with thinner base plates, the anchor activation order is related to the
base plate deformatiorss it can be observed from the ledidplacement curves iRig-
ure8.10a. The forcetime curves inFigure 8.10c showthat in case of the 10 mm thick base
platein series G83first, the two inner anchors took up the loads and only after their félere

outer anchors were activated and contribukéalvever,the contributionof the outer anchors
affected mostly the pogteak behaviour of the groupigure 8.11d depicts the concrete
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breakout body obne representative test of series B38Bich verifies that the middle anchors
were loaded first and only after their failure, theey anchors were utilise@ihe same evalua-

tion was done for series G84 witlkk 5 mmbase plate thickness. The anchor forces are plotted
in function of time inFigure 8.10d. The twomiddle anchors reached ca. 80% of their capacity
when the outer anchortasted to contributéo the group capacityor further clarification, the
anchor axial forcé anchor vertical displacement curves of series G84 are plottEdyin

ure 8.1 presentsThe graph showthat the outer anchors reached their resistance bthkess

1 mm vertical anchor displacement in contrast to the inner anchors, which exceededtZzmm.
influence of the base plate deformations on the anchor group behmsvoaunfirmed byFig-

ure 8.10d ande and explain the large displacements measurdti@groupFurthermoreFig-

ure 8.10c andd show that the measured group ultimate load is smaller than the sum of the axial
anchor forces at the time of reaching the peak load. The difference between the sum of the axial
anchor forces and the ultimate loaflthe group is equal to the compressive reaction forces
below the base plate, whickevelop due to the prying action of the wragid base plate.

The results of test series G53 and G&¢ well as series G83 and G8Apwed thathe base
plate deformatio has a significant influence on the nonlinear behaviour of the anchor group
and the force distribution within the anchors of the grdugerefore, the particular base plate
stiffness should be taken into account when calculating the group resistancelamdfarces

as it is done using the nonlinear spring model &s&ion5).
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Figure 8.10. Influence of the base plate stiffness: a) Loatisplacement curves of test series G81
G84; Axial anchor forces and group force in function of elapsed time for test seti¢$81; c) G83;

d) G84; e) Axial anchor forces and group force plotted againstitidividual and group displacement
(G84-2)
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e)

Figure 8.11 Influence of base platestifiness a) anchor group G81 with rigid base plate during
testing b) concrete breakout bodyf G81(t= 40 mn); ¢) anchor groupG83with non-rigid base plate
during testing d) concrete breakout bodgf G83 (t=10 mm) e) anchorgroup G84 with thin base
plate during testing

8.3.2.2 Test results on anchor group of arbitrary configurations

To generate a test database and to verify the tension spring model for anchor groups, which are
beyond the scope of the current desigavisions, tension tests were carried outamehor

groups oflx4, L- shaped, triangular, hexagonal and trapezoidal configurations.

Anchor groups of 1x4 configuration

Test series GBG82werecarried out on anchor groupsif4 configurations subjected ton-
centricand eccentric tension loads whihving 40 mm thick base plafEhese series aimed to

show that the tributary area approach can be extended to configurations having more than one
anchor per anchor row. Furthermore, the influence of loadiren&ooty was investigated. The
anchorembedment deptivashes = 60 mmandthe external force was applied with an eccen-
tricity of e=s = 90 mmThe influence of the eccentric loading led to a reduction of the failure
loadsas it was expectedCompared to theoncentridtest series G81heé measured mean ulti-

mate load decreased by 34%se to the eccentricitywhereas the displacement at peak load
remained almost unchangéskeFigure 8.12a). In Figure 8.1, the anchor axialorces and
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the applied tension forcareplotted in function of the timshowingthe contribution and the
activation order of the individual anchors within the group G82. The anchors Al, A2, which
are closstto the point of load application were loadbd tmost, and their contribution is related

to the concrete area that they can activate. Anchor A3 contributed with ca. 50%esibtence

to the group ultimateesistanceHowever,the graph shows thainchors A3 and A4 reached
their maximum load onlyfeer the groupultimateload. This way, heir performance was influ-
encingonly the postpeak behaviour of the group.
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Figure 8.12. a) Loaddisplacement curves of test series G81 and G82; b) Axial anchor forces and
group force in function of elapsed timef test series G82

Anchor groups of L - shaped configuration

Tension tests were carried out ast series G91 and G92 on anchayugs with L- shaped
base platggeometryand with regularly spaceg,= 140 mmL - shaped anchor patterihe
base platevith t = 50 mmthickness was assumed to be rather. Silifs anchor group config-
uration is beyond the scope of the curesign provisionsThe point of load application, B1
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for G91 and B2 for G92, is shown Trable 8.5andFigure 8.13 Bonded anchors of size M16
with an embedment depth bfi = 60 mmwere used inhetests.Furthermore, eference tests
on single anchors werperformedn series R0 ensure that a direct comparison between the
test results on single anchors and the groups is posBitddoaddisplacement curves obtained
in the reference tests are depictedrigure 8.13. The measured mean ultimate loadsved-
tained as 39.5 kN

The anchor group tests in the case of series G91 aaav&® carried out using the same base
plate, however changing the loading position. The tests were carried out in both cases with
hinges builtin in the force flow to allow the rotation of the base platee loaddisplacement

curves and the typical failarmodes argivenin Figure 8.13,c, respectivelyThe curve pro-
gression is rather similar. However, the displacemetiteailtimate load is slightly higher in

series G92 due to the larger base plate rotafio@ measured mean ultimate load was 185L4

for series G91 and 113.4 kN for series G92. These correspond t@@db8.8#imes the ca-

pacity of the reference single anchor RQypical concrete breakout body from series G91 is
depicted inFigure 8.1%. It can be seen that the developed concretesof theneighbouring

anchors aréntersectingand to each anchor, a particular concrete breakout body can be allo-
cated. It is also visible thatvo corners of the base plate restricted the tensioned concrete area
This is becaus¢he base plate rotatetlie tothe eccentric load applicatiaand compression

forces between the base plate and concrete surface developed, which restricted the tensioned
concrete area. These effects must be accounted for while calculating the anchor forces and the
ultimate resitance of the groypwvhich is done when using the nonlinear spring modelling ap-
proach for determining the group resistance by considering the contact between the base plate
and concrete (se®ection5.4). Verification is given inSectionl0.
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Anchor groups of triangular configuration

Anchor groups of triangular configurations were tested undecentridension loads in series
G101 and G201 in normal and higtrength concrete, respectively. Tdrechoraverearranged
at the apexes of an equilateral triangle of side 140 mm using a prestiffr@ctular base plate.
Bonded anchors of size M16 were used and the anchor embedment depth was 60 mm.

To have a direct comparison for the results obtained on the group tests, refestnoe single
anchors in high strength concrete were perforineseries R20while the reference tests of
series R9 were considerad reference tesis normal strength concre{€igure 8.13). Fig-

ure 8.14a show the loadlisplacement curves obtained from the reference single anchor series
R20 The corresponding mean measured ultimate ilodugh-strength concrete was obtained

as 52.5%N. The results of theoncentridension tests on triangular anchor greape summa-

rised inTable 8.5 and the corresponding logisplacement curves asdownin Figure 8.14b.

It can be seen that the leddsplacement curves of series G201 in ksgtength concretdisplay

a steeper descending branch compared to that in hstmagth concrete. The measured mean
ultimate load was obtained as 89.8 kN $mriesG101 and 128.9 kN foseriesG201 Fig-

ure 8.14c shows the concrete breakout body from series R101. The breakout body indicates that
the same tributary area might beasated with each anchor of the group.
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Figure 8.14. Load-displacement curves of test series: a) R20; b) G101 and G201; ¢) concrete breakout
body from series G101

Anchor groups of hexagonal configuration

Anchor groups of hexagonal configuration were testederies G301Six anchors weren-

stalled in a hexagonal pattern and tdoacentrictension load was applied on the presumably
rigid, circular base plate. The embedment depth oMb2 anchors wa$es = 60 mmand the

spacing between thadjacentanchors was = 120 mmThe loaddisplacenent curves arde-

pictedin Figure 8.15a, which show that thbehaviour of the anchorag@as rather brittleThe
concrete breakout bodyf one representative teistdepicted inFigure 8.1%. It can be seen

that the developed concrete cones of the neigtog anchors are intersecting and to each an-
chor, a particular concrete breakout body and a certain a tributary area can be allocated. The
measured mean ultimate load obtained in series G301 was 127.3 kN. The test results aim to
verify the spring model fononrectangular anchor groups. The verification is discussed in
Chapterl10.
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Anchor groups of trapezoidal configuration
Test series G40das carried out by removing two adjacent anchors of the otherwise hexagonal
patternused in serie€301resulting in a trapezoidal anchor group configuratibime other
installation parametemgere kept the sames forseries G301. Thiension loadvas ajplied at
the centre of theircular base plate, which resultéa the trapezoidalanchor group subjected
to eccentric tension loading. The measured mean ultimateviaadbtained ag0.5 kN, which
was 45% lower compared to the series G301. This is atdko the reduction in the area of
the group breakout body and the eccentric loading. Thedspticement curves of series
G401 are plotted together with those obtained for series GFgure 8.15%. The test results
aim to verify the spring model faon-rectangular anchor groups. Furthermore to highlight the
necessity to model the contact between the base plate and the concrete surface to evaluate the
anchorage betviour with sufficient accuracylhe verification is discussed 8ectionl10.
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8.3.3 Anchorages in cracked concrete

Tension tests were carried out on anchor groups 8f2%2 and hexagonal configurations far

from theconcree edge in cracked concrete according to the test program giVableB.3. In

addition, single anchor tests were performed in cracked and uncracked concrete, which served
to compare the behaviour of a single anchor with the behaviour of an individinalraf an

anchor group. The tests were carried out usdacentricand eccentric tension loads with var-

ying crack pattern and the loading poilttwas aimed to verify the tension spring model for
cracked concrete and for cases wditfierentanchor stiffness within one anchor group.

The anchor installation and testing were carried out according to S8@&i@The load was
applied using a hinged loading application in all cases to allow the rotation of the base plate.
Furthermore, the ultiate load of the anchorages was calculated based A9&A!. Note that
according to ENL9924, all the anchors of a group are assumed to be intercepted by a crack
and therefore, the calculated group capacity in cracked concrete is taken as 70% otitye capa
calculated for the corresponding group in uncracked concrete. The summary of the test results
in terms of the mean value of the ultimate tension losds)(and calculated load8l{ en19924)

is given inTable8.6. The loaddisplacement curves ofaltorresponding series and the failure
crack patterns are given in the following ssézttions, irFigure 8.5- Figure 8.23

Table 8.6. Test results of anchorages of rectangular and nmctangular configurations in cracked
concrete

Anchor Test se- Test type Mean ultimate  Calc. mean concret
system ries ID load cone resistance
Nu,m Nu,EN19924 Nu,m tesf
Nu,ENn19924
[kN] [kN] [-]
Bonded R6-ncr  Ref. single uncracked 27.8 29.1 0.96
anchori R6-cr  Ref. single cracked 19.2 20.4 0.94
M12 G61 o 8 o 58.4 67.8 0.86
G62R fo—e—ol 43.1 47.5 0.91
G62 58.0 47.5 1.22
G63 4 & o] 41.0 47.5 0.86
G64 [ = o] 55.3 47.5 1.16
G65 [$x0 o] 33.8 28.5 1.19
G66 44.3 28.5 1.55
G67 (6 @ &] 47.4 47.5 1.00
G68 FEEIE] 36.6 28.5 1.28
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Undercut R7-ncr Ref. single 37.8 39.6 0.95
anchori uncracked
M12 .
R7-cr Ref. single cracked 27.8 27.7 1.00
G71 ) 129.6 110.1 1.18
le) * [
G72 S 104.8 77.0 1.36
L
[
G73 o 80.9 43.3 1.87
o]
G74 0 83.2 43.3 1.92
o]
Undercut R50 = R7-ncr 37.8 39.6 0.95
anchori ncr
M12 R50cr =R7-cr 27.8 27.7 1.00
G501 141.4 - -

8.3.3.1 1x3 anchor groups in cracked concrete

The test series block G6 was performed to investigatsiutperposednfluence ofthe crack
pattern and the infence of eccentricity on anchor groups eBXonfiguration. The anchor
spacings= 120 mm, the embedment depilh= 60 mm, the base plate geetny and the initial

crack widthOw = 0.3 mmwere kept constant for all the tests. Six different crack patterns,
namely (i)uncracked (i) middle anchor in the crack, (iii) one outer anchor in the crack, (iv)
two outer anchors in the crack, (v) two adjacent anchors in the crack, (vi) all anchors in the
crack; and two levels of eccentricity @)= Oand (ii)e = s/2were investigatedsasummarized

in Table8.6. Note that considering an equal spacing of the anchors and a relatively regular
spacing of the cracks, the possibility of having two neighbouring anchors intercepted by the
cracks while the third one remaining umcrackedconcree is rather rare. Nevertheless, this
casewas also investigate@deries G63) for academic reasons.

Reference tests

The reference tests were carried out on single anchareracked and cracke® = 0.3 mn)
concrete in the same concrete bateébr. single anchors, the mean failure load reduced from
27.8 kN inuncrackedconcrete to 19.2 kN in cracked concretich isa31% reductionThis
corresponds to the assumption of the E924 that the concrete cone resistance of the anchor
reduces by 3 compared to the concrete cone resistance of the anchimsratkedoncrete.

The loaddisplacement curvdsigure 8.16displayca. 50%reduction intheinitial anchorstiff-

ness for the anchor tested in cracked concrete compared to thatractkedconaete. The
horizontal linesn the figure correspond to the mean value of the test results, which are written
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in the boxes. The calculated failure loadsiara reasonablgood agreement witthe experi-
mental result§Table8.6).

Figure 8.16. Load-displacement curves of test series -R& and R6cr on single anchors in
uncracked and cracked concrete

Influence of crack pattem in case ofconcentric tension loaling

Test series G61 were carried out o3 Anchor groups inncrackedconcrete undezoncentric
tension loading and series G62R were carried out on the sameagrafigurationin cracked
concrete with all three anchors located in a crack. The mean failure load decreased fidyin 58.4
to 43.1 kN when all anchors were intgrted bythe crack which corresponds to a reduction of
26%. This againagrees well with the results obtained from the tests on single anchors, where
the ultimate load decreased by 30% due to the crackoviitv = 0.3 mmFigure 8.17 shows
thattheinitial stiffness of the groups (G62R) decreased due to the interception of the anchors
by a crackby ca. 50%In Figure 8.17, the anchor axial forces are plotted as the function of
time.It can be seen that all three anchors were activated at the samE#neencrete breakout
body of one test of series Gain¢racke(lis depicted irFigure 8.17c and the failure pattern of

test series G61Rhowing that therack intercegall three anchors is given Figure 8.17.

The shape of the concrete breakout bddlynot change in cracked concrete compared to the
uncracked case.



