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Kurzfassung

Gebirgsanker wrden hauptsachlich zur Gebirgsvergitung im Beund
Tunnelbau eingesetzt. Diverse numerische Methoden, wie z.B. die FEM
(Goodman et al., 1968), die BEM (Crotty & Wardle, 1985) bzw. die Blockmethode
(Cundall, 1971) haben Modelle fir Felsbolzen implementide Finite Elemente
Software PLAXIS 2D ermdglicht durch sogmbedded beam row&faht oder
Ankerreihen in 2D zu modellieren. In der gegenstandlichen Masterarbeit wird die
Anwendung dieses Elementtyps im Tunnelbau untersucht. Die Validierung erfolgt
dabei mit Hilfe des numerischen ProgramBRisasé. Letztere Software erméglicht

die Modellierung von Ankern basierend auf diversen Modellen. Ein einfaches
Tunnelbeispiel ist Gegenstand umfangreicher Parameterstudien. Die
resultierenden Ankerkrafte fir Ankestgme inPhasé werden dabei mit den
Ergebnissen aus PLAXIS 2[@2robedded beam rgwerglichen. Die Ergebnisse
zeigen, dasesmbedded beam rasine effiziente Alternative zur Modellierung von
fully bonded, swellernd tiebackist, aber nur bedingt Ubereinstmung mit den
Ergebnissen dgdain strand cable bolteigt.






Abstract

Roclbolts are widely useth engineering practictor supporting excavations in
rock. Bolt models have been implementedaniousnumericalmethodsalready
suchas FEM(Goodman etla 1968) BEM (Crotty & Wardle, 1985pand block
methods(Cundall, 1971) PLAXIS has implemented thembedded beam row
feature tgprimarily model pile rows in 2DTheaim of this thesis is to analyse the
possibility of usingembedded beam rofr applicatons intunnding. For the
validation the 2D finite element prografPhasé by Rocscience waselected, due
to its capability of modellinglifferenttypes of rockbolts. A simplified tundeig
problemwas modelled in both codes and the results regardingasi@ force
distribution along the anchofer different types of anchomsere comparedlhe
influence ofvariousfactors affectingthe performance otable bolts ha been
evaluatedas well It was concluded thaambedded beam rogan be an efficient
tool for modellingfully bonded, swelleandtiebackbolts, but it shows limitations
in simulating thecable boltbehaviour.
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1 Introduction 1

1 Introduction

Theembedded beam rdwaturein PLAXIS has been developed to mogéés in

2D consideringasoil-structure interactiorit has been validated as part of a master
thesis (Sluis, 2012) in various loading conditions. However, the loads were
assumed to be static and the lateral skin resistance was unlimited, so the application
of embedded beam rowas restricted t@ certain pile spacindiameter ratioln

the PLAXIS version of 2015, a limitinglateral skin resistance hadseen
implementedto deal with laterally loaded pilemnd piles with larger spacing.
Algulin and Pedersen (2014) have applied ¢éndedded beam rovieaturefor
modelling a piled raft foundation. Van der Kwaak (8plisedembedded beam

row to simulate the dynamic pile behaviour during earthquake.

The main objective of this thesis is validating the PLAXIS embeddedeam
rowfor applicdions in tunneling. The validation performedoy comparison with
the finite element progranPhasé. Five different bolt modelshave been
implemented inPhasé: end anchored, dilly bonded, plain strand cable,
swellex/plit set andgrouted tebacls. For tre validation, a simplified tunneling
problem was modkd in RAXIS and Phasé. The comparison islone by
investigating theaxial force distribution along the boits both FE-codes.

This shortintroduction is followed by a chapter focusing on some telcignal
aspects of bolting. The most common bolt typepresenteaoncisely

The background theory of the bolt models useBhiasé is explained irchapter
3. Furthermore, thembedded beam ravonept is described in detaihformation
about the dedepment of theheoryused forPlain Srand Cable modelis given
in Appendix A.

Chapter 4presentshe numerical model used PLAXIS and Phasé. 6-noded
finite elements are used in both codesice Phasé only provides énoded
triangular elementslhe sasitivity of the results to the mesh coarseress the
element type is afterwards studied in PLAXISvo different material madels
namely linearelastic and MohCoulomb are used for modelling theock
Moreover, the modelling proderefor the differentolt types is described.

In chapterb, the results fronPLAXIS usingembedded beam roare compared
with the results fofully bondedbolts, swellex,groutedtiebacksandcable bolts
from Phasé. Parametric studiesvere performedto evaluate the influemcof
various factors affecting the mechanical behaviourcable bolts, & rock
properties, stress level andble geometry-or modelling ofend anchoredbolts,
nodeto-nodeanchors are used PLAXIS. The results are shown AppendixD.

Chapter 5s followed by a summary of the conclusicarsd recomrandations for
modeling of boltsby means oémbedded beam row



2 2 Technological background

2 Technological background

Rockbolts and cablebolts are designed to help the rock mass support itself
(Rabcewicz, 1964). This is ptecally acheved by a load transfer mechanism
between the ground and the reinforcement through the bordimginforcemensg

consis of four principal components (Windsor, 1996)

1 Rock

1 Element the main function of the reinforcing bar is to restrain the
deformationsf the surrounding ground.

1 Internalfixture: the way the reinforcing bar is coupled to the rock.

1 External fixture a plate and a nut

The mechanical behaviour of the support system is dictateldebiynteraction of
all componentsThe main difference betwa rockbolts and cablebolts is the use
of a bar or a severalire strands as a reinforcing element.

2.1 Rockbolting

Based on the anchag of the rod to the rock or soithe boting systems can be
classifiedas follows (Windsor, 1993):

1 discretely mechanicallor frictionally coupledsystemgDMFC);
1 continuously frictionally coupled syster(tSFC), and
1 continuously mechanically coupled systef@8/1C).

2.1.1 Discretely mechanically or frictionally coupled
systemgDMFC)

DMFC rockbolts are anchored to the rock at tbeehole far end, just over a small
length, while the rest of the barfree. They are the earliest and also the simpliest
sysem to come into wdest us¢Martin, 2012)

g Expansion
shell
anchor

washer ¥/ W77

Figurel: Main components of DMFC r&bolts (adapted from Stillborg 1986



2 Technological background 3

Anchoring can be achieved using:

1 A fastset resin grout
1 Altenatively a slotandwedge mechanism
1 Or an expansion shell

They are active rockboltshey can provide immediate support action, what is the
principal advantage of them. Besides, the time of installation is quite short. When
it comes to the loads, they are not able éaldvith shear loads unless the shear
displacement exceeds the thickness of the borehole annulus. On the other side,
DMFC systems can handle tensile, compressive and bending loads.

Regarding their disadvantages, perhaps the most important is the negulady

check the proper tensioning of the bar: creep behaviour, vibrations induced by
blasting or losening of the face plate can drastically reduce the load on the bar.
Furthermore, DMFC systems cannot be used in neither very hard nor very soft
rock condtions. Moreover, DMFC systems are more efficient when they are as
perpendicular to the strata as possible.

2.1.2 Continuously frictionally coupled systems (CFC)

CFC rockbolts rely on fullengh contact to provide the reinfong frictional

action between thed and the borehole wall. They are very easy to install and can
hold a combination of tensile, compressive and bending loads. In addition, they
can acommodate large rock deformations, which make them suitable for deep
excavation application@vartin, 2012) Since they mainly provide support action

if the surrounding ground tries to deform, they are passive rockbolts.

The most popular friction bolts are Swellex and Sgait, where the bar is metallic.
Split Set rockbolts:

Split-s e Mmairsadavantage the speed and the ease of installation. On the other
hand, the risk of corrosioremains one of its main problems, and the borehole
requires very specific dimensions and regularity.

Split steel tube

%
~ 1
’-3\ ‘1% —Face plate
||
|

T /]
LT e =

Figure2: Split-set rockbolt (adopted froitillborg 1986
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Swellex rockbolts:

The mainadvantage of the Swellex rockbolt is tlitaémbraces the shape of the
borehole, assuring good contact along its length. The speed of installation is
another important assen situ, the Swellex bolt is inserted intbe borehole with

the closed extremity facing the borehole end. Higkssuravater (approximately

30 MPa) is then injected inside the folded tube chtthereby inflates and deforms
plastically, comingnto contact with the borehole walls.

25 to 28 mm dameter >
folded tube B f
% e g
1
> & y v

Figure3: Swdlex rockbolt (after Hoek 2007)

2.1.3 Continuously mechanically coupled systems (CMC)

CMC are reéred to as fully gnated rockbolts. They aranchored to the rock or
soil alongtheir entire length. Since trentirelength of the bar is embedded in the
grouting material, the risk of corrosion is reduced. CMC rockbolts can be used
either as a temporary or a permanent mitdment. They are able to hold a
combination of tensile, comprasge, shear and bending loads. Other advantages
of those rockbolts are: high flexibility and resistance to corrosion and chemical
attacks, gh strengthto-weight ratio, electromagnetic eutrality and ease of
handling(Martin, 2012)

Fully grouted rockboltganonly provide support action if the surrounding soil or
rock mass tries to deform: they are passive anchorage systems.
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Grouting
material

Face plate

Figure4: Main components of CMC rockbslfadopted from Hoek 2007)

2.2 Cablebolting

Cablebolts are based tme samerinciplesas rockbolts. They are normally fully
grouted and can sustaensile, compresve, shear and bending loatts contrast

to rockbols, cablebolts are made from steel ropes, instead of plain bars. The
standard configuration consist of several wires woundrad a central wire (plain
strand cable bolt). In order to increase the load transfer mechanism , the wires may
be rewound to particular structures (e.g. birdcage, nutcagecagei etc). Due to

their helical struatre, cablebolts are able to hold torsb loads. Furthermore,
cablebolts have a higher capacity, compared to the traditional rockbolts.

Another advantage of cablebolts is their flexibility, thus they can be packaged as
coils and be easily transported.

Finally, the most important characterestif cablebolts with respect to rockbolts is

the need to use face plates. Cables may rotate under tensile loads, if one of the
extremities is left free. As a consequence, the wires tend to untwist themselves and
form an dissociated structufelartin, 2012)
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3 Scientific background
3.1 Bolt support models inPhasé

Five bolt support models are availablePhasé: End Anchored, Fully Bonded,
Plain Srand Cable, Swellex/Split Setd Tiebacks The bolts areepresentedby
one or a seriesf 1D elementswhich interact with thefinite elementmesh as
individual "bolt elements"Depending on the bolt type, bolt elements may fail in
tension (tensildailure), shear (bond failurey both modes ay occur.Failure of

a single bolt elemerdoes not necessaribaus failure of the entire boltexcept
for endanchoredbolts. The theory of the bolt support models implemented in
Phaséis outlined in this chapr. (Rocscience, 2018)

3.1.1 End AnchoredBolt

For theendanchoredbolt model, the wholéolt length is consided & a sngle
bolt element (Figure)5The bolt interacts with the FEBesh through the endpoints
only.

AE

Figure5: End Anchoredolt model (Rocscience, 2018)

Theaxial force is calculateffom the axial displacemeas follows:
O vy P

whereKoy, is the bolt stiffness (equ#d O § 0 ) andYo is the relative displacement
between the endpoints.

Failure of endanchoredbolts is contrded by the yield strength of the bolt
material.Since the en@nchored bolt consists of a single element, failure of the
entire bolt occurs if the bolt materiahs exceeet his tensile capacityA residual
capacity after failure may aldx® assigned, buh most casethe residual capacity
would be equal to zero.
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Input parametersfor end-anchoredbolts

The behaviour oéndanchoredbolts inPhasé is defined by thegeometry Bolt
Diamete) and material propertie$Bolt Modulus £, Tensile Capacity, &idual
TensileCapacity). Additionally, aPre-Tensioning Forcean be speciéd.

3.1.2 Fully BondedBolt

Fully bondedboltsare divided intdolt elementsdetermined by the intersection
of the bolt with the FEnesh. The bolt elementstandependstly and influence
each othepnly through their effect orock massThus, ndividual bolt elements
can fail independently of neighbouring bolt elements within the samefldlire
of abolt element does not lead to tfalure of the entirdolt.

AE

L,

+—>

Figure6: Fully Bondedbolt model (Rocscience, 2018)

The axial force is determined from the axial displacement of the bolt element:
O —Yo C

whereLeis the length of the bolt element a¥d the elongation of the element.

Fully bondedbolts canfail in tensiononly, if the axial force exceeds the tensile
capacity of the bolt materialn Phasé it is also possible to define a residual tensile
capacity. In this case, the bolt can still carry load (equal to the residual capacity)
after exceeding the yield strengtfiéid).

Input parametersfor fully bondedbolts

The information required for modelling dully bonded bolts includes the
geometry Bolt Diamete) andthe material propertieBpIt Modulus £, Tensile
Capacity, Residual Tensile Capagitysame as foendanchoredbolts, aPre-
Tensioning Forcean be specified.
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F

F vield

F res

™ Au

Figure7: Failure criteria fofully bondedbolts (Rocscience, 2018)

3.1.3 Swellex/ Split Sets

Swellex/ Spilt Sets(also called shear bolts or frictional bolt®nsider the shear
forcedue tathe relaive displacemenbetween the bolts amdck mass, so the shear
stiffness of the bolt/rock interface is taken into accotihe bolt behaves as a
single elementEven though théolt is divided into elementaccording to the
intersections with the FEesh,each element influences thdjacent elements.

AE, [—» —» —» —» — |——«

Figure8: Swellex Spilt Setsnodel (Rocscience, 2018)

The equilibrium equation may be written as follows (Farmer, 1975, Hyett et al.,
1996):
Qo0

00— O m o
Qo

whereA is boltcrosssectional aredy is the Young's modulus for the bolt aRd
represents the shear force (per unit length). The shear force is definddess a |
function of the relative displacement betweenrtiegk massand thebolt:

O Q6 o T

where k represents the shear stiffness for the -godut interface, usuig
determined frontaboratory puHout tests.
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Swellex/Split Set bolts may fail in two modes: in tensibthe tensile capacity is
exceeded, or in sheaif the bond strength is exceeddgly defining a residual
tensile capacity, the axial capacity aftiee axial load in the load has reached the
tensile capacity, will be controlled lige residual tensile capacity.

Input parametersfor Swellex/ Split Setbolts
The input parameters required for modelling of frictional bolts include:

1 Tensile Capacityonly if Plastic Bolt Model is selected for the bolt material

behaviour) andResidual Tensile Capacity

Bolt Modulus

Tributary area(cross sectional area without the hollow area of the bolt

together withBolt Modulus it determines thédxial Stiffnes®f thebolt)

1 Bond strengti{the maximum shear force of the bolt / rock interfacan
be determined from pubhut tests)

1 Bond shear stiffnes@he shear stiffness of the bolt / rock interface
represents the slope of the elastic part of the graph on afshearvs.
displacements graph from puwlt tests)

1 Elastic or Plastic material behaviour for the Bolt Modéf Elastic Bolt
Modelis selected, the forces in the bolt are determined byAxd and
Shear Stiffnes®f the bolt; if Plastic behaviour is selged, theBond
Srength theTensile @Gpacityand theResidual Tensile &pacityare taken
into account)

l
T

Additionally, the user can simulateace Plateson bolts, add &ull Out Force
add aPre-Tensioning Forcand account for the effects Bbck dintsonthe bolt.

3.1.4Tiebacks

Tiebacks consist offaee (unbondedength andabonded length. The free length
behaves as a single element, so the interaction with thadsh is through the
endpoints only.If failure of the free length occurs, the entire freegténis
considered failedlhe bonded length is modelled in the same way as Swellex/Split
Set bolt,as a series of bolt elemendgtermined by the intersections with the-FE
mesh.Same as for Swellex, the shear resistance for the bonded length is taken into
account.

Input parametersfor Tiebackbolts
The necessary input data for Tiebastdudes

1 BoreholeandCable Diameter

1 Cable ModulugYoung’s modulus of bolt material)
1 Cable PeaKtensile strength of the cable)

1 Bond lengthand eventuallgecondary bontength
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Bond strengtlfthe maximum shear for@ong the bond length

Bond shear stiffnegshe shear stiffness difie bolt / rock interfage

Elastic or Plastic material behaviour for the Bolt Modetgme as for
Swellex

= =4 =

Furthermore the user can addRre-Tensioning Forceand alsoaccount for the
effects ofRock dintson the bolt.

3.1.5Plain StrandCable

Due to the intersectianof the cable bolt mod&lith the FE mesh a number of
bolt segment are created. Nevertheless, each bolt segment influences et adjac
elementsand the ent& bolt behaves as an individual element.

The plain strand cable model considers the stiffness of the grout, as well as the
stiffness and strength of bolt/grout interface.The shear stress generated at the cable
is defined by the mount of relative slip at the cable/grout interface and the
stiffness of this interface.

The only failure mechanism at present is tensile failure of the cable. Failure of the
cable/grout may also occurs, but is not considered as a failure mechanismebecau

as the rock moves, this interface is assumed to be in a plastic state. Failure of
grout/rock interface is not considered at present.

Input parameter for Plain Strand Cablebolts
The parameters needéa plain strand cabléoltsare:

1 BoreholeandCableDiameter

7 Cable ModulugYoung’s modulus of bolt material)
1 Cable PeaKtensile strength of the cable)

1 Water Cement Ratio

Theshear stiffnest Phaséis defined as the slope of the curve in the shear stress
vs. shear displacement graph for the bolt arsditgenerahonlinear. As a result,
theshear stiffnesshanges depending on the shear stwagbke bolt Alternatively,

a constant shear stiffnessn be defined as an input parameltierthis casethe
shear stiffness will not depend on the she@sson the bolt

Additionally, the user can simulatgace Plateson bolts, add #&ull Out Force
addBulgesand account for the effects Bbck Jointon the bolt.
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3.2 Embedded beam row in PLAXIS 2D

The pile ¢ock bolt /grouted anchqri soil/rock interacton is a fully three
dimensional phenomenon, impossible to model realistically in a 2D model. The
embedded beam row feature represents a possibility to deal with a row of rock
bolts, groud anchors or piles in a 2D plastrain model.

The pileisrepresecned by a Mindlin beam el ement
mesh. As a result, the mesh is continuous. The soil interacts with the pile by a
special interface, represented by springs in axial and lateral directions along the
pile, anda pointto-point inteface at the basd€Figure9). The spring forces are
limited by the pile capacity, which is an input parameter, consisting of the shaft
capacity and base capacity. The principle is illustrated in the figure below.

Soil with soil ™
properties aal

Material stiffness (user input)

@—MW—@ Soil stiffness
@—M—@ Pile stiffness

Pile with material
properties

Interface stiffness (internal + user input)

O§|—O Axial shaft stiffness Rs

Oé\? Lateral shaft stiffness Ry
-Ll—c Pile base stiffness Ke

1
Interface with -l SR
pile-soil interaction

N

Figure9: Schematisation of the principle BBR(Brinkgreve et al., 2018a)

When creating embedded beanemeénts, the special interface elements are
created automatically.

PLAXIS offers thepossibilityto choose between the behavioupibés rock bolts
andgrout body The three behaviour types differ om§th respect tahe selection
of the connection point

Regarding the connection of tERwith the sold finite elements, three options
areavailable free,rigid andhinged In the first option, the connection point of the
EBRcan move relatively to the soil finite element. If the connectiaiygid, the
relative movement is not allowed. Thmmgedconnection allows relative rotation,
but no relative displacementé/hen usinggrout bodybehaviour, the connection
type is automatically set foee
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The information required for motimg of rock bolts by meas of EBRincludes
theproperties of theock bolt itself, the interaction with the surrounding rock and
the outof-plane spacing.

3.2.1 Beam properties

The material properties for embedded beams are defined by Young's mdulus
and the unit weight of the matal.

The geometrical properties required for embedded beams include:

1 Beam type (predefined/ user defined)

1 Predefined b&m type (Massive circular beam/Circular tuiNMassive square
beam)

91 Diameter (for Massive circular beam and Circular tube)

1 Width (for Massve square beam)

1 Thickness (for Circular tube)

3.2.2 Interaction properties

A special interface element is used to model the interaction between the pile/rock
bolt and the surrounding soil/rock. The interface behaviour is described by an
elastoplastic model. Bhbearing capacity consists 8kin resistancéTmay and

Base resistancéFmay, Which are both input parameters. The interface remains
elastic, when the shear force does not exceed the skin resigtdrc&(ay). The

elastic behaviour accounts for thsplacement differences between the pile/rock
bolt and surrounding soil/rock. For plastic behaviour, when the shear force reaches
the skin resistancdt{ = Tmay, permanent slip may occur.

Since it is a planstrain analysis, the values fskin resisanceare automatically
divided by the oubf-plane spacing.

Due to lateral displacements, the beam can undergo transverse forces as well. The
Lateral skin resistangewhich is also an input parameter, limits the transverse
forces.

The skin resistance

The axial skin resistance and the lateral skin resistance can be defihegtas
Multi-linear, or Layer dependeffainctions.

91 Linearis mostly applicable in homogeneous soil layers. The pile bearing
capacity is then given by:
P

0 O EO Y r o h Y R o§ )
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whereFmaxis the base resistandgjethe pile lengthTskinstart,mathe skin resistance
at the pile top, antskin.ena,mathe skin resitance at the pile bottom.

Rock bolts do not have an end bearing, so the beaapgcity is defined as
follows:

U ~U Y o h Y i ok ¢
C
whereLrock boitiS the length of the rock boTskin,startmathe skin resistance at the
first point of the line, andskin,end,mathe skin resistance at the second point of the
line.

1 The Multi-linear option takes into account different propertasmultiple
soil layers, resulting in different resistances.

1 When using thé.ayer dependerdption, the local skin resistance is given as
a function of the strength propertiésdtion anglel andcohesiorc) and the
interface factoy Rinter, Of the surrounding soil/rock.

ODEY 0Ok X

wherelJ is the local shear stregssistance of the interface,andc; are the friction
angle and the cohesion of the interfacgj andcsoiare the friction angle and the
cohesion of the soil/roclRinter is the strength reduction factor related to the soill
layer andp” is the normaktress. In this case the bearing capacity depends on the
stress state in the soil/rock.

The skin resistanc@skin, is defined as:
"Y C“ 'Y .I. l.IJ

To avoid undesired high values for the skin resistance, a maximum resiktance
can be defined, which acts as a-cfftvalue.

This option is available only for th&xial skin resistance

Interface stiffness factor

The interface &ffness factorsshould account for the difference in the
displacements between the pile (or rock bolt, or ground anchors) and thecdoll
surrounding the pile.

The interface stiffnesses are defined as follows:

0
v oY EU 0
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Ry = stiffness lateral direction

Rs = stiffnessaxid direction

Kr = stiffness bae

Ts:max = maximum force axial direction
K foot Footmax= maximum base resistance

I Fbot;max

Ts;max

Kn

FigurelQ: Soil structure interaction f&BR(Brinkgreve et al., 2018b)

wherelSFrsis the axial skin stiffness factd§Frnis the lateral skin stiffness factor
andISFKkr is the pile base stiffness factor.

The default values ointerface sffness factors are related to the -ofiplane
spacing ad pile diameter, according to:

5
oy
OYO ¢& o) PG
0 38
O™
OYO ¢® o) po
ovo ool i
cvu o) pPT

The default valuegsre derived as part of aster thesis study (Sluis, 201y
bored pilesstatically loaded in axial directiofhevalidation has een performed
by fitting with the load-diplacement curves dhe Dutch annex of Eurocode for
bored piles (for axial loading) and 3D calculations (for lateral loadBigce the
derived formulas are not based on physical principles, the default valubg can
overruled.
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4 Numerical Model

For the validation of embedded beam rawsimplified tunneling problemas
modelled in PLAXIS 2D andPhasé. Tunnel geometry and material properties
were taken from Schadlich (SchadlicR013). For the calculation, plain sira
conditions are assumethe calculations were performed ustgoded trangular
elements in both codes, sin&hasé only provides 3 or éoded triangular
elements.The sensibility of the numerical model to the element type and mesh
coarsness wasibsguentlystudied in PLAXIS2D.

4.1 Model geometry

The same tunnel geometry is used in PLAXIS &tsé. The finite element
model ha a height and a width of 100hecircular tunnelJocated at the center
of the modelhas a diameter of 9.4rfhe supportorsists offive anchors of
length anda tunnel lining of 20cm thicknes3.he boundary at thé@ottom of the
model is fixedin all directiors, vertical modelboundaries are fixed in horizontal
direction and the topboundary of the modeis free in all diretions. The
groundwater table is lated at the bottom of the model afrdined conditions are
assumed. Figurgl shows the model as implemented in PLAXIS &tsé.

100m

9.4m

100m
100m

100m

Figure11: Model geometry in PLAXIS (left) anBhasé (right)
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4.2 Material parameters

The rock masgropertiesare summarized in Table The anchor parameteise
listed in Table 2The selfweight of anchors iseglectecand the yield strength is
considered as the maximum capacity of the anchioshould be noted thahe
materialparametergor the anchorsnay differdependingon the anchiotype A
detailed outline of the input parameteexjuiredfor modelling of the different
anchors in PLAXIS anéhasé is provided in Appendix C

Tablel: Material parameters for the rock mass

Unit weight 2 25 kN/m?
Young’'s modulus E 850 MPa
Poisson’s ratio 3 0.2
Initial stress ratio K, 0.4
Cohesion c 300 kPa
Friction angle L E 28°
Dilatancy angle Y 0
Table2: Materialparameters for the anchors
Diameter /] 0.032
Unit weight ) 0
Young’'s modulus E 210 GPa
Length L 6.0m
Tensile capacity 230 kN
Spacing 1.0m

The tunnel lining consists of linear elastic plate elements. The Young’s modulus
for the shotcrete directly after excavation is assuasftlGPaand for thecured
shotcretel5 GPa.

4.2.1 Parameterfor Fully Bondedbolts

Fully bonded anchor eiments can fail only in tensidgithe tensile capacity of the
bolt material is exceede8ince skin failure is not possible, thkin resistancef
the EBRIis set to d’llgh value -Q_skin,start,max: Tskin,end,max= 500 MN/n). The base
resistancas set tazerofor all calculations in PLAXISD.

Theinterface stiffness factora PLAXIS are left to their default values

The othemgeometrical and materigtoperties required amsgiven in Table 2In
2D plare strain analysis, th@utof-plane spacingis also required. The FE
programs will divide internally the stiffness of the anchor by dheof-plane
spacingto calculate the stiffness per meter width.
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4.2.2 Parameter&r Swellexbolts

Swellex bolts can failn tension, as well as in shehthe ultimate skin friction is
exceeded. For thEBRin PLAXIS, theultimate skin frictionhas beemefined by

a constant distribution of skin fl’iCtiOﬁTskin,start,max: Tskin,endmax= 5 kN/r‘r) In
Phasé, thebond strengtlof the Swellexboltsis set to5 kN/m Thisunrealistically

low valuehas beerhosen in order to trigger skinction failure for the given rock
properties Usually, pultout test are performed to define the input value for this
parameterSince the limiting skin friction is an input parameter, it should be noted
that the external bearing capacity cannot lerd@ned fronthis calculation.

For the shear stiffness, the default values ofritexface stiffness factoere used
in PLAXIS, whereas irPhasé the bond shear stiffneds set to100 MN/m/m as
suggestedrom Rocsciencebased on lab and field tests done worldwide.

The otherinput parameters are calculated according to the parameters given in
Table 2.

4.2 .3 Parameters formiebackbolts

Tiebackbolts consist of a free anchor length and a grout bblg.free lengtiof
tiebacks in both models defined am and the grouted padm The material
propeties are as given in Table Bhe free length of tiebackshich represents
the connection between the tunnel linargd the grout bodys modeled by means
of nodeto-node anchorin PLAXIS 2D. As the name implies, the anchor is
connected only through the ends to tileerelements and ibetween there is no
interaction withthe surounding ground. The grouted part of tiebacks is rflede
by means oémbedded beam elemeRor the behaviour dEBRthe optiongrout
body is selected. The endpoint @bdeto-node anchor is then automatically
connected to thEBR and not to the surroding rock (connection typkeee). The
interaction with the surrounding rock is provided by the interface elements of the
EBR

In practice, the bond length is usually pressure groiteshsurea rigid contact
between the grouted body and the surroundingreck. In PLAXIS the skin
resistanceof theembedded beam row setto a high valu¢500 kN/m in order to
avoidrelative movement along the bond lendthPhasé the same value is used
for thebond strength

For the shear stiffness of the groutedt pdirthe anchor, the default values of the
interface stiffness factorre used in PLAXIS, and tH®nd shear stiffness set
to 100 MN/m/min Phasé.
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4.2 .4 Parameters foPlain Strand @Gblebolts

The Plain Strand Cablemodel implemented ifPhasé is based onhe model
proposedby Hyett (Hyett et al., 1995)n contrast to the othdwolt modelsin
Phasé, the boltgrout interface i€onsidered more preciselaking into account
the grout stiffness as well as the strength and stiffnesssohtarface.

Due tothe fact that thé&lain Strand Cablés based on a rather complex mqdtel
is necessarto examinethe differences betwed?LAXIS andPhasé, in order to
form a judgement about the possibility of modelling cable bolts by medfBRf

In Phasé, the sheaistress generated at the caldledefined by the amount of
relative slipat the cablafrout interfaceand the stiffness of thinterface.The only
failure mechanismat present is tensile failure of the cable. Failurettof
cablegrout may also occubutis not considered as a failure mechanism, because
as the rock moves, th interface isassumedo be in a plastic staté&ailure of
grout/rock interface is not considered at present.

PLAXIS on the other handlefines the behaviour &BRby the amount afelative
displacements at the interface and the interface stiffness. In thidleaselative

slip at the interface cannot be taken into account. The relative displacements are
refered to the difference in the displacements betweehdh and the suounding

rock. When reaching the ultimate skin resistance (interface elements are modelled
as elastoplastic material), permanent slip ogéadscating failure.

Phasé considers the progressive failure mechanism of the cable boltsixide
force at thecable isdetermined according to the stress decremenngluhe
debonding process. ThEBR cannottake this effect into account, since the
interface stiffness is only related to the shear modulus of the surrounding rock.

Furthermorethe grout annulus cmot be modded whenusing EBR since the
geometry is defined by a single diamefEne influence of the grouting material

can therefore not be captured approglyatFrom Hyett (Hyett et al., 1995) it is
known that the grout effects the load transfechamism of cable bolts, not only
through the stiffness properties (low w:c ratio increases the cable bolt capacity),
but also through the effect of dilatameglumetric straingafter cracking of the

grout occurs, the individual grout wedges can be rad@ibplaced along the
fractures, increasing the pressure at the borehole wall, which in turn generates an
additional pressure at the cable/bolt interface, resulting in higher bond strength)

Therefore it is questionable whether tleenbedded beam rofeatue is abk to
show a good performance when modellpigin strand cablébolts Despite the
differences in the model formulation, an attemvpsmade to model cable bolts as
implemented irPhasé usingEBR
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Since the formulation cEBRin PLAXIS does not &w modelling of the grout
annulus,first the influence of the grout on the anchor force distribution was
evaluated irPhasé. Phasé accounts for the grout qualitiirough thew:c ratio,
which is an input parameter. It is well known that stiffer groais increase the
cable bolt capacity. This statement was verified by varyingwtheatio of cable
bolts in Phasé and analyzing the effect on anchor forces. The calculation was
performed according to the calculation phases described in the followingichapt
(chapter 4.3) and using Mflasticity for the rock mass. The geometfycable
bolts inPhasé is defined by the borelfle diameteand the cable diameter. The
standard cable bolt was selectedmodelling Thecable diameteis 15.2mmand

the boreholaliameter is assumed equal3®mm The other input parameters are
as given in Table 2. The results (Figa® confirm that the grout qualitgffects

the cable bolt behaviour.

- 0,02
- 0,018
4 0016
- 0,014
- 0,012
- 0,01

- 0,008

Axial Force [MN]

- 0,006

- 0,004

- 0,002

Distance [m]
Cable Bolt w:c=0.20 -4 Cable Bolt w:c=0.30 ——Cable Bolt w:c=0.35
—a--Cable Bolt w:c =0.40 ——Cable Bolt w:c=0.50 - Cable Bolt w:c=0.60

Figure 12: Axial force on anchor 1 in Phase2 for varying w:c ratios

As expected, stiffer grouts yield higher anchor forces. Howdaemlapplications
in tunneling, w:c ratios between 0.3 and 0.4 are suggested and the influence in this
range is minimal, so it can be neglected for this $jpeaioblem.

The properties oEBRin PLAXIS 2D includethe stiffness properties of the cable
ard the interaction properties with the rock.
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Stiffness properties ofEBR for Cable Bolts

For the stiffnes®f EBR two input parameters should be specified: Yloeing's
Modulus, E,and the cross sectiogeometry. The stiffness afable bols is
dominatedby the axial stiffness of the cali\, since after cracking of the grout
body, it will no longer contribute to the axial stiffness of the cable bolt. On the
other hand, the geometry is dominated by the grout body, so when specifying the
geometrythe dianeter of the grout bodshould be selectedlow, in order to get

the actual stiffness of the calii#\, a fictious value oE wasdetermined, so that

the product of the fictiouk with the cross section area of the grout body, is equal
to the stiffnes€A of the cable.The cable diameter 55.2nmand theborehole
diameer was assumed 88mm leading to dictious E of 34 GPa

Interaction properties of EBR for Cable Bolts

The interaction properties with the rock involve #kén frictionand theinterface
stiffness factors

Skin friction

The skinfriction can be defined amear, multi-linear or layer dependentFor
homogeneous soil layers, linear skiniction function can be assumed.
Neverthelessthe layer dependent optiavas alscconsidered for tis calculation

since itrelates the skin resistance to the strengtipgrties ad the stress level in

the surrounding rockTo investigate tie influence of theskin resistancen the
behaviour oEBR the calculation was performed with high and low vafoe the
constant skin resistanc@as well as witHayer dependent skin resistancehe
interface stiffness factoere left to their default valueslohr-Coulomb plasticity

is assumed for the material behaviour of the rock. The other material parameters
aregiven in Table 2. The calculation was performed according to the calculation
phases as listed in chapter 4A3. it can be seen from Figule , the resultgor
linear and layer dependent skin resisteareeidenticaivhen the interface strength

is set torigid.
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Figure13: Axial force in anchor 1 for different definitions of skin resistance

The only parameter that influences the behavioulEBR when using layer
dependent skin resistance is the strength reduction f&er To study this
influence,Rinter has been varied from 0 toahd the results for thearimum force
in anchor lareshown in Figurel 4.
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e Plaxis layer dependent skin resistance

Figure14: Maximum force in anchor 1 for layer dependent skin resistance
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To simulate the interaction anchor/rock, the strength redufaor Rineer can be
assumedbetween 0.7 and 0.8he influence oRinterin this range is minimathus
linear skin resistancevasselected fothefurther calculationsSince failure of the
interface is notonsideredh failure mechanism iRhasé, theskin resistancéor
EBR|n PLAXIS was setto a h|gh VaIU§séin,start,max_- Tskin,end,maF 500 kN/n‘D

Interface stiffness

The defalit values forthe interface stiffness factof@SF) have been derived as
part of a master thesis (Sluis, 20 Bhdare not based gphysicalprinciples but
onfitting the loaddisplacement curve from pile testéth the deformation curve
from the Dutch anex of EC. Thereforethe ISF can be overruletb manipulate
the relative displacements between EBR and surrounding grotihd
determination of reasonablalues for theinterface stiffness factordSF) is
essentialn order to obtain eealistic represntation of the behaviour of cable bolts
sincethey control the relative displacements betweenEBd&R and the rock and
consequently the shear stress generated at the lcaPleasé, the amount of shear
stress generated at the cable is controlled bghikar stiffnessf the cable/grout
interface Therefore, for modelling of cable bolts in PLAXIS, the assumption was
made that thenterface stiffnessf the embedded beam elemesit®uld be equal
to theshear stiffnesi Phasé. Theshear stiffnesim Phase is defined as the slope
of the curve in the shear stress vs. shear displacegregolh for the bolt and in
general itis nonlinear. As a resultthe shear stiffnessvill change depending on
the shear stresB this case ariable shear stiffnegs the interfaceshearstiffness

is internally calculated and is a function of the grout quality, the surrounding rock
properties and thstress level. It also considers if the grout is cracking as well as
if the fractures are open, closed, or partially opdterAatively, aconstant shear
stiffnesscan bedefined as an input paramet@onsequentlythe shear stiffness
will not depend on the shear stre®$ course, the calculation withariable shear
stiffnes reflects the real behaviour of cable battere @curatly, but in this case
no correlation to the interface stiffn@ssPLAXIS is possibleTherefore, the basic
idea for themodelling was to perform the calculation Bhasé using variable
shear stiffnes in order to get the relatively realiséxial force distributionand
then determine theonstant shear stiffnegs fit the former. The value of the
constant shear stiffness afterwardsused in PLAXIS to define thenterface
stiffness factor$or the EBRaccording to equati@(9) and (10). The callated
ISF are the input paraaers forEBR The assumption is subsequently verified
with parametric studiedo evaluatethe influence of the factors that fatt the
interfaceshear stiffness
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4.3 Calculation phases

In order to simulate the tunnel constiian process according to the New Austrian
Tunnel Method NATM), the construction process is dividedarnwo stagesin

the first stage, the top heading is excavated, followed by the installation of the
tunnel lining and anchors. In the second stabe,invert is excavated and
subsequently the tunnel lining is install@d. simulate the construction proceass
PLAXIS, the3- method is usedrigure15 and Figure 16 illustrathe calculation
phases performed in PLAXIS aRthasé, respectivelyFive calculdion phases are
performed in both codes

Phase 1 Phase 2 Phase 3

Phase 4 Phase 5

Figurel5: Calculation phases in PLAXIS

§

AT,

Phase 1 Phase 2 Phase 3
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Phase 4 Phase 5

Figure16: Calculation phases iRhasé

1.Initial phase

The intial stress field is generatedingthe Ko procedure with theKo - value of
0.4

2.Pre-relaxation of top heading

The value of deconfinemenrf-{alue) for the top heading is assumed as The.

initial stress acting around the tunnel is divided in two parts. 70% of the load acts
on the unsupported tunnel, while the other part (30%) should be carried by the
support in the next calculation phase.

3.Excavation of top heading

The top heading is dactivated and the supparbnsisting of theunnel lining
( Ay o wmd@ufchorss activated

4 Pre-relaxation ofinvert (t op heading | ining Aol df)

For the invert, Rralue is assumed as 0.65. 35% of theesstesacts on the
unsupported invert, while 65% should be carried by the support in the last
calculation phaseMoreover, the material properties of the tunnel lining are
modifiedi top heading liningss et t o Aol df.

5.Excavation of the invert

In the last calculation phase, thevert is deactivated and additionally the invert
l ining (Ayoungfd) is activated.






























































































































