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Abstract

This dissertation examines the leladaring behaviour of bonded
anchors in solid calcium silicate bricks. The influences of brick
format, brick compressive strength, anchor sizes, single or group
anchoring, edge distance, spacing and the influence of jairg
investigated.

The first part describes the state of the art of bonded anchors in solid
sand calcium silicate bricks. The anchoring mechanism and the
fracture mechanism are discussed in detail. For this purpose, the
investigations of bonded anchors in concrete ewamined The
fracture behaviouof bonded anchors in concrete is comparable to
the behaviour of bonded anchors in solid calciul silicate brick.
Furthermore, various publications, dissertationsvi&yer (2006)
Welz(2011)andS t i [2017)arid the current design modeR 054
(2022)are summarized.

The second part focuses on the experimental investigations and the
results obtained. These tests are a project of the research group
Institute of Construction Materials of the University of Stuttgart, Hilti
Corporation Liechtenstein and fischerwerke GmbHC& KG. The
different failure modes under tension and shear load were analysed
considering the various influences. In addition to these tests, the
material propertiesuch as compressive strength, flexural tensile
strength or modulus of elasticitf the solid calcium silicate brick
were also investigated. Furthermore, the test results were compared
with the existing design models.

In the last part, a design model for bonded anchor in solid calcium
silicate brick is presented based on the previous peotdlustrate
the entire calculation of the design, example calculations for the
single anchor under tension and shear load are sho®ecion 11
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Abstract

Two examples are single anchors under tension load, one without the
influence of the edge and the joints and the other under the influence
of the joint. One example is the single anchor under shear load, which
is loaded in the direction of the joint thatnot filled with mortar.
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Kurzfassung

In dieser Dissertation wird das Tragverhalten von Verbundanker in
Kalksandvollstein untersucht. Hierbei werden die Einflisse des
Steinformats, der Steindruckfestigkeit, der Dubelgré3e, Eiroobdr
Gruppenverankerungen, Ranohd Achsabstand sowie der Huds der
Fugen bestimmt.

Der erste Teil der Arbeit beschreibt den Stand der Technik von
Verbundankern in Kalksandvollstein. Des Weitereird auf den
Verankerungsmechanismus und Bruchmechanismus im Detall
eingegangenDazu werden Untersuchungemn Verbundankern in
BetonherangezogerDas Bruchverhalten von Verbundanker in Beton
ist vergleichbar mit dem Verhalten von Verankerungen in
Kalksandvollstein Am Ende des ersten Teils ist eine
Zusammenfassung von verschiedenen Veroffentlichungen,
Dissertationen voiMeyer(2006) Welz(2011)undS t i {2017)jund
vom aktuellen BemessungsmodER 054(2022)

Der zweite Teil befasst sich mit den experimentellen Untersuchungen
und den erzielten Ergebnissen. Diese Untersuchungen sind ein Projekt
der Forschungsgruppe Institut fur Werkstoffe im Bauwesen der
Universitat Stuttgart, der Hilti AG Liechtenstein und éischerwerke
GmbH & Co. KG. Die verschiedenen Versagensarten werden unter
Zug- und Querbelastung unter Berticksichtigung der unterschiedlichen
Parameter analysiert. Zusatzlich zu den Versucherdenauch die
Materialeigenschaften wie die Dikfestigkeit, de Biegezugfestigkeit
oder auch das -Klodul des Kalksandvollsteindbestimmt In den
jeweiligen Kapiteln befinderauch Vergleiche zuden vorhandenen
Bemessungsmodellen.

Im letzten Teil dieser Arbeit wird ein Bemessungsmodell flr
Verbunddibel in Kalksandvollstein vorgestellt, das auf Grundlage der
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Kurzfassung

Erkenntnisse der vorherigen Teile aufbaut. Hierbei wird nur auf die
modifizierten Bemessungsgleichungen eingegangen. Zur
Veranschaulichungder Bemessungist in Kapitel 11 Beispiel
berechnungen, die derEinzeldibel unter Zug und Quer
beanspruchungufzeigt. Zwei der Beispiele ist der Einzeldibel unter
Zugbelastung, welcher zum einen nicht durch den Rand oder Fugen
beeinflusst und zum anderen von Fugen beeinflusst wird. Ein Beispiel
ist zur Querbelastung in Richtung der nicht mit Mértel verfillten Fuge.
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1 Introduction

Masonry is mainly used as a building material in residential buildings,
seeFigure 1.1. As shown,masonry was used as building material in
70% of enclosed space in completed residential buildm@ermany,
whereageinforced concrete in 1%. Even if the amount of reinforced
construction increases over the years, it cannot match the amount of
masontry.

=
o
o

Reinforced Construction
[ Masonry
B Timber Construction
B

Other Building Material

B D o]
o o o
1 1 1

Enclosed space in completed residential buildings
S

by predominantly used building material in Germany [%]

0 -
2000 2005 2010 2015 2020

Jahr

Figure 1.1: Enclosed space in completed residential buildings by predominantly
used building material in Germany 20Q021 Destatis(2022)

Despite the current building situatignthe research on fixings in

masonry is not even a fraction of what has been researched in concrete.

On the one hand, this is due to the ks@ring behaviour of masonry,

as masonry cannot bear such high loads as reinforced concrete. On the

other hand, the vaaty of masonry, e.g. the type of bricks, perforation,
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size, joint width or the fact that they can vary greatly from country to
country, can lead to difficulties in research at@hdardization.

The Technical ReporTR 054(2022)deals with the design dfonded
anchors and screws for use in masonry and is intended to cover all brick
types. However, as the bricks are very different in terms of material,
size, density or perforation, it is difficult to create a general design.
Therefore,n the above mentionedeport thedesign equationfor the
characteristic resistangare missingfor some type of failurenodes

such as pulbut failure or brick breakout failure. Reference is only
made to the corresponding European Technical Assest (ETA).

This means that approval tests shall be carried out for these types of
failure modes to determine the characteristic resistanoéstheir
parameters such as spacing and edge distances of the anchor. The test
programme for a masonry ETA is therefore relatively extensive, as tests
have to be carried out for every type of brick, perforation and size.

The aim of histhesis is tgoropose a modified design model for bonded
anchors in calcium silicate bricks. Thesearchs divided into three
parts. Firstlyan overview of the current design amgummary of the
previous theses given which investigated the behaviour of bonded
anchors in masonryn the second part, the experimental investigations
and the failure modes based on them are explaifleabter4 contains

the descriptions of the anchor, the tests and the test setups. The test
results are then evaluated and categorised into failure modes. Starting
with the failure modes under tension lo&hapter5 summarized the
pull-out failure for single and group anchorages in more dé€tadpter

6 focuses on the failure mode brick breakout failure for the single and
group anchor with an additional consideration of the breakout under
tension load of undercut ancho@hapter7 examines the failure mode
splitting of the brick in more detail. In the following chapters, the failure
modes under shear load are considered. For this purpose, local brick
failure is analysed itChapter8 and brick edge failure ihapter9.

2



With the help of the analyses of the parts, a design model for bonded
anchors in solid calcium silicate brick is derived in the last part






2 Anchor Systemsin various Base Material

This chapterfocuses orthe base material masonry and the basics of
anchor systemd he different types of bricks, especially solid calcium
silicate bricks, used in construction are described. Moreover, an
overview of the different anchor systems that can be usetsaonry,

such as bonded anchors (or adhesive anchors), plastic anchors, screws
etc., is givenFurthermore, the various anchoring mechanismthad
fracture mechanism agenerallydescribed.

2.1 Base Material Masonry

In Germany andturope, bricks are certified accordingtN EN 771,
which consists of six parts and is subdivided as follows:

1 Part 1 Clay masonry units

1 Part 2 Calcium silicate masonry units

1 Part 3 Aggregate concrete masonry units (dense and lightweight
aggregates)

91 Part 4 Autoclaved aerated concrete masonry units

1 Part 5 Manufactured stone masonry units

91 Part 6 Natural stone masonry units

Figure 2.1 showssolid or perforated brickaccording to parbneto

three The parts regulate, among other things, the area of application,
the raw materials and production as well as the designation, labelling
and classification.
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Figure 2.1: Different types of bricks according BN EN 7711 (2015)up toDIN
EN 7713 (2015)

The test methods according BIN EN 772 are used to classify the
masonry units. For example, the compressive strength of bricks is
determined according tBIN EN 7721 (2016) or the bulk density
according toDIN EN 77213 (2000) Although DIN EN 771 provides

for harmonisation, there are different bricks in Europe depending on the
country of manufacture, climate and resourd&giations include the
dimensions and geometry of the hollpartsor perforationsThere are
further regulations in each European country. In Germany, for example,
in addition to CE labelling in accordance wiiiN EN 771, masonry
bricks must be classified in accordance viiiiN 20000401 (2017)to

DIN 20000404(2018) which list the essential characteristics that must
be declared for use in Germany in the declaration of performance
(DoP). This classifies thgerformance for use in accordance WittN

EN 19961-1 (2019) (EC 6) Parts 401 to 404egulate the following
masonry units:

9 Part 401 Clay masonry units
1 Part 402 Calcium silicate masonry units
1 Part 403 Aggregate concrete masonry units
(dense and lightweight aggregates)
91 Part 404 Autoclaved aerated concrete masonry units



2.1.1 Production of Clay Masonry Units

The manufacturing procesd clay masonry unitss essentially taken

from Proll (2020) Bricks are made of clay, loam or clagntaining
masses with or without additives. To reduce the bulk density, additives
such as sawdust, paper pulp or polystyrene balls can be added. Heavy
material must be added to increase the density.

At first, the various raw materials and additives are crushed and mixed,
with the addition of water if necessary. The mixture is then
homogenized and evenly moisten€xhce the required consistency has
been achieved, the mixture is highly compressed under high pressure
and pressed through a mould with the help of worm shafts and then cut
to the required size. The shape and perforation (or no perforation) of the
brick isdetermined by the mould. The composition of the and the
perforationinfluence the poperties of the brick, such as compressive
strength, thermal and acoustic insulatidimen, they are dried in a
chamber at 50 to 100°C for one to three days. Finally, they are placed
in the tunnel kiln and fired at 950 to 1300°C.

2.1.2 Production of Calcium Silicate Masonry Units

The production of calcium silicate masonry units is essentially
explained acording to Bundesverband Kalksandsteinindustrie e.V.
(2018) The raw materials lime and sand are mixed and fed into reactors
via a conveyor system. The quicklime is slaked to hydrated lime by
adding water. If the mixture has not reached the required pressing
moisture, this ichieved in the poshixer by adding water. Next, the
blanks are pressed and stacked on hardening trolleys and hardened at a
temperature of approximately 200°@hder water steam saturation
pressure Depending orthe dimensios of the brick this procesgan

take between four and twelve hours. The hot water steam atmosphere
dissolves the silica from the surface of the quartz sand grains during the
hardening process. The silica forms a crystalbinder phase with the

~
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binder hydrated lime, which grows together with the sand grains and
forms a solid interlocking. Finally, the bricks have to cool down and are
ready for use without further pstorage.

2.1.3 Production of AggregateConcrete Masonry Units

Concrete and lightweight concrete blocks consist of mineral aggregates
and hydraulic binders. The only difference is in the aggregates. While
aggregates with dense structure, such as stone chippings, are added to
concrete blocks, porous aggregates sucpuasice or expanded clay

are used for lightweight concrete blockSoncrete and lightweight
concrete blocks are manufactured in the same way and essentially in the
manner described dyehn et al(2003) The mentionedaw materials

are mixed with water, poured into moulds and compacted by vibration
After about two days, they are demoulded when #reystable in shape
Finally, the blocksre airdriedin high-bay warehouses until they have
reached their nominal strength.

2.1.4 Production of autoclaved aerated Concrete
Masonry Units

The basic materials for aerated concrete blocks are cement and/or lime
as a binder, finely ground siliceous materials such as quartz powder,
poreforming blowing agents such as aluminium powder and water. The
manufacturing process for aerated concreteescidbed byDehn et

al. (2003) An aqueous suspension is produced from the raw materials
and filled into casting moulds. These are kept warm for several hours,
whereby the blowing agent reacts with the calcium hydroxide and
releases hydrogen gas in the alkaline environment of thenjiagjent.

This leads to numerous pores between 0,5 anthan the mix. During

the production process, the hydrogen gas diffuses out of the concrete,
leaving only air voids during curind\fter rising, the stable raw block

IS cut horizontally and verticgllinto bricks using tensioning wires. The
bricks are then hardened in autoclaves under vapour pressure at

8



approximately 1dar for around six to twelve hours. As with calcium
silicate bricks, the strength is achieved by the reaction of the silicon
oxide with the hydrated lime.

2.1.5 Masonry mortar

Masonry mortar is required to join masonry. It is a mixture of binder,
aggregate, water and, if necessary, additives and admixtures. According
to DIN EN 9982 (2017) masonry mortar is categorised into mortar
classes, which relate toghcompressive strength anlifferentiated
according to the application. This refers to the type of embedding of the
bricks, whether with thibed mortar(T), normal mortar(G) or
lightweight masonry mortafL). The compressive strength of the
masonry mortar is determined in accordance WitN EN 101511
(2020) The categorisation of mortars is shown in the following table in
accordance witlibIN EN 9982 (2017)and the national standaN
20000412(2019)

Table2.1: Categorisation oimortar group according t®IN 20006412 (2019)
and mortar classccordingto DIN EN 9982 (2017)

Mortar Mortar Mortar Compressive strength acc. to
group Class DIN EN 101511 (2020)
NM | M1 1 N/mmz2
NM I M 2,5 2,5 N/mmz2
Normal (G) NM lla M5 5 N/mm?2
NM 1l M 10 10 N/mm?
NM llla M 20 20 N/mm?
Lightweight LM21 M5 5 N/mm?2
(L) LM36 M5 5 N/mm?
Thin-bed (T) DM M10 10 N/mm?
- - Md d N/mm?

d: Compressive strength > 20 N/mm2 in increments of 5 N/mm?2
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2.2 Anchor Systems

As shown inChapterl, the ratio of masonry in the construction of
residential buildings in Germany in 2021 was arounéo/Therefore,
fastening in masonry is essential. This inclualeshor systemsuch as
plastic anchors masonryanchor screws and bonded anchoifsor
everyday use, such as fixing a shelf or towel rail to the wall; non
approvedanchorsare sufficient. For safetselevant applications, such
as fixing awnings, fixing pipes to the wall or fixing céale
substructuresapproved anchors are requirdd. order to obtainan
Europen Technical Assessment (ETAhe anchorsystems shall be
tested in accordance with the European Assessment Documents (EAD)
published by the European Organisatimn Technical Assessment
(EOTA). The following EAB apply to the ab@/mentioned anchor
systems:

1 EAD 33028400-0604 (2018) Plastic Anchors for redundant
nonstructural Systems in Concrete and Masonry

1 EAD 33046600-0604 (not published): Screw Anchor for use in
Masonry

1 EAD 33007600-0604(2014) Metal Injection Anchors for use in
Masonry

Bricks according t®IN EN 7721 (2015)to DIN EN 7715 (2015)are
intended to be use as base material dbovementioned EADsTo
obtain anETA for a lrick, the entire test program must be carried out
in the respective EADAnchor systems for use in natural stone
according taDIN EN 7716 (2015)cannot receive an ETA, as natural
stone can vary and has different material properties. Tests shall be
carried out orsite to determine the lodaearing behaviour othe
anchor in the respective natural stone

10



2.2.1 Anchoring Mechanism

The anchoring mechanism of the aboventionedanchors is different

and is shown ifrigure 2.2. The first illustratiorshows glastic anchor

which isinstalled with the corresponding screw. When the screw is
screwed in, the plastic sleeve expands and presses against the drill hole
wall. The anchoring mechanism is achieved by the friction between the
drill hole wall and the plastic dowel.

t
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e
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b b S e b s
Figure 2.2: Anchors use in masonry and their anchoring mechanism
The second illustration shovaesscrew anchqrwhich is screwed into a

pre-drilled hole and cuts through a hardened thread into the base
material, creating a mechanical interlock.

The last illustration showsmetal injection anchoiThis anchor type is
also known as adhesive anchor or bonded anthermortar is injected

into a predrilled and cleanedorehole using a dispensing gun. A
threaded rod is inserted into the drill hole. When the mortar emerges
from the drill hole, complete filling has been achieved. While the first
two anchor systems can be loaded directly, the curing time for the
bonded anchor ost be taken into account depending on the
temperature and moisture of thease material. The anchoring
mechanism is based on the material bdnsitallation in masonry can

be carried out using a sieve sleeve. This is used for anchoring in

11
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perforated or hollow bricks. The sieve sleeve is inserted into the pre
drilled and cleaned drill hole and the mortar is then injected. When the
threaded rod is inserted, mortar comes out of the sieve sleeve and forms
a seal around the sieve sleeve. Theatgs a bond between the brick
and the threaded rod as well as an undercut in the area of the brick
perforation or hollow. The anchoring mechanism with the sieve sleeve
Is both a bond anamechanical interlock.

2.2.2 Fracture Mechanism

For all anchor system&oth in concrete and in masonry, the failure
modes are essentially categorised into three groups, which in turn are
further subdivided. For bonded anchors in solid masonry bricks, the
failure modes are explained in more detafbaction2.2.2.1 The main
failure modes are generally the following:

1 Breakage of the anchor (steel failure)
1 Pull-out of the anchor (loantansferfailure)
9 Failure of the base material (cone shaped failure)

If steel failure or puHout failure occurs, the anchor is undersizether

load is not sufficientlytransferredinto the base material. Thaone
shaped failure is therefore the upper limit of the {badringcapacity

of anchor systemwith unconfinementin the following, a description

of fracture mechanism for concrete is shown, since for masonry no
research is available.

In order to be able to determine the ldahring behaviounf anchors

in concrete various analytical and numerical investigations of the
fracture mechanism were carried detacture mechanics analyses the
formation and propagation of cracks in concrétebe able to analyse

the concrete cone failure, fracture mechanics must be taken into
account, as cracks in the concrete only form when the anchor is loaded
and remain until the concrete fai®eghezj1986)derived the fracture
mechanism of an expansion anchor from the calculation results of

12



Peier(1983) seeFigure 2.3. SeghezZ1986)describes an area in the
concrete around the expansion clips as a hydrostatic pressure area in
which the concrete is assumed to be pulveridesdries of micro cracks
distribute from the load application point in the circumferential
direction. Radial micro cracks also appear on the concrete surface. If
the cracks reach the concrete surfagehe circumferential direction,

the anchor fails due to concrete cone failure. If the expansion clips are
too small or thin, the concrete fails behind the hydrostatic pressure area
and the anchor is pulled out.

(0 —-
<

Figure 2.3: Failure mechanism of an expansion ancheeghezz1986)

Sawade(1994) also developed a model that describes the crack
formation process in concrete under tension load. In this model, crack
propagation and crack opening are regarded as-dapendent
processes in which energy is dissipated. To observe the crack
formation, Eligehausen and Sawad&985) produced specimens in
which a halved headed stud was placed at the edge of the specimen
(crack observation specimen) and specimens in which the headed stud
was completely surrounded by concrdngion test specimenjhey
compared the loadisplacement curves of these tests, [Sgere 2.4,

and came to the conclusion that the displacement of the headed stud
increased linearly in both cases up to arouné&oddf the ultimate load

13
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and then increases disproportionately up to the ultimate load. After that,
the load that can be absorbed slowly decreases. During these tests, they
additionallyobserved the formation of cracks. The first crack occurred

in the area of the head of the stud at arounéb4df the ultimate load

and slowly lengthened as the load increased. It accelerated at around 90
to 95% of the ultimate load, but did not reach gmecimen surface.

Only with further displacementhe crack exparet into a fracture

cone. Thecrack formation was measured with strain gauges on the
crack surface, or the cracks were visualised in ultraviolet light by
spraying fluorescent liquid onto them. These test show that the strain of
the concrete increases proportionally to the load up pooaxpnately
0,01% and then increases very quickly. This behaviour can be seen in
the formation of micro cracks, whichecome longer as the load
increases.

100 —
N\

\
/7 .
80 Formation of M
, 7 \ discrete crack >
|
\
— 60 Accelerated growth \
S . AN
S of micro cracks \
3
< | \
Z  40- Formation of \

micro cracks

20

Crack observation specimen

= =Tension test specimen
I I

T

. . . I .
0,00 0,25 0,50 0,75 1,00 1,25
Displacement [mm]

Figure 2.4: Different stages of crack formation on the ledidplacement curves
of headed studs undtnsion loadEligehausen and Sawade (1985))
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hs= 520 mm

Figure 2.5. Positioning of the strain gauges for measuring the strain
perpendicular to the crack surface (Eligehausen and
Sawadg1989))

In order to gain further insight&ligehausen and Sawadd@989)
carried out additional tension tests with headed studs with embedment
depths varying from 136im to 520mm. To determine the concrete
strain, strain gauges were arranged inside the test specimen
perpendicular to the circumferential crack. The arrangeroérhe
strain gauges is shown kigure 2.5. These tests show that the strains
shift from the load application point to the concrete surface as the load
increases. Based on the measured stréiigehausen and Sawade
(1989)made the assumption that the measured strains result from the
elastic strain of the concrete and the strain due to the crack opening

U accordingEquation(2.1).

R - 0j & ,0L]JjO UVja (2.1)
with:
R Measured strain

- Elastic concrete strain
X Crack width & &
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a Gauge lengtha a

Using the crack opening relationship Eguation (2.2), Eligehausen
and Sawad€1989) calculated the stress distribution perpendicular to
the conebreakoutsurface and illustrate this for the strain distribution

perpendicular to the cori@eakoutsurface fromFigure 2.6 in Figure
2.7 as an example.

,u0jQ 1 1 29 (2.2)
with:
X Crack openingd &

"Q  Tensile strengthO 7a &6
"O  Fracture energyd 7a &

0,020 :
1 — N/N_,=0,30
1 — — N/N,=0,90
| I
0,015 1 a
— 1 375°
53 \
[ S— ‘ = NG
o =
- 0,010 \
e \
o ] \
N
S
0,005 o
~
~
~
N— ~ -
\ -
0,000 T . T : .
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C

Figure 2.6: Distribution of strain perpendicular to the surface of the cone
breakout for two load level&(igehausen and Sawa(E989)
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Figure 2.7: Calculatedtensilestress distribution perpendicular to the surface of

the cone breakout from the strains accordindrigure 2.6

(Eligehausen and Sawa@&989)
The calculation diagram shows the redistribution of tensile stresses as
a result of micro crack formation with increasing load. The crack
opening law applies until the tensile strength of the concrete is reached,
after which the part of the curve for tHastic behaviour of the concrete
applies.The crack length is at the point at which the concrete tensile
strength is reached, which in turn represents the high point of the curve.
By integrating the component of tensile stress acting perpendicular to
the acack in the direction of loading over the fracture surface,
Eligehausen and Sawad&989) concluded that the ultimate load is
only slightly influenced by shear stresses in the fracture surface, as the
calculate tensile strengths deviated by a maximum & ¥fom the
applied tension loads. With a large embedment depth, only a small
proportion of the applied tension load was transferred in ¢hack
process zone, in contrary to thrmdl embedment depth-rom this, they
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concluded that the behaviour of anchors can be described with non
linear facture mechanics for small embedment depths and with linear
fracture mechanics for large embedment depths.

Eligehausen and Sawad#989)s howed t he applicat
fracture mechanics model to a headed stud in a concrete block. They
assumed that the concrete exhibits lingastic behaviou(LEFM) in
the immediate vicinity of the crack (séeure 2.8 a)) and nonrlinear
material behaviouNLFM) in the crack (sed-igure 2.8 b)). To
calculate the noiinear fracture mechanics, the specific crack
formation energy is applied as a function of the crack widthKgpee
2.8 ¢)). The crack length and crack shape are determined iteratively via
the applied loadAs described above, linear fracture mechanics can be
used for large embedment depths. The crack opening ef@igy
independent of the crack width of the fracture energiD, as shown
in Figure 2.8 ).

uncracked concrete cracked concrete

AG

LEFM
fct" fct CF =

NLFM

Yo
Yo

w

a) b) ©)

Figure 2.8: Application of Sawade's fracture mechanics model to a headed stud
anchorage Eligehausen and Sawa(#989)

In Figure 2.9, Eligehausen and Sawa@E89)showedthe crack length

in relation to the length of the cone surface area as a function of the
load, whichindicates astable crack growth up to the ultimate load. At
the ultimate load, the crack length is aboutt4®f the length of the
cone surface. According ®awadg1994) the ultimate load does not
depend on the concrete tensile strength, but on the productedfshie
modulusof the concrete and the fracture energy under the root and is
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6 c¢pOdOOJ0TQ " . (2.3)

with:

O Elastic modulusO & &o

"O  Fracture energyd Ta &

"Q  Effective embedment depth &

The ultimate load is proportional 1Q h , which is due to the scalled

size effect. This means that the tensile stress averaged over the fracture
surface is not constant, but decreases with increasing component size.
This behaviour generally applies to concrete exposed to tensile stress
with stain gradients, e.g. for the flexural tensile strength of
unreinforced concrete or the shear strength of slabs without shear
reinforcement, which was theoretically proven Bya g 6§18984) For

the size effect, he assumes that the ultimate load for small component
thicknesses can be calculated according to plasticity theory and for
large components according to linear fracture mechanics. A continuous
transition is assumed in betwedéhg b @1996)applies this approach

to the concrete cone failure load of headed studs. The component
thickness corresponds to the embedment depth and the equation is as
follows,

6 QoI "0 Fp 0 . (2.4)

with:
Q,"Q Constant
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Figure 2.9: Relative tension load as a function of relative crack length
(Eligehausen and Sawa@&989)

O g b @1996)numerically investigated the lodmkaring behaviourfo
headed studs under tension load. He varied the material parameters and
the embedment depth. Figure 2.10 he shows the influence of the
concrete tensile strength on the concrete cone falluran be seen that

the concrete tensile strendths minimal influence on the ultimate load

at constant fracture energy. figure 2.11, the ultimate load increases
approximately proportionally to the square root of the concrete fracture
energy. These results confirm the resultSaivadg1994)

O g b ¢1P9A5) also analyses various equations for determining the
concrete cone failure load (sé&gure 2.12). He uses the following
equation according t&Cl Standard 3495 (1985) which increases

proportionally with'Q and neglects the size effect

20



60 mw@Q"d0 2p QjQ | (2.5)
He also compardsquation(2.4) with the simplified Equatiobased on
the fracture mechanics d a § é188#%)andanchors ofEligehausen

and Sawad¢l989)E | i g e h a u s e (@199@andO gbyl9IbH) t
which is as follows,

6 Q"o M. (2.6)
with:
Ko, p W for headed studs
1,4 ‘
B Simulation

— f. = 2,8 N/mm?
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Figure 2.10: Normalized ultimate load as a function of the concrete tensile
strength’Q (O g b (1995)
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Figure 2.11: Normalized ultimate load as a function of the concrete fracture
energyO (O g b (1995)

The simplifiedEquation(2.6) results from the following equation,

6 Qoa"dooe o— . 2.7)

Where the factofQ 9Q" indicates the concrete tensile strength, the
factor'Q JQ the surface area of the concrete cone failure and the

factor — the influence of the size effedthe factorQ h corresponds

~

to the factor O JO " from Sawadé 1994) equation, which
describes the influence of the concrete composition well. However,

factor'Q " is more suitable for the design equatibrgure 2.12 shows

that Equation (2.4) best represents the numerical results, which is
shown by the simplifiedEquation (2.6) with a slight difference.
Furthermore, the numerical resudigree with the test results. However,
Equation(2.5) shows a greater discrepancy with the test results and
numerical resultsvith increasing embedment depth. This is due to the
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size effect lav of B a g é1884) Equation(2.4) and(2.6) contain the
effective embedment depth with an exponent of, yfile in
Equation(2.5) the exponent is ,Q. The size effect according to

B a g §884) states that the strength decreases with increasing
component size. This behaviour has been demonstrated with
simulations and bending beam tests in various articles.

3,0 )
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X  Tests

2,5 4 |—— Equation (2.4)
. | = = Equation (2.5) |
=z + + Equation (2.6) 7
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Figure 2.12: Concrete cone failure load as a function of the effective embedment
depth in comparison with different calculation approact@g(b o | t
(1995)

Figure 2.13compares the results Afl e x a n d e beading ternkie 8 7 )

strength of unreinforced concrete beam with the size effect law of

B a g 61984) The diagram shows the depth of beam on thgis and

the ratioof the flexural bending strength to the tensile strengtthe

y-axis.Hereit is clear that the flexural bending strength decreases with

increasing depth of beam with an exponentaobund -0,5 and

approaches the tensile strengtiligehausen and Sawad@989)

transferred this behaviour to the concrete cone failure due to tension
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loading of anchors and replaced the depth of beam with the effective
embedment depth.
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Figure 2.13: Test results of threpoint bending of unreinforced concrete beams
by Alexander (1987) in comparison wBha ¢ @ §1984)size effect
law

2.2.2.1 Failure Modes of Bonded Anchors in Solid Bricks

The loadbearing behaviour of bonded anchorsnasonryis grouped
according tahefailure modes fodifferentload directions Theefore,
thefailure mode with the lowest resistance is decisivehe designA
detailed explanation of the design according ®054(2022)can be
found in Section3.4. This section briefly describes the failure modes
that occur with bonded anchors in solid bricks.

Figure 2.14 shows the failure modes under tension lo&de first
illustration (a))shows the steel failuravherethe bond between the
anchao rod and the brick is so high, that the anchor rod breaks in the
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upper area during tensile teldlustrationb) and ¢) show pubut failure

mode The difference between the two is that in the first case the mortar
or sieve sleeve is pulled out with the anchor rod, whiligure c) the

bond between the anchor rod and the mortar or sieve sleeve fails and
only the anchor rod is pulled out completely. The brick breakout failure
mode is shown idigure d). In this case, the tension load that can be
transferred by the base material is exceeded, causing the brick to fail
and creatinga conewhenbreakng out of the brick. Pulling a brick out

of the masonry bond is shownfigure e). Here, the bond between the
brick and the masonry mortar breaks off and the brick is pulled out
completely. The ladtgure (f)) shows a splitting failure, where the brick
breaks over the entire surface due to splitting. This type of failure occurs
in combination with other failure modes. The splitting failure is shown
together with the pubut failure. However, it can also occum
combination vith the brick breakout failure or pulling out of one brick
from the bond Another mixed failure mode occurs when pafrtthe

brick breaks away and the rest of the anchor is pulled out of the brick.

[ 0 e 0ok ]
e S N T S ]
[ B ) = 2 | . ) el
{ a)SteeIfallureI I b) PuII -out fa;lure wuth JI }c)PuIi out fallure w1thout I
I S0 | mortar or sieve sleeve I |~ mortar or sieve sleeve | |
| | Sy % Gesley peme y
d) Brick breakout failure: g ) Pull-out of one brick: ‘| | f) Sphttln fa‘irnjref-}.’-_;-: &
r L L Ll | 1 : : L

Figure 2.14: Failure modes under tension load
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Figure 2.15 shows the failure modes under shear loading. In general,
they are similar to the failure modes under tension load. Théidiuse

(a)) shows steel failure. Heréhe anchor rod fails under shear load
because the resistance in the btager. In the case of local material
failure, the base material fails and breaks off in the compression area.
The anchor rod bends and is pulled out of the brick. This is shown in
figure b). Figurec) shows brick edge failure. In this case, the edge of
the brick breaks off in the direction of the free edgere, the base
material fails because it can no longer absorb the transferred load via
the anchor rod and creates a breakout in the form of a pAgnRaut
failure occurs, ifthe bottom of theanchor rod lifts backwards and the
breakout occurs against the load direction, as shovigune d). Due

to the pushing back of the anchor rod, the brick is subjected to tensile
stress in this area, whegethe brick has a much lower tensile strength
than compressive strength. This type of failure is more likely to occur
at shallow embedment deptiailling a brick out of the masonry bond
under shear load is shown figure e). This can only happen in the
direction of the free edge. Here too, the bond between the brick and the
masonry mortar fails. It cdmappen that several bricks are pulled out of
the bondFiguref) shows the failure mode splitting failure under shear
load. The brick additionallybreaks @er the entire crossection due to

the excessive load on the base material, which can no longer transfer
the load. This type of failureanoccur in combination with other types

of failure, such as splitting failure under tension load.
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3 State ofResearch and Design

This chapter focuses on the weréf AndreaMeyer (2006) Georg
Welz(2011)andMarina St i p2917) The last part of the chapter
describeghe current ddgn modelTR 054(2022)hi De si gn Met ho
Anchorages with Metal Injection Anchors and Screw Anchors for use

i n Masonryo

3.1 PhD Thesis ofAndreaMeyer(2006)

Meyer (2006) presened a design approach fdrondedanchorsunder
centric tensile testsn masonrybased on experimental and numerical
investigations which consideredthet different failure modesof the
anchor. These failure modes includgekel failure, bond failure between
threaded rod and mortar, bond failure between borehole wall and mortar
andbrick breakout failure. The design approacmnsideredhe load
bearing behaviour of ne@dge anchors and anchor groups.
Furthermore, shimvestigated conducting tests on the existing structure.
For this purpose, she created a test setup to determine tHaclaadag
capacity of the anchor with minimal brick damage.

Thefollowing subsections descriltke influences on the lodukaring
behaviour and design approaches investigatdddoyer(2006)

3.1.1 Material Parameters

The first partof Meyers research focused on deténed the material
characteristic. The compressive stremgjtthe brickg("Q), themodulus

of elasticity (O), the tensile splitting strengtfiQ ), the flexural tensile
strength("Q), the tensile strengtlf'Q) and fracture energfO) were
investigated using test results and values from the literddased on

the examinations, she established correlations between the material
characteristicsEquation(3.1) to (3.5) summarizehesecharacteristics

for solid calcium silicate brick
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Tensile splitting strength: QT x 9Q
Flexural tensile strength: Q  Tip p PQ
Tensile strengthasfunction of'Q):  "Q it v BQ
Tensile strengthasfunction of' Q): "Q  mix v DQ
Tensile strengthasfunction of' Q): "Q  miv p IQ

(3.1)
(3.2)
(3.3)
(3.4)
(3.5)

3.1.2 Influences onthe Tensile Load Capacity of Single

Anchors

This section lists various factors that, accordimfyleyer(2006) lead
to the failure modes publut, brick breakout anacombination of both
failure modes (mixed failureY he influence factorseredivided into

the influence of the anchor system and the influence of the base
material, whichconsecutivelyare influenced by various parameters.

The following parameters were tested:

1 Mortar:

Four mortars approved life building authoritiesincluding one

systembased on mineral binders (cement), one system with the
binder vinyl ester resin and two hybrid systemm$ binders made

of synthetic resin and cementhe designation of the bonded
anchor systems is taken frolbeyer, as the specific properties

cannot be assigned
1 Embament depthiQ

The embedment depths varied fromri& to 92mm. It should
be noted thal) is distinguished fronQa "Q is equated with

the total embedment depth in the brick, while'fd&ethe hollows

in the brick are subtracted.
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1 Anchor
Three anchor sizes from M8 to M12 were test€dey were
always installed with sieve sleeves. The sieve sleeve diameters
varied from 13nm to 18mm.

1 Annular gap:
The examined annular gap is located between the sieve sleeve and
the wall of the borehole Two distances, # 0,25mm and
r=1,25mm, were investigated.

1 Support width:
The support widths varied from 26m to 350mm.

1 Compressive strength:
The compressive strengths accordingDitN EN 7721 varied
from 8N/mm2 to 34N/mm? in calcium silicate bricksMeyer
distinguishes betweegross and net compressive strength. The
gross compressive strength corresponds to the compressive
strength according t®IN EN 7721, whereby the external
dimensions of the brick are used for the determination, while the
surfaces of the hollows are not taken into account when
determining the net compressive strenditeyer uses the net
compressive strength in her research.

To determine thesmfluences Meyer(2006)carried out testsisolid,
hollow and perforated brickswith different brick types In the
following, testson solidcalcium silicatébrickswill be described since
they are relevant for this researdh addition, the tests on hollow
calcium silicate bricksre taken into accounh whichthe anchowas
only fixed in the first web ant$ not influenced by the holes

3.1.2.1 Influence of the Anchor System

For the loaebearing behaviour of bonded anchors, the formation of the
bond surface between thdheesiveand the base material is decisive.
The bond strength of the mortar, the borehole dianteeannular gap,
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the threaded rod diameter and the embedment depth play a major role

in the formation of the bond surface.

a) Influence due tehethreaded rod diameter

In contrast totheir use inconcrete,for bonded anchors in
masonrythe drill hole diameter is not adapted to the threaded rod,
but to the sieve sleeve diameter. Different threaded rod sizes can

be installed in one sieve sleeve.

In order to determine the influence of the threaded rod diameter,
Meyer (2006) carried outexperimentswith two bonded anchor
system (Type 9 and Type 11) and varied thesaded rod
diameters in equally dimensioned sieve sleeves and borehole
diameters.The results are summarized kgure 3.1. In the
diagram are the bond stresses plotted against the rod diameters.
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Figure 3.1: Influence of the threaded rod diameter on brick breakout failure in

calcium silicate bricks (Meyer (2006))

The diagram shows that as the threaded rod diameter increases,
the average bond stress remains the same and does not increase.
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The designations of the bonded anchor systems were adopted
from Meyer, as the differences between the bonded anchor
systems are not known.

b) Influence of the embedment depth:
To determine the influence of the embedment depth in solid
calcium silicate bricksMeyer(2006)tested two anchor systems
eachwith up to four embedment depths’he bonded anchor
systems are the same as those used to determine the influence of
the threaded rod diameteksigure 3.2 showson the yaxis the
ratio betweerthe ultimate loacandthe mean ultimate load from
the tests with the maximum embedment degpttd on the saxis
the embedment depth.
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Figure 3.2: Influence of the embedment depth on the ultimate load in solid
calcium silicate bricks with pulbbut failure (Meyer (2006))
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The ratio of the ultimate loads increases linearly with increasing
embedment depth. These results confirm the linearity of the
embedment depth, which is also linearly influenced in concrete.

c) Influence of the bond strength
The bond of anchor injection systems depends on the préearct
this purposeMeyer (2006) performed tests with three bonded
anchor systems. As the bonded anchor systems cannot be
specified, they are designated accordinleyelb s di sser t ¢
The results of this comparisonssown inFigure 3.3. Her results
showed, that the anchors installed wrifection mortarType 9
with low bord strengths faéd by pullout. An increase in bond
strength(Type 11)resuledin mixedfailure and a further increase
in bond strengtliType 12)to approximately 4,8AParesuledin
complete brick breakout. Thafluence of the bond strength of
bondedanchors in solid bricks is comparablethat of bonded
anchors in concrete.
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Figure 3.3:Bond strengths of various anchor injection systems in solid calcium
silicate bricks (Meyer(2006))
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d) Influence of the annular gap
Annular gap is the distance between the borehole wdlltlze
sieve sleeveTo investigate the annular gayeyer(2006)tested
two annular gap widthg0,25mm and 1,2%nm) with two
different bondedanchor systemgType 9 and Type 12)Both
bondedanchor systems showed a lower dastress with the
smaller annular gap than in the tests with a larger annular gap. The
reason for this behaviour is that with a smaller annular gap, the
mortar cannot spread completely over the borehole vesililting
in a smallebonding surfacdn this casehefibad distributionof
the mortar can be influenced laygrainsize in the filler of he
mortar,theviscosity of he mortar oan unfavourable perforation
of the sieve sleeve.

3.1.2.2 Influence of theBaseM aterial

Masonry is a very diverse building material. Here, the brick can be
made of a variety of materials, have different material properties, have
different sizes, hollows, perforations or consist of solid material. If
masonry bond@between bricksijs taken into account, the possibility of
variation increases:urtherfactors arefor examplethe type of bond,

the mortar typeused forthe masonry bond, the joint width or the
compressive strength of ighmortar. The relevant base material
parameter$or this researclare described below.

a) Influence of the compressive strength of the brick
Meyer (2006) differentiated the influence of the compressive
strength of the brick according to the failumode First, she
investigated brick breakout failure with centric tensile tests on
calcium silicate bricks and lightweight concrete hollow bricks.
The results of the tests on calcium silicate bricks are summarized
in Figure 3.4, whichillustratestheratio between the ultimate load
andthe average ultimate load of the compressive streoigtie
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smallest brickversusthe compressive strengtMeyer (2006)
assumd a linear increase of thailtimate load with the
compressive strength and justdighis behaviour with the
material properties of calcium silicate bricks.

Secondly, she experimentally investigated+owitfailure of solid
calcium silicate bricks, solidlay bricksand additional hollow
calcium silicate bricken whichthe bonded anchas fixed in the
first web without the influence of the perforatjaassuming that
solid bricks exhibit similar behaviour to concretésigure 3.5
showson the yaxisthe ratio between thieond strengtfandthe
mean bond strengtwith the lowestbrick compressive strength
versus theetcompressive streng(ldescribed irSectiors3.1.2.1).
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Figure 3.4: Influence of the net compressive strength of calcium silicate wicks
the ultimate load of injection anchor systems (Meyer (2006))

The results are from six anchor systenstalled in three different brick
types. According to Meyero6s repor
namely perforated calcium silicate bricks (PCS) with the format 10DF
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and the compressive strength classes 6 N/mm2 and 12 N/mm?2 and solid
calcium silicate bricks (SCS) with the format 8DF and the compressive
strength class 12 N/mmProm these results, she argued that the bond
strength increased with the root of the compressive strength. Due to the
small number of testdJeyercould not generalise this assumption.
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Figure 3.5: Influence of the brick compressive strength on the bond stress in solid
calcium silicate brick for anchor types 2 and 11 (Meyer (2006))
b) Influence of the brick format
To investigate the brick formatjeyer(2006)carried out tests on
walls made of hollow clay bricks, solid calcium silicate bricks,
solid clay bricksand lightweight concrete bricks with the brick
formats NF, 2DF and 3DHn these tests, the failure modall-
out of one brickwas investigated as a function of the bond shear
strength. The influence on the ultimate laadcase of a brick
breakout or pulbut failure was notonsidered
c) Influence single brick or masonry wall
Meyer (2006) assumd that the loaebearing behaviour in
masonry can be influenced by thartsverse expansion restraint,
created by therestressing force of the wadind neighbouring
bricks. For tlis investigation, she referred toetlthesisof Schild
(2002) He determined the influence of tipee-stressing forcen
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the loadbearing capacityAccording toSchild (2002) the pre
stressing force lthno influence on the loaldearing capacity, but

on the displacement at the maximum load. With increasing pre
stressing force, the displacement at the ultimate load dedrease
Therefore,Meyer (2006) carried out tests in single bricksd
masonry walls made of hollow clay bricks with three different
types of anchor systems. The tests were centric tensile tests with
an unconfined test setup. The comparison of the test results can
be seen irFigure 3.6. Meyer(2006)concluded in her thesis that
the prestressing force can have a positive influence on the
ultimate load as it restricts the transverse strain, which mainly
prevents the splitting of the bricks.
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Figure 3.6: Comparison of the ultimate loads of the tensionstesth different
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3.1.3 Calculation Approach by Meyer(2006)

The following section presendeyelb salculations approach, which
was determined for solid calcium silicate brickbe other pproaches
for differentbase materialcan be found in the literature.

3.1.3.1 SteelFailure

The mean ultimate load of a single anchor is determined from the
product of the stress crassction of the anchor rod and its tensile
strength according tBquation(3.6).

o OE . (3.6)

with:

0 Stress crossection of the anchott ao

"Q  Tensile strength of the anchar7a ao
3.1.3.2 Pull-out Failure without M ortar

In case of failure of the bond between threaded rod and injection mortar,
the meanultimate loads determined usingquation(3.7) in a similar
way as puHout failure without mortar in concrete.

FooZRE A (3.7)

with:
T Mean bond sengthbetween theaded rod and injection
"Q  Effective embedment depth a
Q Diameter of threaded rodt &
3.1.3.3 Pull-out Failure with Mortar

The bond failure between base material and mortar is determined
analogously to concrete. For the calculation ofrtfeanultimate load
(Equation(3.8)), in contrast to concrete the borehole diameter is.used
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0 f THROQ X 3T O 0 (3.8)
with:
T 5 Mean bond sengthbetween base material and
Q Effective embedment depth &
Q Borehole diametera a
W Influence of the brick compressive strength
. 8
with:
" Compressive strength of the masonry unit €
the time of testingd 7& &o
Q Normalized mean compressive strength of 1

masonry unit0 7a o
3.1.3.4 Pull-out of One Brick

For pulling a brick out of the bond, the brick format is decisivel the
anchor type is irrelevanthe characteristic ultimate load is calculated
acaordingto theEquation(3.9) under the assumption that the head joint

Is not mortared and the compressive stresses in the masonry transverse
to the bed joint are negligible. The calculation of the bond shear strength
"Q is based on the most unfavorable mortar compressive strength class
acwordingto DIN EN 19961-1 (EC6).

~

0 j a w 00 0 (3.9)
& Qo  Otnu

with:

Q Length of the bricka a

0 Width of the brick & &

Q Characteristishear strengthh) & &o
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With:
"Q Initial shear strengthcc. toDIN EN 19961-1
ip O T& G0
3.1.3.5 Brick Breakout Failure

The mean ultimate load at brick breakout failure in solid calcium
silicate brick is calculated witkquation (3.10), which Meyer (2006)
determined with the help of investigated influences.

s clooETIQ ° . (3.10)
with:
"Q Compressive strength of the briadk7a a6
Q Effective embedment depth &

3.1.3.6 Anchors and Anchor Groups influenced by theEdge

According to the investigations yieyer (2006) head joints without
mortar must be considered as free edges. It was shown that the ultimate
loads are well reproduced with the methodoadimg to CEN (2004)

(EC2) without the coefficienty ; . The mean load capacity of single
anchors at the edge and of anchors graaosbe calculated according

to Equation(3.11).

0 & Uﬁ:y%auﬁ 0 (3.11)

with:

U  Load capacity of a single anchor without edge influenc
0  Existing projected area of the breakout caimeo

0 ; Projected area of the breakout cone when the cdodyis

i 5 T30 f
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with:
[ F Spacing for ensuring the transmission of the
® F Edge distance for ensuring the transmission
Pull-out p TEQ QT_F‘ !
p T
Brick ph JQ

W  Factor for consideration of the group effect

|
W P WH Qﬁ P8t
With:
Wp €
. T 5 .
| TxOp P T
h ok

- —

Spacing of the anchora &
Number of anchors

€
T Mean bond sengthof a single anchor from
tests with unconfined test setupfa &o

Thr Calculated max. bondrsingth 0 ¥& a6 acc. to
(3.8)

3.2 PhD Thesis ofGeorgWelz(2011)

The thesis byelz(2011) deals with the loathearing behaviour of
shear loadd injection anchor systems in masonry. The influences of
various parameters were investigated through tests and theoretical
considerationsWelz (2011) devdoped a design model according to
ETAG 029(2010) and presenteéd modification for the interaction
relationship between sheand tension loads.

The following sections summarize the investigations and results of
Welz(2011)
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3.2.1 Parameters influencing the LoadBearing
Behaviour

The investigations shadthat the load bearingehaviour depends on

the anchor system, the loading fixture and the base material. These main
parameters can be subdivided into further subgroups. In summary,
Figure 3.7 andFigure 3.8 shows the relationship of emiraent depth

to anchor diameter depending on ttmmpressive strengtlell as the
expectedailure modes depending on the influencing parameters.

Welz (2011)studied the following parameters:

1 Influences of the loading fixture and the load direction

1 Influences of the bonded anchor system, such as steel strength,
drill hole diameter and anchor rod diameter

91 Influences of the base material, such as brick compressive
strength, brick format and embedment depth

1 Influences of the installation position, e.g. centred in the brick
without edge and joint influences, installation at the free edge,
installation in the area of the head joint and installation in the joint

1 Influence of single and group anchors

The influencing parameters are described betodetail
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Figure 3.7: Failure modes in solid bricks flat loading fixture with spherical
bearing (Wel{2011))
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Figure 3.8: Failure modes in solid bricksthick loading fxture with ful restraint
(Welz(2011))
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3.2.1.1 Influences of the Loading Fixture and the Load
Application

To determine the influence of the loading fixture and the load
application,Welz(2011)varied the thickness of the loading fixture on
the one hand and the length of the fixture on the other hand. The
thickness varied from &hm to 40mm and the length of the loading
fixture from 50mm to 120mm.

The thick loading fixture led to a local material failure and plasticisation
of the tension rod in the shear joint. As a result, the average ultimate
loads increased in contrast to the tests with a flat loading fixture. This
behaviour is due to the factaithe thick loading fixture causes the
anchor to be clamped and thus leado an increase in the bending
resistance. In the case of the flat loading fixture, the anchor can twist
and represents a hinged connectidfelz(2011)further reportedhat

with thick loading fixture, an increase in the ultimate load o%28an

be achieved by increasing the length of the loading fixture.

3.2.1.2 Influences of the Anchor System

The anchor system congstf up to three components. These are
injection mortar, anchor rod and possibly sieve sleewghermore hie
individual components can varigr examplethe steel strength of the
anchor rod, the geometry of the anchor rod, the material of the sieve
sleeve, the geometry of the sieve sleeve, the embedment length, the
borehole diameter, etc. The influences examineWeaiz (2011) are
discussed below.

a) Steel strength of the rod
Welz(2011) investigated threaded rod sizes M8 and M12 with
steel strength classes 5.8 and 10.9. Size M10 was investigated
with the steel strength class 8.8.
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The investigations on solid blocks of lightweight concrete (Vbl2)
with differentsteel strength classes show no evideffiience on
local material failure.

In the tests with calcium silicate plane elements (KSPE12), which
have a much higher compressive strength, steel failure occurred
in all the tests. With increasing steel strength, the ultimasel

per diameter increasqutoportionally to the steel strengthhe
tests with 4DF calcium silicate brickaere not considered
because all tests failed by splitting. This type of failure aeclr
because the brick formatastoo small. The ultimate loads are
shown in the following diagram.

Brick Vbl2-0,5 KSPE12-2,0 KS12-2,0-4DF
ds-dnom-hef | M10-@12-130 M8-@10-80  M12-@14-80 M10-@12-80 M12 -@14-80
Steel grade 5.8 8.8 10.9 5.8 10.9 5.8 10.9 5.8 10.9 5.8 10.9
fu [N/mmz] 571 938 1173 706 1124 668 1158 707 1173 668 1158
50
45 t$:
&
40
é 35
>~ 30
T &
o 25 O = X
@ E X
S 20 Q =
= b2y
= 15
o A N
104 2 4
5 A Lokal brick failure
< Steel failure
X Splitting with local brick failure
0 T T T T T T T T

Figure 3.9: Influence of the steel strength in the ultimate loads (Welz (2011))
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b) Anchor rod diameter
To determine the influence of the anchor rod diameter,
Welz(2011) investigated anchor rods of sizes M8 to M16 with
different nominal streng#hin solid calcium silicate bricks, solid
clay bricks, perforated calcium silicate bricks and hollow clay
bricks. All thetests showdthat the mean ultimate load incredse
with increasing anchor rod diamete¥loreover, he results
showedthat the ultimate loads depend on the failure modes.
results are shown iRigure 3.10. It can be seen that even within
the samefailure modesthe mean ultimate load increasetth
increasing anchor rod diameter.

, Mz12
Brick KSPE 12-2,0 KS12-2,0 -4DF
2,0-2DF
ds | M8 M12 M8 M10 M12 M10 M12 M10 M 12 | M10OM12
het 80 80 80
Steel grade 5.8 10.9 5.8 10.9 5.8
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<& Steel failure
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Figure 3.10: Influence of anchor rod diameters on the ultimate loads of injection
anchor systems (Welz (2011))
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c) Borehole diameter
Welz (2011) performed tests with five borehole diameters:
10mm, 12mm, 14mm, 16mm and 20nm. The diameters
10 mm to 14mm were installed without a sieve sleeve, while the
diameters 12nm, 16mm and 20nm were installed with a metal
sieve sleeveThe investigations shayda minor influence of the
borehole diameter on the ultimate loads. With larger borehole
diameters, therevasa slight increase in the mean ultimate load
and the failure modesould change but the scatter is greater in
the tests with a larger bordbadiameter.

3.2.1.3 Influences of the Base Material

In order to determine the influence of the base mataiialz(2011)
varied the parameters of the brickisd carried out the tests on single
bricks. For this purposethe brick compressive strength, the brick
format, the embedment depth and the hole arrangement of the brick
were examined in more detail. The latter only concerns perforated or
hollow bricks and is neglected in this thesis. The individual parameters
andtheir effects on the loadearing behaviour of bonded anchors are
explained below.

a) Brick compressive strength
Regardless of the type of failure, the ultimate loads incceaie
increasing brick compressive strength (Begure 3.11).
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ds-dnom - her M12-@14-40 M12-@14-80 M8-716-84
Steel grade 10.9 10.9 5.8
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Figure 3.11 Influence of the brick compressive strength on the ultimate load
(Welz (2011))

b) Brick format
The influence of the brick format was investigated on solid
calcium silicate panel elements and on a wall made of 4DF solid
calcium silicate bricks. The embedment depth wamB0for all
tests. In addition to the lok format, the anchor rod waaried in
size and nominal strength.
As can be seen figure 3.12, the loadbearing capacities of 4DF
bricks with higher compressive strength are lower than those of
the plane elemenNo influence is seen for thenchor rods with
low nominal strength. All tests with 4Df bricks failed due to
splitting in combination with local material failure. This
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behaviour is due to the fact that the stress that can be absorbed by

a small brick is limitedand the brick therefore splits.

ds-dnom-het M10-@12-80 M12-@12-80
Steel grade 10.9 5.8 10.9
Brick KSPE12 KS12 -4DF | KSPE12 KS12-4DF KSPE12 KS12 -4DF
fu [N/mm?] 17,9 29,8 17,9 29,8 17,9 29,8
50
45
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g 20 X
) 15
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5 & Steel failure n
X Splitting with local brick failure
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Figure 3.12: Influence of the brick format on the ultimate loads (Welz (2011))

c) Embedment depth
The embedment depth plays a decisive role for thelhezding
behaviour, the failure mode and the latidplacement behaviour.
To determine the influence of the embedment défpiiz(2011)
investigated embedment depths from 30 to MO with anchor
sizes M8 to M16 in different solid bricks.
The tests results show (sEegure 3.13) that the ultinate load
increases with increasingmbedment depthA change in the
failure modecould be observedAt low embedment depth and
ratio 'Q TQ 181, the anchor pullecdbut with backward

breakout (pryout). If the embedment depthias sufficient and
Q TQ 18r, the failure mode changed localbrick failure.
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If, in addition, the compressive strength of the base material
increasd with the embedment depth, sheayiof the anchor rod

occured
a) ds-dnom M12-@14 M10-@12 M12-@14 b) M12-@14
Load. fixture flat thick/long thi/sh.  thi.l thick/short
hef 40 60 50 80 40 80 40 60
hef/d nom 2,9 4,2 4,2 6,7 2,9 5,7 2,9 4,2
Steek grade 10.9 10.9 10.9 12.9
48 100
44 §
o 90
40
80
£ g
] @ o]
> > 60
5 28 § 2 o
S 244 4 S 504 ©
[¢] O (O]
= 20 2 40 0
) 12 )
20
8 O Local brick failure with brick breakout/pull-out|]
A Local brick failure 10
4 < Local brick failure with steel failure I O Conrete cone failure]
. O Steel e | ;
T T T T T T

Figure3.13: Influence of the embedment depth on the ultimate load in a) KSPE12
2,0 and B) concrete slab C20/25 (Welz (2011))

3.2.2 Single Anchor notlnfluenced by the Edge

In higher strength solid brick material, the leagaring behaviour of
single anchors corresponds to that of concrete. As with concrete, a
bowl-shaped spalling forms in front of the anchor. Solid bricks with
lower strength, on the other hand, will expecietocal material failure,
resulting in greater displacement and mire deformation of the anchor
until the maximum load is reached. In comparison, the stiffnesses are
lower than with a centric tensile load. This behaviour can be seen in
Figure 3.14.
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Figure 3.14: Comparison of loadlisplacement behaviour in solid brick or hollow
brick

3.2.3 SingleAnchor at the Free Edge

The loadbearing capacity of a single anchor at the free edge is
influenced by several factors. In addition to the direction of loading,
these are the edge distance, the brick format, the brick material, the
mortar type, the joint width and the psresang of the wall panel. The
type of failure is identical to that of concrete if there are no other
influences with regard to format and joifithe result is a breakout
towards the edge.

In the case of loading, the ultimate load is reached with the formation
of the first cracks, regardless of the loading direction. The difference is
that the load capacity is twice high with a load parallel to the edge as
with a load in direction of the feeedge (seBigure 3.15).

In the case of smadlized bricks, other types of failure can occur whose
load-bearing behaviour can vasyrongly depending on the direction of
the load. On the one hand, brick splitting can occur, on the othdy han
it canlead to neighbouring bricks being pulled out of the bond.
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Figure 3.15. Load-bearing behaviour of transversely loaded injection anchor
systems at the free edge with loading direction a) perpendicular to
the edge and b) parallel to the edge (WEIZ11))

3.2.4 Single Anchor in the Jointwithout Edge Influence

The base material of a single anchor in the joint cavelpg different.
Parameters such as joint width, setting positi@adjoint or bed joint)

or mortared and unmortared joint can be varied. Even an anchor in an
unmortared joint can be considered as a fixing in a crack. All this can
have an unfavourable effect on the ldaehring behaviour.

To check the loatbearing behaviour in the jointWelz (2011)
investigatedwo embedment depths Hm and 8dnm an two anchor
sizes M8 and M10 with steel grade 5.8 in masonry walls with solid clay
bricks and hollow calcium silicate brickfhe anchors were installed
with a metal sieve sleevéhe load was applied in the direction of the
joint. Despite the different embedment depths and anchor sizes, all
anchors failed due to steel failure

3.2.5 Design Approach byWelz(2011)

In the following sections, the design\Welz(2011)is summarized for
solid calcium silicate bricks only. The equations for other base materials
can be found itis thesis
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3.2.5.1 Pull-out Failure under Shear L oad

If the embedment depth is shallow and libedingfixture is thick, the
anchor may fail prematurely by pwdut. For this purposéVelzadopted

the calculation of the tensile load capacity friviayer(2006) Because

of the shear load/Nelzextended the equation by adctor. Thus the
equation for the single anchor without the influence of the edge or the
neighbouring anchors is as follows

wF QX . (3.12)

~

T Gl

with:

N ¢t forQ o@ma

N pmt forQ o@ma

Characteristic resistance to tension loads of a single adchor
0 0 [ ETO R RO . (3.13)

J o . Pulling the anchor rod
out from the mortar

o 5 T

¢

vV v T 3Q Oy . Pulling the anchor rod
out from the brick
0 , phoQaQ & . Brick breakout

For anchors near to the edge and anchor groups, thebézahg
capacity of the single anchor is multiplied by the geometric influence
factor and the group factor.

6 0 Ordyp (3.14)
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Characteristic loatbearing capacity acc. {8.13)

Existing projected area of the breakout cameio
Projected area of the breakout cone when the cone is
formed & Go

iﬁ T(:)F1

Spacing for ensuring the transmission of the ultimate |
of a single anchor without spacing and edge effects

Edge distance for ensuring the transmission of the
ultimate load of a single anchor without spacing and e
effects a a :

t 7
Pull-out: p T O—
p Tt

Brick breakout: phv JQ

Factor for consideration of the group effect

W P W Oﬁ P8t
with:
Wr €
. T .
| mxOp r— T
A

i Spacing of the anchorg a
€ Number of anchors
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T Characteristic bond stress of a single anchor fr
tests with unconfined test setupfa o

T p Calculated maximum characteristic bond streng
O ¥& a6 (3.8)

ph O——— N (I

3.2.5.2 Local Brick Failure

The loadbearing behaviour in case of local brick failure is
differentiated into four cases. According to this, the thickness of the
loadingfixture and the embedent depth are decisive. In cases A and
B, the fixture is flat, but the embedment depth changes from small to
large. For cases C and D, tlwadingfixture is thick with the same
changesn embedment depth

Flat loading fixture O Ty 20
Miandd awi QQ

N
e A —l_
] '
z )
2 ]

fi_Lf

CaseB.

=

Thick loading fixture 0 Q
Qi a8 d awni QQ

CaseD:

| - Z - _i‘ii

Figure 3.16 Calculation cases for local brick failure froivelz(2011)
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The characteristic resistance under shear loading wWathldading
fixture O mMv X and small etbedment depth (case A) is

calculated as follows

wp TixUQ OQ TIQ N p . (3.15)
foR T qU)
with:

"Q;  Local brick compressive strength ¥& a0
| JQ (3.16)

| Factor for converting the brick compressive
strength into the local strength, deterntifi®m

tests
Q Characteristic compressive strength acc. to DIl
N ()
‘Q  Effective emberthent depthd &

Q Diameter of the drill bita &

The characteristic resistance under shear loading with flat loading
fixture © m® X2 and large embedment depth (case B) is

calculated as follows

WE TWD D jp NI . (3.17)
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0 pp Characteristic plastic section modulus of the anchor

0 aa
pv 2o JQ (3.18)
. Factor for converting the plastic section modulus of t

threaded rod to the anchor system
O 70 § (3.19)
with:

U { Bending resistance of the injection system

O J 03 O0r3 5y 0Q
0 ped 5 e0Q¢
with:
O Tensile force in the sieve sleeve
o0 0JQ
0 ,0 f Tensile stressed surface areas:

sieve sleeve or stedl | 6

0 1,0 p g Pressurestressed surface areas
steel or mortarl 1 0

i iR, Distances of the centre of gravil
[ mdl RE of the surfaces from the zero lin

yd

I
0 i Bending resistance of the anchor rod

px b JQ
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with:
"QQ  Characteristic steel tensile strength
OF& aé
The characteristic resistance under shear loading with thick loading

fixture O ‘Q and small embedment depth (case C) is calculated
as follows:

e

R PTG

with:

Q Outer diameter of the threaded r@d &

O Local brick compressive strength ¥& a6 acc. to

Equation(3.16)
Q Effective embethent depthd &

0 pp Characteristic plastic section modulus of the anchor
U & G acc. toEquation(3.18)

The characteristic resistance under shear loading with thick loading

fixture O ‘Q and large embedment depth (case D) is calculated
as follows:
Wp TMYWP * D ppX 00 . (3.21)
"5 ph
with:
. Factor for converting the plastic section modulus of t
threaded rod to the anchor system acc. toEquation
(3.19
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0 pp Characteristic plastic section modulus of the anchor
O & & acc. toEquation(3.18)

Q Outer diameter of the threaded ra@d &
"Q; Local brick compressive strength7a ao acc. to
Equation(3.16)

The design for local brick failure is determined for the single anchor as
follows:

G Qe—L . (3.22)

W j

with:
0Q A B, CorD

And for the group anchor as follows:

W f Wy P — ¢ : (3.23)

w  Design value of the loadearing capacity of the single
anchor in case of local brick failure acc. to
Equation(3.22)

O Spacing of the anchors with a minimum distance of
i 0Q vuvTa
i pp Critical spacing for local brick failure

=125mm

For quadruple fastenings, the coefficient must be determined in both
directions and multiplied by each other.
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3.2.5.3 Steel Failure due to Shear Load

In contrast t&aTAG 0292010) Welz(2011)reduces the preactor and
establishes the following equation for steel failure due to shear load:

® § Tio yd IO; . (3.24)
with:
0 Decisive cross section of the anchardo

"  Nominal characteristic steel ultimate strengiffa &o

All ¢ anchors with the following requirements are used for group
fastenings:

1) Anchor system without sieve sleeve:
Spacing v L T8 & (acc. toFuchs(1990)

Anchor system with sieve sleeve:
Spacing o LTI A
2) Clearance hole in the loading fixtuée may not exceed
Table4.1in Annex Cof ETAG 0292010)
3) Edge distance» p 10Q
If the requirements cannot be met, the most unfavourable case is
decisive and is used for tlegaluation
3.2.5.4 Brick Edge Failure

The loadbearing capacity can be influenced by the dimensions of the
brick or the overlapping of the breakouts in case of group anchorages.
If a complete breakout body can form unhindered, the edge failure is
determined as follows:

O f Lo (3.25)

h
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[ [
with:

Oy maojo "m Togiaph (3.26)

Q rir doad direction to the free edge

rit doad direction parallel to the free edge
Effective embethent depthd &

Q Outer diameter of the threaded rad &

"Q Normalized mean compressive strength of the
masonry unit0 7a &ao

) Edge distance with a maximum value of
e 0 AGHS
Wp S
: 5 bro
"Q Height of brick a &
@ Width of brick & &
0 thad & ao
Projected area of a single anchor
0 plvwd Dow i aao
Projected area of a group anchor, which is influenced
an edge and a brick thic

3.2.5.5 Pushing out ofOne Brick

With edge anchoring, the brick can be pulled out of the wall bond if no
load is transferred via the bed joint. The ldahring capacity for
pulling the brick out of the bond is determined as follows:

w i ¢JdAOMWIQ T g . (3.27)
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a Length of brick & &
W Width of brick a &

Q Initial shear strength acc. @WIN EN 19961-
1(2019) Table 5.4 0 fa ao

, Design compressive strength perpendicular to
shear 0 & ao

3.2.5.6 Influence of the Joint

When anchoring in the joint, whetherortared or not, or in the area of

the joint, no load reduction is applied up to a joint width afir@. For

head joint widths between 2 andybn, the bearing loads must be
reduced to 786 as for tensile loads in accordance wWHTAG
029(2010) Nonrmortared head joints that are larggkan 5mm are
treated in the same way as when dimensioning an anchor at the free
edge.

3.2.5.7 Resistance to Combined Tension and Shear Loads

The followingverificationsshall beprovidedfor the combined tensile
and shear load:

I pit (3.29)
f phrt (3.29)
T 1 plt (3.30)
with:

I O jU Ratio between design action and design

resistance for tension loading
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I WJjw Ratio between design action and design
resistance for shear loading

The most unfavourable values are used for verifications.
3.3 PhDThesisofMarinaSt i f2017) |

The loadbearing behaviour of injection anchors in masonry under
tension, compression, oblique tension and shear loads were investigated
experimentally and numericallyA test setup was developed for
anchoring in the single brick in order to be able to obtain comparable
results to those in masonipn St i P éheésis,Imainly hollow bricks
under tension or shear loadiivgere investigated. In addition, the
influence of the joint wasconsidered For this purpose, injection
anchors were installed in different type of joints and the-lweating
capacity was testedHead joints, bed joints and -joints were
investigated. Unfilled and filled joints were examinAdditionally, the

joint widths werevaried. These results @ t i P studied are relevant

to this thesis and asaummarized below.

3.3.1 Influence of the Joint under Tension Loading

For the tension tests, M6 and M12 threaded rods were installed into
joints. The anchors installed centrally in the brick serve as reference
tests. In all tests, the anchors failed with a mixed failure, a combination
of pull-out and brick breakoubDespite the same failure mode, there are
differences in the ultimate loadkhe results with the different boundary
conditionsare summarizeth Figure 3.17 andFigure 3.18.

The largest reduction for botinchorsizes is the setting position in the
T-joint with normal bed mortardt makes no difference whether the
head joint is mortared or not. In both cases the load reduction is almost
identical.While the reduction for M6 8,73 the reduction for M12 is
0,64 The highest mean ultimate load for M6 is in th@iht with thin

bed mortar in the lekjoint and the head joint made of tongue and
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groove. The mean ultimate load decrease8,b% For M12 it is in the

head jointmade by tongue and groove systemhvateduction of0,10,

This behaviour is due to the fact that the injection mortar is in direct
contact with the brick and has a higher thstress. The joint made of
normal bed mortar has a lower compressive strength and can transfer
lower loads.

1,50
1,25
— 1,004 O
[}
& . 0
5075 1
%) O O
s ! O
O
z 0
— 0,50
O
|
0,25 ¥ O
0,00
Yo I T N e B
Yo B R R A A S T B
[mm] - O « o o ol g -
Seting /X 0 2T o £ 2 S/2 o £ S
position m| T T F = F| I = =
Mortar Thin bed mortar Normal mortar
H: head joint; B: bed joint; T:-Joint; X: without mortar; TG: tongue and groove
M: Mortar:;

Figure 3.17. Ratios in different joints of M6 threaded rodsder tension load
(St i q2017) |
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1,50

1,25
- 1,004
§ 0
5_0,75 0 | L 0
>
=z O
0,50 L 0
Z )
0 O
0,25
o 0,00
YO O 4 o o < N —
(mmj N oo o 3 e ®
Y0 L~ o m <~ o ™ o
[mm] o o N o — N (e)] o (e)]
. = —~ = — n ~ = —~ ~
Seting S|/ X 0 2 0 €2 § 2 a0 & =
posion @| T F T F = K I = =
Mortar Thin bed mortar Normal mortar

H: head joint; B: bed joinfT: T-joint; X: without mortar;
TG: tongue and groove; M: Mortar;

Figure 3.18: Ratios in different joints of M12 threaded rodeder tension load
(St i g2017) |

3.3.2 Influence of the Joint under Shear Loading

For the shear tests, the same constellations of jointshuétas for the
tensile test. Here, howevahe anchor can be loaded in at least two
directions. In the direction of the joint or in the direction of the brick.
Except forthe T-joint, which can be tested in three directions. In the
direction of the bed joint, the head joint or in direction of the biitle
resulsof the tests are shownkigure 3.19up toFigure 3.22in relation

to the reference test in the brick.

The type of failure@lepends on the diameter of the anchMi#2 threaded
rodsfailed only by local material failureywhile M6 threaded rods failed
mainly by steel failure in adtion to local material failure or by pull
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out. From the tests resultS,t i plerives d load reduction of 3 for

local material failureThe highest load reduction occurs when the M12
threaded rod is pulled out, which is 0,26 on average. This type of failure
mainly occurs in masonry with normal bed mortar and the load direction
parallel to the joint.The greatest load reduction results for the M6
threaded rods installed in &jdint or bed jointand loaded in the
direction of thebedjoint with a reductiorto 0,29,

The mean ultimate loads;, of anchors embedded in the head joint
with a load direction toward the joint are compared with actualt test
results inSection8.3.2

1,50
1,25
1,004 o
()
§ ]
5 0
% 0,75 =
=] O
> & O
\:: ® O o O 0o
> 0,50 0 | | 0 []%
0,25
3 0,00
Y0 " O N ¥| O o ;nm 0 <
[mm] ' ' ' ' ' ' O <o I s N o NI o o} B s VI o N o\ N ™
Y0 0 Yt N ® o ™ 10 o N 1 oo S
[mm] "N ol ol |l '|d d d d d ool oo <
- X —~~ - [ — TS ~
Seting S | ¥ | 2 | £ o X e =
position o) T I T ~ = [
Mortar Thin bed mortar

H: head joint; B: bed joint; T:-Joint; X: withoutmortar; TG: tongue and groove;
M: Mortar,

Figure 3.19: Ratios in different joints of M12 threaded rotismasonry with thin
bed mortarunder shear loadS t i {2017) |
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Figure 3.20: Ratios in different joints of M12 threaded rods in normal bed mortar
under shear loadg t i [{2017) |
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3.3.3 St i p eropodal for Anchorages in theJoint

Based on her test resultS,t i ppeoposebthe following reduction
factors or maximum loatlearing capacities for bonded anchors in
plastered masonry. The reduction ttas for the tension load are
summarized inTable 3.1 to Table 3.2 and for the shear load in

Table3.3.

(2017)

To summarize, the results show that the joints generally lead to a
disturbance of stress transfer into the brick. This is fundamentally
influenced by the type of joint alde anchor size.
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Table 3.1: Reductionfactor for installation in bed or head jointnder tension
loading

. . . Max. load-
Installation Construction of _ Reduction ) .
i . Size bearing capacity
position the brick wall factgr
[kN]
Normal mortar M 0,30 3.0
O M1 0,50 -
Bed jointor Thin-bed mortar O M 0,75 ]
head joint i
J Tongue and 5 M 0.70 )
groove
Without mortar O M 0,60 -

Table3.2: Reduction factor for installation if-join under tension loading

. . . Max. load-
Installation Construction of _ Reduction ) .
. . Size bearing capacity
position the brick wall factgr
[KN]
Normal mortar/ O M! 0,25 2.5
normal mortar O M1 0,30 -
Normal mortar /
without mortar O M| 0,30 3,0
ortongueand O M1 0,30 -
o groove
T-joint Thin bed .
|n. ed mortar M 0.65 ]
/ thin mortar
Thin bed mortar
[ without mortar
M 0,55 -

or tongue and
groove
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Table3.3: Reduction factor for installation in joints under shear loading

: : Max. load-
Installation construction Load Reduction bearin
L of the brick  Size factor U 9
position wall direction ] capacity
[KN]
|| joint - 1,5
Normal U EI 0,5 4,5
mortar ; || joint 0,5 5,0
O MI! U EJ 05 )
Bed jointor  Thin bed . || joint
. O M - 0,5 -
head joint mortar U EI
Tongue and 5 | jOIrlt" 0.5 ]
groove U EI
Without . || joint
O M o 0,5 -
mortar U EI
N I .
ng? . O M Jlany 0,5 15
O M! bed joint 0,5 5,0
normal mortar
Normal O M ||bed 0,5 1,5
mortar/ O M1 joint 0,5 5,0
without
mortar or O M U AA 0,5 1,5
tongueand O MI joint 0,5 -
o groove
T-joint Thin bed
mortl;]r /ihin O M [landy 9.5 1.5
O M1 bed joint 0,5 -
mortar
Thin bed O M ||bed 0,5 2,0
mortar/ O MI joint 0,5 -
without
mortar or O M U AA 0,5 -
tongueand O MI joint 0,5 -
groove
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3.4 Design Methods according taf'R 054(2022)

This chapter deals withR 054(2022)and describes the current design
of bonded anchors for use in masonry. Only the smidium silicate
brick is discusseah the subchapters

In general, the design of the anchorages shall show that the dakign

of actionsO are not greater than the desigilue ofresistancéy . The
design value of the resistance results from the quotient of the
characteristic resistanté and the partial factdior material

o Y (3.30)
with:
O Design value of action
Y Design value of resistance
YT
With:
Y  Characteristic resistance
[ Partial factor for material
For masonry: | chv
For steel under tension loading:

[ d oh

j
For steel under shear loadinith and without lever
arnt

QY nard Géand’Q QT

R -

I plt v

j
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QY naFd Géand’Q QT
[ ph

3.4.1 Resistance tol ensionLoads

TR 054deals with the resistance to tension loads for the famhodes

steel failure pull-out failure of the anchor, brick breakout failupe)l-

out of one brick from the bond and the influences of the joint. For the
failure modes pulbut failure and brick breakout failure with the
respective minimum spacing and edge distances, reference is made to
the respective ETAas there is no equation for determining the
characteristic resistancéhe required proofs and the equation of the
characteristic resistances of various failure modes are dedan the
following subchaptes.

3.4.1.1 Steel Railure
Required proof:
0 0 7

Characteristic resistance of anchor in case of steel failure is,

O p 0 2Q . (3.32
with:
0 Decisive cross section of the anchardo

"Q  Nominal characteristic steel ultimate strengiffa &o

3.4.1.2 Pull-out Failure of the Anchor

Required proof:

0 O fA
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There is no equation for the characteristic resistance in case of failure

by pullout of the anchor, therefore reference is miadthe relevant
ETA.

3.4.1.3 Brick Breakout Failure
Required proof:

0 0 f 7
There is no equation for the characteristic resistance in case of failure
by brick breakouttherefore reference is made to the relevant ETA.
3.4.1.4 Brick Pull-out and Combined Failure
Required proof:

0 o 5 T

The daracteristic resistance of an anchor in casputifout of one
brick is as follows

Non-mortar filled vertical joints:

0 & f c (3.33
dmvIQ it J

Mortar filled vertical joints:

O & # 0 § (3.34)
¢ JQ  OtwOQ

with:

a Length of the bricka &

@ Width of the brick &
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Q Initial shear strength acc. @IN EN 19961-1 (2005)
Table3.4 0 T4 ao

Minimum design compressive strength perpendicular
the shear0 & ao

3.4.1.5 Influence of theJoint

Required proof:
O | g3 A
0 | R pA
Reference is made here to the respective ETA, but if no information is

provided the following conditions applyith the following reduction
factors

a) | pht Tt For setting position in the brick and the joints are
completely filled with mortar

b) | pft T The joints are not completely filled with mortar ar
the edge distance to the jointiis @

C) | mix v The joints are not completely filled with mortar ar
the edge distance to the jointiis @

3.4.2 Resistance to Shear Loads

TR 054deals with the resistance to shear loads for the failure modes
steel failure)ocal brick failure,brick edge failure, pushing bof one
brick and the influencef the joins. However, the influence of the
joints does not indicate the reduction factor by which the resistance
to be multiplied if the minimum edge distance cannot be maintained
the joints are not completely filledror the failuremodelocal brick
failure with the respective minimum spacing and edge distances,
reference is made to thespective ETAThe required proofs and the
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equation of the characteristic resistances of various failure modes are
described in the following subchapters.

3.4.2.1 Steel Rilure

Required proof:

Without lever arm:
W W [ A

With lever arm:
w W Ry A

The characteristic resistance of an anchor in case of steel felure
distinguished between with and without lever arm arasgifllows,

Without lever arm:

wp TD O . (3.35)
with:
0 Decisive cross section of the anchardo

"  Nominal characteristic steel ultimate strengiffa ao

With lever arm:

O h

W R (3.36)
with:
a Lever arm acc. tdR 054(2022) Equation (3.1)& &

| Depends on the degree of restraint of the anchorT(Ree
054(2022) Section 3.2

—
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0  Acc.totherelevant ETA |

0 Design values of actions under tension load

0  Design value of resistance to steel failure of th
anchor under tension load

3.4.2.2 Local Brick Failure
Required proof:
w A
There is no equation for the characteristic resistance in case of local
brick failure, therefore reference is made to the relevant ETA.

3.4.2.3 Brick Edge Failure
Required proof:
w oM
For determination of the characteristic resistance in case of brick edge
failure the following equation may be used,

o EX foajo  "ogfaph . (3.37)
with:
o) it u Load direction is to the free edge

it u Load direction is parallel to the free edge

Q Outer diameter of the threaded rad &
Q Effective embedment depth &

"Q Normalized compressive strength of masonry unit
0Fa ao

0 Edge distance with @ & &
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If the anchor is installed in the last brick at the edge, t
loading direction is towards to the free edge and there
no load transfer to the upper and lower brick, than

o | Add jphbNQ jo
3.4.2.4 Pushing out of one Brick
Required proof:
w i
Theequation for theharacteristic resistance in caseatghing out of
one brickis as follows,

g ¢ B OomvdQ my . (3.39)
With:
a Length of the brickd &

W Width of the brick & &

Q Initial shear strength acc. @IN EN 19961-1 (2005)
Table3.4 074 &o

Minimum design compressive strength perpendicular
the shear0 & &o

3.4.2.5 Influence of the Joint
Required proof:
@ |y RA
For the characteristic resistanaefgrence is made here to the respective
ETA. If the joints completely filled with mortar and the setting position

is in the brick, then the characteristic resistaneeg Nw {MNw  and
w  may be usedf the joint is not completely filled with mortar, the
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joint is treated as a free edge and the edge distance to the joint has to be
greater than or equal to the minimum edge distance.

3.4.3 Resistance to Combined Tension and Shear Loads

The following verifications shall be provided for the combineditans
and shear loal

1 phm (3.39
I phr (3.40)
S o (3.41)
With:

(. Ratio between design action and design resistance
tension (shear) loading acc. T&® 054(2022)
Sectiod .4
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4 Experimental Investigations

This chapter focuses on the experimental investigations. The test
programme, the fastener systems, the base material and the test
procedures are described in more detail. The measuring equipment is
also shown and described in the test descriptions.

4.1 Test Program
Table4.1. to

Table4.2 provide a general overview of the tests carried Balble4.1
lists the tension tests carried out.

Table 4.2 lists the tests for shear loadingo Tnvestigate the load
bearing behaviour of bonded anchors in solid calcium silicate brick, the
material properties were also examined in addition tdeghsion tests
and shear tests.

The more detailed test programmath the varied parametease listed
in the respective chapters with different failure modes.
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Experimental Investigations

Table 4.1: Tension tests of bonded anchors and undercut anchors in calcium
silicate bricks

Series Description Chapter
Tension test on a single anchor embeddeimasonry 5.1
1  unit with variation of the support width; 6.1
Installation: with sieve sleeve 7.1
Tension test on a single anchor embedded in a masol 5.1
2 unit with variation of the support width; 6.1
Installation: without sieve sleeve 7.1
Tension test on a single anchor embedded in a masol 5.1
3 unit of a wall with variation of the support width; 6.1
Installation: with sieve sleeve 7.1

Tension test on anchor groups embedded in a mason
unit with variation of edge distance and spacing of the
anchors;

Installation: with sieve sleeve

6.2

Tension test with anchor groups (variation of spacing
and single anchors (variation of edge distance c) with
confined test setup;

Installation: with sieve sleeve

5.2

Tension test with undercut anchor (M10 and M16) wit

variation of the embedment depth 6.1

Tension test with anchor groups (variation of spacing)
single anchorsvariation of edge distang&vith
unconfined test setup;

Installation: without sieve sleeve

6.2

Tension test with confined test setup on a single anch
embedded in a masonry unit and masonry wall with

9 different brick dimensions and compressive strength
class;
Installation: with sieve sleeve

5.2
7.1

Tension test with unconfined test setup on a single ar
embedded in a masonry unit and masonry wall with 6.3

10  different brick dimensions and compressive strength 71
class; '
Installation: with sieve sleeve
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Table4.2: Shear tests of bonded anchors in calcium silicate bricks

Series Description Chapter

Shear test with anchor groups (variation of spacingand e 8.2
1 distance) and single anchors (variation of edge distance) 9.1
Installation: with sieve sleeve 9.2

Shear test on a single anchor embedded in a joint of a wi
2  with variation of the joint width; 8.3.2
Installation: with sieve sleeve

Shear test on a single anchor with variation of the edge 8.2
3 distance; 9.1
Installation: without sieve sleeve 9.2

4.2 Description of the FastenerSystems

4.2.1 System Ii Chemical Injection System
The chemical injection systeoonsists othe following components:

1 Chemical injection mortar

1 Equipment for mixing and dispensing

1 Equipment for borehole cleaning and injection
1 Anchorage material

The components used in the tests were delivered to IWB from the
manufacturerln Figure 4.1 shows the chemical injection system with
the mortar in a sidby-side cartridge, the corresponding static nozzle,
the anchor rod with nut and washer and the plastic sieve sleeve.
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Figure 4.1: Chemical injection system for use in masonry

4.2.1.1 Chemical injection mortar and dispenser

Themortar is a styrenfree vinyl ester hybrid mortar consisting of two
components, the hardener and the fillers. The two components are
stored separately in a twahamber cartridge. This is inserted into a
special manual dispensing gun. A static mixing nozzle, which is
screwed onto the cartridge, ensures that the components are mixed
correctly. This allows the components to combine and react. The first
strokes must be discarded until a uniform colouring of the mortar is
visible. The mortar used for thests is filled into a 36@nl cartridge

4.2.1.2 Fastener andSieveSleeve

The tested threaded rods arpart of the injection systerhe threaded
rods with size M8 anda length of 130nm were sent fronthe
manufacturerto the IWB. The property class of the galvanized M8
threaded rods was 8.8he threaded rods with size M12 were provided
by the IWB. The material properties were equivalent to the properties
given in the respectivieTA.

The sieve sleevanade of plasticpolypropylene / polyethylengis a
part of the injection systemanly the 12x50 size was used for the tests
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which was only used in combination with the M8 threadedTbé size
specifications refer to the diameter and the embedment depth.

4.2.1.3 Installation

The installation of the anchors was performed according to the
Manufacturero6s Printed Installat:.

To install the anchors, a hole was drilled into the solid calcium silicate
brick to the required depth using a rotary hammer and a hardened metal
drill bit with a cutting diameter & m between the permissible limits.

All boreholes were drilled with use of a drilling rig to ensure
perpendicular drilling.

After drilling, the hole was thoroughly cleaned in accordance with the
MPII as follows:

1 2x blowing with hand pump
1 2x brushing
1 2x blowing with hand pump

The anchor can be installed in solid bricks with or without a sieve
sleeve, on perforated or hollow bricks only with a sieve sleeve. As both
variants were used for this work, the respective installations are
additionally explained.

Installation with sieve sleevéAfter cleaning, the sieve sleeve was
pressed down to the bottom. The hole was filled with adhesive through
the sieve sleeve and the threaded rods were pressed onto the bottom of
the sleeve.

Installation without sieve sleevéfter cleaning, the hole was filled
with adhesive and the threaded rods were pressed in to the required
embedment depth.

The curing time of the mortar depends on the temperature. As the tests
were carried out &19°C, two temperature ranges must be observed.
At > 10°C to 20°C the curing time is 60 minutes and for the temperature
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range >20°C to 30°C 45 minutes. Nevertheless, the tests were carried
out after 60 minutes the earliest.

4.2.2 System IlIT Undercut Anchor

The undercut anchor is a selitting anchor and consist of the
following components:

1 Undercut anchor
1 Stop drill bit
1 Setting tool

The componentsas shown inFigure 4.2, used in the tests were
delivered taheIWB from the manufacturer.

Figure 4.2: Undercut anchor with setting tool and stop drill bit (from top to
bottom)

4.2.2.1 Undercut Anchor

The undercut anchor consists of a conical bolt, an expansion sleeve, a
nut and a washer. While the sleeve is made of carbon steel, the bolt is
made of galvanized and cold formedade 8.8 steelThe undercut
anchor is for use in cracked and uncracked concrete. There is no EAD
for this type of mechanical anchor for use in masofilye sizes
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M10x100/20 and M16x190/40 were used for the td8dts.values after
the thread size are the anchorage depth and thickness of the fixture.

4.2.2.2 Installation

The undercut anchor is installed using theplace method in
accordance with th&PIl. To do this,a hole is drilled through the
fixture to the solid calcium silicate brick to the required depth using a
rotary hammer and a hardened metal drill Aispecial drill bit is used

for this, which stops at the specified fixture thickness and cannot drill
any deeper. The thickness of the fixture was therefore varied in order to
achieve different anchorage depths. All boreholes were drilled with use
of a dilling rig to ensure perpendicular drilling.

After drilling, the hole was thoroughly cleaned with a hand pump
Thereafter the anchor was pressed to the bottom and with the setting
tool an undercut was formed. Afterwards the required installation
torque (Y ) was applied with a calibrated torque wrench. Finally,
static tension tests were carried out as described in Sdction

4.3 Base Materials
4.3.1 Bricks

Calcium silicate bricks with different compressive strength classes
served as base material. The bricks were produced by the building
materials factory E.Bayer Baustoffwerke GmbH & Co. KG according
to DIN EN 7722. To check the dependence on the brick format, bricks
were cut from the largéormat calcium silicate brick for certain test
series. This allowed a better comparison to be made. The brick
dimensions used are summarized able4.3 and shown irFigure 4.3
andFigure 4.4.

The material properties of the bricks and mortar were determined
according toDIN EN 7712 (2015)and DIN EN 101511 (2020) at
MPA University of Stuttgart. The results of the material properties are
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summarized inTable 4.4 and Table 4.5. The bricks were stored at
normalambienttemperature.

Table4.3: Dimensions of the used bricks

| Length | Widthb  Heighth  Compressive
Brick strength class
[mm] [mm] [mm] IN/mm]
NF 240 115 71 12
2DF 240 115 113 12
3DF 240 175 113 12
4DF 248 248 115 12
8DF 498 248 115 12
PE (basys 1) 908 300 498 16; 20
PE (basys 1) 998 300 623 16

Figure 4.3: Example of used bricks with dimensions NF, 2DF and 3DF
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Figure 4.4: Drawing of the bricks
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Table4.4. Material properties of the bricks

Brick Compressive Splitting tensile  Flexural strength Young 6 s
strength [N/mm2] strength [N/mmZ] [N/mm?Z] [N/mm?]

(240/1'1\|5F/71 mm) 218 2,07 385 9366
(240/155/?13 mm 150 2,04 4,74 10585
(43;)[2)371(7%2/.10123;25211 19,1 2,01 4,98 8537
(43;)[2);1(7%5/"10173;2;211 20,0 - : -
(998/22375913 mm 254 2,82 6,34 10794
(998/23375913 mm 18,1 2,36 4,99 10726

basys 1 212 ] _ -

(998/300/623 mm
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Table4.5: Material properties of the mortar

Weber.mix Compressive strength [N/mm?Z] Flexural strength [N/mmZ]
Weber.mix 610

19.03.2020 111 4.4
Weber.mix 610

03.03.2022 95 3,20

4.3.2 Masonry Bond

A supporting structure for masonry bond veasated to carry out the
tests.Figure 4.5 shows an example of a header bond with 2DF bricks
and a stretcher bond with NF brickdhe structure consists of a lower
and upper support bracket made of steel channel, a planar formwork
made of wood on the back of the wall and threaded rods on the sides
(small wall) additional a third in the middle (bigger wall) for pre
stressing.

The masonry bond was built up on the lower speefile in the usual
manner against the vertical formwork, which was connected to the
lower steebrofile. The upper stegirofile, which was connected to the
lower steelprofile via threaded rods, was placed over the last layer of
bricks on a final layer of mortar. By tightening the nuts of theaithed
rods, the wall was prstressed in the vertical direction. After that, the
formwork was connected to the upper sfwefile.

After a curing time of 4 weeks, the wall was placed in a horizontal
position. A prestress of 0.2N/mm?2 was applied via the threaded rods.
Finally, the tests were carried out as describeskeictiord. 4.
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Figure 4.5: Header bond with 2DF brickand stretcher bond with NF bricks

For the tests in the mortar joint, joints were formed from two 4DF
bricks.The individual procedures are showrFigure 4.6. As different

joint widths were investigated, 2/3 of the joint was mortatadthe
centre area, where there was no mortar, wooden strips of different
thicknesses were laid to create the different joint widths Fsgere

4.6 b)). The second bricls then pressed onto the mortar and both bricks
are clamped in place using two screw clanfmsensure that the joint
width can be guaranteed, the wooden strips are only pulled out of the
joint once the mortar has reached a certain degree of hardening. In the
next step, a mortar bed is applied to khwwer steel profile on which

the bricks are laid. The mortar joint is perpendicular to the mortar bed.
The upper steel profile, which was connected to the lower steel profile
via threaded rods, was placed over the bricks on a final layer of mortar.
By tightening the nuts of the threaded rods, the test specimen was pre
stressed in the vertical directiofter that, the formwork was
connected to the upper steel profile.

After a curing time of 4 weeks, the wall was placed in a horizontal
position. A prestress of 0.N/mm?2 was applied via the threaded rods.
Finally, the tests were carried out as describeskictiordt.4.
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Figure 4.6: Production of the test specimens for anchoring in the mortar joint

4.4  Description of the Testing Procedure

The tests were performed based D 33007600-0604 The tests

were carried out in solid silicate calcium bricks detaile8éatior4.3.

The anchors were installed accord
instructions (see Sections4.2.1.3 and 4.2.2.9. In the following
subchapters, the used equipment for the measurement of the
displacements or loads and the testing procedure are desamibed
general The individual test series and their test setups are described in
more detailn Panzehir(2021)andPanzehir(2022)
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4.4.1 Measurement of the displacements and cracks

Measuring vertical displacements:

The vertical anchor displacements were measured using the indirect
measurement method with the aid of an analogue inductive sensor
(LVDT), which converts the linear movement into electrical sigfai.

this purpose, the displacement is transmitted to the LVDT via a wire
that is attached to the anchor with a magnet.

Measuring horizontal displacements and crack widths:

During the shear load tests, horizontal displacements of the anchor was
measured on the direction of the force action line. The LVDT was glued
to the surface of the masonry and touched the loading fixture.

Crack formation was also measured during these tests. For this purpose,
LVDTs were glued to the surface of the masonry in the area of the
expected crack formation, which touched an aluminium angle.

These measurements are shown as an examipigure 4.7.

Figure4.7: An exampl®f the measuraent of horizontal displacemesd
crackmeasurements
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4.4.2 TensionTests

The test setup fastatictension tests is basically the same. On the one
hand, a distinction is made between wide (unconfined) and narrow
(confined) supports. On the other hand, the setup changes for multiple
fixings. In the latter case, only the loading fixture difféibe load is
appliedto the anchoas follows:

The load transfers with the use of a threaded rod from the cylinder to
the loading fixture and finally to thenchor,which is fastened with a

nut, as shown irFigure 4.8. The load ranges of the hydraulic cylinder
and the calibrated load cell were chosen according to the expected load.
The ultimate load was reached within 3 minutes. The load and the
anchor displacement were recorded by using the commercial data
acquisitionsoftwareCaman.In order to be able to vary from a wide to

a narrow support, a circular recess was made in the lower triangular
plate. Ringshaped inserts are used to reduce the support width (see
Figure 4.8 c)).
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Figure 4.8: An example ofeist setup of stat tension tests with various support
widths

4.4.3 ShearTests
The load in shear is similar to tension and is applied as follows.

The load transfers with the use of a threaded rod from the cylinder to
the loading fixture and finally to the anchors which are fastened with a
nut, as shown ifrigure4.9. The load ranges of the hydraulic cylinder
and the calibrated load cell were chosen according to the expected load.
The ultimate load was reached within 3 minutes. The load and the
anchor displacement were recorded by using the commercial data
acquisitionsoftware Catman. In addition, there is Teflon under the
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loading fixtureto eliminate the frictional forces between the loading
fixture and the masonry.

All shear tests were carried out in the direction of the free edge and the
bricks were supported in accordance wHAD 33007600-0604
(2014) as shown irrigure 4.10.

Figure 4.9: An example of a test setup of static shear tests on group anchors
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Figure 4.10: Support of the shear tests accBAD 33007600-0604(2014)

4.4.4 Three-Point Bending Tests

Threepoint bending tests were carried out to determine the flexural
strength of the solid calcium silicate brick. These were carried out at the
MPA of the University of Stuttgart in accordance wiliN EN 7726
(2002) Various beam sizes were tested. The sizes of the bending beams
were doubled. Only the last size was enlarged by a factor of 1,5, as it
was not possible to saw larger test specimens with the plane element
block. The test beams were sawn from plane elefrienks so that all

test specimens come from one batch and the test results are only
influenced by the specimen size. The thicknesses and widths of the
beams were 2hm, 40mm, 80mm and 12Gnm. Furthermore, the
span lengths were 5@m, 100mm, 200mm and300mm. A schematic
representationf the test procedure is shownrHigure4.11. The beams

have not a notch on the underside. During the test, the beams were
placed on two roller supports with the required span length. Another
roller with the same diameter as the lower rollers, located in the centre
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of the beam, is used to apply the load from above. For this, the load is
applied continuously and without impact until failure.

100

Figure4.11: Schematic drawing of the thrgmint bending test
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5 Pull-out Failure under Tension Loading

This chapter focuses dhe loadbearing behaviour of bonded anchors
in case of pulout failure under tension loadingt the beginning, the
single anchor isestedwithout edge influence. Then the edge influence
Is considered, followed by the behaviour of group anchorages.

In the current design methddR 054(2022) areference is made to the
respective European Technical Assessment (ETA) for the failure mode
pull-out, as there is no design for this failure mokhethis thesis, th
design of bonded anchors in concréiR 0292010) is taken as a basis

for the derivation of the design in solid calcium silicate brick, as it can
be assumed that the solid calcium silicate brick has a similar behaviour
to concrete.

5.1 Single Anchor without Edge Influence

5.1.1 Experimental Program

The testswith bonded anchors (BAyvere carried ouin bricks of
various dimensionsBonded anchors with and withosieve sleeves
were investigated. The injection mortar coreistd two components
that arestored in a Zhamber cartridge. The two components combine
and react when dispensed through a static mixing nolzkdl tests,
threaded rodef sizeM8 with a steel grade of 8.8 were uséteplastic
sievesleeveswith a diameter of 12nm corresponded tche borehole
diameterof 12mm. The embedment depth for all testas 50 mm.
Solid calcium silicate bricks in thdimensions 4DF, 8DF and plan
elements (PE)vith a compressive strength cla€3SQ of 12 N/mm?
and16 N/mm2and a bulk density class ofokg/dm3were used alsase
material The nominal compressive strengthX2) of the bricks were
determined according tBIN EN 7721 (2016) at the MPA of the
University of Stuttgart andre inTable5.1 listed.The tests were carried
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out with an unconfined or confined test setuphe test setups are
described irbectiord.4.2

Table5.2 contains a summary of theerformedtests The designation
of the test series starts withe type of fastener in this casébonded
anchor (BA) This is followed by the test setuppnfined setugC) or
unconfined setup (UC). Then comes bk formatandlastly, if the
anchor wa installed with a sieve slee{® or not

Table5.1: Brick compressive strength acc.déN EN 7721 (2016)

Brick format CSC [N/mm?] B [N/mm?]
4DF 12 11,0
8DF 12 15,2

PE 16 21,2 18,1

Table5.2: Test program of single anchors without edge influence in valigok
formatand support widtfi Failure mode puhout

Test setup Test I\tlgég Brick format SE'?;’S /s:\(lace))]ve
BA-C-4DF-s 10 A4DF Y
foed BA-C-4DF 5 4DF N
confined 5 8DFs 5 8DF Y
BA-C-PE-s 14 PE Y
BA-UC-4DF 5 4DF N
Unconfined BA-UC-8DF-s 5 8DF Y
BA-UC-PEs 5 PE Y

5.1.2 TestResults

In total, 7 tests series with4 tests were carried out, whereby tests with
pull-out failure only were evaluate@able5.3 summarises the results
of single anchorwith the failure mode puwout. The first column is the
test designation. In the following columns tiheick format the
compressive strengthiQ, the mean ultimate load ; and the
coefficient of variation (covare given
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The failuremode pultout occurred in approX.7 % of the testsl8,2 %

of the tests failed by mixed failure. This failure mode is a combination
of the failure modes pubhut and brick breakoutlhe failure modes
brick breakout and splittingccurred only oncand together correspond

to approx. £6. In the following, only tests witlpull-out are included

in the evaluation.

Table 5.3: Test results of single anchors under tension loading without edge
influenceand various support width Failure mode puhout

Test Brick format g INMmm? 4 i cov b
BA-C-4DF-s ADF 11,0 9,19 9,4
BA-C-4DF 4DF 11,0 12,77 8,6
BA-C-8DFs 8DF 15,2 9,46 14,4
BA-C-PEs PE 18,1 14,53 9,8
BA-UC-4DF 4DF 11,0 10,14 -

BA-UC-8DF-s 8DF 15,2 7,31 -
BA-UC-PEs PE 21,2 8,31 6,9

5.1.3 Influence of the Support Width T » Vg €O -

Similar toin concrete, the support width influersabe borl strength
in solid calcium silicate bricks. The bond stresses from theopuilests
with a confined test setup are greater than those from téoaded
single anchor with unconfined test setup. This influence is determined
with the ratiot toT and is defined as . To

illustrate this influence, loadisplacement curves are showrHigure

5.1. Thisfigure shows the loadlisplacement curves of bordlanchors
tested with confined anghconfined test setup. The black curves are the
bonded anchors installagith sieve sleeve and the blue ones without
sieve sleeve. Furth@ore the curves witla solidline presenthe tests
tested with a confinement. The dashed line are thetdesplacement
curves of tests perforaad without confinement. It can be seen in both
cases the loads increase by approx¢@2flom unconfined to confined
test setup.
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Figure5.1: Load-displacement curves of single anchors with various test setup

In order to be able to make a general statemeitie factor| in

solid calcium silicate brick, all results with puut failure are plotted

in a graphas a function of the confinement the test setup (séegure

5.2). As in theprevious diagramthe results of the anchors installed
with sieve sleeve an#ustratedblack and without sieve sleeveltue.

The plotted curves represent the load reduction andtileuseduction

of the bond stress due to the support of the test setup. According to the
results,| Is between (YO and 080. To be onthe safe side, the
bond stress of bonded anchors with wide support widih is

determined as follows

Th | Of § (5.1)
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T 5 Mean bond stmegthdetermined with confined te
setup 0 7a a0

According toEAD 33049901-0601(2018)| for bonded anchors

in noncracked concrete isTb and therefore corresponds to the current
findings for solid masonry.
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Figure 5.2: Normalized ultimate loads Norm Of anchors tested with a confined
or unconfined test setup

For illustration purposes, the Iloads -calculated according to
Equation(s.2) are shown irFigure 5.3 for the test results with sieve
sleeve(designation with syand variation of the support widtC:
confined; UC: unconfined)'he xaxis illustrates the failure load of the
tests, whereas theaxis the calculatedull-out load of a single anchor
without edge influence according to the equation for-putl in
concrete TR 029(2010) and Equation(s.2). In this case, the average
bond stragth determined empirically ; =9,0 N/mm?2is considered
The calculation is made according to the following elqumat
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Orp THRrXQD33IQ D (5.2)
With:

T Mean bond stregthdetermined with confine

Q Diameter of the anchor [mm)]

Q Effective embedment depth [mm]

| Ty Uor unconfined test setup
pht tfor confined test setup

In Figure 5.3, the red dotted lingepresents the ratio between the
calculated pulout load and the experimental load equal to Q0.
average, there is a good agreement between the test results and the
calculated loads. The average ratiotlné calculated load ; to the
measured load is 1.04 The conversion of the bond esigthfrom
confined to unconfined test setup is on the safe side.
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It is assumed that the load bearing behaviour of bonded anchors in solid
calcium silicate brick is comparable to the ldashring behaviour in
concrete, so that it makes sense to determine the@pufhilure mode

in the same way. Furthermore, in the $esith sieve sleeve, mainly the
anchor rods were pulled out of the sieve sleeve and not the sieve sleeve
out of the drilled hole. Thus, a load transfer takes place between the
anchor rod and the sieve sleeve.

5.2 Anchor Groups and Edge Influence

5.2.1 Experimental Program

To investigate the influence of the edge distataad spacing, tests
were carried out with bonded anchors as single and group anchorages
in solid calcium silicate bricksThe same bonded anchor system as in
the previous section was uséihreaded rods of sizes M8 with steel
grade 8.8 were used as anchotfse &nchors were installed wisieve
sleeve. In althetests the boreholeand the sieve sleevid a diameter

of 12mm. Theanchors were installed with ambedment dept of

50 mm. Solid calcium silicate bricksvith the dimensionsNF, 2DF,
3DF and plan elements (Pf)th a compressive strength clg€3SC)

of 12N/mm2 16 N/mm2and 20N/mm2were used alsase materiaAll
bricks hal a bulk density class of@ kg/dm3. The compressive strength
"Q of the bricks wastested accordingp DIN EN 7721 (2016) at the
MPA of the University of StuttgartThe compressive strengths are
summarzed inTable5.4. The ests were carried out singlemasonry
units witha confined test setup. Thaick formas NF, 2DF and 3DF
wereadditionallyclampel. A detailed description of the test setups
given inSectiord.4.2

The group anchorages were tested in the centre of the brick without
edge influenceMoreover, he single anchors were installed in the
centre of thébrick NF, 2DF and 3DFFor single anchors in the plane
elementthe edge distan@dwas variedTable5.5 contains a summary
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of theperformedtests. The designation of the test series starts with the
type of fastenerbonded anchor (BA). This is followed by theick
format Then comeshe edge distana@as a function of the effective
embedment deptf2 or the spacing as a function ofQ if these

parameters were varied.
Table5.4: Brick compressive strength acc.déN EN 7721 (2016)

Brick format CSC [N/mm?] B [N/mm?]

NF 12 21,6

12 15,0

2DF 16 18,1

20 25,4

12 19,1

3DF 16 18,1

20 25,4

PE 16 18,1

Table5.5: Test program of single and group anchorages with variation of the
edge distancé Failure mode puHout

Edge

No. of No. of Brick . Spacing
Test distance ¢
tests anchors format S [mm]
[mm}
BA-NF 5 1 NF 57,5 0
BA-2DF 9 1 2DF 57,5 0
BA-3DF 9 1 3DF 87,5 0
BA-PE-c0,5h¢ 3 1 PE 25,0 0
BA-PE-c1,0hy¢ 3 1 PE 50,0 0
BA-PE-c1,5h¢ 3 1 PE 75,0 0
BA-PE-c2,0hy¢ 3 1 PE 100,0 0
BA-PE-c3,0hy¢ 3 1 PE 150,0 0
BA-PE-s0, 75k 3 2 PE 250,0 37,5
BA-PEs1,0hs 3 2 PE 250,0 50
BA-PEs1,5h¢ 3 2 PE 250,0 75
BA-PE-s2,0hs 3 2 PE 250,0 100
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5.2.2 TestResults

In total, 16 tests seriewith 50 tests were carried outable 5.6
summairzes thetestresults. The table is structured as folldie first
columnis the designation of the tesb)/lowed by thebrick format the
compressive strengfli), the mean ultimate loadl ; and finally the
coefficient of variation (cov).In all tests failure mode puHout
occurred.

Table5.6: Test result®f single and group anchorages with variation of the edge
distance’ Failure mode puHout

Test Brick format [l [N/mm?] cov b
BA-NF NF 21,6 12,5
BA-2DF 2DF 15,0 1,7
BA-2DF 2DF 18,1 4,7
BA-2DF 2DF 25,4 4,2
BA-3DF 3DF 19,1 8,5
BA-3DF 3DF 18,1 3,1
BA-3DF 3DF 25,4 2,5

BA-PE-c0,5h¢ PE 18,1 2,9
BA-PE-c1,0h+ PE 18,1 11,7
BA-PE-c1,5h¢ PE 18,1 8,6
BA-PE-c2,0h¢ PE 18,1 13,1
BA-PE-c3,0h¢ PE 18,1 10,2
BA-PE-s0, 75kt PE 18,1 4.5
BA-PE-s1,0h¢ PE 18,1 7,8
BA-PEs1,5h¢ PE 18,1 3,8
BA-PE-s2,0h¢ PE 18,1 7,1
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5.2.3 Discussionof the Results
5.2.3.1 Influence of the Edge Distance

In order to determine the influence of the edge distance, the test results
of the single anchorages in Hitocks with pull-out failure were
evaluated. In all 15 tests with single Aocs pultout failure occurred.

The ultimate loas of the single anchors in PE blogks plotted against
the edge distano@as a function ofQ in Figure 5.4. It can be seen

that the ultimate loads increase up to and edge distancéd @ 1
Using these resultghe critical edge distana® ; is derived with
plv O°Q . The critical edge distance® ;; defines the minimum

distance for ensuring the transmissiontioé resistance of a single
anchor without spacing and edge effects in caspudifout failure.
Assuming that solid calcium silicate brick is comparable to concrete,
the critical spacingan be considered as ¢ 0JQ .

The critical spacing defas the distance between two anchdos
ensuring the transmission of the resistance of a single anchor without
spacing and edge effects in cas@uwai-outfailure.

The geometric effect of spacing and edge distance on the bearing
capacity is taken into account by the ratig, j 0  , whereo  is the
reference value of the bond influence area of a single anchar gnd

is the actual bond influence area, limited by edges of the bick (

® § ). The calculation ob ; and an example d@f f in largesized

brick are shown irFigure 5.5. The calculation ob ; the clamped
smaltsized bricks (NF, 2DF, 3DF) is shown kigure 5.6. Bricks
whose shortest edge distancgeis less than® ;  plv JQ are
considered smahbized.
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Figure 5.6: Example of actual bond influence areas of single anchors in clamped
NF, 2DF or 3DF bricks

5.2.3.2 Influence of spacing s

To determine the influence of spacing, the test resilsngle and
group anchorages in PE brickie shown against spacingrigure5.7.
There is no increase in the ultimate loads with an increase of spacing.
Only the ultimate load increasby a factor of approximately 1,7 with
an additional anchor, regardless of the anchor spadingrefore, a
horizontal line can be placed in the diagram without being able to
determine the critical spacirig ; . The assumption in the previous
section that the critical spacing iIS(8 cannot be proven with these
tests.Therefore, it iurtherassumed that the critical spacing is twice
the criticaledge distancéd ; . This assumption is adopted from the
design for bonded anchors in concrete (acc.TB® 029 and is
conservative.

Thus, the geometric effect of spacing and edge distance on the bearing
capacity is taken into account by the ratig, j 0  , whereo  is the
reference value of the bond influence area of a single anchar gnd

is the actual bond influence area, limited by overlapping areas of
adjacent anchorsi ( i ) as well as by edges of the brick

(@ @ ). Examples of the calculation db ; are shown in
Figure5.8.
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Figure 5.8: Example ofactualbond influence aresof anchor groupgacc. to
TR 029(2010)

5.2.4 Calculation of Ultimate Load considering different
Influences

To derive the equation for the pwut load in solid calcium silicate
bricks, the equation in concrete is usaglain as a basis and the
influences of edge distance and spacing are integietede influences

flow significantly into the ratio o® ] 0 j, which represents the
geometric influence-urthermore, the factor foéaking into accourthe
disturbance of thelistribution of therotationally symmetrical stress

C
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statew ; is omitted becausthe distribution is disturbed due the
edges. This is illustratednd described in detail i®ection6.2.3.1
(Figure 6.12). Based on the test results, it is evident that this factor has
no influence on the ultimate load of bonded anchors in solid calcium
silicate brickin case of pulout failure Thew ; factorconsiderghe
failure surface othegroup anchors. The determination of the factor is
adopted from concrete. The difference is thaf@metor is 143, which

was determined empiricallizor this purpose, the following equation is
assumed

0 R 0 F— Y j (5-3)

O 5 Average failure load of one anchor without ec
influence acc. t&equation(5.2)

0 , Reference value of the bond influence area of a si
anchor [mm?]

0 ; Actual bond influence area, limited by overlapp
areas of adjacent anchors as well as by edges c

W Consideration of the effect of the failure surface
anchor groups-|

W i — Owp p 8l

with:

. ~ T ~ 0 8

W R e e P OW
with:

‘Q  Diameter of the anchors [mm]
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T Bond stength[N/mm?]
QO  Factor empirically determined
p& o
"Q Effective embedment depth [mjm
"Q  Compressive strength [N/mm?]
i Spacing of the anchors
i p Critical spacing in case of pedlut
0 3Q

For the calculadbn of the loads, the bond strength is determined
empiricallyas11,7 N/mm?2. The calculated loads are plotted against the
measured loads iRigure 5.9. It can be seen that the results agree well
with the calculated loads. This is also evident in the graphs of the ratio
O ] O versus edge distance or spacinfrigure 5.10to Figure5.11.

The mean value dd ] 0 is 094 with acoefficient of variation of
153 %.
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5.3 Summary

This chapterfocused orthe failure modeull-out of single and group
anchorages with and without edge influence. For this purpmse,
approacHor determining the loatbearing behaviour of bonded anchors
in solid calcium silicate brickis presented and compared with the test
results.

As basis the equation of bonded anchors for gk failure from
concreteTR 029(2010)is used and modified by evaluating the test
results. First, the equation for the calculation of a single anchor without
edge influence is determineHere, single anchors with and without
sieve sleeve were investigated under variation of the support width. As
a result, thefactor | for the pultout failure mode could be

determined. The result was the same value asanackedconcrete
(accordingo EAD 33049901-0601(2018) Therefore| for sdid

calcium silicate briclcan be considered 8s5.
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Subsequently, single anchors with edge influence and anchor groups
were investigated. A critical edge distancecof; plv JQ was
determined and confirmed bihe test results. The critical spacing

i K ¢ 0 JQ could not be confirmed on the basis of the
test results. To be on the safe smw&Q is assumed for the critical
spacing, analogous to the @ethod(Fuchs and Eligehausdi995).

Finally, the influences were integrated into the equation and compared
with results in large and smadized bricks. The smadlized bricks were
investigated as clamped masonry units. Here, the geometric influence
0 ] 0  on the masonry unit is limited. The group factgry |,
which takes into account the bond areas of the anchors, is taken from
TR 0292010) with the deviation that th@value inw ; is 143. This

value was determined empirically. It is interesting to note that the
disturbance of the distribution of the rotationally symmetric stress state
in solid calcium silicate brick has no influence. Thereftine factor

W Is not applicable in this case.
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6 Brick Breakout Failure under Tension Loading

Thischapterdescribes the loadearing behaviour of bondeddors in
case of brick breakout failureunder tension loadingFirst, the
derivation of the design of a single anchor without edge influence is
described. This is followed by the derivation of the equaticemaehor
groupsand the influence of the edge distance. Finally, the behaviour in
smaltsized bricks in a bond explained The definitionof smaltsized
bricksis explained in more detail fBection6.3.

Since the current design methd&® 054(2022) does not contain a
design for the failure mode brick breakout failure, but only refers to the
respective ETA for the characteristic resistance, it is of interest to
establish a design for this failure mode. For the derivation of the
equations for brick bakout failure, the concrete cone failuredel
according toTR 029(2010)was consideredsince the solid brick is a
homogeneous material like concrete and can achieve compressive
strengtls asnormal concrete.

6.1 Single Anchor without Edge Influence

6.1.1 Experimental Program

The testswith bonded anchors (BAyvere carried ouin bricks of
various dimensionsBonded anchors with and withosieve sleeves
were investigatedThe tests were performed with the same bonded
anchor system used 8ectiorb. In all thetests, threaded roagth sizes

M8 or M12 with a steel grade of 8.8 were usé&te M8 anchors were
installed in drilled holes with g:= 12 mm whereas the M12 anchors
with deyt = 14 mm. The pastic sievesleevehad adiameter of 12nm

and the anchor size M12 was installed without a sieve sleeve. The
embedment depth was0mm. Solid calcium silicate bricks in the
dimensionsB DF and plan elements (PR)ith a compressive strength
class of 12N/mm2and16 N/mm2and a bk density class of ,kg/dm3
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were used abase materialThenominalcompressive strengths of the
bricks were determined accordingdtN EN 7721 (2016)at the MPA
of the University of Stuttgart anslasfor 8 DF bricks 152 N/mm?2 and
for PE bricks 18,1 N/mm2and212 N/mmz2 Tests were carried out in
singlemasonry units.

The tests with undercut anchors (UA) were carried out with various
embedment depthshin the samePE blocks mentioned abové@he
mechanical anchor is a selfitting undercut anchor made of galvanized
steel. In the tests, ancharksize M10 and M16 were used.

A summary of he performed tests is listed Tiable6.1.
The installation of the bonded anchors with and without sieve sleeve
was carried out according fection4.2.1.3and for undercut anchors

according toSection4.2.2.2 The description of the experimental
procedure with unconfined test setups are shoventiord.4.2
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Table6.1: Test program of single anchors under tension loading without edge
influencei Failure mode brick breakout

No.

: Anchor  Embedment  Brick Support
Series of System  Depth hes  Dimension  width
tests

BA-M8 5 BA M8 50 mm 8 DF 250 mm
BA-M8 5 BA M8 50 mm PE 250 mm
BA-M8-s 5 BA M8-s 50 mm 8DF 250 mm
BA-M12 6 BA M12 50 mm PE 440 mm
UA-M10-he 40 5 UA M10 40 mm PE 440 mm
UA-M10-hg 50 5 UA M10 50 mm PE 440 mm
UA-M10-hes60 5 UA M10 60 mm PE 440 mm
UA-M10-hg 70 5 UA M10 70mm PE 440 mm
UA-M16-he 70 2 UA M16 70mm PE 440 mm
UA-M10-het90 5 UA M10 90 mm PE 440 mm
UA-M10-hs 100 5 UA M10 100mm PE 440 mm
UA-M10-he 110 1 UA M10 110mm PE 440 mm
UA-M16-hs 110 3 UA M16 110mm PE 440 mm
UA-M16-h 120 4 UA M16 120mm PE 440 mm
UA-M16-hs 130 2 UA M16 130mm PE 440 mm
UA-M16-hes 140 1 UA M16 140mm PE 440 mm
UA-M16-he 150 1 UA M16 150mm PE 440 mm
UA-M16-h190 2 UA M16 190mm PE 440 mm

6.1.2 Test Results

In order toverify the material properties, additionalpdint bending
tests were carried out accordance witbIN EN 7726 (2002)in solid
calcium silicate bricks at the MPA of the University of Stuttgart. Four
different thicknesses of beammere tested. The thicknesses of the
beams were 20hm, 40mm, 80mm and 120nm. Furthermore, the
span lengths were 58m, 100mm, 200mm and 30Gnm.

A total of 14 test series with 67 testgh single anchors under tension
loading were carried optvhereby only tests with brick breakout failure
were evaluatedTable 6.2 summarize allthe brick breakout failure
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results (49 testsT.he first columrof Table6.2 describeshe series with

the letter8BA or UA for the anchor systems bonded anchor or undercut
anchor, respectively. Thiellowing number of BAshows theanchor
size and finallys is used in case onfstallation withsievesleeve.The
following positions for UA indicate the size and then the embedment
depth of the anchorln the other columns thérick formas, the
compressive strengfl®, the mean ultimate load ; andfinally the
coefficient of variation (covdf testsare listed.

In the tests, brick breakout failure occurred in approX/6f cases,
16 % of the tests failed by splitting and8failed by pultout ormixed
failure. The failure mode mixed failure is a combination of the failure
modes pulout and brick breakou€Eigure 6.1 shows brick breakout
failure of bonded anchors and undercut anchors. shtage oforick
breakout is similar to the concrete cone faild@ditionally, it is cone
shaped anthe angle between tlteneand the stone surfacéthe brick

is approximately 35°.
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Table 6.2: Test results of single anchors under tension loading without edge
influencei Failure mode brick breakout

Series Brick format . 470006 4 cov b
BA-M8 8DF 15,2 2,3
BA-M8 PE 21,2 13,0
BA-M8-s 8 DF 15,2 -
BA-M12 PE 18,1 11,9
UA-M10-he 40 PE 18,1 6,1
UA-M10-h 50 PE 18,1 13,9
UA-M10-he 60 PE 18,1 10,2
UA-M10-he 70 PE 18,1 10,2
UA-M16-hs 70 PE 21,2 5,6
UA-M10-he 90 PE 18,1 5,3
UA-M10-he 100 PE 18,1 1,8
UA-M10-h 110 PE 18,1 -
UA-M16-hs 110 PE 21.2 2,0
UA-M16-he 120 PE 21.2 7,5

D One test failed due to brick breakout

BA-M8-8DF

Figure 6.1: Brick breakout failure with bonded anchor (left) and undercut anchor
(right)

6.1.3 Discussionof the Results
6.1.3.1 Three-Point Bending Tests

The aim of the threepoint bending tests wa® investigate the size
effect in detail and to get information about the influence of the failure
mode brick breakouilhe test procedure is described more in detail in
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Sectiord.4.4 Figure 6.2 illustrates the ultimate loads of tHaeepoint
bending tests vs. beam thickness. The test results show an increase in
ultimate load with increasing of the beam thickness. When the beam
thickness and support width are doubled, the increase in ultimate loads
is significant. The increase is a fuioct of the beam depth to the power

of 1,5. With the noHdinear regression, the coefficient of determination

I 0,98. These results indicate that the influence of the embedment depth
regarding brick failure loadwill increase with the epedment depth

with a power of 15 (hef ).
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Figure 6.2: Test results of threpoint bending tests

To confirm this assumption, tlilereepoint bending tests are compared
with B a g @ §1984)size effect law(SEL) and the results dilexander
(1987) For this purpose, the test results of the tipemt bending tests

of the solid calcium silicate bricks iRigure 6.3 are added to the
Figure 2.13from Section2.2.2 As the dimensions of the solid calcium
silicate brick are limited, the tests could only be carried out up to a
certain size, while larger bending beams can be dimensioned with
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concrete. The diagram shows that the solid calcium silicate brick
behaves likethe unreinforced concrete bending beam and exhibits
guastbrittle behaviourAs the depth of the beam increases, the strength
of the material decreases, which is due to the greater number of micro
cracks, and the material failshe results with calciursilicate bricks
agree with the size effect law 8fa g 41884)and can therefore be
described well.

3,0
O Alexander (1987)
. m  Experimental results
»s Bazant SEL (1984)

s\/f;

0
a

1,0

0,5

I T I T I T I T I T I T I T I

— .
0O 100 200 300 400 500 600 700 800 900 1000
Depth of beam [mm]

Figure 6.3: Size effect in threpoint bending tests acc. ® a § §1884) and
results ofAlexander et al(1987) compared with results of solid
calcium silicate bricks

6.1.3.2 Influence of the Compressive Strength

The influence othebrick compressive strengt® on the loaebearing
behaviour in case of brick breakout failure can be determined using
additionaldata fromMeyer(2006) A total of 93 tests with the failure
mode brick breakout and with an unéioed test setup were evaluated
The tests listed irsection6.1.1include tests with undercut anchors,
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because the behaviour of the base material is cracidlthe anchorage
system seems to lo# secondarymportance

The results are plotteds related valuesgainst the compressive
strength™Q in Figure 6.4. In order to determine the influence of the
compressive strengtiQ), the ultimate loads were divided by the
embedment dept to the power of B based on the behavioairthe

threepoint bending testdescribed irthe previous ection. The Hack
squares represent the results with bonded anchibes.led squares
represent the results with undercut anchors #@medwhite squares

represent the results with bonded anchors fideyer (2006) The

h

increaseof the ratiod | Q is dependent on the brick compressive

strength'Qwith a power of B ("Q F‘). With these tests, the range from
12,3N/mm?2 to 212 N/mm?2 is considered. The compressive strength
classes for calcium silicataricks are standardized betweeiN4nm?

and 60N/mmz2, but in practice the compressive strength classes
12N/mm2 and 2MN/mm?2 are mainly produced (Bundesverband
Kalksandsteinindustrie e.M2018). This means that the average
compressive strengths are between 15 arid/@5n2. Thus, the specific
influence of the compressive strength applies to the main area of
application.
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Figure 6.4: Influence of compressive strength on brick breakout failure
6.1.3.3 Influence of the Embedment Depth

In order to be able to determine the influence of the embedment depth
"Q , the ultimate loadd must be normalized to a specific compressive
strength. IEAD 33007600-0604(2014) the normalized ultimate load

0 is determined using following equation:
0 f 0 O°Q "G (6.1)
With:
"Q Normalized mean brick compressive strength
O ¥a ao

"Qn  Compressive strength at the time of testinga ao

| v for masonry units of clay or concrete and st
unit of calcium silicate
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This equation describes that the influence of the compressive strength
"Qis included in tle calculation with a power of %, As described in
Section6.1.3.2 thisinfluenceis beter represented hevalue of 03.
Therefore, in the followinghe exponent icquation(6.1) | Tio is
considered

Figure 6.5 shows the normalized ultimate loddls; plotted against

the embedment deptQ . The Hack squares represent the results with
bonded anchorsl'he red squares represent the results with undercut
anchors anthewhite squares represent the results with bonded anchors
from Meyer (2006) These results confirm that the ultimatzad
increases with a power of5las a function of the embedment depth.
The coefficient of determination of the nbnear regression is,97.
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Figure 6.5: Influence of embedment depth on brick breakout failure
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6.1.4 Integration of Influences for Calculation of Ultimate
Load

Based on the results of the investigations, the equation for calculating
the failure load in case of brick breakout is derived. Thefgurtor

o) p brrwas determined empirically from an assessment of a total
number of 93 tests.

6. Qoo M g (6.2)
With:
o) p bprefactor
"Q Normalized mean brick compressive strength
O Fa ao

Q Embedment depthx &
A comparison of the results with the ultimate loads at brick breakout
failure to Equation(6.2) is illustrated inFigure 6.6. In addition, the
results ofMeyer (2006)are included in the chart. As demonstrated in
Figure 6.6, the proposed equation is in good agreement with the
experimental resultdsigure 6.7 and Figure 6.8 shows two diagrams,
each representing the ratio thie calculated ultimate load ; to the
ultimate load of the test§ . Thefirst graph shows the ratio against
embedment deptf? ) and thesecond graph against brick compressive

strength Q). The comparisod ; to0 results in a mean value of 0,96
with a coefficient of variation 0£3,2%. Both diagrams show thae
distribution of the results is on a horizontal line arotimel valuel,O
suggesting that thenfluences Q and "Q are well reflected in
Equation(6.2).
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In addition to the analyses, the test results are compared with
Equation(3.10) according toMeyer (2006) in Figure 6.9. For this
purpose, the upper diagram shows the results according to
Meyelb €006)calculation as a quotient to the actual test result and, in
comparison, the lower diagram shows the results according to
Equation(6.2) as a quotient to the actual test results. The compressive
strength of the bricks is shown on thexs It is important to note that

the influence of the compressive strength is not linear. As can be seen
in the diagram above, the load distribution increases at compressive
strengths from 12,3 N/mm?2 to 18,1 N/mm?2 and then runs on average
above the straighine 1,0, which indicates an overestimation of the test
results in this range. The fact that an increase is shown in the front area
is an indication that the influence of the compressive strength is not
correctly reflected.
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Figure 6.9: Comparison oEquation(3.10) from Meyer(2006)against
Equation(6.2)

6.2 Anchor Groups and Edgelnfluence

6.2.1 Experimental Program

To investigate the influence of the edge distabead spacing, tests

were carried out with bonded anchors as single and group anchorages
in solid calcium silicate bricksl'he injection mortar consisteaf two
componentshatwerestored in a Zhamber cartridgelhreaded rods

of sizes M8 and M12 with steel grade 8.8 were used as anchors. The
M12 size was installed without a sieve sleeve, while the M8 size was
installed with and without sieve sleevihe drill bit diameter ofM8

wasl2 mm andior M12 14mm.The plastic sieve sleevedha diameter

of 12mm. In allthetests, the embedment deffth was 50mm. Single

bricks of 8DF format and plane elements (PE) with compressive
strength classes I¥/mm? and 18N/mm?2 were used as base material.
All bricks hada bulk density class of,@ kg/dm3. The compressive
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strength’Q of the brickswastested according tbIN EN 7721 (2016)

at the MPA of the University of Stuttgart. Thegere 15,2 N/mm? for

the 8DF bricks and 18,and 212 N/mm? for the PE bricksThe tests
were carried out with an unconfined test setup, which is described in
Sectiod.4.2 Table 6.3 summarzes the test series carried out with
single anbor (I) and anchor groups (ll).

The designation of the test series starts with the anchorage type | or Il.
Followed bythe diameter of the threaded rod. After thhe edge
distance®as a function ofQ is given The next parameter ithe
spacingi as a function of the embedment depthstly, if the anchor

was installed with a sieve sleeve, the designation contains an s at the
end.
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Table 6.3: Test program of single anchoend anchor groupsinder tension
loading with edge influendeFailure mode brick breakout

Series No. of No. of @ of _ Edge Spacing s Brick
Tests  Anchors Anchor distance ¢ format
[-M12-c0,5h+ 3 1 12 mm 25 mm 0 mm PE
[-M12-c1,0hy¢ 3 12 mm 50 mm 0 mm PE
[-M12-c1,5h¢ 3 12 mm 75 mm 0 mm PE
[-M12-c2,0hy¢ 3 12mm 100 mm 0 mm PE
[-M12-c3,0h¢ 3 12mm 150 mm 0 mm PE
[-M8-c0,5h+s 10 8 mm 25 mm 0 mm 8DF / PE
[-M8-c1,0hs+s 10 8 mm 50 mm 0 mm 8DF / PE
[-M8-c1,5h+s 10 8 mm 75 mm 0 mm 8DF / PE
[-M8-c2,0h+s 10 8 mm 100 mm 0 mm 8DF / PE
[-M8-c2,5h+s 8 mm 125 mm 0 mm 8DF
I-M8-c2,5h¢ 8 mm 125 mm 0 mm 8DF
[-M8-c3,0h+s 10 8 mm 150 mm 0 mm PE
I1-M8-c5,0hy 5 8 mm 250 mm 0 mm PE
[1-M12-¢5,0h+s0, 75kt 3 12mm 250 mm 37,5 mm PE
I1-M12-c5,0h+s1,0h¢ 3 12mm 250 mm 50 mm PE
I1-M12-c5,0h+s1,5h 3 12mm 250 mm 75 mm PE
11-M12-c5,0h+s2,0h+ 3 12mm 250 mm 100 mm PE
I1-M12-c5,0h+s3,0h¢ 3 12mm 250 mm 150 mm PE

[I-M8-c0,5h+s0,75hk-s 10
I1-M8-c0,5h+s1,5h+s 10
I1-M8-c0,5h+s3,0hs+s 10
I1-M8-c1,0h+s1,0h¢+s 10
I1-M8-c1,0h+s1,5h+s 10
I1-M8-c1,0h+s2,0h¢+s 10
[I-M8-c1,5h+s0,75hk-s 10
II-M8-c1,5h+s1,5h+s 10
II-M8-c1,5h+s2,0h+s 5
[1-M8-c1,5h+s3,0h+s 10
I1-M8-c2,0h+s1,0h+s 10
I1-M8-c2,0h+s1,5h+s 10
I1-M8-c2,0h+s2,0h+s 10

8 mm 25 mm 37.5mm 8DF/PE
8 mm 25 mm 75 mm 8DF / PE
8 mm 25 mm 150 mm  8DF/PE
8 mm 50 mm 50 mm 8DF / PE
8 mm 50 mm 75 mm 8DF / PE
8 mm 50 mm 100 mm 8DF / PE
8 mm 75 mm 37.5mm 8DF/PE
8 mm 75 mm 75 mm 8DF / PE
8 mm 75 mm 100 mm PE

8 mm 75 mm 150 mm 8DF / PE
8 mm 100 mm 50 mm 8DF / PE
8 mm 100 mm 75 mm 8DF / PE
8 mm 100 mm 100 mm 8DF / PE

N D DN DNDNDNDNDNDNDNDDNMNDNMNDNMNDNMNDNMNDNNDMDNMNDNMMDNMMDMNMMMNMDMNMPRPRPPERPPERPPERPPERPRERPPRERPPRPRPPRPPREPPRP

[1-M8-c3,0h+s0,75k+s 10 8 mm 150 mm 37,5 mm PE
I1-M8-c3,0h+s1,5h+s 10 8 mm 150 mm 75 mm PE
I1-M8-c3,0h+s3,0h+s 10 8 mm 150 mm 150 mm PE
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6.2.2 TestResults

In total, 50 testeries with 235 tests were carried out, whereby tests
with brick breakout failure only were evaluatd@ble6.4 summarises

the results othesingle anchorandTable6.5 the results otheanchor
groups.The structure of both tables is the sare:firstcolumn is the
test designation followed lifie base materiahe compressive strength
"Q), the mean ultimate loadl ; andfinally the coefficient of variation
(cov).

The failure mode brick breakout failure occurred in approXoGtf the
tests. 20% of the tests failely mixed failure.This failure modavasa
combination of the failure modes pwllt and brick breakout. 1% of

the tests failedby splitting of the brick and the remaining/bby pull-
out. In the following, only tests with brick breakout are included.
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Brick Breakout Failure under Tension Loading

Table6.4: Test results of single anchors in a brick with brick breakout failure

136

. Brick
Series format [N/ﬁmz] . oR cov P
[-M12-c0,5hy PE 18.1 7.90 11.5
I-M12-c1,0hy PE 18.1 10.17 5.0
I-M12-c1,5h PE 18.1 12.19 12.9
[-M12-c2,0hy PE 18.1 12.79 8.1
[-M12-c3,0hy PE 18.1 11.25 13.4
|-M8-c0,5h+s 8DF 15.2 6.31 6.0
|-M8-c0,5h+s PE 21.2 6.55 9.9
|-M8-c1,0h+s 8DF 15.2 7.85 D
I-M8-c1,0hss PE 21.2 8.35 8.4
|-M8-c1,5h+s 8DF 15.2 -2) -
I-M8-c1,5h+s PE 21.2 9.10 2.2
|-M8-c2,0hs-s 8DF 15.2 -2) -
|-M8-c2,0h+s PE 21.2 -2) -
|-M8-c2,5hss 8DF 15.2 9.91 -
|-M8-c2,5hy 8DF 15.2 12.26 2.2
|-M8-¢c3,0h+s PE 21.2 -2) -
|-M8-c5,0h PE 21.2 12.65 13.0

1) One test failed due to brick breakout
2 No test failed due to brick breakout




Table6.5: Test results of anchor groups in a brick with brick breakout failure

Brick

Series format B (N/'mm2] A5 cov b
[1-M12-c5,0h+s0, 75k PE 18,1 16.23 12.9
[1-M12-c5,0h+s1,0k¢ PE 18.1 14.82 3.7
[1-M12-c5,0h+s1,5hkt PE 18.1 16.73 3.8
[1-M12-c5,0h+s2,0h¢ PE 18.1 18.61 1.4
[1-M12-c5,0h+s3,0h¢ PE 18.1 18.81 5.6
[I-M8-c0,5h+s0, 75k+s 8DF 15.2 7.58 6.4
[1-M8-c0,5h+s0,75hk+s PE 21.2 8.85 9.1
[1-M8-c0,5h+s1,5k+s 8DF 15.2 10.62 53
[1-M8-c0,5h+s1,5k+s PE 21.2 13.06 5.6
[1-M8-c0,5h+s3,0k+s 8DF 15.2 11.23 2.2
[1-M8-c0,5h+s3,0hk+s PE 21.2 12.89 7.9
[1-M8-c1,0h+s1,0hss 8DF 15.2 11.08 4.6
[1-M8-c1,0h+s1,0hss PE 21.2 11.67 2.0
[1-M8-c1,0h+s1,5k+s 8DF 15.2 12.63 3.2
[I-M8-c1,0h+s1,5k-s PE 21.2 14.53 3.1
[1-M8-c1,0h+s2,0k+s 8DF 15.2 14.18 5.2
[I-M8-c1,0h+s2,0k-s PE 21.2 17.06 2.4
[I-M8-c1,5h+s0,75hk+s 8DF 15.2 10.32 -
[I-M8-c1,5h+s0,75k+s PE 21.2 12.71 49
[1-M8-c1,5h+s1,5hk-s 8DF 15.2 13.96 5.7
[1-M8-c1,5h+s1,5h+s PE 21.2 15.84 4.2
[1-M8-c1,5h+s2,0hts PE 21.2 17.01 9.3
[I-M8-c1,5h+s3,0k-s 8DF 15.2 17.60 -
[I-M8-c1,5h+s3,0k+-s PE 21.2 18.75 0.5
[I-M8-c2,0h+s1,0k+s 8DF 15.2 12.87 0.6
[I-M8-c2,0h+s1,0k+s PE 21.2 14.06 5.2
[1-M8-c2,0h+s1,5h+s 8DF 15.2 15.55 -
[1-M8-c2,0h+s1,5h+s PE 21.2 16.44 4.7
[1-M8-c2,0h+s2,0k¢s 8DF 15.2 - -
[1-M8-c2,0h+s2,0hts PE 21.2 17.66 1.3
[I-M8-c3,0h+s0,75k+s PE 21.2 13.41 2.5
[1-M8-c3,0h+s1,5h+s PE 21.2 16.79 2.4
I1-M8-c3,0h+s3,0h+s PE 21.2 - -
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Brick Breakout Failure under Tension Loading

6.2.3 Discussionof the Results
6.2.3.1 Influence of the Edge DistancdF

In order to determine the influenoé edgedistance, the test results of
single anchorages with brick breakout failwereevaluated. In 38 of
80 tests with single anchotwrick breakout failure occurred. These are
examined and evaluated in more detail below.

The normalized test resulis compressive strength 13\2mm?2of the
single anchorare plotted against the edge distaseFigure6.10. To
better compare the resylthe ultimate loadsvere normalized.The
normalization is done according to thquation(6.1) with an| Tttw.

On the yaxis are the normalized ultimate loads and on tagig the
edge distance as a function of the embedment d@ptht can beseen

that the ultimate loads increase up to an edge distanc€of Eor®

¢ JQ , there is no load increasand the ultimate loads lie on a
horizontal line. From this, the critical edge distaoeg, is derived

with ¢ JQ . The critical edge distana® ; defines the minimum
distancefor ensuring the transmission of the resistance of a single
anchor without spacing and edge effects in case of brick breakout
failure. Considering the similarity betweawlid calcium silicate brick

and concrete, the critical spacingan be takerni caof
analogously. The critical spacing dedsithe distance between two
anchorsfor ensuring the transmission of the resistance of a single
anchor without spacing and edge effects in case of brick breakout
failure.
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Figure 6.10: Influence of the edge distance on single anchors

Based on the results and the assumptionithat 1 3Q , the area
of the idealzed breakout cone of a single anchathout the influence
of edge®  is determined as follows:

65 1 g c I f p@OWQ aa (6.3)

i p  Spacing for ensuring the transmission of the resist
of a single anchor without spacing and edge effec
case of brick breakout failuré a

Edge distance for ensuring the transmission of
resistance of a single anchor without spacing and
effects in case of brick breakout failuie &

e

Q Effective embedment depth &
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Brick Breakout Failure under Tension Loading

Figure 6.11illustratesd ; and, by way of example, the existing area
of the idealised breakout cone on the lateral brick sudage

(")F1 i 5 TQ

SCI‘.Nb =2 Ccr,Nb

—

Ccr,Nb

Ccr,Nb

1y
A

AN

Figure 6.11: Influence area of an individual anchor with large spacing and edge
distance at the brick surfacge ; and an example of a limited area
by edged ; (in acc. toFuchs and Eligehaus€i995)

To determine the reduction of the maximum possible ultimate load, the
CC method is applied as in concrete. For this purpose, thératido

0  is determined, which represents the geometric influence of spacing
and edge distance on the brick breakout failure &kt is multiplied

by the ultimate load of a single anchor without edge influghge
determined according t6quation(6.2). Furthermore, @ecrease of the
ultimate load occurs due to the disturbance of the rotationally
symmetric stress state by the proximity due to the €dgeFigure
6.12). This is taken into account in concrete wiik factony j;, . Based

on the test results, it can be seen that this factor has no influence on
solid calcium silicate bricksTherefore, this factor is not cadered
Thus, the equation for the calculation of a redge single anchor is
composed as follows:
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bp —Jx U (6.4)

(@}
¢

Area of the idealized breakout cone of a single

(@}
¢

Existing area of the idealized breakout cone on the
lateral brick surfacé a6

0 y Ultimate load of a single anchor without edge influe
pmoQ"oQ M §
With:

"Q  Normalized mean brick compressive strength
O ¥a ao

"Q  Embedment deptht &

Figure 6.12: Rotationally symmetric stress state in cergted at the edgef the
brick (in acc.to Eligehausen and Mallé@000)

Figure 6.13 shows the ratio of the calculated to the measured ultimate
load of single anchorages with an embedment d€pthk 50mm over
the edge distano®@as a function ofQ . The ratiol ; to 0 gives a
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Brick Breakout Failure under Tension Loading

mean value of 12 and acoefficient of variation of 13%. The
diagram shows that the results are disiielol horizontally on theatio
1,0 andindicating the influence oédge distance is well represented
with theEquation(6.4).

In addition, the normalized test results are shown over the edge distance
as a function of the embedment depthrigure 6.14. This illustrates

the agreement ofquation(6.4) with the individual tests under
variation of(
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Edge distance c [c/hef]

Figure 6.13. Ratio of calculated ultimate loads to ultimate loads of the single
anchor tests againstas a function of &
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Figure 6.14: Comparison of normalized test results of single anchors to
calculated Npover ¢ as a function ofh

6.2.3.2 Influence of Spacing v

To determine the influence of spacing, the test results normatizkd
compressive strength ZAN/mm?2 are shown againgte anchospacing

in Figure 6.15. In addition the upperlnd lower limits of the ultimate
loads are marked in the diagram, whilbiasstrates the influence of the
edge distance on thdtimate loads. It can be se#mat the required
spacing to ensure the formation of a complete breakout cone is
[ 5 ¢JQ . This means that the ultimate load increases
proportionally up to the spacirgf ¢ JQ . Fori ¢ JQ the anchor
group reachs the maximumpossible ultimate load oftwo single
anchors. InSection6.2.3.1 i j was assumed to beJQ , as the

materials calcium silicate bricks and concrete are compaiaidethe
procedure was analogous to that of concrete. In addition,
iy T JQ is a conservativassumption t@alculae ultimate load,
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Brick Breakout Failure under Tension Loading

soi j isdillassumed to be four timelse effective embedment depth
for the investigations.Under this assumptiono y ¢3J

o (JQ  Figure 6.16 shows an example of the projected areas of
anchor groups.
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Figure 6.15: Normalizedultimate loads vs. spacing with influence by the edge
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Figure 6.16: Idealized projected area of anchor groups (in accFtaehs and
Eligehauser{1995)

Theequation for determining the ultimate load of an anchor group with
edge influence is composeflthe ratiod ; to0  times the ultimate
load of a single anchor without edge influerice, . In the group, the

rotationally symmetrical stress still has no influence and is therefore not
taken into account. Thusguation(6.4) is still valid.

To take a closer look at the influence of spacing, the measured ultimate
loads are divided by the calculated loads and plotteéignre 6.17
against spacing as a function of the effective embedment dé@th

The results are distribudeon a horizontal line around(land reflect a
good agreement between the calculated loads and ¢asumed test
results. This cabe seen in the following diagrafiigure 6.18 shows
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Brick Breakout Failure under Tension Loading

the ratio of the calculated ultimate load of anchor groups to the
measured ultimate load over the edge distance as a functigntdéie

the results arscattereetweern),8 and 13. The mean value of these
ratios is 106 with a coefficient of variation 0f9%. In order to have a
comparisonall the test results for single anchors and anchor groups
over the edge distance as a functioifofare illustrated ifrigure 6.19.

Here the mean value of the ratio; to U is 1,08 with a coefficient of
variation of 14 %. In summary, the influences of spacing and edge
distance are well representedbguation(6.4), which is illustrated by
Figure 6.20. In this diagram the-axis shows the calculated ; and

the xaxis the measured ultimate load.
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Figure 6.17: Ratio ofN,p (withi T JQ ) to N, over spacing as a function
of he

146



2,0

& 8DF
< PE
15
5 g
\gl,o— 4411——
2 g
>
=z
0,5
0,0 . ' + +
0 1 2 3 4 5 6

Edge distance c [c/hg]

Figure 6.18 Ratio of Ny, (with @ f ¢ JQ ) to N, of group anchorsover
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function of b
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Figure 6.20: Comparison of the calculated loabtlis, over the measured loadi
6.3 Influence of Joints and Multiple Edges

6.3.1 Experimental Program

After the influences of the edge distance and spacing have been
determined, the next step is to take a closer look at the influence of the
masonry bond with sma#lized bricks. Bricks are considered small
sized if the shortest distance to the joiat is smaller than

W F ¢ JQ . For this purpose, tests were carried out with bonded

anchors in masonry bonds with the brick formats NF, 2DF and 3DF.
Furthermore, wall panels wemgeparedwith compressive strength
classes s 12N/mmz2, 16N/mmz2 and 20N/mm?2. The compressive
strengths of the bricks testes accordingpthl EN 7721 (2016)at the

MPA of the University of Stuttgart are listed Trable 6.6. The bricks

with the compressive strength classes 16 and/&tim? have the same
compressive strengths among each other, as these bricks were cut form
plane elements (PE). This allowtt influence of the brick size to be
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better investigated. The wall panels consisted of a stretcher bond with
NF bricks and header bond with 2DF or 3DF brickke structure of

the wall panels is described Bection4.3.2 The joints were fully
mortaredwith a thickness of approd.0 mm. The mortar compressive
strength tested according@N EN 101511 (2020)at the MPA of the
University of Stuttgart was,9 N/mm?2. In allthetests, threaded rods of
size M12 with a steel grade of 8.8 and an effective embedment depth of
50mm were used as anchors. Tdrehors were installed at the centre

of the bricks(seeFigure 6.21) with a borehole diamet&2 = 14mm.

In order to allow a complete breakout cone of the bricks, the tests were
carried out with an unconfined test se{apeSectiord.4.2. Table6.7

lists the series of tests carried out. The designation of the tests is
composedby the brick format the compressive strength classte
anchor size and at the englmairs MB as the base material masonry
bond

Table 6.6; Average compressive strengthef the bricks tested acc. to
DIN EN772-1 (2016)

Format csc 12N/mm?2 csc 16N/mm?2 csc 20N/mm?2
NF 21,6 N/mm? 18,1N/mm?2 25,4N/mmz2
2DF 15,0N/mm?2 18,1N/mm?2 25,4N/mm?2
3DF 20,0N/mm?2 18,1N/mm?2 25,4N/mm?2
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a) NF - Stretcher Bond b) 2DF - Header Bond c) 3DF - Header Bond

Figure 6.21: Installation position of the anchors in the different masonry bonds
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Table6.7: Test program of single anchors in masonry bonds with vatolag
formats and compressive strength classes

Test No. of tests Brick CsC @ of anchor
format
NF-12-M12-MB 5 NF 12 N/mm2 12 mm
NF-16-M12-MB 5 NF 16 N/mm?2 12 mm
NF-20-M12-MB 5 NF 20 N/mmz2 12 mm
2DF12-M12-MB 5 2DF 12 N/mm2 12 mm
2DF16-M12-MB 5 2DF 16 N/mm2 12 mm
2DF20-M12-MB 5 2DF 20 N/mm?2 12 mm
3DF12-M12-MB 5 3DF 12 N/mm2 12 mm
3DF16-M12-MB 5 3DF 16 N/mm?2 12 mm
3DF20-M12-MB 5 3DF 20 N/mm?2 12 mm

6.3.2 Test Results

In total, nine test series with five tesach were carried oudl tests
failed with brick breakout failure (approx. 94) and four tests failed
with mixed failure (approx. 96). Only tests with pre brick breakout
failure are considerefibr the evaluationTable 6.8 lists these results.
The first column of the table is the test designation. The following
columns are the compressive strength of the belcthe mean ultimate
load0  andfinally the coefficient of variation (cov).

Table6.8: Test results of single anchors in masonry bonds with brick breakout

failure

Test B (N'mm?] "By 1 E cov b
NF-12-M12-MB 21,6 5,82 6,8
NF-16-M12-MB 18,1 6,78 15
NF-20-M12-MB 25,4 6,83 8,5
2DF12-M12-MB 15,0 9,71 6,5
2DF16-M12-MB 18,1 9,37 5,0
2DF20-M12-MB 25,4 10,07 5,8
3DF12-M12-MB 20,0 10,10 2,6
3DF16-M12-MB 18,1 9,62 4,6
3DF20-M12-MB 25,4 11,04 6,4
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6.3.3 Discussion

After the influences of the edge distance and spacing have been
determined in the previous sections, the next steptéke a closer look

at the influence of a masonry bond as a base material with-sizred
bricks. Bricks are considered smaited if the shortest distance to the
joint @ is smaller thand ; ¢ JQ . It is of interest how the

limitation of the breakout cone area due to the edges of thedrribk
bond of the joints between the bricks influence the -Joaaking
behaviour.As previously mentionedhé critical spacing  and
edge distance  arei ¢y T JQ . Similarly, to the
singlemasonry unit, the projected area of a single anchor without edge
influence is calculated a6 i P @WQ . Figure 6.22

shows thearea!  for the masonry bonds used in the experimental
investigations.
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a) NF - Stretcher Bond b) 2DF - Header Bond c) 3DF - Header Bond

Figure 6.22: Idealized projected areas of single anchors in masonry bongls

In the tests two different failure patterfts brick breakoutccurred.

On the one hand, only brick breakout occurred within the boundary of
the brick and on the other hand, the breakout went beyond the joints and
several bricksFigure 6.23 shows the different failure patterns.

151



Brick Breakout Failure under Tension Loading

Figure 6.23: Brick breakout within the boundary of the brick (left) and a breakout
beyond the joints and several bricks (right)
Since the breakouvasdifferent, three casesere examined.Firstly,
the masonry bon@iasconsidered as a whole unit where the anovas
not effected by the edge, i.é ;jO ; pht Moreove; the
inhomogeneity due to the material chang@snot considered as the
joints were fully mortared and thus no distunhee of the stress
distribution wasgenerated uj ;  phr). Secondly the existing
projectedarea wa limited to the single brick. Furthermore, the factor
that takes the inhomogeneityto accountwas assumeedqual to 10.
Lastly, as in the first case, the ratioy, j 0 ;  phmwasassumed and
the y ¢ factoris more strongly influenced by the edge. In the
following, the mentionedasesare discussed and described separately.

Before describing the casdbe prestress direction weaconsidered to
verify the assumption that the breakout propagates perpendicular to the
pre-stress forcek-igure 6.24 shows fracture patterns with the yateess

force direction and disproves the assumption. The breakout propagates
perpendicular to the prgtress as well as in the direction of the-pre
stress.
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Figure 6.24: Direction of the prestress (0,2N/mm?2)

6.3.3.1 1%t Case:No geometric influenceand no influencedue to
inhomogeneity

In the firstcase the ratioof the geometric influence  j 0 ; andthe
influence of inhomogeneity  were consideredqual to 1,0This
means that the base matemas considered as a whole awas not
influenced by anythingFurthermore, nodisturbance of the stress
transfer due to the jointe/as observedThus the ultimate load is
calculated as follows

O rr 0 ; 0 (6.5
with:
0 5  Ultimate load of a single anchor without edge
influence
pmoQ" oo M §
with:

"QQ  Normalized mean brick compressive strength

"Q Embedment depthh &

Figure 6.25 shows the calculated loads j j, plotted against the
measured ultimate loads . It can be seen that the calculated ultimate
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loads very strongly overestimate the measured values., Thas
calculation is on the uncertain sidad the influences due to the joints
are not correctly includem the equation. The mean value of the ratio

O np j 0 is1,61 with a coefficient of variation of 25%.
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Figure 6.25: Calculated loads acdo Equation(6.5) againstmeasured loads

6.3.3.2 2" Case:Geometric influenceand no influencedue to
inhomogeneity

In this case, the ultimate loadss geometrically influenced due to the
limited fracture area. Therefore, the area of the masonry wamst
consideredor 0 f, if the side lengthtandb of the brickweresmaller
thani . If the side length$ or b of the brickwere greater than

i 5, theni T JQ was used to determine the existing
projected area. The calculations@f; are shown irFigure 6.26 for

the tests carried out in the stretcher bond with NF bricks and header
bond with 2DF or 3DF bricks.
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Figure 6.26: Existing projected areas j of single anchors in various masonry
bonds

Furthermore, due to the filled joints, the disturbance of the stress
distribution due to inhomogeneity wasot taken into account
(W § pm). The equation for the ultimate load is composed as
follows:

0 fp — D ;s 0 (6.6)
with:
0 ; Area of the idealized breakout cone of a single

anchord ao

0  Existing area of the idealized breakout cone on the
lateral brick surfacé& &6

0 y Ultimate load of a single anchor without edge influe
pmoo"oQ M §
With:
"Q  Normalized mean brick compressive strength

"Q  Embedment depthh &

In Figure 6.27, the calculated ultimate loads accordind:=tpuation(6.6)
are plotted against the test results. In this diagram it can be seen that the
ultimate loads are underestimated and the calculation is very
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conservative. The ratio of calculated to measwiécthate loads is on
average B0 with acoefficient of variation of 23,%. This equation
does not properly take into account the influences due to the joints and
proximity tothe brick edge.
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Figure 6.27: Calculated loads acc. tequation(6.6) againstmeasured loads

6.3.3.3 3 Case:No geometric influenceand influence due to
inhomogeneity

In thelastcase, the ultimate loadas not influenced geometricalthat
meanso ] 0 f ph, because the masonry bowds considered

as a solid and the breakout conus can extend beyond the joints.
However,w  is more influenced by the shortest distance to the joint.
Thiswas due to the inhomogeneity of theaterials. Even if the joints
werefilled with mortar, the stress distributioves disturbed because of

the material change. Ftnis casew  was determined empirically
from the test results. The equation for the calculation of the ultimate
load is composed as follows
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0 h R 0 ﬁ:).l,{ h 0 (67)

With:

0 5  Ultimate load of a single anchor without edge
influence
ptmoQMon N
with:

Q Normalized mean brick compressive strenc
OF& ao
Q Embedment deptha @

W  Factorto account for inhomogeneity

W
g T ~— P8t
W i
with:
0 Shortest distance to the joirit &

o Edge distance for ensuring the transmissiol
the resistance of a single anchor without

Figure 6.28 shows the calculated loads comguhto the measured test
results, which are ia very good agreemenith each otherThe ratio

0 ;g j U is on average 02 with acoefficient of variation of
122 %. As a result, the ultimate load wasainly influenced by the
disturbance of the stress distribution by the different materials, while
for the geometric influencé ;j O phtcan beconsidered The
Equation(e.7) derived from thionfiguration,can be used for tHaick
format NF, 2DF and 3DF if the anchor is installed centrally of the brick
and within the wall panel.
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Figure 6.28: Calculated loads acc. tBquation(6.7) against measured loads

6.4 Influence of the compressive strength of masonry
mortar

6.4.1 Experimental Program

In addition, the tests ibection6.3 were examined to evaluate the
influence of the compressive strength of the masonry mortar, as the
properties of the masonry mortar can contridatancreasing the load
bearing capacity of the bonded anchidne wall panels consisted of a
stretcher bond with NF bricks and header bond with 2DF or 3DF bricks.
The structure of the wall panels is describe8eaatiord.3.2 The joints

were fully mortared with a thickness of approx.rm. The mortar
compressive strength tested accordinBitd EN 101511 (2020)at the

MPA of the University of Stuttgart was IMNFmm2,

For comparison, the same tests were carried out on masonry units,
which were clamped between two metal plates at a pressure of
0,2N/mm?2 to simulate the masonry bond.
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6.4.2 Test Results

In total, 18 test series with five tests each were carried out. In tests with
masonry unit, the most common failure mode was splitting failure
combined with brick breakout failure or mixed failud@. case of
splitting failure, the first peak value is always evaluated as the ultimate
load. In masonry bond, brick breakout occurred most frequertly

test results are summarizedTiable6.9 and listed by brick format. The
results are the normalized mean ultimate loads based on a brick
compressive strength of 15,0 N/mm2.

Table6.9: Normalized mean ultimate load single anchors in masonbpnd vs.
masonryunitsclamped between metal plates

Test Eimithdon | E Egmiegiow | E
NF-M12 5,82 4,62
2DFM12 8,97 8,16
3DF~M12 8,93 8,32

6.4.3 Discussion

The comparison tests with the individual normalized ultimate loads are
shown inFigure 6.29. It can be seen that the compressive strength of
the masonry mortar has no influence on the brick breakout failure, as
the ultimate loads lie within the same scatter range. An exception can
be observed with NF bricks. Here, the ldashring capacities cdme
significantly lower than in the combined base material, as the splitting
failure can lead to a greater load reduction that does not depend on the
compressive strength of the masonry mortar.

159



Brick Breakout Failure under Tension Loading

< 12
R
£
£ 10 ey A 25
g . ° 500 A AA@%
) ° o @ ZAYAN
L{H) ° .’ O OOO(SQ A‘ AL VAN
I 8 * o *—,
o ®e®%, A
~ VAN
£ " O
e 6 C D
Z:f - D[%] 00O
e " b =
S 41 _m=
—_ |
L -
©
£
S
£
S 0
Z unit | wall unit |  wall unit | wall
NF 2DF 3DF

Figure 6.29: Normalized ultimate loads of single anchors in masonry bond and
masonry units

6.5 Summary

This chaptefocused orthe failure mode brick breakout failure of single
and group anchors with and without edge influence. For this purpose,
proposals for determining the lob@aring capacity of bonded anchors

in solid calcium silicate brick are presented, which are then amedp
with test results.

The equation of bonded anchors for concrete cone fanuas
consideredand modifiedwith the test results on solid calcium silicate
brick. First, the equation for calculating a single anchor without edge
influencewas determined. Based on the tests, it was found that the brick

compressive strength enters the equation with an exponem(dﬂ@)
and the effective embedment deptith an exponent 5,(Q h ). This
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assumption of the exponent of the embedment depth of 1,5 was
confirmed on the basid the size effect according B a g &1884)and

the fact that the solid calcium silicate brick exhibits cumgtle
behaviour like concreteThe prefactor 'Q equal to150 and was
determined empirically.

In the next step, testgere carried out with single anchors and anchor
groups under variation of spacing and edge distance in-$sgd
bricks. With the help of these tests, the critical spacing and edge
distances to ¢ 1JQ weredetermined. For anchorages in

largesized bricks installed close to the edge ¢ JQ , the

disturbance of the rotatnally symmetric stress state had effect.
Therefore, the factay ; was not applicable in this case.

Finally, the behaviour in smadized brickswas investigated. The
smaltsized bricks were used to build a wall panel of stretcher bond or
header bond. The anchors were installed in the centre of the wall and
themasonry units. Gnsequently, the breakout cone was not affected by
thefree edge. With these tests, three casmepresented, whereby the
calculation of the bearing load in the first case very strongly
overestimatd the test results. In the second case, the calculatasn
done with consideratiomf the geometric influence. This equation
showedvery conservative results. For thack formas NF, 2DF and
3DF, the thid case wa best suited. In this case, only the factor which
considered thenhomogeneityof the brickwas taken into account
which is:

~

W
W {

W 5 TE T ok 11

Despite the full grouting of the joints, a strong disturbance of the stress
distribuion tookplace due to the change of material on four sides of the
brick. The geometric influence waotconsideredbecause the breakout
can extend beyond the joints.
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Brick Breakout Failure under Tension Loading

Finally, the chapter examines the influence of the compressive strength
of the masonry mortar. No increase in ldsghring behaviour due to

the compressive strength of the masonry mortar was observed. Since
only a comparison with a compressive strengtl®,6f N/mmz2 for the
masonry mortar was carried oah clamped masonry units, further
investigations with different compressive strengths of masonry mortar
are necessary to confirm this assumption.
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7 Splitting Failure under Tension Loading

Thischapterdescribes the loadearing behaviour of bonded anchors
in case ofsplitting failure under tension loading'he derivation of
the design of a single anchon various brick formas and
compressive strengilis described.

As the current design metholR 054(2022) does not contain a
design for the failure splitting failunmode anddoes notefer to the
respective ETA for the characteristicsigance, it is of interest to
design this failure modé-or this purpose, the splitting behaviour in
the testswas examined more closely and the equatvas derived
from the results

A comparison of the derived desigannot be made as there are no
design models with this type of failuneodeareavailable.

7.1 Experimental Program

The testawvere carried ouin bricks of various dimensiong8onded
anchors with and withousieve sleevas were investigated. The
injection mortamwas the same as in the previous teBtgh threaded
rodssizesM8 andM12 (steel grade of 8)8veretestal. The pastic
sievesleevewith adiameter of 12Znmwas only used in the tests with
sizeM8. The diameter of thalrill holesfor M8 was12 mm andfor
M12 14mm.Theanchors were installed at 5imembedment depth
Solid calcium silicate bricks in théimensions NF, DF and 3DF
with compressive strength clasgcsg of 12N/mm2 16 N/mm2and
20N/mmz2and a bulk density class oDXkg/dm3were used abase
material The nominalcompressive strengt¥2) of the bricksare
listedin Table7.1. The tests were carried out in masonry units and
wall panels with an unconfined or confined test setup. The test setups
are described i®ectiond4.4.2and the installation of the anchors was
carried out according t8ectiord4.2.1.3
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A summary of he performed tests is shown Table 7.2. The

designation of the test series begwgh the brick format and

compressive strength class (csc) followed hg diameter of the
threaded rod. If the installatiomascarried outwith a sieve sleeve
the designation contains anThis is followed byU (masonry unik

or MB (masonry bond)At the endgthe test setupsed is definedC

standdor confined und UGor unconfined test setup

Table 7.1: Average compressive strengths of the bricks tested tacc.

DINEN7721
Format csc 2N/mm?2 csc 16N/ mm?2 csc 20N/mm?
NF 21,6 N/mm?2 18,1 N/mm?2 25,4N/mm?2
2DF 15,0N/mm? 18,1 N/mm?2 25,4N/mm?2
3DF 19,1 // 20,0N/mm?2 18,1 N/mm?2 25,4N/mm?2
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Table7.2: Test program of single anchors under tendi@ading ina masonry
unit (MU) or masonry bondMB) i Failure modesplitting failure

Series No. of D/?Qr?:z;r Brick Support
tests Dimension  width [mm]
[mm]

NF-12-M8-s-MB-C 8 8 NF 25

NF-12-M8-ss-MU-C 5 8 NF 25
2DF12-M8-s-MB-C 5 8 2DF 25
2DF12-M8-s- MU-C 3 8 2DF 25
2DF16-M8-s-MB-C 5 8 2DF 25
2DF16-M8-s- MU-C 3 8 2DF 25
2DF20-M8-s-MB-C 5 8 2DF 25
2DF20-M8-s- MU-C 3 8 2DF 25
3DF~12-M8-s-MB-C 5 8 3DF 25
3DF12-M8-s- MU-C 3 8 3DF 25
3DF16-M8-s-MB-C 5 8 3DF 25
3DF16-M8-s- MU-C 3 8 3DF 25
3DF20-M8-s-MB-C 5 8 3DF 25
3DF20-M8-s- MU-C 3 8 3DF 25
NF-12-M12-MB-UC 5 12 NF 400
NF-12-M12- MU-UC 5 12 NF 150
NF-16-M12-MB-UC 5 12 NF 400
NF-16-M12- MU-UC 5 12 NF 150
NF-20-M12-MB-UC 5 12 NF 400
NF-20-M12- MU-UC 5 12 NF 150
2DF12-M12- MB-UC 5 12 2DF 400
2DF12-M12-MU-UC 5 12 2DF 80
2DF16-M12-MB-UC 5 12 2DF 400
2DF16-M12-MU-UC 5 12 2DF 80
2DF20-M12-MB-UC 5 12 2DF 400
2DF20-M12-MU-UC 5 12 2DF 80
3DF12-M12-MB-UC 5 12 3DF 400
3DF12-M12-MU-UC 5 12 3DF 80
3DF16-M12-MB-UC 5 12 3DF 400
3DF16-M12-MU-UC 5 12 3DF 80
3DF20-M12-MB-UC 5 12 3DF 400
3DF20-M12-MU-UC 5 12 3DF 80
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7.2 TestResults

In total, 32 test series were carried out. A test series includes three or
five tests. In one test serje® tests were carried out becauke
anchors were ranstalled in the same positiofihe influence of th
setting position wasbservedForthese tests, small stretchembis
were made from NF bricks. As shown kigure 7.1, these were
clamped with Uprofiles and threaded rods. Theestressingwas
performed accordingto EAD 33007600-0604 (2014) and was
0,2N/mmz2.The bonded anchors located close to the clamping of the
frame ha ahigher loadbearing capacity. It is assumdiikstbehaviour
happenediue to the bending of the-frofiles. Because of the pre
stressing at the ends of thepbfiles, they betnin the middle and led

to an uneven prstressing of the wall panel. As a resthie bricks in

the outer wall wex more strongly prstressedeadingto a higher
load-bearing capacity.

Figure 7.1: Stretcher bond for test series NR2-M8-s-MB-C

The most common type of failure was splitting (Sp) witH/63But

the failure mode occurred in combination with palit (P), brick
breakout (B) or mixed failure (M). The second common failure mode
was brick breakout with 27%. Pullout occurred in 24 tests

(= 15,9%) and mixed failure in 6 tests (=%4). Table7.3 lists these
results. The first column of the table is the test designation. Followed
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by the compressive strengifd, the main type of failure mode, the
mean ultimate load of the main type of failure moéde and finally
the coefficient of variation (cov).

Table7.3: Test results of single anchors in masonry bonds syititting failure

Series IN/mm?] Ma'r?];%'g"e "Bg 1 E cov b
NF-12-M8-s-MB-C 21,6 Sp+P 6,13 16,7
NF-12-M8-s-MU-C 21,6 P 10,25 12,5
2DF12-M8-s-MB-C 15,0 SP+P 8,36 8,2
2DF12-M8-s- MU-C 15,0 P 10,85 1,7
2DF16-M8-s-MB-C 18,1 Sp+P 8,50 14,5
2DF16-M8-s- MU-C 18,1 P 8,76 4,7
2DF20-M8-s-MB-C 25,4 Sp+P 9,09 5,0
2DF20-M8-s- MU-C 25,4 P 10,81 4,2
3DF12-M8-s-MB-C 19,1 Sp+P 8,02 2,5
3DF~12-M8-s- MU-C 19,1 P 10,96 8,5
3DF~16-M8-ss-MB-C 18,1 Sp+P 9,09 11,0
3DF~16-M8-s- MU-C 18,1 P 10,84 3,1
3DF20-M8-s-MB-C 25,4 Sp+P 9,04 11,7
3DF~20-M8-s- MU-C 25,4 P 10,94 2,5
NF-12-M12-MB-UC 21,6 B 5,82 6,8
NF-12-M12- MU-UC 21,6 Sp+M 4,06 17,5
NF-16-M12-MB-UC 18,1 B 6,78 15
NF-16-M12- MU-UC 18,1 Sp+M 5,02 7,9
NF-20-M12-MB-UC 25,4 B 6,83 8,5
NF-20-M12- MU-UC 25,4 Sp+M 6,43 15,7

2DF12-M12- MB-UC 15,0 B 9,71 6,5
2DF12-M12-MU-UC 15,0 Sp+B 8,61 8,8
2DF16-M12-MB-UC 18,1 B 9,37 5,0
2DF16-M12-MU-UC 18,1 Sp+B 8,41 7,0
2DF20-M12-MB-UC 25,4 B 10,07 5,8
2DF20-M12-MU-UC 25,4 Sp+B 9,27 10,2
3D~12-M12-MB-UC 20,0 B 10,10 2,6
3D~12-M12-MU-UC 20,0 Sp+B 8,12 3,3
3DF~16-M12-MB-UC 18,1 B 9,62 4.6
3DF~16-M12-MU-UC 18,1 Sp+B 8,75 3,9
3DF~20-M12-MB-UC 25,4 Sp+B 11,04 6,4
3DF20-M12-MU-UC 25,4 B 10,84 6,8
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When evaluating splitting failure, the maximum load achieved is not
used as the ultimate load. Instead, the first load peak is considered the
decisive ultimate load. The occurrence of splitting means that the
base material is already damaged, so that undier loading it can
either bear higher loads again or no longer reach the initial peak. Due
to this uncertainty, the first peak is defined as the decisive ultimate
load. The loadlisplacement curves for corresponding failure cases
shown inFigure 7.2 illustrate this behavioutn curve 1, the first peak

is at 0,15 mm with a load of 5,86 kN. The second peak is higher than
the first peak and reaches a load of 7,75 kN. However, the situation
is different in curve 2. The first peak is at 0,35 mm with a load of 5,26
kN, and the secahpeak is below the first peak at 4,05 kN. It is
therefore conservative to use the first peak to evaluate the tests.

10

Curve 1: confinement 0,5 h

- — - Curve 2: confinement 3,0 h

Load [kN]

0,0 0,5 1,0 1,5 2,0 2,5 3,0 35 4,0
Displacement [mm]

Figure 7.2: Load-displacement curves of bonded anchors with splitting failure
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7.3 Discussionof the Test Results

Since different brick formats with different compressive strengths
were investigated, the test results are normalized to the compressive
strength 15,0N/mm?2 acordingto Equation(6.1) with | Ttw. The
results arshown inFigure 7.3 andFigure 7.4 and areplotted against

brick format, base material and failure modée separation of the
results into two diagrams is done because of the different test setups
and anchor systembigure 7.3 shows the results of tests with M8
threaded rods with sieve sleeve and a confined test seguype 7.4
shows the results of tests with M12 threaded rods and an unconfined
test setup.

In order to better assess the splitting behaviour, two parameters are
investigated. On the one hand, the obvious dependence on the brick
format and, on the other hand, the influence of the fracture susface
examined more closely.

The influence of the brick format can be clearly seeRigure 7.3
andFigure 7.4. Figure 7.3 shows that the greatest reduction in load
bearing capacity due to splitting occurs in NF bricks. The reduction
Is approximately42 %. For the 2DF bricks, the mean load capacity
due to splitting decreases by %band for the 3DF bricks by 2.
Similar behaviour showed the NF bricks tested undeonfined
tests setujseeFigure 7.4) with a decrease of approximately Ziin
failure load Thetests with2DF and 3DF brickshowed a decrease
of 9% and 10% due to splitting failure, respectivelased on these
results, the following reduction factaise to splitting failure  can

be assumedlepending on the brick format
Confined test setup:
Brick = NF brick |

Brick > NF brick |

Tp T
Thp v

¢

¢
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Unconfined test setup:
Brick = NF brick |
Brick > NF brick |

T TT
i T

¢

¢

Subsequently, the influence of the fracture surface is examined in
more detail Splitting failure always occurreoh the shortest side of
the brick. To illustrate this, the fracture surfaces of the respective
bricks are shown ifigure 7.5. To compare the behaviour across the
fracture surface, the stress that must be applied to cause the brick to
split is determined. For this purpose, the average ultimate load is
divided by the fracture surfac&he results are summarizedTiable

7.4. The averagdracture stress of the NFand 2DF bricks was

0,6 N/mm?2. For the3DF bricks, the average value sv8,3N/mmz2,

Here it can be assumed that splitting occurhafracturestress of

0,6 N/mm?2 andthat the transion to splitting failure occurrect

0,4 N/mm?2, For the 2DF andC# bricks, the bonded anchor chdt

fail mainly by splitting.To confirm these values, a comparison was
made withthe testsfrom Sections5 and 6 with 8DF bricks, which

also failed by splitting. It was founthat theaverage fracturstress
wasabout0,3 N/mm?2 with unconfined test setup aadproximately

0,5 N/mmz2 with confined test setuphe problem arises from the fact
that the 8DF brick already has considerable inherent rigidity due to
its large dimensions, and the wide support promotes split failure
because of its bending behaviour. As a result, the determined fracture
strength is lowewith unconfined test setup. However, this effect is
not apparent in smafbrmat bricks. In this case, the wide support
extends beyond the individual block without generating additional
stresses.
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Figure 7.5: Fracture surfaces of the brick formats NF, 2[¥DF and 8DF

Table7.4: Fracturestresses due to splitting failure

Fracture stress

Test setup Brick format Failure mode
[N/mm?]
NF 0,65 Sp+P
_ 2DF 0,62 Sp+P
Confined
3DF 0,40 Sp+P
8DF 0,47 Sp+P
NF 0,57 Sp+M
_ 2DF 0,63 Sp+B
Unconfined
3DF 042 Sp+B
8DF 0,29 Sp+P
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7.4 Summary

This chapterdiscussedsplitting failure of single ancher For this
purpose, proposals for determining tleeluction factors fobonded
anchors in solid calcra silicate brick are presented aamdomparison
of the fracture stresses was made

First, all test resultsvere normalized to the compressive strength
"Q p mN/mm? and presented via brick format, base material and
failure mode (se€&€igure7.3 andFigure7.4). It can be seen that the
brick format has a great influence on the splitting failure and on the
reduction of the loatbearing capacity due to splitting. On this basis,
an assumptiowas made for . For this purpose, the support width
of the test setup is included. The following reduction factors are
proposed

Confined test setup:
NF brick |
Brick > NF brick |

5¢ ¢
g8
c 4

Unconfined test setup:
NF brick | 5 THP T
Brick > NF brick |

m
:
=

In addition, the influence of the fracture surfagas investigated.
With the help of the fracture surface, the breaking sttassed by
splitting in the brick wa determined and compared with each other.
In this case, the NF briclead 2DF brickshowedhe highest average
values of 0,68N/mm?2. Thefracturestresses of the 3DF brickgson
average @ N/mme. The assumption can be made that splitting failure
is influenced by thesmallest crossection area of the briclEven
though the types of failure aret identical, the fracture stress for
wide and narrow supports is almost identical in the respective brick
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formats. The slightly larger 8DF brick is an exception hieréhese
tests, thdracturestress ranged frombout0,3 N/mmz2 to 05 N/mm?2

with the various test setupdhis is because bending creates
additional stresses in the brick, which then fail due to splitting under
lower tensile loadBased on these observations, it seems sensible to
conduct further test series for future investigations and to develop a
design for splitting failure, considering the resulting fracture surfaces.
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8 Local Brick Failure under Shear Loading

This chapter describes the lebdaring behaviour of bonded anchors in
case of local brick failure under shear loading. In the current design
methodTR 054(2022) thereis no design for this type of failurenode
andthe TRonly refersto the respective ETA

In a first step, the test results of single and group anchors are evaluated.
With the help ofWeld $2011) calculation methodC (thick loading
fixture and small embedme depth), the group behavior coulbk
derived.In addition,the influence of the joint with or without mortar is
investigatedWith the help of the test results, the equation of the-load
bearing capacity is presented as a function of the joint width.

8.1 Experimental Program

To investigate the influence of tepacing and joint tests were carried

out with bonded anchors as single and group anchorages in solid
calcium silicate bricks.The injection mortarused is described in
Sectiod.2.1 Threaded rods of sizes M8 with steel grade 8.8 were used
as anchorandwereinstalled witha plasticsieve sleevavith a diameter

of 12mm. The drill holeshad a diameter of 1&wm. In all tests, the
embedment deptiQ was 50mm. Group anchorages werenly

installed in solid materiahnd side by sideThe joint filled with or
without mortar of two brickef 4DF in a steel framand plane elements
(PE) with compressive strength classesNI'dim? and 16N/mm? were

used as base material. All bricks have a bulk density class of 2,0 kg/dm3,
The compressive strengi® of the brickswastested accordingp DIN

EN 7721 (2016)atthe MPA of the University of Stuttgart. Thesere
11,2N/mm? for the 4DF brickand 21,2N/mm? for the PE bricksThe
compressive strength of the mortar for maso@Qrwas tested according

to DIN EN 101511 (2020)at the MPA of the University of Stuttgart
andwas 9,5N/mmz2. The tests were carried out with an unconfined test
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Local Brick Failure under Shear Loading

setup, which is described $ectiord.4.2 with no edge influence. Load
application is in the direction of the free edge for the single brick and
in direction of the joinfor the tests in the joinTable8.1 summarises

the test series carried out with single anchor (1) and anchor groups (II)
in solid material or joint with or without mortafhe designation of the
test series starts with thead direction V. Then comes tla@chorage
type | or Il and the brick dimensiorAfterwardsbase materiasolid,
joint without mortar (j) or joint with mortar (J¥ given If the anchor
was installed in joint, the designation contains the joint width after the
base material. For group anchorages, the spacasga function of the
embedment depttomes after the base material.

Table 8.1: Test program of single and group anchors under shear loading in
single bricks or joint with various joint widthsFailure mode local
material failure

: . Joint
e NG aonor B B Spacho syan
[mm]
V-I-PEsolid 10 Single PE -
V-II-PEsolid-s0, 75k 5 Group PE Solid 37,5
V-II-PE solid-s1,5h¢ 5 Group PE 75
V-11-PE- solid-s3,0h¢ 5 Group PE 150 -
V-1-4DFj<0,5mm 6 Single 4 DF - <0,5
V-I-4DFj=0,5mm 1 Single 4 DF Joint - 0,5
V-1-4DFj=1,0mm 1 Single 4 DF  without - 10
V-1-4DFj=1,5mm 1 Single 4DF  mortar - 1,5
V-1-4DFj=2,0mm 6 Single 4 DF - 2,0
V-I-4DF-J=5mm 6 Single 4 DF - 50
V-I-4DF-J=6mm 1 Single 4 DF Joint - 6,0
V-1-4DFJ=7mm 1 Single 4 DF with - 7,0
V-1-4DF-J=10mm 1 Single 4DF  mortar - 10,0
V-1-4DF-J=13mm 6 Single 4 DF - 13,0

8.2 Testresults

In total, 14 test series were carried out. The number of tests per test
series varies, as only single tests were carried out for tests in the joint
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at intermediate sizes. Subsequently, series with five tests each were
carried oubnly for the extreme values.

For the tests in the solid brick, five tests were carried out per series. An
exception is the test series with single anchor. Here the results from two
series were combined and consists ofelis.The differenceébetween

these test series is the edge distance. Since the edge distance is greater
than 1,5, these tests are presented as one series.

The failure moddocal brick failure occurred in approx95% of the
tests.Two tests failed by combined failure mode with brick edge failure
and local brick failureOne test failed by prgut.In the following, only
tests withlocal brick failureare included in the evaluation.

Table8.2 summarzes the results of single and group anchors with the
failure mode locabrick failure. The first column is the test designation.
In the following columns are number of tests with looatk failure,
anchorage, base material, mean ultimate bad and the coefficient

of variation (cov).
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Table8.2: Test results of single and group anchors under shear loading in single
bricks or joint with various joint width$ Failure mode localbrick

failure
Test oy Anchor o e EW 1 E cov P
V-1-PEsolid 10 Single PE 11,60 13,9
V-II-PEsolid-s0, 750k 3 Group PE Solid 23,26 8,1
V-II-PE solid-s1,5hk¢ 5 Group PE 21,24 6,4
V-II-PE solid-s3,0k¢ 5 Group PE 22,18 8,1
V-1-4DFj<0,5mm 6 Single 4 DF 11,80 4,8
V-I-4DFj=0,5mm 1 Single 4 DF Joint 11,49
V-1-4DFj=1,0mm 1 Single 4 DF  without 10,73
V-I-4DFj=1,5mm 1 Single 4 DF mortar 11,68 -
V-I-4DFj=2,0mm 5 Single 4 DF 13,06 4,3
V-I-4DF-J=5mm 6 Single 4 DF 11,29 7,7
V-I-4DF-J=6mm 1 Single 4 DF Joint 10,27
V-1-4DF-J=7mm 1 Single 4 DF with 9,23
V-1-4DF-J=10mm 1 Single ~ 4DF  mortar 8,22
V-1-4DF-J=13mm 6 Single 4 DF 8,36 13,3

8.3 Discussionof the Results

8.3.1 Influence of Single and Group Anchors in Solid
Plane Element

The ultimate loads as a function dpacingof single and group
anchorages arelotted in Figure 8.1. The results of the single
anchorages are evenly distributed and average kN60herewas one
outlier in the test series that showed no difference inr@illhe facture
pattern didnot differ from the other tests. It is possible that macro
cracks occurred due to previous testing and fesulted in a lower
ultimate load. The group anchoragd®wedan average ltimate load

of 22,15kN. This wa within the range of twice the mean ultimate load
of single anchorages. They show no differewben the spacing of the
anchor wa increased. According to these results, the critical spacing
i 5 hadno influence on local brick failure. Thus, the following
equation for the group of double anchors can be established
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Wy ¢y 0 (8.1)
with:
wy Ultimate load of a single anchor without influence

neighbouring anchors and from the edge. to case (
of Weld €011)proposal

e T
Q J0Q0Q O ¢ —— P
Q 0QJQ

Group anchors installed one behind the other were not investigated.
Therefore, no statement regarding the critical spacing can be made for
this case.

As described inSection 3.2.5.2 Welz (2011) uses the factor

p iji pp ¢ for group anchors with a minimum spacing of
anchors of 50 mm. In the tests carried out, the minimum spacing was
37,5mm and despite this, the group anchors achieved approximately
twice the ultimate load of a single anchor. If the factor iji pp

Is used, the ultimate load for different spacing should follow the blue
curve inFigure 8.1. Accordingly, the group anchors achieve twice the
ultimate load of a single anchor at a spacing of m2% which is not

the case.
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8.3.2 Influence of Installation in Joints

As described irSection8.1, the tests were carried out with different
joint widths and filled or unfilled jointdor comparison, the test resul

in solid brick are used ameference. As the bricks Hdadifferent
compessive strengths, the results rerenormalized to the low
compressive strength (1INVmm?) accordingo Equation(6.1) with an

| miw. The results are shown iRigure 8.2. On the yaxis is the
normalized ultimate load g . The xaxis shows the joint width and
the base materidk can be seen that the results of the tests in the unfilled
joint are on average slightly higher than those of the tests in the solid
brick. This can be attributed to the fact that thBH bricks were
clamped and the PE bricks were very large and thexrefiol not need

to be clamped. While the results in the solid bwedére on average
11,60kN, the mean ultimate load in the unfilled jointss 12,17kN.
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The unfilled joint with a joint width of 2 mm hadhe highest mean
ultimate load. This can be attributed to the fact that the injeatiortar
fills the joint and had higher resistance.

In the tests witmortarfilled joints, the joint widths were larger. In this
case the failure loads decreasbewith increasing joint width. To
evaluate the results, the normalized ultimate loads are shdvgure

8.3 via the joint width.In this case, the ultimate loads wenet
normalized as all tests were carried out with 4DF bricks from one batch.
It can be seen that the load decreases up to a certain joint width and
thereafter the ultimate loads are in the scatter band aroun&i$,34is

is because the threaded rodswecated thwughout the joint and the
load was only transferred via thmasonrymortar in the joint. However,
with smaller joint widths, the stres®ud still be transferred to the
brick. The smaller th@int width, the more stress coub& transferred

to the brick. With an increase in the joint width, the stress distribution
shifts from the brick to thenasonry mortar and is finally transferred
only via the masonry mortar. The stress distributions for different joint
widths are shown schematically gure 8.4 andthe corresponding
failure patterns of the stress distributions kigure 8.5. Despite
different joint conditions and stress distribution, a linear dependence of
the ultimate loads can be seerfigure 8.3. The following equation as

a function of crack width results from a linear regression with a
coefficient of determination of 0,99.

w p @ mo DX 0 (8.2)

The crack width Gnm (y-axis intersection) represents the single anchor
in the solid materialThis value couldbe considered as the ultimate load

of a single anchor without the influence of edges or adjacent anchors.
This results in the following equation for the anchor in the joint,
regardless of whether the joint is filled with mortar or not.
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Wi Wp Op mmdex 0 (8.3)

with:
w Ultimate load of a single anchor without influence
neighbouring anchors and from the edge

3x  Width of the joint & &

In order to check the behaviour of the ultimate loadever the joint
width 3x , the mean ultimate loads; fromSt i [{2017)wére also
added to the diagram iRigure 8.3. Only the results with size M12,
which were installed in the vertical joint and tested in the direction of
the joint, are relevant for the comparison. The compressive strength of
the brick and the mortar strength are not kngsathat the loads cannot

be normalized to the compressive strength of 11,1 N/mm?2
Nevertheless, the resulare within the scatter band of the load
reduction across the joint widénd are in good agreement with the
current results

Figure 8.6 shows the ratio of the calculated ultimate loag ; to the
ultimate loads determined in the te§tsover the joint widthtex . The

results are distributed horizontally around the value 1,0. Thus, a good
agreement of the results with the calculated loads can be seen.
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8.4 Summary

At the beginning of the chapter, the behaviour of single anchors and
group anchors under lochlick failure wereinvestigated. It was not
possible to propose an equation for the single anchor without the
influence of the edge because the number of the testBrnwtesl. For

this purpose,Welo §2011) proposal calculation methodC was
adopted. This agreed very well with the actual testlts. With group
anchors, the spacingdhao influence on the results. With thick loading
fixture and a small embedment depth (case C), the ultimatenasd
always twice as high as with a single anchorage, regardless of the
spacing. This only applieif the force wa applied centrally between

the anchors. The case of group anchors installed one behind the other
was not investigated.

Finally, the behavior of anchors in the joint wasvaluated with
different joint widths. For this purpose, joints with i@y or without
mortar wereexamined. It was found that the ultimate load decreases in
a linear relationship with the joint width, which was determined using
a linear regression. The coefficient of determination of the ragress
was 0,99. Since the joint represents a vesalg of the material,hte

load was applied in the direction of the joint in all tests. The equation is
therefore ont valid for the load direction parallel to the joint.
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9 Brick Edge Failure under Shear Loading

This chapter describes the lebdaring behaviour of bonded anchors in

case of brick edge failure under shear loaduitfy a loading direction

to the free edgdn the current design methddR 054(2022)here is a

design for this type of failurenode but the brick compressive strength

"Qis included in the design with an exponent &f h Sectior6il Br i ¢ k
Breakout Fail ur e u it evasrshownethas the n L
compressive strength is included in the design with an exponent of 0.3
('Q®). Therefore, the existing equation is examined in more detail and
modified for the base material solid calcium silicate brick.

Firstly, the influence of the edge distance of single anchors is examined.
Then group anchorages are examined. Here, the normalized failure
loads are divided by the edge distance to the powérbah order to
remove the influences of the compressive strengtidedge distances
from the results. Subsequently, the determined influences are integrated
into the design. Finally, a simplified design is proposed.

A comparison of the derived design with existing igesmodel
TRO054(2022) is made in this section asthe existing equation is
modified.

9.1 Single Anchor with various Edge Distance ¢

9.1.1 Experimental Program

The testswith bonded anchorsvere carried ouin various calcium
silicate bricks Bonded anchors with and withosieve sleeves were
investigated. The injection mortased is described Bectiord.2.1 In

all tests, threaded rod$ sizeM8 or M12with a steel grade of 8.8 were
used.The threaded rods M8 were taed with sieve sleeves andeth
size M12 withoutThe pastic sievesleeveshad adiameter of 12nm.
The drill holes of tests with M8 had a diameter o and those of
size M12 a drill hole diameter of I™dm. The embedment depth was for
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all tests 5nm. The installation procedure is explained in more detail
in Sectiord.2.1.3 Solid calcium silicate bricks in trdimensions8 DF
and plan elements (PRjith a compressive strength class ofN/Ahm?2
and16 N/mm2and a bulk density class of0&g/dm3were used alsase
material The nominal compressive strengths of the brickgere
152 N/mm2 (8DF bricks) and 181 N/mm2 and 212 N/mmz2 (PE
blocks) Tests were carried out #inglemasonry unitsvith the loading
direction towards the free edgehe usedtest setup allowed for a free
breakout of the edge, which is descriliedhore detailn Sectiord.4.3
Table 9.1 lists the performed testseries.In the first @lumn, he
designation of the test series given: the load directionQ (shear
loading is followed by | for single anchor, the anchor size and finally
the edge distanadas a function of the effective embedment dépth

The following columns show the number of tebtsck format anchor
size, installation with or without sieve sleeaead finally the edge
distance.

Table 9.1: Test program of single anchors under shear loadir@rick edge

failure
Test No. of  Brick @ of Sieve sleeve Edge distance c
tests format anchor [Yes/No] [mm]
Q-1-8DFM8-c0,5h 5 8DF M8 Y 25
Q-1-8DFM8-c1,0h 5 8DF M8 Y 50
Q-1-8DFM8-c1,5h¢ 5 8DF M8 Y 75
Q-1-8DFM8-c2,0h 5 8DF M8 Y 100
Q-1-PEM8-c0,5h 5 PE M8 Y 25
Q-1-PEM8-c1,0hs 5 PE M8 Y 50
Q-1-PEM8-c1,5h 5 PE M8 Y 75
Q-1-PEM8-c2,0h 5 PE M8 Y 100
Q-1-PEM12-c0,8h 5 PE M12 N 40
Q-1-PEM12-c1,0hy 5 PE M12 N 50
Q-I-PEM12-c1,2hy 5 PE M12 N 60
Q-1-PEM12-c1,4hy 5 PE M12 N 70
Q-1-PEM12-c1,8hy 5 PE M12 N 90
Q-1-PE-M12-c2,0hy 5 PE M12 N 100
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9.1.2 TestResults

In total, 15test series withYtests were carried out, whereby tests with
brick edge failure only were evaluate@lable 9.2 summarizes the
results of single anchors with the failure mode brick edge failure. The
first columnshowsthe test designation. In the following columns are
brick format compressive strengtt, edge distance) mean ultimate
loadwyj and finally the coefficient of variation (cov).

The failure mode brick eddailure occurred in 73,% of the tests. The
remaining tests failed due to local material failure (approX@o)land
by splitting failure (approx. 1%o).

Table9.2: Test results of single anchors under shear loadiBgck edge failure

mode

Test f(?rr:ﬁgt [N/ﬁmz] Ed%e[rilrsr:?nce fi 1 E cov b
Q-1-8DF-M8-c0.5h 8DF 15,2 25 1,42 31,8
Q-1-8DF-M8-c1.0hy¢ 8DF 15,2 50 4,29 15,4
Q-1-8DF-M8-c1.5h¢ 8DF 15,2 75 - -
Q-1-8DF-M8-c2.0h 8DF 15,2 100 - -
Q-1-PE-M8-c0.5h PE 21,2 25 1,71 20,5
Q-1-PE-M8-c1.0h PE 21,2 50 5,60 17,4
Q-1-PE-M8-c1.5h PE 21,2 75 9,06 17,0
Q-1-PE-M8-c2.0hy PE 21,2 100 - -
Q-1-PE-M8-c3.0h PE 21,2 150 - -
Q-1-PEM12-c0.8hy PE 18,1 40 3,70 7,9
Q-1-PEM12-c1.0hy PE 18,1 50 5,44 4,7
Q-1-PEM12-c1.2hy PE 18,1 60 7,59 55
Q-1-PEM12-c1.4hy PE 18,1 70 9,4 3,1
Q-1-PEM12-c1.8hy PE 18,1 90 12,86 4,9
Q-1-PEM12-c2.0hy PE 18,1 100 14,76 3,8

Y No test failed due to brick edge failure
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9.1.3 Discussion

9.1.3.1 Influence of the Edge Distancedk

Figure 9.1 showsthe normalized test results tests with the failure
modebrick edge breakoutverthe edge distana@ The normalization

is done according té&quation (6.1) with the refeence compressive
strength of 12 N/mmz2. The lowest compressive strength among the
bricks was taken as the reference compressive streWitin.a non
linear regression, the ultimate load increbas a function of the edge
distance with an exponent 0151(5)5 ). Therefore, the influencef the
edge distance from the design accordmdR 054(2022)for bonded
anchors in solid calcium silicate brick can be confirmed.

Based on the results, the edge distance to ensure transmission of the
characteristic resistance of a single bonded anchgr could nd be
defined. The failure loads increassntinuously up to an edge distance

of cmJQ . However,a change in failure modeas observedror the

8DF bricks, the failure mode chandefrom brick edge failure to
splitting for an edge distance pfv JQ . With the plane elements and
anchor diameter Bim, the failure mode changé&om edge failure to

local brick failure at an edge distance @iitJQ . The M12 threaded

rods in PE block were examined up to @uge distancetmJQ ard
brick edge failure occurred in dhetests.

The @  value is not defined iNTR 054 (2022) however in
EAD 33007600-0604 (2014) a & of plv JQ is given Therefore
o ; is assumegl JQ as a conservative value.
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Figure9.1: Norm. ultimate loado;;,  vs. edge distanagof single anchors with
various base material and anchor diameter

9.1.3.2 Influence of the CompressiveStrength [l

As described at the beginning of the chapter, the compressive strength
"Q consideredn the design with an exponeoit 0,5. Since this is not

the case for brick breakout failure under tension loa¢segSection

6), the sinde anchors are considered manadetail. Here, the equation
from TR 054(2022) for brick edge failure(see Equation (3.37)) is
compared with the modified equation. Tkactor of thedesignwith

load to the free edgea TR 054(2022)is divided by 07 to obtain the
mean equation and is as follaws

h - y

~

O oM o— oQh apf 0 (9.1)

with:
E  Prefactor mig prix Tio @
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‘Q  Diameter of the anchon &
"Q Effective embedment deptlx &

"Q  Normalized mean brick compressive strengtifa a6
w  Edge distance

The modified equation considetee compressive strength with an
exponent of 0.3, therefore ti@factor is also empirically redetermined.
Accordingly, the modified equation:

h - .

W o o— 0" ahh 0 (9.2)
with:

E  Prefactor plfg v

‘Q  Diameter of the anchotr &

Q Effective embedment depth &

"Q Normalized mean brick compressive strengtifa a6

~
3

w  Edge distance the free edged &

Figure 9.2 shows the calculated loads; according to thé&quations

(9.1) and(9.2) against the measured ultimate loaos The modified
equation showa better agreementith the test results than the current
design The current design is very conservativdis behaviour is
shown in the following figure. Ifrigure 9.3, the ratiow ;] w against
the brick compressive strengt is plotted. While the results of the
modified equation are horizontally at,01 (insinuating a good
approximation of the calculated results with the test restiis)values
of the actual degn are horizontally around® On averageghew ] ®
ratio of the modified equation is92 with a coefficient variation of
129 % and br the current agationis 047 with the same coefficient of
variation. According to the results, it is evident that with the
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optimisation of theQfactor, better results can be achieved with the

current design.
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Figure 9.2: Comparison of calculated loads; under variation of compressive
strength influence with the test resulis

193



Brick Edge Failure under Shear Loading

2,0
Vu,b,modl Vu,b
O <> 8DF dg =8 mm + sieve sleeve
11 < <l PE d, =8 mm + sieve sleeve
< 4 PEd,=12mm
1,5 | in all tests h; = 50 mm

- <
e g
Z 10 %— i.«ﬁi“
o
> g

0,5 g

B
0,0 T : . . .
0 5 10 15 20 25

Compressive strength f, [N/mm?]

Figure9.3: Ratiow j ] w against thebrick compressive strengtf

9.1.3.3 Simplification of the Equation for Brick Edge Failure

In the previous section was showrat the equation with an exponent

0,3for the compressive strengiives comparable resultgth the tests

The next step in the design is to obsetive quotient 'Q j Q " in

more detail.This quotent lies in a value range of 1t@ 1,7, which can
be considered asfactor in the equation. With the mean of the value
range(1,4), a prefactor of 175results for the equation. The following
equation is proposed for calculating the ldmahring behaviour of a
single anchor in case of brick edge failure:

W on" o (9.3)
with:
E  Prefactor plx v

‘QQ  Diameter of the anchon &
"Q Effective embedment deptlx &
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"Q Normalized mean brick compressive strengtifa ao

@

Edge distance to the free edged

Figure 9.4 shows the calculated ultimate loads with the modified
Equations(9.2) and (9.3) compared to the test results. Both variants

distribute well on the diagonalotted ling but the equatiom j

showsa better agreementhis is plotted agaim Figure 9.5. Here the
guotients of the calculated loads to the test results are shown over the

edge distance. While the mean value doy j,
coefficient ofvariationof 12,9%, the mean value fab j ;

with a coefficient of variation of2,6%.
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Figure 9.4: Comparison of the modified values to the experimental results
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9.2 Anchor Groups

9.2.1 Experimental Program

The testswith bonded anchorsvere carried outn various calcium
silicate bricks Only bonded anchors withsieve sleeves were
investigatedIn all tests, threaded rodd sizeM8 with a steel grade of
8.8 were usedlheplasticsievesleevediad adiameter of 12nm. The
drill holes had a diameter of 1m. The embedment depth was for all
tests 5adnm. The installation procedure is explained in more detail in
Section4.2.1.3 Solid calcium silicate bricks in théimensions8 DF
and plan elements (PRjth a compressive strength class ofN/Z2hm?
and16 N/mm2and a bulk density class ofl0&g/dm3were used alsase
material The nominal compressive strengths of the brickere for

8 DF bricks 15,2N/mm? andor PEblocks21,2N/mm2 The ests were
carried out insinglemasonry unitwith the loading direction towards
the free edgeThe usedtest setup allowed for a free breakout of the
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edge, which is described in more detaiBactiord.4.3 Table9.3 and
Table9.4 list thetestseries carried out. The designation of the test series
starts with the load direction (8hear loadingfollowed byl for group
anchor, the anchor sizad at the endhe edge distana@and spacing

i as a function of the effective embedment déQth Thenextcolumns
show the number of tests, brick format, lamicsize the edge distance
and finally the spacing

Table9.3: Test program of group anchors under shear loadm@DF i Brick

edge failure
. E .
No.of | Brick  Bof yince o Spacing
[mm]
Q-11-8DFM8-c0,5h+s0, 75kt 5 8DF M8 25 37,5
Q-11-8DFM8-c0,5h+s1,5h¢ 5 8DF M8 25 75
Q-11-8DFM8-c0,5h+s3het 5 8DF M8 25 150
Q-11-8DFM8-clheslhy 5 8DF M8 50 50
Q-11-8DFM8-c1hs1,5ht 5 8DF M8 50 75
Q-11-8DFM8-clhes2hy 5 8DF M8 50 100
Q-11-8DFM8-c1,5h+s0, 75kt 5 8DF M8 75 37,5
Q—II-8DF—M8-C1,5h;f-Sl,5haf 5 8DF M8 75 75
Q-11-8DFM8-c1,5h+s3ht 5 8DF M8 75 150
Q-11-8DFM8-c2het-s1hy 5 8DF M8 100 50
Q-11-8DFM8-c2he+-s1,5h¢ 5 8DF M8 100 75
Q-11-8DFM8-c2he-s2hy 5 8DF M8 100 100
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Brick Edge Failure under Shear Loading

Table9.4: Test program of group amors under shear loading in HBBrick edge

failure
Test No. of Brick @ of Edge distance Spacing

tests format anchor ¢ [mm] s[mm]

Q-1I-PEM8-c0,5h+s0, 75k 5 PE M8 25 37,5
Q-II-PEM8-c0,5h++s1,5h¢ 5 PE M8 25 75
Q-II-PEM8-c0,5h+s3het 5 PE M8 25 150
Q-II-PEM8-clherslhes 5 PE M8 50 50
Q-lI-PEM8-clhes1,5ht 5 PE M8 50 75
Q-1I-PEM8-clhets2hes 5 PE M8 50 100

Q-lI-PE-M8-c1,5h+s0, 75kt 5 PE M8 75 37,5
Q-lI-PEM8-c1,5h+s1,5h¢ 5 PE M8 75 75
Q-II-PEM8-c1,5h+s3ht 5 PE M8 75 150
Q-1I-PEM8-c2hers1hes 5 PE M8 100 50
Q-11-PEM8-c2he-S1 5het 5 PE M8 100 75
Q-1I-PEM8-c2hers2hes 5 PE M8 100 100

Q-II-PE-M8-c3hs0,75k¢ 5 PE M8 150 37,5
Q-lII-PEM8-c3he-s1,5h¢ 5 PE M8 150 75
Q-1I-PE-M8-c3het-S3het 5 PE M8 150 150

9.2.2 Test Results

In total, 2/ test series with B3tests were carried out, whereby tests
with brick edge failure only were evaluatélthble 9.5 and Table 9.6
summarizenly the results ofjroupanchors with the failure mode brick
edge failure. The first column is the test designation falkdwy the
compressive strengtf), edge distancé spacing , mean ultimate load
wp and finally the coefficient of variation (cov).

The failure mode brick edge failure occurred 96 of the tests. The
remaining tests failetly splitting failure (approx. 17,%) anddue to
local brick failure (approx11,1%).

In the following, onlythe tests with brick edge failure are examined.
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Table 9.5: Test results of group anchors under shear loading in 8DF bricks
Brick edge failure

Test l\:)?' B diE?agnece Spacing - M cov
tests [N/mm?] ¢ [mm] s [mm] t E P
Q-11-8DFM8-c0,5h+s0, 75kt 5 15,2 25 37,5 1,77 30,0
Q-11-8DFM8-c0,5h+s1,5h¢ 5 15,2 25 75 1,96 23,0
Q-11-8DFM8-c0,5hs3het 5 15,2 25 150 2,62 335
Q-11-8DFM8-clhet-s1h 5 15,2 50 50 4,14 149
Q-11-8DF-M8-clhe-s1,5h¢ 5 15,2 50 75 5,02 15,2
Q-11-8DFM8-clhet-s2h 5 15,2 50 100 546 16,5
Q-11-8DFM8-c1,5h+s0, 75kt 4 15,2 75 37,5 7,31 4,6
Q-11-8DFM8-c1,5h¢+s1,5h¢ 2 15,2 75 75 8,27 5,6
Q-11-8DFM8-c1,5hs3het 1 15,2 75 150 10,99 -

Q-11-8DFM8-c2he-s1h
Q-11-8DFM8-c2het-s1,5hk¢
Q-11-8DF-M8-c2het-S2h

Table9.6: Test results of group anchors under shear loading in BEck edge

failure
Edge . "
Test I\tlgétcs)f N /Emz] distagnce SsF)[ergm]g r.]l""r",‘E CIS v
¢ [mm]

Q-11-PEM8-c0,5h+s0, 75kt 5 21,2 25 37,5 2,18 13,4
Q-11-PEM8-c0,5h+s1,5h 5 21,2 25 75 3,26 10,8
Q-11-PEM8-c0,5h+s3hes 5 21,2 25 150 3,44 9,9

Q-11-PEM8-c1het-s1het 5 21,2 50 50 6,34 17,3
Q-11-PEM8-clhes1,5hkt 5 21,2 50 75 7,28 12,4
Q-11-PEM8-c1het-s2het 5 21,2 50 100 7,70 10,7
Q-11-PEM8-c1,5h+s0, 75kt 5 21,2 75 37,5 11,05 10,2
Q-11-PEM8-c1,5h+s1,5h 5 21,2 75 75 13,05 3,7
Q-1I-PEM8-c1,5h++s3hy 5 21,2 75 150 16,57 2,9
Q-1I-PEM8-c2het-s1het 5 21,2 100 50 16,18 7,0
Q-11-PEM8-c2het-s1,5hkt 5 21,2 100 75 19,06 10,1
Q-11-PEM8-c2het-s2het 5 21,2 100 100 19,51 6,5

Q-I1-PE-M8-c3h-s0, 75
Q-11-PE-M8-c3hsr-s1,5h - - - - - -
Q-11-PE-M8-c3hs-s3h - - - - - -
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Brick Edge Failure under Shear Loading

9.2.3 Discussion
9.2.3.1 Influence of the Spacing sand Edge Distance c

To determine the influence of spacing, the test resuisshownin

Figure 9.6. The diagrams showhe normalized loadop to the
compressive strength 19\mmz2 over spacingi for different edge
distancesowere investigatedlhe upper diagram shows the results for

an edge distance of 26m, the middle one for 5&m and the lower

one for 75mm and 100nm. The diagrams show that the distance
between the anchors required to form a complete edge breakout cone is
75mm. In this case, this correspondsgiy JQ andmeans that the

ultimate load increas proportionally up to spacingof plv JQ . For

i plwIJQ the anchor groupreachesthe maximum achievable
ultimate load of two single anchorBhe load increase due to a second
anchor is between 3% and 80%. This depends on the edge distance.
According toEAD 33007600-0604(2014) a standard value for group
anchors in solid bricks is given asJQ . Tests must be carried out for

a smaller spacing. With these test results it is shown that for double
fixings installed side by side with an anchor diamé&er Y& & and

an embedment depth of Bmn the spacing plv JQ can be

assumed independent of the edge distance.
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8DF PE in all tests h, = 50 mm
& 4 c¢=25mm; d, =8 mm + sieve sleve
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Figure 9.6: Norm. ultimate loads vs. spacing with various edge distances ¢

Nevertheless, the edge break depends on the edge distance and the
spacing. This is illustrated ifrigure 9.7 according toFuchs and
Eligehausen(1995) On the left side, the single anchor is shown with
an idealised half pyramid and on the right side a group anchor of two
anchors with the overlapping idealised fracture surfales.idealised
area of the group anchors can vary, but ahly illustratedcase is
investigated in the experimentblere, the C&Method is used in
relation to the projected surfaces, whainsiderthe influence of the
spacing on the edge failure when calculating the failure |dads
means that the ultimate load of a group amcimoa brick with a
thicknessof O1,5 cis determined as follows:

W { —: o 0 (9.4)
with:
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Brick Edge Failure under Shear Loading

0 j thao & aé
Projected areaf a single anchor
05 plddom i & 6o
Projected area of a group anchor, which is influence
by an edge and a brick
w Ultimate load of a single anchor due to brick edge fai

~

QU

Figure 9.7: Projected areas for shear loaded single anchor or anchor group acc.
to Fuchs and Eligehausdi995)

9.2.3.2 Review of Simplification for Group Anchors

In Sections9.1.3.2and 9.1.3.3 the equation for brick edge failure is
modified. The first modification concerns the influence of the
compressive strength. Here, the exponent is adjusted as for the brick
breakout failure moden Section6. The second maodification is a
simplification of the equation. Based on the test results, it is shown that

the quotient 'Q j Q " of the equationwy, according toTR054
(2022) can be considered as a factor. this section, the modified
equationsfor single ancha are applied to the group anchansd
verified. A comparison of the results with the current equation f&m
054(2022)was performed For this purpose, the equations of the single
anchor are used in thequation(9.4) and the respective results are
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determined. The equation frofiR 054(2022)(Equation(9.1)) and the
modified Equations(9.2) and (9.3) areused to determinéhe failure

load of the single anchorThe result of this calculation shown in
Figure 9.8 with respect tahe failure loads of the test§he modified
equations show a better agreement with the experimental results. In
contrast, the equation froR 054(2022)provides very conservative
results. On average, the quotient of calculated load and test result for
WHA Is 1,07 with a coefficient of variation of 26%4. The mean
value of the ratio is almost identical far It is 1,04 with a
coefficient of variation of 26,%0. In contrast, the mean value of the
ratio for the equation fromlR 054 (2022) is 0,55, but with a
significantly lower coefficient of variation of 13%. This means that

the results in this case are underestimated I 45

25

Vu,b,modl Vu,b,modz Vu,b 7/
{4 < <& ¢ 8DF d, =8 mm + sieve sleeve s,
< < <l PEdg =8 mm + sieve sleeve 7
=" 20 in all tests hy; =50 mm
x ’
@Q 7
> a2 1 4%
; ,
s %,
© s K
E 10 2
= &, AR R
> < <
. 5 XSS
o
S s
0 T T
0 15 20 25

Ultimate load V, [kN]

Figure 9.8: Comparison of calculated loads; under variation ofo ;
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Brick Edge Failure under Shear Loading

9.3 Summary

At the beginning of the chapter, the influence of the aslgiustrated
by single anchors with different edge distances and the exparieist
confirmed in theequation(9.1).

The influence of the compressive strength is then analysed, as the
compressive strength is taken into account with an exponent of 0,3 in
the event of brick breakout failure. A comparison is made with the
current equation fronTR 054(2022) (Equation(9.1)). It can be seen

that Equation(9.1) provides very conservative results. Tkyéactor in

the equation cabe optimised to achieve results that are more consistent
with the test results.

The modified equatiofEquation(9.2)) is simplified.For this purpose,

the quotient™Q | Q is used as a factor. The simplification leads to
almost the same results as the modified equation.

The next step wato analyse the group anchorage. These are double
anchors that are installed next to each other and loaded in the centre
under shear loadt can be observed that the double fastening achieves
its fully load-bearing capacity at a spacing @b JQ , regardless of

how large the edge distance is.

Finally, the modified equations are tested for group anchoring. While
the modified quations Equation (9.2) and (9.3)) provide almost
identical results and agree with the test results, the equationTiRom
054 (2022) has 45% lower values. As with the single anchors, better
results can be achieved here with an adjustttior.

It should be noted that only Méhd M12threaded rodwith an effective
embedment depth of 58m were analysed. Further tests with larger
diametersand various embedment depthie necessary to verify the
modified equations.
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10 Proposal for a Design Model

Fastenings wittbondedanchors in solid calcium silicate brick under
tension and shear loads can fail in various ways, which are caused by
different mechanism(see Section 2.2.2.). The design concept
presented corresponds to the procedureTBf 054 (2022) The
following subsections show the main features of a design concept with
safety factors to be applied for anchorages in solid calcium silicate
brick.

As described irSection3.4, Equation(3.31), proof must be provided

that the design value of the action is less than or equal to the design
value of the resistancelo calculate the design resistance, the
characteristic resistance is divided by the partial safety factoe.
following partial safety factors apply to the determination of the design
resistances if no national regulations exist:

Failure of the anchor rod

- Tension load [ j pht
- Shear load If'Q Ynafad adand’QjQ  mhix
ph y
[ 9]0 plg v
or

if"Q  @TEra 6éor’Q QT

I ph

Failure of the anchor system

~

- Tension and shear load: i Cchy

~

- Shear load with local brick failure: [ 1]
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Proposal for a Design Model

10.1 Resistance to Tension Load

The design approaches for anchors under tension load are explained in
detail in the following subsections.

10.1.1 Pull-out Failure of the Anchor

The failure mode pulbut failure depends on the anchor systard is
designed on the basis of bonded anchors in condreéecharacteristic
resistance is determined accordind=tpuation(10.1).

0 5 O 59—23145 [N] (10.1)

Based on current experience, the various factoexjahtion(10.1) for
anchorgn calcium silicate briclare given as follows:

a) Characteristidailure load of one anchavithout edge

influence
0 5 T 5y T 3Q (10.2)
with:

T  Characteristic bond resistance [N/mmZ2
Q Diameter of the threaded rod [mm]
Q Effective embedment depth [mm)]
The values are given in the relevant ETA
b) The geometric effect of spacing and edge distangg 0

0  Reference value of the bond influence area of
single anchor [mmApith large spacing and edg
distance at the brick surface

I [mm?

206



0 Actual bond influence area, limited by
overlapping areas of adjacent anchors

i § 5 aswellasbyedgeso @y of
the brick [mm?Z]

with:

, h

LR ¢ 1EQ C)—ﬁ 0Q [mm]
 F mvd ; [mm]

The bond influence areas are showrkigure 10.1 to Figure 10.3 as
examples for largéormat and smalformat bricks.

0 f [ K oQ

ScrNp = 2 Cer,Np

7/f

@
o
Z
5}
&)
o
2 S
8 .

Figure 10.1: The reference value of the bond influence area of a single anchor

and example of actual bond influence area of a single anchor
influenced by the edge (acc. & 0292010)
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:— 0 j [ 5 DQ—: :— 0 f C(I)C)’Q —: :— 0 cOIQ T‘
: ifQ ¢ ; ::lfQﬁQ:)ﬁ and::lfQTc:)foﬁ and
| c || W Wp || W Wpj |
| || | | l
: |

[ N [ I |
| WN < < I <
e R N I N \
| || | E Z)
L ST 2Cenp =3 Ol N
a) NF - Brick b) 2DF - Brick ¢) 3DF - Brick

Figure 10.2: Example of actual bond influence areas of single ancmoeckaimped
NF, 2DF or 3DF bricks

Or ¢33 j p YoQ

Scr,Np
% , t
£
S
) & [
e 7
7
/ 8
7y

ScrNp = 2 Ccr,Np

o
@)
e
En

Ccr Np S Ccr Np

Cer,Np

.

N\EZ):

Figure 10.3: Example ofactualbond influence aresof anchor groupgacc. to
TR 029(2010)

@
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c) Consideration of the effect of the failure surface for anch

groups
8 ~
W W — Ouwy p e[ (109)
With:
ui W W po2F
! P "o " ogh

With:
Number of anchors
Diameter of the anchors [mm)]
Bond stength[N/mm?Z]
ph o
Effective embedment depth [mm

S +o

Normalized mean brick compressive
strengthN/mm?]

i Spacing of the anchors

i p  Ciritical spacing in case of pedlut

o JQ

10.1.2 Brick Breakout Failure

Theequation for theharacteristic resistance of an anchor or an anchor
group due to brick breakoutiffers between largéormat and small
format bricksare given belowBricks are considered smdized if the
shortest distance to the joi@tis smaller thamo ; ¢ JQ .

In case oflargeformat brick, the equation for the characteristic
resistance is as follows:
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Proposal for a Design Model

0 n — 5 O (10.4)

o
¢

Area of the idealized breakout cone of a single
anchord ao

0 5 Existing area of the idealized breakout cone on the
lateral brick surface& o6

0  Ultimate load of a single anchor without edge
influence

pfooQ"oQ M §
with:
"Q  Normalized mean brick compressive strengtt
0 Fa ao
"Q  Embedment depttt &

The geometric effect of spacing and edge distances are shown as an
example inFigure 10.4 andFigure 10.5.
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0 i [ K TQ

Figure 10.4: Influence area of an individual anchor with large spacing and edge
distance at the brick surface ; and an example of a limited area

by edged ; (in acc. toFuchs and Eligehaus€i995)

CorNb

Cor b

Figure 10.5: Idealized prgected area of anchor group®dc. to Fuchs and
Eligehauser{1995)
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Proposal for a Design Model

For bricks that are less than or equal to 3i#e equation for the
characteristic resistance is as follows:

O n 0 FY 0 (10.5)

0  Ultimate load of a single anchor without edge influe

pfooQMhan "
with:
Q Normalized mean brick compressive stren
074 ao
Q Embedment depthi a
W  Factorto account for inhomogeneity

~

with:
&) Shortest distance to the joirit &
® K Edge distance for ensuring the transmissiol

the resistance of a single anchor without
spacing and edge effects in case of brick
breakout failured @

¢ OQ

The characteristic resistance of group anchiors, and installations

close to the edgare given in the respective ETA with the values of the
minimum distances  and®

10.1.3 Splitting Failure

EAD 33007600-0604(2014)requires that the base material shall be at
least 80nm thick (Q ) and the embedment depth of the bonded
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anchor shall be at least &im (Q ; ). In the performedtests, the

base material was at least twice as thick as the embedment depth.
Nevertheless, the anchors failed due to splitting. The splitting behaviour
shall therefore be investigated in the approval tests for anchoring in base
material withthe minimum member heigf® . The information on

the assessment of splitting behaviour is given in the corresponding
ETA. If no information about the splitting behaviour is given in the
ETA, then the characteristic resistancer ,0  and0  has tobe

reducel by the following factor
Brick =NF brick | Tt
Brick > NF brick |  TiwTt

10.2 Resistance to Shear Load

The design approaches for anchors under shear load are explained in
detail in the following subsections.

10.2.1 Local Brick Failure

To determine the characteristic resistagigeto local brick failure, the
Welz (2011)design approactase Gs used with a thick loading fixture

and shallow embedment depth ( Q). In the case of a parallel
double anchor, twice the characteristic resistance of a single anchor is
applied without the influence of the spacing of the anchors. The
following equationtherefore appliefor the single anchor

w f  TiX W 0 (10.6)
with:
’ Q 0Q JQ O T
w ~
h C Q 0G J0 P
Q Diameter of the anchont &
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Proposal for a Design Model

" Local brick compressive strength7a ao
| 2Q
with:
| Increase factor to be determined from tests
"Q Normalized mean brick compressive streng
OTa Go
Q Effective embedment depth &
U  Characteristic plastic section modulus of the threac

rod

plx 2o OJQ 0¥a ao
with:
W Section modulusa a0

Q Yield strength O 7& @06

If the anchor is installed in the joiahd the loading acts in the direction
of the joint,the following equation applies:
®WHE W R Op TO EBX 0 (10.7)
with:
w  Characteristic resistancd a single anchor without

influence of neighbouring anchors and from the ed
acc. toEquation(10.6)

3x  Width of the joint i [ with
3X Q
and
'Q  Diameter of théorehole | |
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The characteristic resistance of a group anchor with parallel installed
anchoraot influenced {p the edges as follows:

W 2 1 2o ; 0 (10.8)
with:

w  Characteristic resistancd a single anchor without
influence of neighbouring anchors and from the ed
acc. toEquation(10.6)

Number of threaded rods

—_—)

10.2.2 Brick Edge Failure

The characteristic resistant® brick edge failure of a single anchor
with a loading direction to the free edge is determinedrdaog to the
following equation;

® & plt an oM A ¢ (10.9)
with:
‘Q  Diameter of the anchod &
"Q Effective embedment deptlx &
"Q  Normalized meanampressive strength of the brick
074 4o
w Edge distance to the free edged

The second modified equation with an adjusteda&tor and an
exponent of 0,3 of the normalized mean compressive strength of the
brick is proposed as the design equation. When a breakout failure
occurs, the influence of the compressive strength is the sates$oon

-

and shear loadingrurthermore, the quotief®® j Q " is not taken into
account in this equation, as its influence on the final results is minimal.
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Proposal for a Design Model

The characteristic resistance of a group anchor with parallel installed
anchorsand a load direction towardisefreeedge is as follows,

Gp — 0 (10.10)
With:

0 j thao & ao

0 h plvd 0w i a ao

w  Characteristic resistance of a single anchor due to

edge failure Q0

Figure 10.6: Projected areas for shear loaded single anchor or anchor group acc.
to Fuchs and Eligehaus€i995)
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11 Examplesfor the Calculation of Resistances

11.1 Resistances to Tension Load Without Edge and
Joint Influence
Anchor: Single anchor
threaded rod M12
steel grade 8.8
"Q 800 N/mm?
"Q 640 N/mm?
Wrp ph
Brick: Solid calcium silicate brick
ADF (248 x115x 248 mm)
"Q 16 N/mm?

Masonry mortar: Thin bed mortar (MG II)
vertical joint without mortar
” 0,5 N/mm?2
"Q ;=0,4 N/mmz?

Injection mortar + =55 N/mm?2

Installation of @ @ (without edge influence)

anchor: "0 =60 mm
Partial factor: [ 2,5
i 1,5 (tension load)

Loaddirection: Tension load
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Examples for the Calculation of Resistances

Steel Failure:

Required proof:
., 0 f .
0] — E.
I
Characteristic resistance of an hacin case of steel failure is:
0 o0 0Q 0
ptoPrnme x TQO

T

=

Ld T fw ¢ .

phy

Pull-out Failure:

Required proof:
0
[

Characteristic resistance of an anchor in cageilbfoutfailure is:

E.

. . 0 .
U p U ﬁa(rauﬁ U
fh

a) Characteristicailure load of one anchavithout edge
influence

0 T 00330 vhpPQ Ppm
b) The geometric effect of spacing and edge distance
0[O j

: h
I ¢ 10 O — cQ
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h ™~ 77
cmwaa ocpm

3<| ¢

¢ 1P O
o F mvd MW T Wi d
As shown inFigure 11.1 is the geometric effed ] 0 j
in this caseMt

Pa T Tho (E .

Scr,Np

serNp = 180 mm

I

Figure 11.1: Geometric effect in case of pullt failure

Brick Breakout Failure:

Required proof:
0
[

Characteristic resistance of an anchor isecaf brick breakout failure
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Examples for the Calculation of Resistances

a) Characteristicfailure load of one anchowithout edge
influence

6 pfoQ"on M
pfop ¢ p p i gQU
b) The geometric effect of spacing and edge distance
0 RJO p

i TQ TIPT T MmMA

¢

~

W f md ™Mo pCdmd
As shown irFigure 11.2 is the geometric effe@  j 0 f
in this caseM.

Scr,Nb

Scr,Nb —l?-ﬂfo mm

L - N —

Figure 11.2: Geometric effect in case of brick breakout failure
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Brick Pull-out and Combined FailuiieVertical Joints without Mortar

Required proof:

The characteristic resistance of an anchor in case optlbf one
brick with nonmortar filled vertical joints is

5o ¢t 3
hh omMvoQ Ty 0
Cx T g pDrivIdt it Jtv

¢ & Qo

0 Cich op E.

Influence of the Joint:

Thefactor for the influence of the joint;  phtif @ @
pcaa pcgaaVv
Splitting Failure:

If no information about the splitting behaviour is given in the ETA, then
the characteristic resistante ; and0  has to be reduced by the

following factor:

Brick > NF brick | 5 THwT
TR LV L S
0 - > .
"7 Cl
0 5 . L S
0 [ Sr—h T[hw%p Tht 1E .
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Examples for the Calculation of Resistances

Result:

In this example calculation, theick breakouwith splitting failure is
decisive, as this combined failure results in the lowest resistance.

Therefore, the following applies
0 Tt TQ0
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11.2 Resistances tdensionLoad 1 Influenced by Joint

Anchor:

Brick:

Masonry mortar:

Injection mortar

Installation of
anchor:

Partial factor:

Loaddirection:

Steel Failure:

Required proof:

Single anchor

threaded rod M12

steel grade 8.8

"Q 800 N/mm?

"Q 640 N/mm?

Wp o phm

Solid calcium silicate brick
NF (240 x 115¢ 71 mm)

"Q 16 N/mm?

Normal mortar (MG II)

mortar filled vertical joints

, 1,4 N/mm?2

"Q ;= 0,15 N/mm?2

T 5=55N/mm?

on oWdda @ (influenced by joint)

~ ~
€

Wr PCmA

"Q =60 mm
[ 2.5
Under tension load 1,5

Tension load
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Examples for the Calculation of Resistances

., 0 f .
U — E.
[

Characteristic resistance of an anchor in case of steel failure is,
0 o JQ
ptoPrnme x TQO
0 oxiph 1todE.

Pull-out Failure:

Required proof:
0
[

Characteristic resistance of an anchor in cageilbfoutfailure is

E.

. . 0 .
U p U ﬁa(rauﬁ U
fh

a) Characteristicfailure load of one anchowithout edge
influence

0 T yp Q3 0Q 0
v p O 1t opdr TQU

b) The geometric effect of spacing and edge distance
0 ;] 0 r under the influence of joints
: t
L R ¢ 10 Ox_ﬁu 0Q
oip "
¢ TP Ox_ﬁv

crmwd d odprm p Pda
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Figure 11.3 shows the areas ai  and 0 ; for this

example. As the height of the brick is less tdaR , the

area foro

with the transition to the joints and tl

neighbouringbricks in the bond is not taken into accot
as the load transfer takes place in the anchored brick.
results in the following fob j 70
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Figure 11.3: Geometric effect of puthut failureunder the influence of joints
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Examples for the Calculation of Resistances

Brick Breakout Failure:

Required proof:

0 ¢

[

Characteristic resistance of an anchor in case of brick breakout failure

in NF brickis:
0 F 0 g 5
) Characteristicfailure load of one anchowithout edge
influence
6 » pfoQ"oQ "G
pop @ p QU
b) The factor for inhomogeneitg influenced by the shortest
distance of the anchor tbe joints with® & "Q&o; or;
seeFigure11.4, and is determined as follows
W p o TIT TP w— phrt
W
de i 22 o
cpm X
O 5 p i Ot ox th QO
3 Tho 1t -
U ho phw ¢E .
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Figure11.4: Distances to the joints for the calculation of the inhomogeneity factor

Brick Pull-out and Combined FailuiieVertical Joints without Mortar

Required proof:
0
[

The characteristic resistance of an anchor in case optlbf one
brick with mortar filled vertical joints is

~

0 § f ¢ JQ Ot
R 30 0
CX T pOmItp v T ph ¢
X T K @Otw Jp v
o Y PQU
o % o
0 j@pmeE
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Examples for the Calculation of Resistances

Influence of the Joint:

The factor for the influence of the joint;  pl cause the setting
position is in the brick and the joints are completely filled with mortar.

Splitting Failure:

If no information about the splitting behaviour is given in the ETA, then
the characteristic resistante ; and0  has to be reduced by the

following factor:

Brick = NF brick | p TP T

. 0 The . .

0 |k F T[hllJS—hD plv X .

. 0 tho . .

0 |k 3[,— TlhIJS—hD plv X .
Result:

In this calculationpoth pull-out failure andbrick breakout failurevith
splitting failureare decisive, as bottombined failue modegesultin
the lowest resistance. Therefore, the following applies

0 ply XQO
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11.3 Resistance to Shear Load Load Direction to the

Vertical Joint

Anchor: Single anchor
threaded rod M12
steel grade 8.8
"Q 800 N/mm?2
"Q 640 N/mm2
O p pUB XT GA
Wp o phm

Brick: Solid calcium silicate brick
ADF (248 x 115 248 mm)
"Q 16 N/mm?
"y 60 N/mm?2

Masonry mortar: Thin bed mortar (MG Il)
vertical joint without mortar
” 0,5 N/mm?2
"Q ;=0,4 N/mm?

Injection mortar + =5,5N/mm?2

~

Installaton of® pca@da

anchor: "0 =60 mm
Partial factor: 7 2,5
rr 20

i 1,25(shear load)

229



Examples for the Calculation of Resistances

Loaddirection: Shear load in the direction of the vertical joint 1
filled with mortar, as shown irfrigure 11.5

Figure 11.5: Load direction to the vertical joint not filled with mortar

Steel Failure:

Required proof:
W 5.
O — Q6
I
Characteristic resistance of an hacin case of steel failure is:
Wi Tmd IQ O
mvApto P o ¢ QO
o & g
plt v

w

C @ Ut .
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Local Brick Failure:

Required proof:
W R .
L ol
[ R

The characteristic resistance under shear loading with thick loading

W

fixture O ‘Q and small embedment depth is calculated as follows

iy U JQ;, JQ

W f T
* 9 JQ JQ P
TP Ya xt
X Up Qp 10 o TP T
p @ XQU

o %X Wt 0

Brick Edge Failure

Required proof:
W R oo
o ol

The characteristic resistance under shear loading in case of brick edge
failure is

®f  plt a” 00" AR 6
ol P " PP Pt p QD
® pdJch vh pQO
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Examples for the Calculation of Resistances

Pushing out 0One Brick

Required proof:

W wp A E .
The equation for the characteristic resistance in case of pushing out of
one brickis:

» ¢l » OmvdQ mQ 0
Cx T gp pDrivIdt  mit Ov
¢ @ Qo

¢ Qe

o wip oQu

Influence of the Joint:

The factor for the influence of the joint;, ~ phtif @ @

pcaa pcgaaV

Result:

In this example calculation, the brick edge failure is decisive, as this
failure mode results in the lowest resistance. Therefore, the following
applies

W vt pQO
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12 Summary and Outlook

This work is mainly divided into thregarss. The first part deals with

the base material and the fastening systems in general. Their anchoring
and failure mechanism play a major role. To this end, the publications
on fracture mechanics bB a § 41984) Eligehausen and Sawade
(1989) and Og b 0o(1965) are summarized.Furthermore, the
dissertations byeyer(2006) Welz(2011)andS t i 2017) which

deal with the loasbearing behaviour of bonded anchors in masonry, are
summarized and the current design according to the technical Té&port
054 (2022)is explained.

The main part of this thesis deals with the experimental investigations
and the evaluation of the test resultbe test results are divided into
individual sections according to the failure maia aresummarized

in the following passages.

Chapter5 focused on the failure mode pualit of single and group
anchorages with and without edge influence. First, the equation for the
calculation of a single anchor without edge influence is determined.
Here, single anchors with and without sieve sleeve werestigated
under variation of the support width. As a result, the fgctor for

the pultout failure mode could be determineshich was the same
value as in uncracked concrete (according=AD 33049901-0601
(2018) Therefore,| for solid calcium silicate brick can be
considered as 0,7%ubsequently, single anchors with edge influence
and anchor groups were investigated. A critical edge distance of
o F plw JQ was determined and confirmed by the test results.

The critical spacingi ¢ 0JQ could not be
confirmedbased orthe test results. To be on the safe sd82 is

assumed for the critical spacing, analogous to thevéthod Fuchs
and Eligehauser(1995). Finally, the influences were integrated into
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Summary and Outlook

the equation and compared with results in large and smalll bricks.
The smallsized bricks were investigated as clamped masonry units.
Thegeometric influenc® j j 0 ; of the smalsized bricks ion the
masonry unit limited. The group factay ; , which takes into account
the bond areas of the anchors, is taken fidn029(2010) with the
deviation that théQvalue inw ; is 1,43. This value was determined
empirically. It is interesting to note that the disturbance of the
distribution of the rotationally symmetric stress state in solid calcium
silicate brick has no influence. Therefore, the faalpr is not
applicable in this case.

Chapter Gocused on the failure mode brick breakout failure of single
and group anchors with and without edge influence. The equation of
bonded anchors for concrete cone failure was considered and modified
with the test results on solid calcium silicate brickstithe equation

for calculating a single anchor without edge influence was determined.
Based on the tests, it was found that the brick compressive strength
enters the equation with an exponent of 0¢3 FK) and the effective
embedment depth with an exponent ICb (H ). This assumption of the
exponent of the embedment depth of 1,5 was confirmed on the basis on
the size effect according ® a g é1984)and the fact that the solid
calcium silicate brick also exhibits qudsittle behaviour like concrete.

The prefactor'Q equal to 15,0 and was determined empiricaljth

the help oftests with single and anchor groups under variation of
spacing and edge distandbe critical spacing and edge distances to

i ¢ 1 JQ were determined. For anchorages in lsiged
bricks installed close to the edge ¢ JQ , the disturbance of the
rotationally symmetric stress state had no effect. Therefore, the factor
W was not applicable in this caséhe breakout con@ wall panels

of stretcher bond or header bond with srs&ked brickwas not affected

by the free edgd.hesetests were presentadthree casesvhereby the
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calculation of the bearing load in the first case very strongly
overestimated the test results. In the second case, the calculation was
done with consideration of the geometric influence. This equation
showed very conservative results. For the brick fosnnf, 2DF and

3DF, the third case was best suited. In this case, only the factor which
considered the inhomogeneity of the brick wall

W 5 Tl WO 0 O ; pfit was taken into account.
Despite the full grouting of the joints, a strong disturbance of the stress
distribution took place due to the change of material on four sides of the
brick. The geometric influence was not considered because the breakout
can exted beyond the joints.

Chapter7 discussed splitting failure of single anchadrere, all test
resultswerenormalized to the compressive stren@@h p trt N/mm?

and presented via brick format, base material and failure mode (see
Figure7.3 andFigure7.4). It can be seen that the brick format has a
great influence on the splitting failure ao the reduction of the load
bearing capacity due to splitting. On this basis, an assumption was made
for| . For this purpose, the support width of the test setup is included.

The following reduction factors are proposed
Confined test setup:
NF brick | 5 TP T
Brick > NF brick |

¢
C

Unconfined test setup:
NF brick | 5 THP T
Brick >NF brick |  TdwTt

In addition, the influence of the fracture surface was investigated. With
the help of the fracture surface, the breaking stress caused by splitting
in the brick was determined and compared with each other. In this case,
the NF bricks and 2DF bricks show#te highest average values of
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Summary and Outlook

0,6 N/mmz2. The fracture stresses of the 3DF bricks was on average
0,4N/mmz2. The assumption can be made that splitting failure occurs
when the fracture stress is about N/&m2. The values below

0,6 N/mm?2 are more or less a transition to splitting failimat splitting

IS not the main type of failure mode. This was confirmed with tests in
8DF bricks, where the main failure mode was splittingthese tests,

the fracture stress ranged from about NV@m?2 to 0,5N/mm2. This
confirmed that the splitting Ibaviour and the fracture stress was
influenced by the brick format.

In Chapter 8the failure mode local brick failure of single or group
anchors was investigateld was not possible to propose an equation for
the single anchor without the influence of the edge because the number
of the tests wadimited. For this purposeWelz $2011) proposal
calculation methodC was adopted. This agreed very well with the
actual testesults. With group anchors, the spacing hainfluence on

the results. With thick loading fixture and a small embedment depth
(case C), the ultimate loadlas always twice as high as with a single
anchorage, regardless of the spacing. This only apibliee force wa
applied centrally between the anchors. The case of group anchors
installed one behind the other was not investigatedthermorethe
behaviar of single anchors in the joint wasvaluated with different
joint widths. For this purpose, joints with mar or without mortar were
examined. It was found that the ultimate load decreases in a linear
relationship with the joint width, which was determined using a linear
regression. The coefficient of determination of the regpassas 0,99.
Since the joint represents a weakg of the material,lte load was
applied in the direction of the joint in all tests. The equation is therefore
only valid for the load dection parallel to the joint.

Chapter Yocuses on the failure mode brick edge failure under shear
loading. At the beginning of the chapter, the influence of the edge is
illustrated by single anchors with different edge distances and the
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exponenﬁ)ﬁ is confirmed in theequation(9.1). The influence of the
compressive strength is then analysed, as the compressive strength is
taken into account with an exponent of 0,3 in the event of brick breakout
failure. A comparison is made with the current equation fidgn054

(2022) (Equation (9.1)). Equation (9.1) provides very conservative
results. The Kactor in the equation can be optimised to achieve results
that are more awsistent with the test result$he modified equation
(Equation (9.2)) is simplified. For this purpose, the quotient

Q1 Q is used as a factor. The simplification leads to almost the

same results as the modified equatibime next step was to analyse the
group anchorage. These are double anchors that are installed next to
each other and loaded in the centre under shear load. It can be observed
that the double fastening achieves its fully kmehring capacity at a
spacing 6 plv JQ , regardless of how large the edge distance is.
Finally, the modified equations are tested for group anchoring. While
the modified equationsEQuation (9.2) and (9.3)) provide almost
identical results and agree with the test results, the equation from
TR054(2022)has 45% lower values. As with the single anchors, better
results carbe achieved here with an adjustedaktor. It should be

noted that only M8 and M12 threaded rods with an effective embedment
depth of 50nm were analysed. Further tests with larger diameters and
various embedment depths are necessary to verify the modified
equations.

Chapter 10the last part of this thesigresentghe main features of a
design concept with safety factors to be applied for anchonagedd
calcium silicate brick

This thesis has provided some insights, which in turn should be verified
by further tests. Tests with further different embedment depths or
various sizes should be carried out. The base material should be varied
in terms of brick formats or bulk densityaskes. In addition, the joints
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Summary and Outlook

were not analysed in detail. What happens when an M8 anchor is
installed in a 10nm thick bed joint in a wall of solid calcium silicate
brick or in a 10mm thick bed joint in a wall of solid clay brick? Does
the bonded anchor behave differently intthie walls, even if the joints

are made of the same masonry mortar? There are many more
unanswered gquestions that need to be investigated.
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Table A.1: Tension test with various support widtthreaded rod M8 with sieve
sleeve (50 mm)

Support _ fo Ultimate load [kN] Mean cov

width  Brick IN/mm?] value (%]

[het] 1 2 3 4 5 [kN]
943 991 962 995 9,36

0 4DF 11,0 965 2,8
P P P P P
10,43 10,00 8,60 7,53 10,76

0 8DF 15,2 : 14,4
P P P P P
917 7,14 965 8,23 9,40

0,5 4DF 11,0 8,72 118
P P P P P
866 795 7,17 899 8,87

0,8 4DF 11,0 833 9,2
B+P B+P B+P B+P B+P
6,68 9,27 9,10 6,67 10,24

1 4DF 11,0 839 194
B+P B+P B+P B+P B+P
714 733 6,15 6,40 6,12

2 4DF 11,0 6,63 8,6
B+P B+P B+P B+P B+P
6,24 758 752 6,96 7,45

3 4DF 11,0 715 79
B+P B+P B+P B+P B+P
731 910 6,89 10,28 9,91

5 8DF 15,2 8,7 17,5
P B+P  B+P B+Sp B
8,04 893 867 862 10,00

5 basys1 21,2 8,85 8,1
P P B+P P B+P
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A Test Result$ Tension Load

Table A.2: Tension test with various support widttthreaded rod M8 without
sieve sleeve (50 mm)

Support _ i Ultimate load [kN] Mean . .
width  Brick IN/mm?] value (%]
[hef] 1 2 3 4 5 [kN]
8,14 11,73 1291 12,18 14,25
0 4DF 11,0 11,85 19,3
P P P P P
14,66 11,46 13,56 14,6 12,61
0 8DF 15,2 13,38 10,2

P+Sp P+Sp P+Sp P+Sp P+Sp

10,46 11,73 1331 12,14 12,44
1 4DF 11,0 12,02 87
B+P B+P B+P B+P  B+P

7,66 11,35 12,69 11,73 10,14
2 ADF 11,0 10,71 181
B+tP B+P B+P B+P P

68 912 871 841 92
3 ADF 11,0 8,45 11,6
B+P B+P B+P B+P  B+P

12,26 10,65 11,92 11,99 12,52

5 8DF 15,2 11,87 6,1
B B+Sp B+Sp B B
9,98 13,81 11,49 13,75 1291

5 basys1 21,2 12,39 13,2
B+P B B B+P B+P
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Table A.3: Tension test with various edge distance and spdacipgup paralel
to the free edge; threaded rod M8 with sieve sleve; PE Block
fp = 21,2N/mm?

Edge distance ¢ Spacing s Ultimate load [kN] Mean ..,
value 0
[hed [hed 1 2 3 4 5 [kN] [%]
7,42 5,84 6,28 6,21 7,02
REF B B B B B 6,56 9,8
0.75 8,08 8,38 9,04 10,16 8,61 8.85 0.1
05 B B B B B
' 13,65 1356 13,06 13,18 11,83
15 B B B B B 13,05 5,6
12,49 12,69 12,42 14,69 12,18
3,0 B B B B B 12,89 7,9
6,51 8,49 8,91 7,33 8,68
REF P B B B B 7,98 1,0
1.0 11,79 11,73 11,80 11,25 11,79 11,67 20
10 B B B B B
' 1482 14,18 1458 13,98 15,07
15 B B B B B 14,53 3,1
13,18 17,35 16,77 12,96 13,31
2,0 B+P B B B4P B4P 14,71 14,7
9,24 9,25 8,96 9,11 9,56
REF B+P B B B+P B+P 9,22 24
12,33 12,86 13,72 12,15 12,51
0,75 B B B B B 12,71 49
15,47 16,49 16,47 15,85 14,92
15 15 B B B B B 15,84 4,2
15,89 18,13 1754 12,62 16,13
2,0 B B B+P B+P B 16,06 13,3
19,62 19,38 18,81 18,68 19,56
3.0 B+P B+P B B B+P 19,21 2.3
9,69 10,127 10,45 7,66 10,21
REF o0 &b oim b mes 963 118
1.0 13,77 13,83 13,49 15,34 13,85 14,06 52
20 B B B B B
’ 17,02 16,69 1561 17,25 15,62
15 B B B B B 16,44 4.7
17,48 14,83 17,59 18,75 17,91
2,0 B P B B4P B 17,31 8,5
8,15 9,39 9,79 10,54 10,32
REF B+P B+P B+P B+P B+P 9.64 9.8
0.75 13,37 13,29 14,00 13,20 13,17 13,41 25
30 B B B B B
’ 16,91 16,52 17,11 16,92 16,34
15 B P B B+P B 16,76 1,9
3.0 15,88 19,79 17,02 19,89 18,95 18,31 9.7

B+tP B+P B+P B+P  B+P
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A Test Result$ Tension Load

Table A.4: Tension test with various edge distance and spaiciognfined test
setup; group paralel to the free edgéhreaded rod M8 with sieve
sleve; PE Block fi= 18,1N/mm hes= 50 mm

Edge distance Spacing Ultimate load [kN] Mean cov
C [hef] S [he] 1 2 3 value [KN]  [%]
0.5 12,94 12,37 13,07 12.79 2.9
P P P
< 1.0 12,54 14,34 11,39 12,76 11,7
£ P P P
c
g 15 0 16,37 13,86 14,60 14.94 8.6
? P P P
) 2.0 15,28 14,61 11,83 13,90 13.1
P P P
3.0 16,45 13,62 14,14 14,74 10,2
P P P
0.75 21,98 22,44 23,95 2279 45
P P P
- 1.0 22,77 21,28 19,46 21.17 78
5 P P P
(@)
5  Noinfluence 15 23,18 24,49 24,93 24,20 3,8
S P P P
g ’0 2397 2281 2082 ., -
' P P P | ’
3.0 22,97 21,37 22,2%& 22.19 3.6
P P P

Notes: *One anchor failed
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Table A5: Tension test with various edge distance and spacungonfined test
setup; group paralel to the free edge; threaded roti2Mvithout
sieve sleve; PE Block# 18,1 N/mmhes= 50 mm

Edge : , Mean
distance ¢ Sp[a;]m;lgs Ult'rr[lslt\ﬁ load value  cov[%]
[hed ! [kN]
6,99 8,80 7.90
0,5 7.89 11,5
B B B
. 10,55 10,38 6,59
o) 1,0 10,17 51
S B B B
= 1362 1244 10,50
o 1,5 0 12,19 12,9
k=) B B B
t% 13,84 11,78 12,74
2,0 12,79 8,1
B B+P B
9.89 10,98 12,87
3.0 11,24 13,4
B+P B B
17,79 17,05 13,84
0,75 16,23 12,9
B B B
1437 14,66 1544
g 1,0 14,82 3.7
[e) B B B
o NoO 16,94 17,22 16,02
o 1,5 16,73 3,7
= influence B B B
(@]
< 1839 1889 1854
2,0 18,61 1,4
B+P B+P B+P
1968 19,10 17,65
3,0 18,81 56
B+P B+P B+P
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A Test Result$ Tension Load

Table A6: Tension test on single anchor embedded in a masonry unit or masonry
wall with various brick format and compressive strength class
confined test setup; threaded rod M8 with sieve sleqye;30 mm

© e Base Ultimate load [KN] Mean
X . cov [%)]
= [N/mm?2] Material 1 2 3 4 5  value [kN]
unit 1142 11,81 971 927 9,04 145 5,6
=) P P P P
N 016 wall 586 496 506 526 526 5.20 6.6
z ’ P+Sp P+Sp P+Sp P+Sp P+Sp
Wall r) 543 477 491 453 - 543 7,7
P+Sp P+Sp P+Sp P+Sp -
Unit 10,70 11,06 10,76 - - 10,85 1,7
15,0 P P ° _ _
wall 757 844 743 755 731 7.66 58
P+Sp P+Sp P+Sp P+Sp P+Sp
Unit 865 922 842 - - 8,77 4,7
&) 18,1 A _
~ wall 756 7,59 9,21 10,34 7,62 8.46 14.9
P+Sp P+Sp P+Sp P+Sp P+Sp
unit 11,08 10,29 11,06 - - 10,81 4,2
25,4 P i i . -
wal 976 870 9,35 883 861 9.05 5.4
P+Sp P+Sp P+Sp P+Sp P+Sp
unit 11,73 1124 9,92 - - 10,96 8,6
19,1 P ® i _ _
Wal 775 806 7,88 817 824 8.02 25
P+Sp P+Sp P+Sp P+Sp P+Sp
unit 11,18 10,84 1050 - - 10,84 31
a 18,1 P ® i _ _
® wal 812 886 805 822 849 8.35 4,0
P+Sp P+Sp P+Sp P+Sp P+Sp
unit 1122 10,94 10,67 - - 10,94 2,5
25,4 P P i ) _
wal 829 12,46 884 853 9,19 9.46 18.1

P+Sp P B+P B+P P+Sp
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Table A7: Tension test on single anchor embedded in a masonry unit or masonry
wall with various brick format and compressive strength cliass
unconfined test setup; threaded rod 1®1 with sieve sleeve;

hes = 50 mm
2 . cov [%]
M [N/mm?]  material 1 2 3 4 5 value [kN]
, 511 4,02 3,36 3,46 4,33
Unit 4,06 17,5
216 B+Sp B+Sp B+Sp B+Sp B+Sp
’ 6,22 5,23 5,64 6,09 5,94
Wall 5,82 6,8
B B B B B
, 4,56 4,97 4,73 5,45 5,40
Unit 5,02 7,9
w 181 B+Sp B+Sp B+Sp B+Sp B+Sp
= ’ 6,75 6,91 6,82 6,63 6,81
Wall 6,78 15
B B B B B
, 7,83 6,15 6,99 5,18 6,01
Unit 6,43 15,7
254 B B+Sp B+Sp B+Sp B+Sp
’ 6,33 7,17 6,82 6,23 7,61
Wall 6,83 8,4
B B B B B
, 8,93 8,21 7,57 8,79 9,57
Unit 8,61 8,8
15.0 B+Sp B+Sp B+Sp B+Sp B+Sp
’ 8,51 10,17 10,08 9,81 8,79
Wall 9,47 8,1
B+P B B B B
, 7,66 8,49 8,91 7,97 9,01
Unit 8,41 7,0
LDL 18.1 B+Sp B+Sp B+Sp B+Sp B+Sp
N ’ 9,44 9,78 8,96 9,85 8,81
Wall 9,37 50
B B B B B
, 10,26 8,84 10,32 8,61 8,34
Unit 9,27 10,2
95 4 B+Sp B+Sp B+Sp B+Sp B+Sp
’ 11,07 10,02 9,61 9,78 9,86
Wall 10,07 5,8
B B B B B
, 8,20 8,33 8,37 7,74 7,95
Unit 8,12 3,3
20.0 B+Sp B+Sp B+Sp B+Sp B+Sp
’ 8,37 9,28 7,27 9,91 10,28
Wall 9,02 13,5
B+P B+P B+P B B
, 8,85 8,33 8,44 9,05 9,07
Unit 8,75 4,0
LDL 18.1 B+Sp B+Sp B+Sp B+Sp B+Sp
™ ’ 9,32 9,48 9,14 10,12 10,05
Wall 9,62 4,6
B B B B B
, 11,73 11,35 10,50 9,84 10,79
Unit 10,84 6,8
25 4 B+Sp B+Sp B+Sp B+Sp B+Sp
’ 11,06 10,35 11,96 10,36 11,49
Wall 11,04 6,4
B B B B B
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A Test Result$ Tension Load

Table A.8: Tension test on undercut anchors with various embedment depth

Ultimate load [kN] Mean
Net ¢ [N/mm?] value %OV
[mm] 1 2 3 4 5 KNy
10,27 10,93 10,65 10,60 9,30
40 18,1 10,35 6,1
B B B B B
11,29 13,80 13,29 1516 16,44
50 18,1 14,00 13,9
B B B B B
o
= 15551 19,31 17,65 20,04 19,77
= 60 18,1 18,46 10,3
5 B B B B B
2 18,23 19,66 23,26 22,49 2254
T 70 18,1 21,23 10,2
5 B B B B B
9 2854 31,85 30,04 2825 28,29
2 90 18,1 29,39 53
5 B B B B B
33,47 32,40 32,91 31,87 32,44
100 18,1 32,61 1,8
B B B B B
38,33 - - - -
110 18,1 - -
B - - - -
2826 30,57 - - -
70 21,2 2942 56
B B - - -
51,09 47,02 4839 - -
110 811 48,83 42
2112 (213) P+Sp B B - -
O
= 5561 57,21 50,37 51,43 -
= 90 1810 53,66 6,1
5 21,2 (24)  p+Sp B P+Sp B -
(]
2 50,11 63,77 - - -
g 130 181D 56,94 17,0
5 212(2)  p+Sp P+Sp - - -
o 55,13 - - - -
2 140 21,2 - -
5 P+Sp - ; ; ;
56,61 - ; ; ;
150 18,1 ; .
P+Sp - - - -
51,34 59,08 - ] ]
190 181(D) 5521 9.9

212(2)  pP+Sp P+Sp - - -
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Table B.1: Sheartest with various edge distance and spadirggoup paralel
to thefree edge load direction to the free edgéreaded rod M8
with sieve sleve; PE Block# 21,2N/mm?

Edge distance Spacing s Ultimate load [kN] '\\//532 cov
0,
C [Ned [hef 1 2 3 4 5 ag
205 1,30 200 1,84 1,38
REF 1,72 20,6
B B B B B
248 232 217 1,70 2,23
0,75 218 134
05 B B B B B
’ 336 349 29 2,82 3,65
1,5 3,26 10,8
B B B B B
340 3,05 347 397 331
3,0 3,44 99
B B B B B
6,13 394 6,38 6,01 5,55
REF 560 17,4
B B B B B
798 566 563 6,98 5,46
1,0 6,34 17,3
Lo B B B B B
' 6,36 7,06 849 792 6,57
15 728 124
B B B B B
822 803 843 742 6,39
2,0 7,70 10,7
B B B B B
795 7,73 10,41 8,19 11,04
REF 9,07 17,0
B B B B B
10,53 12,50 10,04 12,01 10,17
0,75 11,05 10,2
L5 B B B B B
' 13,46 13,46 12,77 13,20 12,35
1,5 13,05 3,7
B B B B B
16,94 16,22 1594 16,63 17,10
3,0 16,57 2,9
B B B B B
10,78 11,94 11,67 11,60 7,84
REF 10,77 15,7
Ib Ib Ib Ib Ib
16,39 15,33 14,74 17,50 16,93
1,0 16,18 7,0
)0 B B B B B
' 15,75 19,72 19,51 20,72 19,59
1,5 19,06 10,1
B B B B B
18,29 19,84 20,58 20,77 18,09 6,5
2,0 19,51
B B B B B
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B Test Result$ Shear Load

Table B2: Sheartest with various edge distantgingle anchor, load direction
to the free edge; threaded rod1®without sieve sleve; PE Block
fo = 18,1N/mm?

Edge distance Ultimate load [kN] Mean value .
cov [%]
¢ [mm] 1 2 3 4 5 [kN]
3,79 4,07 3,53 3,81 3,31
40 3,70 7,8
B B B B B
5,47 5,73 5,16 5,20 5,65
50 5,44 4.7
B B B B B
8,06 7,94 7,09 7,56 7,29
60 7,59 54
B B B B B
9,37 9,64 9,02 9,76 9,30
70 9,42 3,1
B B B B B
12,70 13,03 12,02 12,76 13,78
90 12,86 5,0
B B B B B
14,07 15,60 14,68 14,88 14,55
100 14,76 3,8
B B B B B

Table B.3: Shear test on a single anchor embedded in the jéaratd direction
towards the joint; threaded rod M8 with sieve sleeve; 4DF Bbrick;
fo = 11,1N/mm?

Thickness of  Joint Ultimate load [kN] Mean
- value cov [%]
joints [mm] mortar 1 2 3 4 5 IkN]
] 11,51 10,27 9,23 8,22 8,91
5;6;7;10;13 with - -
b Ib b b Ib
) 10,36 11,76 12,10 11,97 10,05
5 with 11,24 8,6
b Ib Ib Ib Ib
_ 990 6,76 7,84 897 7,80
13 with 8,25 14,6
b Ib Ib Ib Ib
<05 05 10 . 12,26 11,49 10,73 11,68 11,59
T T T without - -
1.5,2,0 Ib Ib Ib Ib Ib
) 12,21 11,05 11,95 11,11 12,19
<0,5 without 11,70 4.9
b Ib b b Ib
) 12,54 13,44 12,51 13,01 13,81
2,0 without 13,06 4,3
b Ib Ib Ib Ib

258



