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Kurzfassung

In den vergangenen Jahrzehnten haben Verpressanker im Bereich der Geotechnik
breiten Anklang gefunden. Solche Anker werden verwendet, um
Stutzkonstuktionen zu sichern, Bdschungen zu stabilisieren, Auftrieb zu
verhindern und eine Reihe weitekégrbesserungen zu ermdgliché&tbwohl der
Entwurfsprozess fir Verpressanker durch den Euroco@&u3trian Standards
Institute, 2009)geregelt istwird die Standsicherheit von verankerten Bauwerken
durchdas Versagen diesé&nker, sei esaufgrund vonkKorrosion oder andene
Versagensmechanismemegelméalig negativ beeinflusst. Dennoch wird die
Bemessungssituatiani n e s A An k i dev Rraxis l#ugfig vesachlassigt,
beispielsweiseweil sich beim Versagen von Verpressanké&wsmplexe und
unzureichenduntersuchtedreidimensionale (3Dppannungszustande einstelle
Da 3DBerechnungen zeitaufwandigpwie ressourcenintensiv sinfund sich
somitfr praktische Zwecke oftlsungeeigneerweisen, wird in dervorliegende
Masterarbeituntersucht ob diese 3EEffekte in 2DBerechnungen realistisch
reproduziert werden konnenUm diees Ergebniszu erreichen wurden
numerische Studiespwohlin 2D als auchn 3D, mit Hilfe der Finitex-Elemente
Software PLAXIS, Version 2018.0d@lurchgefihrt.

Anhand einer mehrfach riickverankerten Stitzkonstrukoomte gezeigt werden

wie sich das reihenweise Versagen von Verpressankern inb2@. ein
individueller Ankerausfallin 3D auf die Gesamtstandsicherheit, das Tragwerk
selbst und aufumliegende Ankerauswirken Zu diesem Zweck wurden
numerische Studien miverschiedenen konstitutiven Modellen, variierender
Kohasion und unterschiedlicher Diskretisierung der Verankerungslange
durchgefiuhrt Dabei wurde besonderes Augenmerk auf eine Ubersichtliche
Darstellung von Sicherheitsfaktoren, Versagensmechanismen,
Schnitkraftverlaufenin den BetonbauteilerVerschiebungesowie Ankerkréaften
gelegt.

In Ubereinstimmung mitZzhao et al.(2018) deuten Auswertungen der 2D
Analysen darauf hin, dass insbesondertkerversagemahe des Wandful3es sowie

an der Oberseite der Stutzkonstruktion als kritisch angesehen weaideank
Wahrend fir das Versagen nahe des Wandful3es eine signifikante Abnahme des
Sicherheitsfaktors festgestellt werden konnte, wurden die Schnittkrafte durch das
Versagen im Bereich déWVandsohle bzw. durch das Versagen an der Oberseite
der Stiutzkonstruktion negativ beeinfludSiese Biegemomente ur@uerkréfte,
teilweise auch Verschiebungemwerden jedoch bei 2BBerechnungen im
Vergleich zu 3BAnalysensignifikantunterschatzt.

Es wird daher der Schluss gezogen, dass weitere numerische Studien zum
Versagen von Verpressankern nichisschliel3lich auginem 2DBlickwinkel
betrachtet werden solltespnderrein 3D-Aspekt zu bericksiclgenist.






Abstract

In recent decades, ground anchors have gained witkptncean the field of
geotechnical engineerin§uch anchors are used to support retaining structures,
stabilise slopes, preventuplift and enable a number of othemprovements
Although the design process for ground anchorseggilated by Eurocode 7
(Austrian Standards Institute, 200%he stability of anchored structures is
negatively affected by thiailure of theseanchors whetherbecause otorrosion

or other failure mechanismsregularly Nevertheless, # design situation
regarding ground anchor failuieoften neglected in prase,for examplebecause
complex andnadequatelynvestigated threeimensional (3D) stress states occur
when ground anchors faince3D calculations are timeonsuming and resource
intensive(and thus often unsuitable for practical purposeé® pres e n t master
thesis determines whether these éiizcts can be realistically reproduced in 2D
calculations.To achieve this outcome, numerical studies, both in 2D and in 3D,
were conducted using the Finite Element Software PLAXIS, Version 2018.01.

By means of anultiple-anchored retaining wall was possible to show homew-

wise ground anchor failure in 2D amadividual ground anchor failuren 3D
respectivelyaffect the overall stability, the structure itself aih@ surrounding
anchors.For thispurposenumerical studies witllifferent constitutive models,
varying cohesion andaried discretisation of the fixed anchor lengthere
conductedSpecial emphasis was placed on a clear presentation of safety factors,
failure mechanisms, internal forces within the concrete components
displacementand anchor forces.

In agreement with Zhao et §2018) evaluations of the 2[@nalyses indicate that
anchor failure close to the wall base and at the top of the retaining wall can be
considered especially criticdWhile a significant decrease in the safédgtor

could be identified for failur@mearthe wall base, internal forcegere negativdy
affectedby failure close to the wall base and failure at the top ofré¢kaning
structure respectively. However, these bending moments and shear forces,
partially alsodisplacementsare significantly underestimatety 2D calculations
compared to 3@nalyses.

It is therefore concluded that further numerical studies on ground anchor failure
should not be examined from solely a @bint d view, butrathera 3Daspecis
to beconsidered.
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List of symbols and abbreviations

Small letters
dc [mm]
dioL [m m]
dp [mm]
fel [KN/m?]
fok [KN/m?]
fp,01k [KN/m?]
fro2 [KN/m?]
Ks [mm]

S [mm]

S [mm]

ta [min]

to [min]

X [mm2 or mm]
y [kN]

Capital letters

A

Ac

At
Cs
Cs
E
Fz(x)
La

[mm?]

[mm?]
[m?]
[kN/m]
[KN/m]
[kN/m?]
[kN]

[m]

Diameter of the most corroded wirethre seven
wired strand assembly

Diameter of the corroded wire the sevenwired
strand assembly whigbrovides stability for the
lock-off load

Diameter of the smallest pristine wirethre seven
wired strand assembly

Transition from elastic to elastoplastic behaviour

Characteristic stress value of the ultimiztesile
strength of the tendon

Characteristic value of the stress in the tendon
which leads to 1% remaining elongation
Characteristic value of the stress in the tendon
which leads to 2% remaining elongation

Creep rate

Displacement of the anchor head at the tige t
Displacement of the anchor head at the tigne t
Start of the respective time interval

End of the respective time interval

Minimum corroded wire area in E4.7 or minimum
corroded wireshort axisddiameter in Eql8

Reduced loading capacity of corroded strand ten

Area of the corroded wire ithe sevenwired strand
assemblywhich provides stability for the loe&ff
load

Area of the most corroded wire ihe sevenwired
strand assembly

Area of the tendon

Stiffness of spring representing the ground
Stiffness of springepresenting thanchor
Elastic modulus of the tendon

Tensile force along the tendon

Anchor length



Lapp
Le
L fixed
Ltree
Lib
L
Po
Pa

Ps

Ps,z
Py
Pk
Pp

Ps
Ps.z

Ra;d
Ra:x

Rp,0.1k
Rt,0.2k
Rt.d
T(x)

[kN]
[KN]
[KN]
[KN]
[KN]
[KN]
[KN]
[KN]
[kN]
[mm/year]
[kN]
[kN]
[kN]
[kN]
[kN]
[KN]
[kN]
[KN]
[KN]
[kN]
[kN]

Apparent free tendon length
External length of tendon
Fixed anchor length
Freeanchor length
Tendonbond length
Tendonfree length

Lock-off load

Datum load

Prestressing force of the spring representing the
ground

Ps-2Zs
Design value of the anchor load
Characteristic value of the anchor load

Proof load

Prestressing force of the spring representing the
anchor

Ps+ Zs
User supplied corrosion rate
Design value of the pubut resistance

Characteristic value of the ptdut resistance

Characteristic value of thdtimate tensile strength
of the tendon

Characteristic value of the force in the tendon
which leads to 1% remaining elongation
Characteristic value of the force in the tendon
which leads to 2% remaining elongation

Design value of the structural resistance of the
tendon

Shear force along the grout body

Externaltensileforce applied to the coupledrspg
system

Amount of Z taken by the ground

Magnitude of Z where prstressing force within th
ground is lost

Amount of Z taken by the anchor



Small greek letters

% [-]
02 [-]
% [-]
dB [m]
ds [m]
dsz [m]
q [-]
oel [']

Capital greek letters

DPx [kN]
Dsel [m]

Abbreviations

BM
EB

ERDC

FEA

FM

FoS

GEO

HSS

LOS [year]
MC

NDT

PUP

RAL [year]
RW

SCC

Partial safety factor faihe pull-out resistance
Partial safety factor fahe effect of araction

Partial safety factor for the tendon

Compression of the spring representing the grou
before the locloff

Elongation of the spring representing the anchor
before the locloff

Deformation of coupledpringsystem after the
lock-off

Factor depending on the consequence class

Relative shear stresses

Friction loss

Elastic contraction of theendon

Bending moment

Embedded beam

U.S. Army Engineer Research and Development
Center

Finite element analysis
Failure mechanism
Factor of safety
Geotechnical failure
Hardening soil small
Length of service
Mohr-Coulomb
Non-destructive test
Probability of unsatisfactory performance
Remaining anchor life
Retaining wall

Stress corrosion cracking



SF Shear force
STR Structural failure
TTF [year] Time-to-failure

VE Volume element
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1 Introduction

Anchorage technology has revolutisgul geotechnical engineering and become
integralto the field Through the development of ground anchors, it suaklenly
possibleto transfer high tensile forces intfoe sulsoil. This discovery resulted in
intengve studieson ground anchor@ndtherapid advancement dietechnology.
Until the early60s,ground anchors had been mainked for temporary support
measuresAfterwards, corrosion protection systems were developkering the
possibility of permanenforce transmissionNowadays,Eurocode 7(Austrian
Standards Institute, 2009kgulates the design prasefor ground anchors.
Nevertheless,corrosion and other causes of failurare essentialfor those
permanent anchors.

AlthoughEurocode {Austrian Standards Institute, 20@#fines a special design
situation which should consider the consequences of individual ground anchor
failure, there are no clear reguionson how the loss of anchor, for example
acorrosion related decrease of their-pteessing forcehould beleat with during

the design proas This lack is most likelybecauseomplex 3Dstress stateare
involved when ground anchors faiBecause3D finite element analyse$EA9

are timeconsuming and resourdetensive,and thereforeoften unsuitablefor
practical purposeshis thesisdeterming whether3D effects can be realistically
reproducedby 2D FEAs Previous researclnas often been limited to an
investigation of thdailure of struts(e.g. Ponget al, 2012; Zhanget al, 2018)
whereas Zhao et dR018)conducted numerical studies concerning ground anchor
failure for a deep excavation retainedamchoredile walls.

After a brief introductiorand thegeneraklassification of anchageschapter2 of

this thesisfocuses onthe theoretical background regarding ground anchors.
Possible failure modes are discussed before chagteesan overviewon present
standards and guidelines concerning ground anchor faituagldition a software
productis presented namely CAS_StabR (Warrenet al, 2017) which is able

to predict theemaining anchor lifeRAL) in terms of corrosion

Chapterd covers2D FEAs whichwere conducted usind-RXIS 2D (Brinkgreve

et al, 2018b) on the behaviour of an anchoredaining wall(RW) affectedby
row-wiseground anchor failurd8y meansf a multipleanchoredRWin Salzburg

it is shown how ground anchor failure affects the overall stability of the structure,
the RWitself and the surrounding anchors.

Lad, before the final conclusion is drawn in chaggthe influence of individual
ground anchor failure is investigated in chafeaiming to validatethe results
from 2D calculations by means of 3BEAs For this purposePLAXIS 3D

(Brinkgreveet al, 2018a)was sed to simulat¢he failure of individualtension
memberswhereby all results are compared to those obtained froFEAS.
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2 Anchorages and anchored structures

2.1General

Today’'s statef-the-art anchoaige technologyenables the construction oivil
engineeringstructureswhich would havea completely differentlesignwithout
the utilisation ofanchos. Until the early60s high lateral earth pressuegting on
deep excavationsr retainng structuregseeFig. 2) wasabsorbed bysingthe
dead loadf the structur@r additional strut¢seeFig. 1). This approacHed to an
uneconomical desigandin case ofnstalledstruts,the use ofheavyconstruction
machineryhas often beetimited. Such deficiaciescould beremedied by the
development oanchorgWichter and Meiniger, 2018)

Fig. 1: Strutted building pit(Markl Fig. 2: Anchored building pit with

and Bahr, 2018) heavyconstruction machiner
(Hechendorfer and Haay
2018)

Therefore,anchoing has become an integral pam geotechnical engineering.
Besidesthe support of retaining structures, anchors are used for slopesatamili
measuresuplift preventionmitigation ofsafetyriskscaused byliding and tilting,
foundation of ten$e forcesand many other areas of applicatiseeFig. 3).

/ " % LFAN

Sliding plane \

Anchor, Soil nail

Failure surface
L i

Fig. 3: Various applications ofrechors(adapted from Schmidit al, 2017)
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An anchor is a tensieresistant connection. Along the direction of the anchor, this
connectionallows two points to be fixed itheir spatialposition relativeto each
other. While at least one of those two poifis. the anchor heads located on a
free surface, the second point is embedded wighsoil/rock body or other
structural elementse(g.Fig. 3 bottom lef). Thus,unstable zones can be anchored
into stableor soundzones, where the load is transferred to the subsui$atenidt

et al, 2017)

2.2Classification of anchors

Anchorscan beclassified according to various aspeasch asoil type, design
life andanchorage typeThe latter,a fundamentatifferentiation is regulated by
the national appendix dEurocode 7(Austrian Standardsnstitute, 2013)In
general, a differentiation between followitigeeanchorageypes can benade

T Ground anchors

Ground anchors are pretressed or nepre-stressed construction elements
with a tendorfree length according to ONORM EN 15@Yustrian Standards
Institute, 2015h)

1 Injection piles

Injection piles are grouted micro piles according to ONORM EN 14199
(Austrian Standards Institute, 201d)grouted displacement piles according
to ONORM EN 12699(Austrian Standards Institute, 2015d)sed as
anchaage, njection pilesvork under tensile stressdact as a single tendon.

1 Soll nails

Soil nails are rogshaped construction elements according to
ONORMEN 1449 (Austrian Standards Institute, 2010)sed as soil
reinforcementthey form a composite body with the surrounding Sidie
key parameterelating to soil nailss the spacing betsen themTo ensure a
monolithic bearingbehaviouy the spacingmust be small enoughThe
horizontal distance between soil nailsigiallyaround 150 m in loose soil.
Soil nails always act collectively.

The main difference between gralanchors and injection piles soil nails is the
bond length of the tendoas shown inFig. 4. While ground anchorshave an
apparentendonfree length(i.e. the bonddngth is confineq injection piles and
soil nais are grouted over the entire length of the tend®ausch and
Zimbelmann, 2012)
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Fig. 4 shows the loadransfermechanism ofjroundanchors and soil najlsvhere
FAx) specifieghe tensile forcalongthe tendorandT(x) theshear forceF along
the grout bodyThe figure highlights the significant differencleetweenthe SF
distributiors. While an anchofseeFig. 4 left) transfers th&F over theconfined
bond lengthof the tendona soil nail (seeFig. 4 right) transfers theSF over its

entire length.
e i

F\ Anchor F:(){)

F(x)

T(x) X

— |
o

Fig. 4: Difference betweemroundanchos and soil nas regarding loadransfer
mechanisn{adapted from Schmidt al, 2017)
Tab.1: Characteristics of anchages (acc. to Austrian Standards Institute, 2013)
Characteristic | Ground anchors | Injection piles Soil nails
ONORM EN
Standard of ONORM EN 14199 ONORM EN
exeaition 1537 ONORM EN 14490
12699
Mechanism Individually Individually Collectively
Prestre_ssmg Yes No No
possible
CC1landCC2:
Number of tests 100% O03m0O 3 O Ccz:rg’@ 2
O 3k 5

1 Pre-stressed and norpre-stressedendon

As shown in Tab.1, tendons of anchoisan either be prstressed or nepre
stressedPrestressedanchors also called active anchgrapply an initial
active force on the anchoredwstture(Xanthakos, 1991By pre-stressinghe
tendons deformatiors, whicharerequired for the activation @nanchor are
imposedon the system
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Adam et al.(2017)describe the groundanchor interactiomsa coupled spring
system This description illustrates the individual phases pre-stressing and
external loading of the systemm, an understandablenannerandshows howthe
stiffness ratio between anchor and surroundsugsoil influences the load
distribution.

A spring, representing thtendon of the anchdCs), is idealised alnear elastic
Thisidealisatiomalso holds for the spring representing the grai@i). Before the
pre-stressing process, where no interlock between anchor headlastducture is
present, both springs act individlyghndin adecouplednannerWhile the system
is being prestresseda tensile forcd’s is applied to théendon Equilibrium of
forces leadto the same magnitude of forBe, though compressive forcejthin
the groundAdamet al, 2017)

2
Ankerkopfplatte |3s|# | 8| sofern Cs # Cg

iTi IPg| 4 8 Ps=Csds  Pg=Css
] i [ = |
|| - ' 158

Anker %cs = Cg Boden
Pl =

Ps Stahlzugglied

Ps Ps
Verpresskorper

Fig. 5: Spring g/stem prior toandduring thepre-stressingof the ancho(Adam et
al., 2017)

After prestressing and loekff, the system is coupled and deformationseapeal
for both springs(i.e. anchor and groufhdThe stiffness ratio determines how
external loads are shared between both springs. Usually, the gsatifieer than
the anchor, and therefore takes more Igsdamet al, 2017)

om0 Jn‘s |51# 88 sofern Cs # Cs
| —— | o ds
T [PS VCB Ps = Cs'ds J PB = Cg‘ﬁB
Cs |Ps Anker < Cs =Cs Boden
Ps
! e e
!
‘Ps = |PB‘

Fig. 6: Spring g/stem after prestressing and fixing the anch@damet al, 2017)
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Fordifferent reasons, theading situatiorchanges after the pigressing process.
Adam et al.(2017)describe this process by adding an extal tensile forceZ.
This force is shareldetweerthe anchoZsand thegroundZg, separatedependhg
on the stiffness ratio. If the external force is raised @nfiZy, the prestressing
force within the ground is lost and the whole loadagiedby the anchor.

vorgespannter Anker
f IZ > Zgr
5 w‘ : Z —
i N L z
B Z
Phase 3
lPs Psz vollkommene Entspannung
J ] | des Bodens bei Zgr
P Phase0 Phase 1 Phase 2 weitere Steigerung der
[Kraft] keine Kraftim Vorspannkraft Ps Aufbringen der aulseren Kraft Z fiihrt direkt
4 Anker vor dem Anker im vorge- auleren Kraft Z zu einer Ankerkrafterhéhung
Spannen spannten Zustand Entspannung des Bodens o
[ [ = K
ST [ -
\ |
Kraft Psim Anker (Zug) - . |28 z Psz i Zgr ZzZg
——— Kraft Psim Boden (Druck) Ps=Pg \ i
g L SN R | (S
L] v +.PB.Z A S B B
M I Phase
[Zeit]

Bereich, in dem das Tragverhalten vorgespannter Anker
unter Verwendung des Federmodells analysiert wird

-

Fig. 7: Relationship between forces and deflections ofgtressed anchors in several
loading stage§Adamet al, 2017)

A graphical representation of the whole process is givéhe form ofa bracing
triangle (see Fig. 8 and Fig. 9), which is well knownfrom structural steel
engineeringe.g. Verein Deutscher Ingenieure, 200B¢tween PoirgtA and B,
the prestressing foce is applied to thelecoupledsystem While the anchor
undergoes an elongatias, the ground is compresség . The gradiergof the
straight linegepresenthe spring stiffnesseéSs andCg. At this point, the absolute
value of the anchor fordes equals the forc®g within the ground. From Point B
to Point D/D", the tensile forc& is appliedto the coupledspring system.
Depending on the stiffness ratio between anchorthedround,Ps is raised to
Point D”, whilePs is reduced to Point D. If the external foi£és raised to Point
C/C’, the prestressing force within the ground is lost and the whole load is taken
by the ancho(Adamet al, 2017)
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1 Kraft [kN]
PS 2 |- S D,
Pg=Ps|_________Vorspannkraft _______ B~} Zs
L~
s,
2 \1\)(9\\3/»/ AuRere 2 Z
< 5\3‘0 f‘ Kraft
> N\\@
e e o D S ¥ s D
P il Osz
A\ P c| ez
[mm] Og s Bg [mm]
Verf N > *Verformung
erformung ,Dehnung”
,Stauchung“ |« Os*0s > 9
Fig. 8: Bracing triangle Yadapted from Adaret al, 2017)
Pos 1 Kraft [kN] Versagen des Zuggliedes
Ps, _______________){@_rl_qst_C!@_r_\_/p_r_s_e@nnyng_____________'_e/_”_/
Pe=Ps|_________Vorspannkraft __ " K
@ M_~AuRere
% \QY\\"’\) Kraft Zy
= S \60(
s 7/ _____________
o s ‘
) A Cs ‘\C
[mm]| & Bs B [mm]
Verfomung € d * Verformung
e
,Stauchung* |« O5+0sz ',,De e
Fig. 9: Bracing triangle Zadapted from Adaret al, 2017)

Non-prestressed anchar alsoreferred taas passive or dead ancgaonotapply
any initial forceto the structureThey become effective if the anchored structure
(e.g. soil nail wall)s subjectd to deformations or movemer{tsolymbas, 2019)

1 Temporary and permanent anchoages
Depending on the duration of force transmission into the suliSeihcode 7
(Austrian Standards Institute, 200§edfies two categories

Permanent anchorage: Desliga O2 years
Temporary anchorage: Design life ¢@ars

l
T

The difference between dbe two categories is mainly thgpe of corrosion
protection of the anchorage systéBausch and Zimbelmann, 201Bossibly
temporary anchorswustbe used for a longer period than twears. In tfs case,
so-called sempermanent anchie can be applied. They showhagher level of
corrosion protection, mainly at the anchor head, compared to temporarysanchor
(Wichter and Meiniger, 2018)
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2.3Ground anchors

2.3.1 Development ofround anchors

The first applicathn of pre-stressedround anchorglates tdl 935, when the height
of the Cheurfas dam in Algeriavas raisedAnchors with a length of 66h anda
working load of 10MN were installedUntil then, the uageof anchors was limited
to bedro&. It seemedimpossible to transfetensile forcesas well as loads
significantlysmaller than 10N, into soil (Ostermayer, 1993)

Execued differenty than originally designedhe first ground anchors indoose
soil wereusa in 1958 The excavationsupportfor Bayerischer Rundfurékin
Munichwas designed as secant pile wall, the first one in Germangtaintle (see
Fig. 10). Anchors whichshouldreplacestruts inside the building pit, were planned
to bedeadman ancha with anchorage plates and shafeeFig. 11). During
drilling operationsmanyof the anchorage shafts were mis3&tien withdrawing
the drilling rods resistance in the orderf the planned anchor loadsaasnoticed.
As a resultof this misfortune cement was injecteth a confined section of the
boreholes tanobilise and increas¢he resistance of the subsoil. Approximately
five days laterpull-out tests confirmed the proper leadpacity of the nely
develomdground anchorgOstermayer, 1993)

N

Brunnen 1200
[ /522,21

== Brunnen

Bohrpfahle
NI Bohlenwan d
O /

Bohr plahlwand X

2
17,75m ————4

ie:iMw

le—— 63m
__V7777
i,
P

lm A 506,56

Bohrp"ahle B_ghrplah}gand , 4
oz W \yv W L _Verprefanker ,
: 502,06

Brunnen\ A 756 7 2.

Fig.10:  Secanpile wall for Bayerischer Rundfuréin Munich (Ostermayer, 1993)

Fig.11:  Dead man anchorag&olymbas, 2019)

Until the mid60s ground anchis were mainly used as temporary anchors. Since
then, corrosion protection systems, which enaldetbng term usagewere
developedWichter and Meiniger, 2018)
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2.3.2 Standarddgor design, executioand testing

There are different regulations and design guidelines for ground anchors and
anchored structureg.ab. 2 shows the currenfAustrian) standardgor design,
execution and testingf ground anchors

Tab.2: Standards for design, execution and testing

Standard Title

Eurocode 7: Geotechnical design
Part 1. General rules
National appendix to ONORM EN
19971
Execution of special geotechnical
worksi Ground anchors
Geotechnicainvestigation and testin
ONORM EN ISO 22475:2019 T Testing of geotechnical structure
Part 5: Testing of grouted anchors

ONORM EN19971:2009

ONORM B 19971-1:2013

ONORM EN 15372015

It should be notethata more recenversion ofEurocode AAustrianStandards
Institute, 2014has beenpublished However theimplementation of thetandard
is postponedy a clause in the national forewaudtil the national appendiaf
Eurocode 7Austrian Standards Institute, 201i8)updatedo the recent version.
Until then, the version of 2009 should be apgblie

2.3.3 Anchorassemblhyandparts
In general, gound anchors consist of three main pagshown irFig. 12:

1  Anchor head
1 Steel tendon, divided into free anchor length and fixed anchor length
1  Grout body

Fig.12  Schematic representation of a gnduanchor(acc. to Austrian Standards
Institute, 2015b)
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1 Anchor head

Theanchor head is responsible for the transmission of the anchor force into
the substructurd.o ensure this transmission, an interlock between tendon and
substructure is requiredhe design of this interloakepends on the nature of
the used tendoBar antiors are usually fixed with nufe.g.Fig. 13a & b).

In this case, theegulation of the anchor force -stressing or dstressing of

the tendon, is relativelgimple Moreover slippageduring the installation
processs low or nearlynonexistent Strand anchors, on the contrary, are
fixed with gripping wedgese.g.Fig. 13 ¢ & d). Gripping wedges produce
small notches in the anchor strand@fiose notchesre not allowed to be
within the free anchor lengththus complicaing the process of force
regulation, especially the daressing procedure. Furthermore, gripping
wedges can shwsignificant slippag€Wichter and Meiniger, 2018)

Q@

a
Fig.13:  Various types of anchor heaff3stermayer, 1982)

M Steeltendon

Usually, tendongor ground anchorare made fromapprovedpre-stressing
steel In some casg®.g. low loady, structural steel (GEWI) can be a proper
solution (Wichter and Meiniger, 2018A distinction is made between bar
tendons and strand tendons, used singly or in gro(gosthakos, 1991)

1  Single bar anchorseeFig. 14)

Single bar anchorsonsist of a single threaded bar. The-fatigth thread
enables cutting antbupling at any pointMoreover the thread ensuredigh
shear bond betweehetendon and grout bodyVichter and Meiniger, 2018)

Fig.14:  Schematic representation of a single bar ancfaatapted from DSI
Underground GmbH, 2019b)
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Tab.3: Specifications for Dywidag bar anchqacc. to DSI Underground GmbH,

2019¢)

Steel Diameter [mm] | Area[mm?] | Ultimate load Fpk [KN]
Prestressing 265 552 580
steel Y1050H 32 804 845

36 1018 1070

GEWI® 32 804 442
threaded steel

B500B 40 1257 691

18 254 204

22 380 304

GEWI® Plus 25 491 393

threaded steel 28 616 493

S670/800 30 707 565

35 962 770

43 1452 1162

i Multiple bar anchors

Multiple bar anchorge.g.Fig. 13d) consist of three t@2 singlebartendons.
Theyhave beemnnstalled inmanyexisting structurebut are nolongerused
(Wichter and Meiniger, 2018)

1  Strand anchoréseeFig. 15)

A strand consists of seven wir@sth the $x outerwires wrappedround the
centralking wire in a helical formThe diameter of the central wire is slightly
larger than the diameter of the outer wirgsveral strands, usually between
two and12, form the tendon aéinanchor(Wichter and Meiniger, 2018)

Free anchor length

Fixed anchor length

BT
Tendon bond length ™ = TGy

Fig.15.  Schematic representation of a strand an¢adapted from DSI Underground
GmbH, 2019a)
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Tab.4: Specifications for Dywidag strand anch@asc. to DSI Underground GmbH,

2019¢)
Ultimate load Fpk [KN]
Steel OI;I:{P;)r?drS Area [mm?] Standard High grade
Y 1770 Y 1860
. 1 140 248 260
Prestressing > 280 496 521
steey rands 73 420 743 781
5153 mm 4 560 991 1042
(0.6 8 1120 1982 2083
’ 12 1680 2974 3125
Number Ultimate load Fpk [KN]
Steel of strands Area [mm?] Standard High grade
Y 1770 Y 1860
. 1 150 266 279
Prestressing > 300 531 558
steey strands 3 450 797 837
ms;“r;“m 4 600 1062 1116
(0,62) 8 1200 2124 2232
12 1800 3186 3348

1  Free anchor length

The section betweethe anchor head antthe beginningof the grout bodyis
called freeanchor length. This portion of the anchor is isolated from the
surrounding soidndtherefores free toelongateBecause oits free mobility,

no load transfemto the soil bodys assumed within the free anchor length
(Xanthakos, 291).

Under practical conditions® small amount of the anchor folisdransferred

within the free anchor length by friction. The amounfraftion within the
systemdepends on the straightness of the borehole and has to be determined
and limited inthe testing procedur@arte, 2018)

i Fixed anchor length

The design length of the grout bodyréserred toasthefixed anchor length.
Along thefixed anchor lengththeappliedtensile force is transferrédcbm the
tendoninto the subsoi(Xanthakos, 1991)

1 Grout body

Normdly, the cylindrical grout body is cement based and has a length
between four and eighteters Much longer grout bodies are not appropriate,
as the bearing capacity just marginally increaseabove eight meterdn
contrast to grout bodiesonger than eight meterspostgrouting can
significantly improve thebearing capacitfWichter and Meiniger, 2018)
Besides its capacity of load transmission, the grout body serves as protection
against corrosiofXanthakos, 1991)
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2.3.4 Construction process

The construction process comprises sevegakcution steps which are
schematically illustrated iRig. 16.

a) Drilling of the borehole,
executed with a suitable
drilling method for the
given boundary
conditions

b) Withdrawing of drilling
rods after or while
filling/pressure grouting
Installationof the anchor

c) Postgrouting

d) Prestressing and testing
after hardening of the
grout body

e) Finished anchor

Fig.16:  Construction processf ground anchordBAUER Spezialtiefbau GmbH,
2013)
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2.3.5 Bearingcapacity

The bearing capacity of ground anchors is governed by two main factors. On the
one side, the bearing capacity of the steel tendon, also referred to as inner bearing
capacity,has a m@r impact The innerbearingcapacity depends aihe tensile
strength and the area of the steel ten&omnthermore, the transferable shear stress
between grout body and subsodr outer bearing capacityare of major
importanceBecause the outer bearing capacity is influenced by several factors, its
determination appeato befar more complexBoth factas have to be verified

within the anchor desigfwichter and Meiniger, 2018)

The transferable shear stress between grout body andissdihited by the
maximum pullout resstanceRax. Schmidt et al(2017) proposethe following
typical values for the characterispall-out resistance:

1 1 MN for fine-grained soils
1 1.5 MN for coarsegrained soll
 10MN for rock

To estimatethe pullout resistancef ground anchorspomogramsprovided by

Ostermayer(2003) are useful.While Fig. 17 to Fig. 19 can be used for a
preliminary design, thactualbearingcapacity has to be tlrmined by suitability
and acceptance testscording tcdONORM EN ISO 22475 (Austrian Standards
Institute, 2019 Wichter and Meiniger, 2018)

2000 v : B S ——

1800 A

4(!" { | V4 IS sandy gravel
1600 } 4 - N N e 0. N .
B ,/ ) | m.d h_‘_.__.U 5-33
= {
£ 1400 AN} PN e dense
= -(/ NERA e;yoense
a 3\ Vi
1200 t APV 1 vd. g B gravelly sand
NS L] medium dense 0. §
1000 ,{- m.d. § ¢ and

medium to coarse sand
U=35-45

800

uvitimate load capacity

medium dense 0. 727272 fine to medium sand
- : U=16-31
& medium dense m.d Lcccca

400 ——

{dlamelw of grout body d = 100-150 mm
200 Lcrverburden >4m

2 8 10

4 6
fixed anchor length L [m]

Fig.17.  Ultimate bearingcapacity of anchorfor coarsegrained soil{Ostermayeket
al., 2003)
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To applyFig. 17to Fig. 19in practical terms, a minimum overburderdoh must

be assured. Anchors with an embedment depth of moré timdelow the ground
surfacebasicallyshow no shallovground masé$ailure. A comparison ofig. 17
with Fig. 18 andFig. 19 revealsthat the diameter within the usual range between
100mm and 150nm does nosignificantly affect the beang capacity in coarse
grained soils, Wereas the bearing capacity in figeined soils rises as the
diameter is increasett. mustbe noted that the bearing capacity is not proportional
to the fixed anchor lengtland asalready discussed isection2.3.3, the figures
also support the statement that grout bodies much longer than eight meters are
uneconomicabecause ofhe marginal increase of thearing capacitySchmidt

et al, 2017)
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2.3.6 Design

2.3.6.1Limit states

According to Eurocode TAustrian Standards Institute, 200@)llowing limit
statesacting individually or in combinatioshall be considered:

1 &tructural failure of the tendon or anchor head, caused by the applied
stresses)

distortion orcorrosion of the anchor headl

dor grouted anchors, failure at the interface between the body of grout and
the groundlo

1  dor grouted anchors, failure of the bond between the steel tendon and the
grout;0

dor deadman anchorages, failure by insufficienisesce of the deadmah;
doss of anchorage force by excessive displaceswiithe anchor head or by
creep and relaxation

1  dailure or excessive deformation of padf the structure due to the applied
anchorage forcdj

doss of overall stability of theetained ground and the retaining structuie;
anteraction of groups of anchorages with the ground and adjoining
structuresd

l
l

= =4

= =4

Some of tlese limit stateshave alreadybeenverified by the general technical
approval provided bymanufactures (e.g. ANP- Systems GmbH, 2018; DSI
Underground Austria GmbH, 201%ection2.3.6.2gives an overvievof which
verifications must be madiuring the design process

2.3.6.2Verifications

Under therules of Eurocode {Austrian Standards Institute, 200€)e following
ultimate limit states have to lverified by calculation and testing procedsire

1 Structural failure of the tendon (STR)

Yn Ynp O (1)

Yig O 2°Qng & Al Glreszibyisteel (2)
Yhs 0 z2°Qg & for reinforcement steel (3)
Yn 'S g 4 Grregyivgsteel (4)

Y 28 &I O OAET £ OAAT AT (5)
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1 Failure at the interface between grout body and groundGEO)
0 027 Y (6)

Y
Y r—” (7)

1  Failure at the lower failure plane (GEO)

Anchored structures with insufficient anchor length can fail at the lower
failure plane(seeFig. 20). It is assumed, that the anchor fearencomposite
body with the wall and the enclosed subsoil. This body fails along an upward
curved failure plane and rotates around a deep (&aam and Waibel, 2012;
Deutsche Gesellschatft fiir Geotechnik e.V., 2012)

Fig.20:  Failure athe lower failure planéDeutsche Gesellschaft fir Geotechnik e.V.,
2012)

EAB (Deutsche Gesellschaft fir Geotechnik e.V., 20&2pmmendsising
the methogroposedy Kranz (1953)for verification That method replaces
the upwad-curved failure plane by a planar failure plafkacting forceson
the trapezoidal soil bodfseeFig. 21 left) are presented in the polygon of
forces(seeFig. 21 right). This polygon of forcesesults in theanchor force
which would cause the trapezoidal soil body to(f&dam and Waibel, 2012)

a) Krafte am Gleitkérper b) Krafteck (unmaRstablich)

Fig.21:  Acting forces on trapezoidal soil body and polygon of for(l@sutsche
Gesellschatft fur Geotechnik e.V., 2012)
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1 Loss of overall stabiity (GEO)

The overall stabilityseeFig. 22) of anchored structuraaustbe examined.
However, becauseAB (Deutsche Gesellschaft fir Geotechnik e.V., 2012)
restrictssuchverificationto exceptional caseg is not further elaborated in
this thesis.

Fig.22  Loss of overall capacity for a single anchored \{@#utsche Gesellschaft fur
Geotechnik e.V., 2012)

2.3.6.3Corrosion protection

Ground anchors are often used in environments whdréidual components are
exposed to water, dieing salts or other deing agentss well asother chemical
andbiologicalsubstanceslherefore, insufficiety protectedsteelcomponents are
vulnerable to corrosion. The design life of permanent anahast, nevertheless,
correspond to the design life of steel and concrete structures. Hence, permanent
anchors musbe appropriateyy protecedto fulfil their requiremeniof remaining
sustainablebetween80 and 100 years (Burtscheret al, 2017; Wichter and
Meiniger, 2000)

Corrosion protection measurésr ground anchorsre regulated by EN 1537
(Austrian Standards Institute, 2015Bh agreement with EN 1537Austrian
Standards Institute, 2015kdhe general technical approvéésg. ANP- Systems
GmbH, 2018; DSI Underground Austria GmbH, 201&) ground anchors specify

the corrosion protectiorequirement$or anchor head, free anchor length and fixed
anchor length.EN 1537 (Austrian Standards Institute, 2015Hj)fferentiates
between corrosion protection systems for temporary and permanent anchors. For
permanent anchors, EN 158&ustrian Standardinstitute, 2015b)states orhe
minimum corrosion protection surrounding the tendon of the anchor shall be a
single continuous layer of corrosion preventive material which does not degrade
during the designed service life of the anéh@kustrian Standards Institute,
2015b)

To ersure a single continuous protection layer, two types of preventive systems
are mentioned in EN 153Austrian Standards Institute, 2015b)
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1 Single corrosion protection(seeFig. 23left)

Single corrosion protection systems consist of a single continuous barrier. If
the barrier fails, no further protection guaranteed Therefore, single
corrosion protectiosystems arenainly used for temporary anchots.the

case of permaneanchors, the tegrity of thesinglebarrier must be verified
(e.g. by electrical resistance measuremefAsistrian Standards Institute,
2015b; Marte, 2018)

1 Double corrosion protection(seeFig. 23 right)

Double corrosia protection systemsonsist of two continous barriers and

are usually used for permanent anchors. If one of the two barriesstliail
tendon is still protected by a continuous barrier. Therefore, a verification of
the integrity is not required(Austrian Standards Institute, 2015b; Marte,
2018)

2 n ‘ 2
3 . 3
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a) Bar anchor single corrosion protection b) Bar anchor double corrosion protection
Key
1  protection cap filled with anti-corrosion compound 9 free length
2 conic bolt 10 fixed length
3 bearing plate 11 corrosion protection compound
4  steel tube 12 sealing O-ring
5 drilling hole 13 smooth plastic sheathing around ribbed plastic sheath
6 grout 14 ribbed plastic sheathing pre-filled with grout
7 smooth plastic sheathing 15 centraliser
8 ribbed bar

Fig.23:  Examples of single and do@btorrosion protection for a bar ancaustrian
Standards Institute, 2015b)
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2.3.7 Testingprocedure

To ensure thesability of preliminaryanchor systendesignsdifferent tests have
to be performedSchmidtet al, 2017) Testing of anchors is executed according

to

ONORM EN ISO 22476 (Austrian Standards Institute, 2019)hich

differentiates between three types of anchor tests:

1 Investigation tesfseesection2.3.7.3
1 Suitability test(seesection2.3.7.9
1 Acceptance tegseesection2.3.7.9

2.3.7.1Methods of load application

ONORM EN ISO 22475 (Austrian Standards Institute, 201@scribes three
different methods of load applicatioA clause in the national forewodEfines
TestMethod 1for Austria.

1 Test method 1(seeFig. 24 left)
6rhe anchor is loaded stepwise by one or more load cycles increasing from
the datum load to the proof load. At each load step the displacement of the
tendbn end shall be measured during a fixed time pedigéustrian
Standards Institute, 2019)
1 Test method 2(seeFig. 24 centre)
6rhe anchor is loaded stepwise by load cycles increasing from a datum load
to the proof load. At each load step the load loss in the anchor shall be
measured during a fixed time perido@Austrian Standards Institute, 2019)
1 Test method 3(seeFig. 24 right)
Or'he anchor is loaded in incremental steps from a datum loadiaximum
load. The displacement of the tendon end is measured under maintained load
at each loading stej@(Austrian Standards Institute, 2019)
l%[%] ‘ Test method 1 l%[%] ‘ Test method 2 l%[%] ‘ Test method 3
100 + 100 1 100 +
80 1 80 + 80 1
60 + 60 + 60 1
40 1 40+ 40 t
20 1, 204 20 A
Datum load o Datum load 10

s [mm| s [m mrr_

Fig.24:  Different types of test methodeft: Test method 1; centre: Test method 2;

right: Test method Badapted from Schmidt al, 2017)



2 Anchorages and anchored structures 21

2.3.7.2Proof load

The proof loadP, mustbe definedduring the design procesSNORM B 19971-
1:2013(Austrian Standards Institute, 20ddfines following requirementsr all
three test types

0 0 27y (8)
0 TETEY (9)
0 TWOTE Yyhg 8 Al Giressioglsteel (10)

0 TR Yss &8 A O OAET £ OAAT + (11)

2.3.7.3Investigation test

Investigation testare required iho experiences on the lo@dearing behaviour
have been gained under comparable subsoil conditibims testsnustbe executed
on sacrificialanchorg(i.e. prior to the installatiomf productionanchor$, which

in contrast to production anchors are not involved instigportof the anchored
structure.Therefore, sacrificial anchors are just installed for testing puspose
These anchors are loaded untililiare occurs i(e. a creep ratés of 2mm is
excee@d or limit loads are reachefl.e. Pp = 0.80 * Ry or P, = 0.90 *Ry0.19
(Schmidtet al, 2017)

Results osuchinvestigation tests are among oth@ller, 2016)

Pull-out resistance

Critical creep load

Creep behaviour until failure
Loadloss for serviceability limit stte
Apparent tendoifree length

=4 =4 -4 -4 -9

Tab. 5 shows the loading sequence for investigation tests. In order to reach the
proof load, the loading of the anchor should be done in at $easlycles.The
minimum observatioperiodfor each gcle is dependent on tlgrain size of the
predominant subsoibubsequently, the unloading of the anchor down to the datum
load slouldbe done in the same cycles, in which the observation period should not
be less than finin (Austrian Standards Institute, 2019)
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Tab.5: Loading sequence for investigation tegsastrian Standards $titute, 2019)

Minimum observation period at maximum
Cycle | Maximum load load for each cycle [min]
Coarse soil and rock Fine soil

0 Pa 1 1

1 040 R 15 15
2 055 R 15 15
3 0.70 B, 30 60
4 0.80 B 30 60
5 090 R 30 60
6 1.00 B 60 180

2.3.7.4Suitability test

If no investigation tests are performeguitability tests should provide
characteristics of the anchor desfgnparticular subsoil conditionét least three

tests under identical conditions as the production anchors will be constructe
should be carried out For temporary anchors, where suitability tesisre
performed in comparable conditions on the same anchor types, suitability tests are
not necessargSchmidtet al, 2017)

Results othesesuitability tests aras follows(Moller, 2016)

1  Ability to resist the proof load
1 Observance of acceptable creafeand loadloss behaviouat proof load
1  Apparent tendoifree length

The loadingsequencéor suitability testswhich can be seen ifiab.6, requires a
minimum of five loading cycles. In addition to the grain size, the minimum
observationperiod also depemls on the design life of the anchoigyain, the
unloading of the anchor sbld be done in the same cyclesith a minimum
observation period of thin (Austrian Standards Institute, 2019)

Tab.6: Loading sequence for suitability te¢fsustrian Standards Institute, 2019)

Minimum observation period at maximum
load for each cycle [min]
Cycle | Maximum load | Temporary anchor Permanent anchor
Coarse soil | Fine Coarse soil| Fine
and rock soil and rock soil
0 Pa 1 1 1 1
1 040 R 1 1 15 15
2 055 R 1 1 15 15
3 0.70 B 5 10 30 60
4 0.85 P 5 10 30 60
5 1.00 P 30 60 60 180
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2.3.7.5Acceptance test

The loadbearing capacity and behaviour of each production anlchsrto be
tested and checkdtoller, 2016)

Results aras follows(Moéller, 2016)

1  Ability to resist the proof load
1 Apparent tendosfree length
1 Creep rate of the anchor in the serviceability limit state

Tab. 7 shows that acceptance tests should be executed in a minimum of five
loading cycles. Each cycle should be observed for atleast, whereas the proof
load needs to be maintained for a longer peddidr unloading in the same cycles
with a minmum obsevation period of Imin, the anchor is loaded up R and
locked off(Austrian Standards Institute, 2019)

Tab.7: Loading sequence for acceptance te&tsstrian Standards Institute, 2019)

Minimum duration of observation period
Cycle | Maximum load [min]

Coarse soil and rock Fine soil

0 Pa 1 1

1 040 B 1 1

2 055 R 1 1

3 0.70 B 1 1

4 085 R 1 1

5 1.00 B 5 15

2.3.7.6Acceptance (Gteria

1  System friction

As mentioned irsection2.3.3 depending on the straightness of the borehole,
a small amount of the anchor force is transferred within the free anchor length
by friction. This amount should be limited 586 of the proof Iad (Marte,

2018)

YO 18tw¢0 (12)
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Creep rate

The timedisplacement behaviour under constant load is described by the
creep ratds. For timedisplacement curvesith a logarithmic representation

of time, the creep rate plots agyradient of the straight lingseeFig. 25) at

the end of a loadycle. The creep rate is defined by following formula and is
limited to2 mm.

. [ [
Q —a (13)
a €
Q cda (14)
Ks=0A4TMM  Zeit ¢ (in Minuten)
ol /5 10 50 100 5001000 5000
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Fig.25.  Creep ratéMoller, 2016)

T

Control of apparent tendon-free length

Resulting from limitations in the construction procedure, deviatimra the
designed freéendon lengthio the apparertendonfreelength are inevitable.
The appareriendonfreelength has to be determined according toExlts
limits (i.e. lower and upper boundje given byEq. 16.
. 0 202zYi
U 5 5 Vi
L L Yu
Ty 7% 0 0 0 0 0 ™ ®0 (16)

(15)
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2.3.8 Applications

This sectionfocuses ortypical areas of application in which ground anchors are
utilised. By means of selected examplbss sectiorshows where and for which
purposes ground anchors can be used. Some of the selected examples show
extreme situationwith a large nurner of anchor rows. Therefore, the following
examples should not be considered as daily routine in the field of geotechnical
engineering.

1 Deep excavatiorfor the GLC building at ETH Zurich (seeFig. 26to Fig.
28)

Currently, the new GLC building for the ETH Zurich is buitfter the
demolition of the exisng building in Jung2015, ground engineering works
started in the second quarter of 20T16.realse the project, mexcavation
with a depth of 2%n measured at the hillside was necessHng. excavation
support was designed a&sredsoldier pile wall. Those soldiempiles were
stiffened with 25cm of concrete and tidzhck with up to nine rows of anchors
(Hechendorfer and Haag, 2018)
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Fig.26:  Cross sectionof deep excavation for GLC building at ETH Zurich
(Hechendorfer and Haag, 2018)
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Fig.27:  Deep excavation for GLC bdiing at ETH Zurich IHechendorfer and Haag,

o
<
&

.

Fig.28  Deep excavation for GLC building at ETH Zuriclijt2echendorferad Haag,
2018)

1 Deep excavation forservice provider Coop in Switzerland (seeFig. 29to
Fig. 31

In the canton of Aargau in Switzerland, a new logistics centre for Coop was
built between 2012 and 201&.vertical excavation with a depth of 8dwas
executed. This excavation support was planned as soldier pile wall. Partially,
this soldier pile wall was supported by eight rows of anchors. For the whole
project, around 900 anchors were insta{ledcksch and Ammann, 2018)



2 Anchorages and anchored structures 27

, ﬂ <—— Baupiste
&
P =
Aovrag
] &= riniwand
3% Pt e P
.
i (-1 N
380
Res
- Borg .+ 600w
B
o N T e
R e e e
3n

Fig.29:  Cross section of deep excavation @op(Ducksch and Ammann, 2018)
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Fig.30:  Analytical and numerical model of deep excavation for Caacksch and
Ammann, 2018)

Fig.31:  Deep excavation for Cogpucksch and Ammann, 2018)
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1T RWRGtteln (seeFig. 32 and Fig. 33)

Thereconstructioworksatthe Bundesautobahn A 98 in Lérrach, Germany,
requireda 300m long and partially 21 deepslope cut Up to five rows of
reinforced concrete panels were stabdiwith two to three rows of ground
anchordor eachpanel In total, around 1000 single bar anchors with a length
between 9n and 37m were planned However, during construction,
excessivedisplacement®ccurred,resulting ina significant increase of the
anchor forcesThis misfortunded tothe installation 0250 additional anchors
as well as an additional drainagethe distal end of the grout bo@ichter
and Meiniger, 2000)

35250
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\ A 98
W 328.50
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Fig.32  Cross section of theWR6tteln(Wichter and Meiniger, 2000)
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Fig.33: RWROdtteln(Wichter and Meiniger, 2000)



2 Anchorages and anchored structures 29

1  Slope stabilization for construction of the HochmoselbrickéseeFig. 34)

In the framework of the observational method according to Eurocode 7
(Austrian Standards Institute, 200&8) the Hochmoselbriicke in Germany
displacements of approximately 3.6® at the inclinometer head were
measured between Ma®00Q and November2017.The sliding plane was
detectecht a depth of 22n, passing almost parallel to the ground inclination
of approximately25°. A total of six anchoringshafts with a diameter of
6.60m and a depth of 4%, were arranged in two rows. Each of the two shaft
rows were anchored with Gfleces ofhigh capacity, penanent anchors
(Katzenbach and Bergmann, 2018)

i
Achse 2 Achse 3

o
abgesenkter GW-Spiegel

0 10 20 30 40 50 [m] @ T e

Fig.34: Landslide and stabilization meass below the Hochmoselbricke
(Katzenbach and Bergmann, 2018)

1  Uplift prevention (seeFig. 35)

Permanengroundanchors are often useaprevenuplift problemdor basins

with low selfweight. Because ofhe prestressing procesground anchors
offer the advantage gbermanentcompressive stresses beldive basin

bottom Depending on thélling of the basin alternating stressasay occur
when passive systems like injection piles are util($#athter and Meiniger,
2000)

6y = Gy + B+ (hy-hy) w

6, = 64+ 65 + (hy-hyl y

Bodenpressung 6 unter der Beckensohle

Fig. 35 Uplift prevention(Wichter and Meiniger, 2000)
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Improving safety by preventing sliding and tilting of the Edertalsperre
(seeFig. 36)

The review of the Edertalsperre in Germéoynd that it lacked the required
selfweightat a magnitudef 2,000kN/mto meet its requirements concerning
flood protection A total of 104 highcapacity ground anchors were installed
down from the dam crest. Each anchor was composed of 34 stnatida
working loadof around 4500kN (Wichter and Meiniger, 2000)

———BRUCKE (NEU)
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Fig.36:.  Strengthening ofhe dam bodyat the Edertalsperi@Vichter and Meiniger,

2000)
Foundation of tensle forcesat the Neckarbricke (seeFig. 37 and Fig. 38)

Suspension bridges require the transmission of rope forces into the subsoil. In
practice, ground anchors aenutilised for the fandation of tensile forces.

Fig. 37 andFig. 38 show the foundation of the rope force at the Neckarbrlcke
in StuttgartHofen, GermanyWichter and Meiniger, 2000)

.. - &
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(GRUNDBRUCHNACHWEIS)
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Fig.37:  Foundation of tenk force at the Neckarbriick& (Wichter and Meiniger,

2000)
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Fig.38  Foundation of tenka force at the Neckarbricke (Wichter and Meiniger,
2000)
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2.4Modes of failure

If a single anchor failgheanchoredstructurelackssupport and must transfer the
anchor loadrom the failedanchorto other anchorer structural elementi other
words arearangement of force®r loads)mustoccur within the structuréhis
can causesingle anchorsor anchor parts, such as the anchemdon to be
overstressed, causinigem to fail as wellMoreover depending on the structure,
cracks or deformationsay appearas aresultof theload redistribution To take
protective measures, i&kh ductile behaviour would be desirable. Ithe
rearrangementdf forcesoccuis without visible signs, a series of reacti@mslthe
collapse of thetructure might be the consequeidanel and Prehn, 2006)

As shownin section2.3.6.2 a distinction betweethefailure oftheground anchor
itself (STR and failure of the retaineground(GEO) is made. It should be noted
thatstructuralfailure of ground anchors may leadgeotechnicafailure and vice
versa.

2.4.1 Structural failure of the tendon or the anchor head

If tensile stresses withithe tendonexceed the material strength, failuiog
excessive yielding followed by sectionimginevitable Fig. 39 shows a typical
stressstrain curve fopre-stressing steeThough no clear yield point is observed,
the stressstraincurveindicateshethree characteristigointsfpk, fp,01k andfel. The
ultimate tensile strength or characteristic strength is givedp.b$ince there is no
explicit yield point,yielding is definedby fy 01« This point correspond® the
characteristicstress valuén the tendonlead to 01% remaining elongatiorAs
alreadyseenn section2.3.6.2 allowable working loads are determinedirf o1k
The third pointfe; definesthe transition fromelasticto plastic behaviour and is
defined byE;, theconstantelastic moduls of the tendon in the linear portion of
the stresstrain curvgXanthakos, 1991)

b e

=
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=
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% of tendon length

Fig.39:  Stressstrain curvefor prestressing ste€dhdapted from Xanthals, 1991)
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2.4.2 Corrosion

2.4.2.1General

ONORM EN ISO 8044Austrian Standards Institute, 201%5igfines corrosion as
follows:

Physicochemical interaction between a metal and its environment that results in
changes in the properties of the metal, andciwhmay lead to significant
impairment of the function of the metal, the environment, or the technical system,
of which these form a padt{Austrian Standards Institute, 2015c)

Most metals areextractedfrom their naturally occurring ores under high energy
input by extracting oxides.The refined metal remains in a higéanergy,
thermadynamicallyunstable condition. Corrosiofie. theformation of oxidepis

the reversal of thisxtractionprocess. By releasing the amoahénergynecessary
for the extraction of the oxides the metal strives for a Icenergy,
thermodynamically stableondition(Fédération Internationale de la Précontrainte,
1986; Nurnberger, 1995)

Besides the metal, the presence of corrosive subsiancisasnolten salts, liquid
metals and water or aqueous solutions is necessary faretl@ssalreaction to
occur.The interaction between metal and the corrosive substance defines if and to
what degree corrosion takes placEherefore, the vulnerability of a etal to
corrosion is always related to a special corrosive substalizaberger, 1995)

2.4.2.2Types of corrosion
Corrosion can be classifiédto threegroupsaccording its effect on the metal

M Generakorrosion
M Localisedcorrosion
1  Corrosion cracking

Fig.40:  Generalcorrosion localised corrosion and corrosion crackin§édération
Internationale de la Précontrainte, 1986)

N

1 Generalcorrosion

General corrosiors charactegedby auniform attackof thesurface exposed

to corrosion The loss in masge.g. the areal los®r thereduction of the
thicknes$ canbe used to describe the degree of damage. Usually, general
corrosion can be seen less critical than Isedlicorrosiorand is of minor
importance for ground ancho¢blirnberger, 1995; Wichter and Meiniger,
2000)
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1 Localised corrosion
Even though the loss in mass may be small, Issdlcorrosion can have
severe conseguences contrast to general corrosion, faster and deeper
penetrationof corrosionas well asmore rapidfailure should be expected
(Fédération Internationale de la Précontrainte, 1986; Nurnberger, 1995)
Local types of corrosion, which do not need mechanical stresses taadcur
are of importance for ground anchaasegas follows
1  Pittingcorrosion
1  Crevicecorrosion
1  Bimetallic corrosion
q Stray current corrosion
A local type of corrosion, which dsneed nechanical stresses to occur and
Is of importance for ground anchors,as follows
1  Fretting corrosion
1  Corrosion cracking

Corrosion on cracks is the most hazardous fofronorrosion If anchorage
failure occursas a result of corrosigmechanicatensilestresseareusually
the key factorsThis phenomenors referred to astresscorrosioncracking
(SCQ. Suchcracks can eithedevelopin anintergranular or transgranular
manner(seeFig. 41) (Wichter and Meiniger, 2000)

Fig.41:  Intergranular and transgranular dta¢Wichter and Meiniger, 2000)

A speaal type of SCCis stresscorrosioncrackinginduced by hydrogenn

the case o& corrosionattackon pre-stressing steegsuch crackings the main

cause of failure Atomic hydrogen migrates into the metal lattice, forms
molecules and builds up internal pressure. As a result of this process, the steel
embrittles and subsequenyl may fail (Wichter and Meiniger, 2000;
Fédération Internationale de la Précontrainte, 1986)
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2.4.3 Failureat the interfacéetween thgroutbody and
theground

Ground anchorsobilise skin friction between the grout body and the surrounding
ground.This bond mainly depends on the confining stress around the grout body,
the nature of their interface (i.e. adhesion) and the mobilised skin friction between
the grout body and the grourteg. 42 shows the distribution akin frictionalong

the grout body for dense and medupacked gravelly sandVhen loaded, the
proximal end of the bond zone elongates and transfers load to the ground. As the
resistance of this portion is molséd, the shear stress shifts to the distal erikdeof

grout body.Once the stress reachihe end of the bond zone and the ultimate
groutground bond is exceeded, pollt failure of the anchor occu(Sabatiniet

al., 1999)
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Fig.42.  Distribution of skin frictionalong the grout body in gravelly sa(icheele,
1982)

2.4 4 Failure of the bond between teeel tendon and the
groutbody

If anchors are constructed withiground of sound quality, e tendongrout
interface may govern the bearing capadtig. 43 showsan enlarged schematic
representation of this interfac&@hree types of bond mechanisms namely
adhesion, friction and mechanical interlale presentAdhesion isthe physical
attraction at an interfacattaching the microscopically rough steel to the
surrounding groutDepending on the confining stress, the surface finish and the
magnitude of slip, friction develgpas movement occurs. Finally, mechanical
interlock is generated between protrusions of the teadd the surrounding grout
(Jarred and Haberfield, 1997; Xanthakos, 1991)
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Fig.43  Schematic representationtbietendongrout interfacg Xanthakos, 1991)

2.4.5Loss of anchor force by creep and relaxation

Creep describes the tintpendentlisplacemenbehaviourunder constant siat
loading. Because ofong-term static loadng, displacemestof an anchor may
change with timginvolving areductionof the anchor force. Associated with
ground anchors, creep lispresentedby both creep in the soiand in the anchor
componentgi.e. creep of the grout, steel relaxation, partial debonding of the steel
grout interface and creep of the tendon connections with the wall and the
anchorage(Xanthakos, 1991)

As already seenn section2.3.7.6 the creep behaviouwf ground anchorss
definedand limitedby thecreep rateés (Austrian Standards Institute, 2015b)

Relaxationis the decrease of stremgertime under constant strain. Hence, while
atendonis kept underconstanttrain the anchor force decreases. The relaxation
behaviour of steel mainly depends on the manufacture procedure, the temperature
and the timg¢Xanthakos, 1991)

2.4.6 Failure of the ground ass

The groundmass adjacent to ground ancharust have sufficient resistance to
withstand theanchor forces Ground mass failure for shallownchorsis
charactesed by uplift of the soil mass in front of tgeout bodyfollowed by pult

out of the bond zone. The failure surfaxx@responds to a passive earth pressure
failure. For anchors embedded more than below the ground surface, failure of
the ground mass is of minor importar{Beadyet al, 1997; Sabatinet al, 1999)
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3 Verification methods for the failure of
ground anchors

3.1Standards and guidelines

Eurocode {Austrian Standards Institute, 20a8fines a special design situation
which should consicker ¢he consequences of the failurd any anchorage
(Austrian Standards Institute, 2009) practice however, this design situation is
not clearly outlined and therefobarely examined.

Technical Reference 26:2018pring Singapore, 2010¢quires the design of a
deep excavationr a retaiimg structureto be structurally safat each stage of the
construction even when an individual structural element falfsa structural
element fails, thdoad from the failedelement will be redistributed to the
remaining structurakelements Therefore, the structure itsglds well as té
remaining structural elementshould have enough capacity redistribue and
absorlthe load from the failed element without causing overall failaréact, this
load redistribution represents a 3D probleNevertheless the conventional
analysis apmachfor deep excavations and retaining structises2Dplane strain
analysis, wherawhole layer of failed structural elemerfis a row)is removed.
This 2D plane strain analysis is restricted to a force redistributoa vertical
directiononly, usually leathg to more conservative desigBonget al, 2012;
Spring Singapore, 2010)

Clause 3.7.4 of Technical Reference 26:2Q8pring Singapore, 2010is
commonly known agonestrut failuré but as outlined belowt is also valid for
ground ancha or any other structural elements. Clause 3fa#she following

Orhe design for deep excavations should accommodate possible failure of any
individual strut, tie rod, ground anchor, structural member or connection at each
stage of the constructiononks The wall and remaining supporting members,
including walings and connections, should be capable of redistributing the load
from the failed member. The remaining structural system and wall should continue
to be safe without causing any danger to suming adjacent structures and
propertiesd(Spring Singapore, 2010)

Similar toclause 3.7.4 ofechnical Reference 26:20{8pring Singapore, 2010)
BS 8002:1994(British Standarddnstitution, 1994)mentionsthe following in
clause 4.5.2.2.1:

or'he design should also accommodate the possible failure of an individual strut,
tie rod or anchor. The wall and walings should be capable of redistributing the
load from the failed tiead or anchord(British Standards Institution, 1994)
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3.2Corroded Anchor Structure Stability/R eliability
(CAS_StabR) Software for Hydraulic Structures

The U.S. Army Corps of Engineers operates and maintilasge number of
hydraulic structures. Many of those structuhese beerretrofitted with post
tensioned sand anchors over the past four decada@sprovetheir serviceability
and stability Becaise ofinappropriate corrosion mitigation procedudesingthe
anchor installation, older retrofiteave beemxposed to corrosioherefore, the
U.S. Army Engineer Research and Development CerB®D(Q createl a
softwareproduct CAS_StabR (Warrenet al, 2017) with the ability topredictthe
remaining anchor life RAL regarding corrosion Additionally, CAS_StabR
(Warren et al, 2017)is able todeterminethe probability of unsatisfactory
performance PUP) for hydraulic structures terms ofsliding, butthat featuras
not further elaborateih this thesigWarrenet al, 2017)

3.2.1 Remaining anchor lifeomputation

In 2013, a series ofyli-test experimentsor sevenwired strandtendonswere
carried outat ERDC Theresults which were published by Ebeling et a2016)
and Haskins et al(2016) provided the statistical relationshifetweenthe
reducedoadingcapacity to he reduced crossection areaf the smallestvire in
the assemblgndthe minimum short axis diameter thie most corroded wirdor
various degrees of corrosi¢warrenet al, 2017)

Fig. 44 shows a scatter plot of theadingcapacity as a function of the minimum
crosssectionalwire area The blue line inFig. 44 represents the grapdf the
function given inEq. 17, wherey specifiesthe loading capacity[kN] and x the
minimum wire aregmm3. R2 which can be seen Kig. 44, represents. measure
of error(Haskinset al, 2016)
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Fig.44:  Loading capacity as a function thfe minimum corroded wire arg&laskins
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Fig. 45, again,showsthe scatterplot but relates thecapacityto the short axis
diameter of the most corroded wirBhe mean estiman functionis given by
Eqg. 18 andis graphically plotted as the blue line fing. 45. In EQ. 18, y is again
the capacitykN], whereasxis the minimum diamet¢mm] (Haskinset al, 2016)
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Fig.45. Loading capacity as a function @ie minimum corroded wireshort axis
diameter(Haskinset al, 2016)
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CAS_StabR (Warren et al, 2017) provides both options for predictng the
reducedoadingcapacity either Eq.17 or Eq.18 can be utilsed.
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If an anchortendonis exp@ed to corrosion, theadingcapacity of the tendon will
decreasdecause ofmaterial losgseeFig. 46). When thdoadingcapacity of the
tendon is lower than the loaif load the tendomwill fail . That statemenmplies
that the anchor force does not increase aftertdtkl herefore, théifetime of the
tendon is affected by the lo@kf load and the corrosion rat€o determine the
degree of corrosionCAS_ StabR (Warrenet al, 2017)provides theuserthree
input options corrosionrate, oxygenationlevel andnon-destructivetest (NDT)
corrodedwire crosssectionalarea(Warrenet al, 2017)

1 Calculation with corroded wire area curveand time-to-failure (TTF)
computation

If Eq. 17 is used for the prediction of the reduced loading capatiky
diameter of the corrodedlire dc is computedaccordingto Eq. 19, wheredp

Is the diameter of the pristine wif the user supplied corrosion rate dhd
length of service (LOS of the tendon.From the corroded diameter, the
corroded area of theire Acis calculatedgeeEq. 20). In thenext stepAc is
substitued forxin Eq.17to obtain theeduced loading capaciof the seven
wired strandWarrenet al, 2017)

)
)

d- —>

c
< dp —>

Fig.46.  Corrosion effect on a wirgNVarrenetal., 2017)
Q Q ¢zYz0H 0"y (19)

(20)
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By assiging the lockoff load toy in Eq.17 and solving foix, thewire area
A, which provides stability for the loe&ff load, is determinedFrom this area
A, the wire diameterdLoL, which provides stability for the loe&ff load, is
compued (seeEq. 21). Utilizing Eq. 22, the TTF is obtainedWarrenet al,
2017)

(21)

Y'Y ———— (22)

1 Calculation with corroded short axis diameter curve and TTF
computation

As shownin Eq. 19, the diameter ofhe corroded vire dc is computed.The
corroded diametedc is substituted fox in Eqg. 18 to obtain the reduced
loading capacity of the sevemired strandWarrenet al, 2017)

By assigning the lockff load toy in Eq.18 and solving forx, thecorroded
wire diameter dio., which provides stability for the loesff load, is
computed.Then, theTTF is againcalculated by utiing Eq. 22 (Warrenet
al., 2017)

To summarisgin one of its main function€CAS_StabR (Warrenet al, 2017)
providesa probabilistic estimate of ti®ALfor strand tendons regarding corrosion.
Based on statistical correlationibe following input parameters result in ti@F
(Warrenet al, 2017)

1 Lock-off load applied to the tendon at installation
T  Amountof time the tendon l&been in service
1 Method to determine corroded wire semed corresponding corrosion rate
o Corrosion rate
o Oxygenatiorievel
o NDT corrodedwire crosssectionalarea
1 Method to determine theeduced loading capacity
0 Minimum corroded wire area
0 Minimum corroded short axis diameter
1  Distribution information for theariables (lockoff load and corrosion rate)
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4 Finite element analygs using RLAXIS
2D

The gimary aimof this chapter iso investigae the behaviour ofmanchoredRW
affected byrow-wise failure of ground anchorm 2D analysesBy means of a
multiple-anchoredRWin Salzburgthis chapteshows how ground anchor failuse
affect the overall stability of the structuréhe RW itself and thesurrounding
anchorsFor this purposespecial emphasis placed orthefactor of safetyfoS),
bending mments BMs) andSFswithin the concrete components (ivéthin the
RW), displacements andnchor forcesBesidesthe studies related tmw-wise
ground anchor failure, a stutypresentedomprisingdifferent model dimensions.
All FEAs shownin this chapterwere conducted witlPLAXIS 2D, Version
2018.01(Brinkgreveet al, 2018b)

4.1Retaining wall Egger

In order toexaminethe effects of ground anchor failur@etanchoredRWEgger
was selected for tHeEAs. TheRWis located between kB0.60 and knb0.90 on

the A10 Tauernautobahn in Salzburg. In total, the wall extends over a length of
approximately 23%n, andthe wall height ranges betweapproximately7 m to

22 m. Thestructurdtself is composed of 406m- and 56cm-thick concrete panels
behind which there i$0 cm of shotcreteA crosssectional viewof the RWshows

an inclination of 4:1, which correspondsaimund76°. Depending on the varying
height, ondo sevenrows of ground anchorsvereinstalledto ensurehe stability

of the structure Parallelto themotorway a 3m-wide forest path passes behind
thetop of the wallto which the initial ground surface connects with an inclination
of approximately 37° to 408G Gruppe Geotechnik Graz ZT GmbH, 2Q17)

Fig. 47 shows a imageof the RW, takenfrom the traffic laneVillach. The red
marking, which can be seen on th&-hand side of the figure, corresponds to the
areachoserto analy®.

e G

Fig.47. RWEgger(adapted from 3G Gruppe Geotechnik Graz ZT GmbH, 2017)
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The front viewand cross sectiorof the analysis profil@P-E can beobservedn

Fig. 48. Four rows of ground anchors are instalaer theretainedheight of
aroundl13 m in this portion of the wall Though water was found at the wall base

in drainages and as leakage on the wall surface, geotechnical investigations could
not detect a continuous groundwater table. Moredterfollowing four ground

layers were identified by the imgtigations(3G Gruppe Geotechnik Graz ZT
GmbH, 2017)

1 Homogenous layer A HangschuttThickness between 0.50 and 3.30n

1 Homogenous layer BWeathered rock, softenetihickness between 5.00
and 15.00n

1 Homogenous layer € Compact rock

1 Cataclastic fault zones

Querprofil QP-E

E

Fig.48  Front\uew and crossextion ofanalysigrofile QRE (3G Gruppe Geotechnik
Graz ZT GmbH, 2017)

Because othe gradual transition betwedtangschuttand weathered rockthe
geotechnical repo(BG Gruppe Geotechnik Graz ZT Gm17)recommende
a subsoil model with two layersn which the upper 6 are composed of
Hangschutt with compact rock beneath. The suggesieound parameters are
given inTab.8.

Tab.8: Recommendedroundparametergacc. to 3G Gruppe Geotechnik Graz ZT

GmbH, 2017)
Homogenous layer | G [°] c [kPa] E [kPa] 0 [KN/m3]
A: Hangschutt 35 0 70000 21

C: Compact rock 40 40 150000/500000 24
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4.2PLAXIS 2D model

Regardinghegeologyandgeometry some simplifications wemaade. Given that

an initial ground surface with an inclination of 40° would have needed high
strength parametets be stablethe initial slopewas modelledat 30° inclined
towards the horizontalAdditionally, the sulsoil was modelled as one single
homogenous ground layelhe parameters for this layer have been varied.
Groundwater,dr reasons mentioned s@ction4.1, was not considered.

The model dimensiongf geometryd-inald can be seen iRkig. 49. Four rows of
ground anchors are installadclined 14° towards the horizontaler the retained
height of 13.39n, which is excavated in five stef3oncerning initial conditions,
a study 6 themodel size wasonductedThereforefig. 50 shows two additional
model dimensios) namely@Smalband@ig.6The dashed lirsn Fig. 50represent
geometrydinald compared to whiclthe leftandtop boundaes were adapted,
while the right and the bottom bounaar werekept fixed.
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When modelling the homogenogsound layerthe main emphasis wgsdacedon
theMohr-Coulomb MC) model.This model describes the soil by means of linear
elastic perfectly plastibehaviour Tab.9 shows the parameters of theaterials
representingsoil and fill, the latterdescribingthe refill material after the last
excavation stage over a predefined heigist.compare results andentify the
influence of the constitutive mod&lEAswere ésoconducted with thélardening
soil small HSY modelseen inTab. 10. More details onthe HSSmodelcan be
found inBenz(2007)

Tab.9: Parameters of soild fill for the MC model

Soil Fill
Material model MC MC
Drainage type Drained Drained
Junsat = Jsat[KN/m?3] 20 21
E" [KN/m?] 20000 60000
n [-] 0.30 0.30
Cret [KN/MZ] 0.10/1/3/5 0.10
i [ 38 40
y [] 8 10
Rinter [-] 0.70/0.90/1 0.90
Ko determination Automatic Automatic
Tab.10: Parameters of soiha fill for the HSSmodel
Soil Fill
Material model HSS HSS
Drainage type Drained Drained
Ounsat = Jsat[KN/m3] 20 21
Esd®f [kN/m?] 20000 80000
Eoed® [KN/m?] 20000 80000
Eur"® [KN/m?] 60000 240000
Power m [] 0.50 0.50
Cref [kN/mZ] 0.10/5 0.10
i [ 38 40
y [] 8 10
20.7[-] 0.00015 0.00010
Go™®' [KN/m?] 75000 300000
N ur [-] 0.20 0.20
Pref [KN/m?] 100 100
K" 0.384339 0.357212
Rinter ['] 0.90 0.90
Ko determination Automatic Automatic
OCR [-] 1 1
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The wall itself wasmodelledby means otlasticplate elementsFor these plate
elements, which are actually beam elements, an equivalent thickness, based on the
bending stiffness El and axial stiffness EA, is calculéBthkgreveet al, 2018b)
Parameters whiclead to an equivalent thickness of Ori0can be observed in
Tab.11

Tab.11: Parameters of wall odelledwith plate elemerst

Wall

Material type Elastic
Isotropic Yes

EA1 [KN/m] 15000000

El [kKNm?/m] 312500
w [KN/m/m] 10
n[-] 0.20
Prevent punching No

To account for the freanchor length, PLAXIS 2[¥Brinkgreveet al, 2018b)
offers structural elementgith constant axial stiffness EAnamely nodeto-node
anchors. Input paranets fromTab. 12 were calculated based on a sevéred
strand assembly with an area of 108M2.

Tab.12: Parameters of tendonaudelledwith nodeto-node anch@

Tendon
Material type Elastic
EA [kN] 220500

L spacing[mM] 5

Regardingdiscretisation of théixed anchor lengthFEAscompriedgeogrid and
embedded beam&Bs). The parameters for both options can be sedainl3.
Additionally, the EB alternative was calculated with constant and linear
distribution of the skin resistance.

Geogridsin PLAXIS 2D (Brinkgreveet al, 2018b)are line elements with axial
stiffness EA but without bending stiffness; Bluch geogridsan only sustain
tensile forces. Asvith plate elements, special @rface elements are necessary
around geogridi account for the sestructure interaction.

In PLAXIS 2D (Brinkgreveet al, 20181, EBsare line elements which are not
included in the mesh buather aresuperimposed on the me@eeFig. 51). EBs
are a simplified approach to account for 8ffectsin a 2D plane strain model.
Implemented interfaseconnect theontinuousunderlying mesland theoverlying
EB in the outof-plane diection Thereforeno additional interfacesuchas for
plates or geogridsire needed.
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Fig.51:  EBinteraction with soilBrinkgreveet al, 2018b)

Tab.13: Parameters of groubldy modelledwvith geogridandEB elements

Grout (Geogrid) Grout (EB)
Material type Elastic Elastic
Isotropic Yes -
EA1 [KN/m] 85000 -
E [KN/m?] - 16500000
0 [kN/m?] - 4
Beam type - Predefined
Predefined beam type - Massive circular beam
Diameter [m] - 0.178
L spacing [m] - 5
Axial skin resistance - Linear
Tskin, start, max [kN/m] - 700/0
T skin, end, max [kN/m] - 700/1400
Lateral skin resistance - Unlimited
Fmax [KN] - 0

Fig. 52 portrays the mesh discretisation of geomeékinalg whereby the fixed
anchor lengthis modelledwith geogris and EBs. Solely 15noded triangular
elementsvere used for the mesh generationaddition, the mesh coarseness was
mainly adapted in the area of the anchorsiaride area close to the slopehere
thefailure mechanismHM) was to be expected.

The mesh discretisation of the additional dimens@nsalband@igdcan be seen
in Fig. 53.



48 4 Finite element analyses using PLAXIS 2D

Nr. of 15-noded elements: 3805
Nr. of nodes: 30960

e Nr. of 15-noded elements: 3805
2 Nr. of nodes: 30900

Fig.52  Meshdiscretisatiorfor model dinalg left: Geogrid; rightEB
7777777777777777 ~ Nr. of 15-noded elements: 3640 NICERERR: Nr. of 15-noded elements: 6242
i -2 Nr. of nodes: 29666 Nr. of nodes: 50550
%KOHO es I. of noaes
Fig.53  Meshdiscretisationleft: Model&mall right: ModelBigd

One FEA compris@ 25 calculation phaseswhich arepresentedin Tab. 14.
Because othe nonhorizontal ground aaditions, thenitial phasewas calculated
by means of gravityoading.A Plastic nil step was introducéallowing thelnitial
phaselt should be noted that the optidhrc-length control typéwas deactivated
during thePlasticnil step.Following the Plastic nil step, displacements were set
to zeo. Excavationinstallation of the waldndinstallation of onenchor row were
modelled ina singlephasefollowed by the prestressing procedure, during which
a force of 80N was applied teach anchor. Furthermore, the whole construction
procedure was investigated without4steessing of the anchofise. phases which
include prestressing of the anchors were simply delgtéd simulate the failure
of a whole ground anchor row, free angefil anchor length were deactivated

duringthe associatedalculationphase.

Tab.14:  Calculation phases fanodel with prestressing othe anchors
ID Stage Start from phase
0 Initial phase -
1 Plastic nil step Initial phase
2 Exc. + Inst. wall + Ins anchor 1 Plastic nil step
3 Prestressing anchor 1 Exc. + Inst. wall + Ins. anchor 1
4 Exc. + Inst. wall + Inst. anchor 2 Prestressing anchor 1
5 Prestressing anchor 2 Exc. + Inst. wall + Inst. anchor 2
6 Exc. + Instwall + Inst. anchor 3 Prestressing anchor 2
7 Prestressing anchor 3 Exc. + Inst. wall + Inst. anchor 3
8 Exc. + Inst. wall + Inst. anchor 4 Prestressing anchor 3
9 Prestressing anchor 4 Exc. + Inst. wall + Inst. anchor 4
10 | Excavation + Installation wall 5 Prestressing anchor 4
11 Construction fill Excavation + Installation wall 5
12 Safety Plastic nil step Plastic nil step
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ID Stage Start from phase

13 Safety Prestressing anchor 1 Prestressing anchor 1
14 Safety Prestressing anchor 2 Prestressing anchor 2
15 Safety Prestressing anchor 3 Prestressing anchor 3
16 Safety Construction fill Construction fill

17 Failure anchor row 1 Construction fill

18 Failure anchor row 3 Construction fill

19 Failure anchor row 3+4 Construction fill

20 Failure anchor row 2+3 Construction fill

21 Safety Failure anchor row 1 Failure anchor row 1
22 Safety Failure anchor row 3 Failure anchor row 3
23 Safety Failure anchor row 3+4 Failure anchor row 3+4
24 Safety Failure anchor row 2+3 Failure anchor row 2+3

Some representative calculation phases ffatn. 14 are schematically visualised
in Fig. 54, showing the fixed anchor length modelleg means ofgeogrid
elements
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Fig. 54:

Representatioof selectedcalculationphases
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4.3Results

Fig. 55 to Fig. 62 depictthe results of the study on different model dimensions
concerningnitial conditions with varying cohesioithese resulteepresenfFEAs
conducted with thelC model| where theFoS values areevaluatedafter the
calculation phasPlastic nil step

The FoSfor the parameter set with a cohesion of KRa can be seen kig. 55.

Corresponding to comparablEMs, which are visualised irFig. 56 by the
incremental deviatoric strainglastic points and relative shear stresdés,
dimensiongSmalbandd&-inalbexhibit a similafFoSof 1.31 and 1.30espectively.
Model 8Bigbshows the lowedgtoS which also applies to all other variatiarf¢he
cohesionat amagnitude of 1.28.

Details on incremental deviatoric strains, plastic points and relative shear stresses
can be found in Brinkgreve et §2018b)

1.4
1.3 —
@ 1.2
o
L
1.1 Model Small: ¢ = 0.1 kPa
Model Final: ¢ = 0.1 kPa
Model Big: ¢ = 0.1 kPa
1 1 1 1 | ]
0 1 2 3 4 5

lul [m]

Fig.55.  FoSafterj -c reduction Plastic nil step for c = kPa
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Fig. 56 alsoshowsthat FMs for all geometriesre to be found in the lower part of
the slope. Whildhe modek Smdalb and d~inalb basically show identicdailure
behaviouy the slip circlan model@igbdiffers noticeably.

Fig.56.  Incremental deviatoric strainand plastic points afteras well asUel
before/aftef -creduction Plastic nil step for c = kPg left: Smally centre:
dinalg right: 8Bigd

Compared t@ cohesion 00.1kPa,Fig. 57 exhibitssignificantly highervaluesin

the FoSfor the FEA carried outwith ¢ = 1 kPa. The biggest incremebetween

0.1kPa and kPais to be found fothe dimensiond-inal.6 While a cohesion of
0.1kPafor thisgeometryeads to a FoSof 1.3Q a cohesion of kPaplotsan FoS

at amagnitudeof 1.38and therefore a deviation of 0.08.

Moreover the FMs for a cohesion of kPa see in Fig. 58, show a completely
differentbehaviour compared féig. 56. ForthedimensionsFinalband®igg the
FM shifts into the area of thapper slopeFailure forthe dimensiond&malbstill
occurs in théower slope but nowwith an increasedass of the failing soil body

The comparison of the model dimensions and the cohesion variations respectively
provide an illustrative example of the importanad selectingsuitable model
dimensions
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Fig.57:  FoSafterj -c reduction Plastic nil step for ¢ =kPa

Fig.58  Incremental deviatoric strainsand pastic points after @ well as Qe
before/aftelj -c reduction Plastic nil step for ¢ =kPg left: éSmallj centre:

dinalg right: Bigd
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Fig. 59 portrays theFoS for the FEA computedwith a cohesion of 8Pa. The
smallestmodelshowsan FoSof 143, while thelargestmodel exhibits a FoSof
1.35. In betweenthedimensiond-inaldplotsan FoSin the order of 1.42.

As shownin Fig. 60, theFMs for ¢ = 3kPa vay between the thregeometries
Compared to modsldSmalb and Big§ where failure ocas in the lower and
upper sloperespectively, th&M of modeld-inalbextends ovethe totalheight
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Fig.59:  FoSafterj -c reduction Plastic nil step for ¢ =kPa

Fig.60:  Incremental deviatoric strainand plastic points afteras well as Uel
before/aftelj -c reduction Plastic nil step for ¢ =KPg left: (Smallg centre:
drinalg right: 8igd
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For the sake of completenebg. 61 portraysthe FoSfor ¢ = 5kPa where model
@Gmalbplotsan FoSof 1.50 modeld&inald an FoSof 1.4 and modelBigb an
FoSof 1.40.

The FMs for a cohesion of &Pa, siownin Fig. 62, are similar to thé&Ms for a
cohesion of XPa with the only noticeable differendeom model&malbbeing
wherethe slip circle also connedtsto theupper slopaow.

FoS [-]

Fig. 61
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Fig. 62

Incremental deviatoric strainand plastic points after 1 well as Uel
before/aftelj -c reduction Plastic nil step for c =kPg left: (Smallj centre:
dinalg right: Bigd



























































































































































































































































































































































































































