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ABSTRACT

NUMERICAL MODELLING OF REINFORCED CONCRETE PRESSURE
TUNNELS USING THE OV ERLAPPING LATTICE ME THOD

| K, &dkberk
Master of Sciengeearthquake Studies
SupervisorProf.Dr.Kaj an Tuncay
Co-SupervisorProf. DrYal én Ar éceé

September 20198 pages

Pressure tunnels transmit water from the reservoir to the turbines of hydroelectric
power plants. The computational studies conducted to understand the behavior and
shed light on the design guides mfessure tunnelsiere scarcely validated with
experimental data as experimental work on pressure tunnels is very limited. Recent
experimental studies on reinforced concrete pressure tunnels carrietheMialdle

East Technical University (METU), for the first timeloal computational models to

be validated with experimental data. Instead of the conventional approach of using
finite elements with smeared and discrete crack models, in this study, an Overlapping
Lattice Model (OLM)wasused to simulate the nonlinear beioa of the reinforced
concrete tunnel as well as the surrounding rock body. First, parameters used in the
OLM werecalibrated using the fracture energy, the tensile strength and the elasticity
modulus of concrete. A normalization riasdeveloped to maksure that energy
dissipation isindependentof lattice lengthscale Then, the quasstatic tunnel
experiments performed at METWere simulated and internal presstitgnel
expansion curves as well as crack patterns obtained in the numerical stackes
compared with the experimental observations. OLM predictions are shown to be in

agreement with the experimental dafalibrated model was then applied to study



dynamic crack initiation and propagation in pressure tunnaldine with the
experimentabbservations and numericaiferencesin-situ stress conditions in the
surrounding rock body play an important role on the behavior of the tunnel lining.
Low confining stress or lack of sufficient contact between tunnel lining and
surrounding rock body agossible causes of the cracks observed in pressure tunnels.
As a future research opportunity, OLM developed in the context of this research can

beusedto evaluate the seismic behavior of tunnels.

Keywords: Pressure Tunnel, Reinforced Concrete, Sintat Lattice Model,

Fracture Mechanics
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CHAPTER 1

INTRODUCTION

1.1.General

Pressure tunnels, which are key components of hydroelectric energy systems, are
subjected to high internal pressure due to hydraulic head difference between tunnel
interior and exterior. Unlike conméional tunnels constructed as parts of
transportation systems, internal pressure on the walls of the tunnel is the primary load
for the tunnel lining. Internal pressure increases suddenly during filling and leads to
tensile stresses on tunnel lining irethoop direction. Properties of roftemations
surrounding pressure tunnels anesitu stresses ar@mong thekey factorsin the

design of tunnel liningln this study,laboratory scale pressutennel experiments

were computationallgtudied to ehanceour understanding of quasiatic pressure
tunnel behavior. The validated simulation tool was then used to get insight into the

dynamic behavior of pressure tunnels.
1.2.Organization of Thesis

This thesis is divided intdive chapters. First chapter is presghtis an overview and

includes the motivation of the study.

Second chapter provides a brief introduction of literature including previously studied
pressure tunnels aral brief background on computational modelling of nonlinear

behavior of reinforced conete members.

The details of the simulation tool Overlapping Lattiveodel (OLM) and the
theoretical and numericdlackground of the modeare explainedn Chapter 3.

Validation studies are also presented in this chapter.



In Chapter 4, the brief information about pressure tunnel experiments conatibed
Structural Laboratory othe Middle East Technical Universitare given. After
providing numerical setup of the OLM simulations, gtstatic results are compared
with the experimerdl data. Then, validated OLM is used to evaluate the dynamic

behavior of the tunnel.

Chapter 5summarizeghe numericafindings for the pressure tunreend provides

recommendations for future work.
1.3. Objectives

This studyaims to applyhe OLM to predict the nonlinear behavior of reinforced and
fiber-reinforced concrete tunnel lining® thefirst time in the literatureThe emphasis
is on the prediction of theature of dynamic crack initiation and propagatidhe

major objectives of the sty are listed as follows:

1 Calibrate the OLM parameters for concrete and fieerforced concrete
Validate theOLM for crack initiation and mpagation with experimental data
Investigate the influence dfie surrounding roclpropertiesand insitu stress
on the quasstatic and dynamic behavior of reinforced concrete and synthetic
fiber-reinforced concrete lining performance

The development of such a numerical model, calibratigidl experimental results,
which was obtained recently at METUs the main owtome of thisstudy Based on

the findings of this studyjesignand production stages of the pressure tunnel can be
evaluated in deptht is hopedthatthe researcheffort spent in this thesiwill lead to

novel design guides to assist practicing engmeer



CHAPTER 2

LITERATURE REVIEW

2.1.Pressure Tunnels

Damsare generally constructed to meet more than one purpose. These purposes may
be irrigation, watesupply, flood control, foodupply (fishing) andenergy
production With the development of hydropower projectsctmvertthe energy of
falling water to eleticity, energy tunnels (or pressure tunnels) that are constructed to
transmit water in reservoirs through turbines have become one of the most important
concers in such power plants. In general, requirements of these tunnetpiiéee
simple: to convey @ater safely though to energy turbines without excessive water loss
and residual material®) transmit internal pressure to the surrounding rock benaty,

to remainoperatonal for the life of the project without major maintenance cdsts
Turkey, energytunnels completed in recent years include Arkun (13655 m), Kandil
(9513 m), Tefen (3200 m), Topcam (7460 m), Dim (4221 m) and Akkay (12430 m)
energy tunnels. A large number of energy tunnels are also under constasctbn

today Internal pressure in ése tunnels are in the range of @3 MPa.

USBR Design fandard (2014) classifies the range of unlined pressure tunnels
maximum velocities from 1.1 m/s to 2.7 m/s depending on whether paved ianeerts
built or not, and classifies concrdieed pressure tunnels withusual flow velocity

of about 3.0 m/s and a maximum velgoif 6.1 m/s Although in every structural
design maximum flow velociy is limited, smoottwaterflow doesnot causedamage

in the tunnel lining if agood qualityof concrete surface is availablSudden changes

in tunnel cross sectiothat may catse velocity jumpsand pressure drops, result in
formation of vapors bubbldésavitation) anaéxtensive erosioaf rock or lining layers.

Cavitation may also occur when rapid flowing water is in cont&btrough surfaces.



In short,design flow velocity selection depends on hydraulic head loss calculations

due to friction and erosion of tunnel lining.

Unlike dry tunnels, the basic structural design consideration in these tunnels is the
internal pressurappliedto the interiorwalls of the tunnel. This pressure increases
with the filling of the tunnel and leads tension in the tunnel liningAs the internal
pressure may be as highza8 MPa, thetensilestress exceeds thensile strengtiof
concreteresulting in cracks This may causehost material fallout, infiltration,
exfiltration of water and ean cavitationTherefore, performance criteria are required

for the internal pressure tunnels.

In the tunnel design, it is generally assumed that theglicarriesat least 30% of the
internal pressure log@&inha, 1989)In order to makehis assumption, it is necessary

to have sufficient tunnel liningock contactPressure tunnels are surrounded by rock
formations and irsitu stresses are key fact@Becting the lining behavioin-situ

stress conditions are generally assumed from overburden rock layers, since it is very
difficult to obtain reliable measurements from deep boreholes-siturdata using
hydraulic fracturing tests, jacking tests, etc. For this reason, dependihg quality

of rock mass, a reinforced linirgan be preferred to provide crack control and limit
water outflow from the tunnefs described ifPalmstrom and Stille2015) the most
preferable rock masses are fair and good quality crystalline, unweathered rocks such
as granite, gneiss, basalt amaartzie. Although ocks are divided intéthree major
classes according to their formatitimere are different approaches to classlifimate
strength.In the Geological Strength Index (GSI) charts basetlogeikd s descri pti ve
cataloguegHoek et al., 1998)classificationdepends on observations and visual
impressions of the rock mas3his grading procedure requiregualified and
experienced geologistslowever, it is not precise and it is used as an initial estimate
for the classification of rocks. In addition, rock qualdgn be investigated with
modulus of deformation values, which is the ratio of strefisetcorresponding strain
including elastic ad inelastic parts. It can be computesing the Rock Quality

DesignatiormethodRQD) by the degree of fracture in a rock m@gSeonandMetrritt,



1969)or theRock Mass Rating (RMR(Bieniawski, 1978onsidering six different
parameters which are uniaxial compressive strength, RQD, spacing discontinuities,
condition of discontinuities, orientation of discontinuities and gdewater condition.

The sum of assigned vas of these six parameters gik®R value which ranges
between 0 and 100.

Tunnel materialsthat are recommended according to thagnitudeof internal
pressure argiven inTablel. Depending on the selection of tunnel lining material,
pressure tunnels can be designed as impermeablepsemeable and permeable.
Material used for the tunnel lining depends on tkellef water pressure. Reinforced
concrete linings are recommended for presdevels up to 0.7GMPa (Table 1)
excluding the dynamic amplification factor. Reinforced concrete tunnel linings are
considered as serpermeable. If the radius/thickness ratio is taken to-5€aitypical
value), with the dgamic amplification factor, this leads to tensile stresst#wiorder

of 2-3 MPa in theunnel lining. When horsshoe shaped tunnel geometry is chosen,
due to the stress concentration at the bottom corners, this value is expected to be
exceededurther. Even for a circular tunnel geometry, this level of tensile stress is
sufficient to cause cracking in concrete which is then infiltrated by vpatentially

further increasing crack widths.

Table 1. Support systems according to internal press@iafia, 198P

Support System Water Pressure

Rock bolts, Shotcrete | up to 0.30 MPa

Concrete lining 0.30-0.70 MPa
Steel sets 0.70- 1.50 MPa
Steel lining More than 1.50 MPa

As seen irTablel, it is suggestethat impermeable linings (steel oriented) should be
selectedf internal pressure higher than 1.5 MPa.Turkey, due to the economic
reasons andonstraints orconstruction time, most tunnels in energy systems have
been constructed using shotcrete (whresaid shotcrete is acceptable as a support
having a thickness greater than 75 mm, is not the one used as a proteiivg) and



reinforced / nofreinforced concrete. Unlined pressure tunnels were even preferred.
Although, for instance in Norway, theege more than 80 safebperatingunlined,

high head pressure shafts and tunnelgch designswithout adequate geo
investigations and rock stress measurements may result in catastrophic consequences
(Palmstrom, 1987) Different design solutions should be uska this type of
applications like headrace tunnels to stabilize the pressure level until a certain point

or pipelinesto deal with high pressure in shdistances Figurel).

Regardless of thieinnel typeselection, irmmany cases, first filling, emptying and later

refilling procedures should be done slowdyavoid permanertamages in the tunnel.

RESERVOR  §
HEADRACE TUNNEL

POWER STATION
ACCESS TUNNEL

TALRACETUNNEL

RESERVOR

POWER STATION
ACCESS TUNNEL

TALRACE TUNNEL

RESERVOR
[ HEADRACE TUNNEL
LR IGLE

PPELINE TUNNEL
/ POWER STATION

Figure 1. Different design solutions for pressure tunnels and sfi@ébnstrom, 198y

Since underground tunnel shapes are influenced by their intended usage, hydraulic
decisions and construction methods, circulmd modified horseshoe shape
geometries are the common ones. Circular tunnels are the most suitable to withstand
internal and external forces since they do not have any stoesentration at the

bottom corners and have better stress transfer to theisding rockoody.In Turkey,



pressure tunnels are mostly horsesslogpedue to theact that the flat floor gives
enough working space in diilg and blashg applications. A comparative study
evaluatingthe effects of different tunnel geometries on bledavior byNg, Wang,

and Boonyarak (2016 revealedthat a tunnel with reverse horseshoe geometry
experiences approximdye20% more vertical elongatiohan a tunnel with regular
circular geometry. With a larger vertical expansion, more bending strains at the flat

invert of the horseshoe shaped tunnééelopas expected.

The seismic risk of underground structures increases closer to active fault zones with
the increase in ground accelerations. Design loads of underground structures are
calculated in estimating deformations and strains imposed on the structure by the
surronding ground depending on seismicity level. Therefore, the main variable
affecting design is the free field movement of the ground and its interaction with the
structure. This approach is admissible for relatively low energy motions and the
structures congucted in relatively stiff medium@ashash et al., 2001n the study

of Dowding and Rozen (1978)ocktunnel respores to earthquake motions were
compared with selected ground motions (ground accelerations and peak ground
velocities, PGAs and PGVs) for 71 cases to determine damage levels. It is concluded
that moderate to heavy damages will occur in tunnels only if@#sRare larger than

0.5 g (gravitational acceleration). USBR (20134, it is reported that for PGA values
lower than 0.19 g, there were no observable damage in the existing tunnels located in
the stiff rock bodies. It isurther indicated byaramillo (2017jhat tunnels in rock are

able to withstand moderate earthquake events.
2.1.1.Early Computational Studies

Thestresdistribution due to a point load @two or three dimensional meonwas
given by the well-known formulae ofBoussinesq (1877)It was based on the
assumption of a lineaelastic, homogeneousijsotropic material behavior
Boussi nesqg6s s ointathepreliminawystsdies to estingiieeasttessd
distributionin tunnel lining design biot (1935)and Westergaard (1938)n the



proposed tunnanalysis the radial displacement of the tunmels determined under

internal pressurena the required sugpt was calculated.

In the 1980sa number ofstudieswere conductedassumingpermeable or semi
permeable tunnel lininggSdlesis, 1986; Fernandez, 1994; Schleiss, 1997)
He n d r moterdia failure modes of pressure tunnels have been presented as
excessive leakage, excessive poater pressures in rock mass, collapse of openings
and mechanicalfailure of linings (as citedin Fernandez, 1994 Considering the
potential failure modes, excessive flowt of the liningappear to be a majoeason

for the stability and strength loss of the tunnel. The water amount flowing out of
cracked conete changes the material behavior of concrete liritngn the gaps in
millimeters that are neglected in practieee effective in the propagation and
distribution of cracks. Therefore, one of the most important parasnetere design

of semipermeablepressure tunnels ighe crack width. Hydraulic and mechanical
interaction between lining and rock boundaries have to be taken into account to
accurately calculate the outflow ratéast majority of past failuresobserved in
pressure tunnelgere due to wadr flow through lining and loss of rock integrity.
Brekke and Ripley (1993)reported that 59% of pressure tunnels failed due to
excessive water loss whereas 22% of them failed due to the loss of rock integrity
caused possibly because of excessive water loss. Hence, width and distribution of
cracks are particularly important paraters in the design of concrete tunnel linings.
Olumide et al. (2012presented aeepage flow analysiandfound that the leaked

out water could be in accepted range in practice even though with higher internal water
pressure if the crack widtlasekept below a certa level. However, theris no design

guide to determine the crack width limit for these energy tunnels. In today's existing
regulations, the crack width limit ieported to be around 0.3 mmS-500 (2000)
structure design regulation in force in Turkey gives the service crack width for humid
conditions in the order of0.2 - 0.3 mm, whileASTM C-76-15 (2009)(Standard

Specification for Reinforced Concrete Culvert, Storm Drain, and Sewer Pipe) gives



the crack limit for pressurized reinforced concrete pipes as 0.25smae cracks

widths around.25mm allow small silt and sand particles into the tunnel.

Until 2000s,therewere very few studies otunnel behavior and collapse risks due to
developing cracks. They were based on estimations of the water pressure level in
surrounding rock body and the crack widths evaluated with simple analytical models.
However, in these studiethe objective was noto determine how and whihe
concrete lining is cracked.hey focused otthe risk of piecs fallinginto the tunnel

from cracks(egChung et al., 2001 In the studies on the calcutat of the stresses in
thetunnellining with finite element models, it is not possible to accurately predict the
location or width ofcrackssincethe concrete lining isnodelledas a shell element
(Olumide and Marence, 2012 Common deficiencies in these studies are that the

numerical resultsverenot validated withexperimental results.

Even in properly designed and constructed pressure tunnels, due to shrinkage of
concrete and cold joiatcaused binterruptiors of the casting process, there might be

a gap between the lining and roo&dy. Therefore, surrounding rock body does not
provide adequatesupport to the bearing of the internal pressure. SuditlaTy
applicationslead water to seep out fronpreformedggps On the other hand,
filling/emptying the tunnel slowly allows pressure equalization and this limits the
deformation of lining and rock body. Apart from this reagonprevent the tunnel
form permanent damages, filling rate is determined dependingosioermotential,
cavitation risk, safe air escape velocity limits and pressure drops. Maximum filling
rate is recommended as 15% of the design flow rate if air valves ardUSB®,
2014) In short,hydro-mechanical coupling of stress redistributiemsvatering and
dewatering stages of the tunaeld seepage calculations becateéermining facta

in tunnel ultimate strengtf©lumide, 2013)

As mentioneckarlier, there are very few studies in the literature that investigate the
structural behavior of pressitunnel linings with overburdestressrom rock body

(in-situ stress)Tuncay et al. (201&tatal that magnitude of expansion of the tunnel



lining that causes concrete cracks does not only depend on thickness and stiffness of
the lining, but also depends on strength and stiffness of the surrounded roatkdiorm

In order to estimate the effects of geological strength indexes (GSI) of rock formation,
overburden heights and lateral to axial stress ratigsqiK performance of the horse

shoe shaped concrete tunnel lining, twelve nonlinear finite elieamalysishave been
conducted in the first stage of the study. Based on these simulations, dynamic fracture
propagationwas estimated via peridynamic analysis and finally equationwas

derived showing significant increase in crack width and number as theeowint

effects of the rock bodgecrease

2.2.Concrete Fracture Mechanics

In Egyptian and later Roman eras, first cementitious material was produced with
combination of lime mortars and natural pozzolans to overconveghlenessf stone

and brick materialgn tension Over the yearsthese concrete ingredients were
improved upon, combined with other materials and chemical admixtares,
ultimately morphed intahe modern portland cement concretdter the use of steel
reinforcement to overcome thensilestrength deficiency, concrete has become the
second most used material in the wadidtlowing water. About 10 billion tons of
concretas produced everyear.n t oday 6 s hasmaldytypesvaryingior et e
composition, fabrication and site applicaisoNormal strength concret®mpressive

and tensilestrengtls may range from 20 to 60 MPa and 1.5 to 4.5 MPspectively.

Considering its composite mixturepncrete isa typical example of a random
heterogeneous material consisting of fine and coaggeegates which have a wide
range of size from a few millimeters t@-80 millimetersin diameter. This random
heterogeneoushature as aconsequence of complex microstructure leads to
complicated mechanical behavior. This behavior was first attemptedntrdduced
with linear constitutive modelsGriffith (1921) developed the fundamentadnceps

of linear fracture mechanics. It isated that fracture occurs when a reduction in
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potential energy due to crack propagation becomes greater than the increase in surface
energy due to new surfacaswvin (1958) further associated fracture theory with the

release rate of strain energy and bomned it with Weibull s
approach. Fracture parameters were introduced in the mid 1960's in the models of
Wells (1961 ¥or metals and were altered for a comparative model for concrdtnly

andShah (1985)Starting from the 1960s, a large number of studies have been carried

out to shed light on this nonlinear behavior investigating development and propagation

of cracks with multilinear soft@ming material models.

Since the classical linear elastic fracture approach was insufficient to predict
progressive failures, cohesive crack models vimtated in the works obugdale
(1960)andBarenblatt (1959valuating stress distributiomrass cracks in polymer
metaland ceramictypes of material. In the models, it is assumed that the material
behaves in a linealastic manner until thiensilestress reachets strength and crack
initiates afterwardsWith the inspirationof these softening modelBacture energy
conceptwas introducedurther for concrete byHillerborg et al. (1976)lt is defined
with the Gr denotation as the area under the complete softening-disggacement
curve. G was further linked to the areader the initial tangent of the diagraoy
finding Gca 2 +.fr@&mGhe test resul{Guinea, PlanagndElices, 1992)During the
crack propagationhts formulation was consistent withe cohesive crack models

with fixed sdtening lavs.

Fracture process zona region of damage around crack {ipPZ) wasproposed to
overcome crack tip shielding mechanism due to heterogeneous aggregate resistance
and to overcome crack propagation accelerating mechanism due to void formation
(BazantandOh, 1983)Length of fracture process zowhich is generally considered

as a material property wagaluatedover three maitehaviors1- Negligible size of

FPZ in which the behavior approaches to linear elastic fracture mechanics, 2
Significant size of FPZ in which the behavior reaches to ultimate strength or yielding
point, 3Intermediate size of FPih which the behavior is in transitional between

strength and linear elastic fractu&ize effect law is incorporated withtermediate
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size of FPZ which is determined by the size of thbomogeneityin the
microstructure, such as the maximum grain gizeock or the maximum aggregate
size in concreteRaoand Prasa@001) reported that the size of FPZ increases with
coarse aggregate size up tom®, and thereafter it starts to decrease. Cement ratio is
also anotheconcretemix property which effects the FPZ size, thus it effects the crack

branching.

2.2.1.Finite ElementBased Models

With the development dhefinite element method for findingumericalsolutionsto
boundary value problemsliscrete crack models antd/o types of smeared crack
models ame to the forefronto predict crack formationrotating crackmodels
(Collins and Vecchio, 1986; Rots, 198&nd fixed cracking model@Villam et al.,

1987) As the names imply, while the orientati of the crack can change in the
rotating crack models, in the fixed crack models it remains constant throughout
processThe main disadvantage of finite elemdéaisednethodsvhich aredeveloped

based on the continuity principle is that the crack cabhaatpresented in the model

in a realistic manner by operating with average strains over a measurement length
instead of the actual crack openin@s. the other handh discrete crack mode{sdlgo

and Scordelis, 1967)crack growth is implemented by nodal split (when the nodal
force exceed a tensile strength limit, the node split into two nodes and procedure is
repeated in every step$imilar fracture models were developed by using contact
elements and spys betweemniscrete finiteelementqIngraffeaand Saouma, 1985;
Kwak andFilippou, 1990; RotandBlaauwendraad, 1989Despite the advantages of

the modeling of creks through discrete elemenésthe location of the cracks is not
predetermined, the numerical mdss tobe repeatedly reproduced in the simulation
processThe need fodifferent structural models in the fracture zone and in the regions

where the comuity continuesis anothedisadvantagef thediscrete crack models.
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In the following years a method to determine material fracture parameters,
independent of the size effects and remeshing procedures, was deyBgedand
Planas, 1997)This approach was used to reduce mesh dependmrynonly
observedin computational studies. However, the formula in the method was not
smooth and did rtanclude the statistical part for crack initiation. In the more recent
studieqFantilli et al., 2014; Trivedi et al., 2013hreepointbendng tests are used to
validate numerical methods of the size independent fracture eneigyatains.
Although it was shown that bilinear softening models based on sidependent
fracture energy yieldonsistent finite elements resulgjsting continuum based finite
element modeling via smeared and discrete crack methods have limitations
captuing the local nature of cracking Qlumide, 2013 Zhou et al., 2016
Alternatively, the extended finite element meth(XFEM) ha beendeveloped by
Belytschko et al. (2000§o capture crackropagationwithout remeshing and post
processing by adding enrichment functionghedisplacemetibased fomulations.
The main advantage of this local mdste method was that nodes can be easily
manipulated around vicinity of the crack tip, adding and removing nodes dffexit

crack propagation.

2.2.2.Lattice Based Models

Before thedevelopment of finite elenm¢-based approaches, numerous researchers
endeavored to clarifihe behavior of heterogeneous materiagsng analog models

The easiest way could be thought as characterizing a structateusg systendgating

back as early as 198With theintroducton ofthetruss analogy originally proposed

by Ritter (1899) Mérsch (1909)ntroducedthe famous truss case analogy foear
tranger in reinforced concrete beamalagner (1929eveloped a similar approach

to explain the behavior of thin metal beams when they had a higher shear load than
the first buckling loadsweibull (1939)have sudiedthe ruptureprobability in solids

with different mathematical expressiot$rennikoff (1941 used a truss model to
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solve elastic problems. Aforementioned approaches have been developed for the
approximate engineering solution in the years when numevimd on a mechanics
continued with a focus ahe finite element method ad orthe continuity principle.

Due to this continuity limtation of such models, the use of lattitesed modelwas

also continued for simplified nonlineaanalysis In particular, a new truss system
named as strut and tie model (STNBghlaich et al., 19§7found wide application in
thedesign of deep beams, corbels @ild caps(Figure2). Furdamental objective of

the modelwas to distribute the load on elements by utilizihng compression and
tension stress fields together. Stress trajectoniese defined either as B fields
(Bernoulli or beam) where stressare easily derived from sectional foroe® fields
(discontinuity or disturbance) where distributions of strains are nonlinear and required
capacity calculations. Modeling method has been encourfagedore widespread

use guidelines being included imodern concrete specifications suctEasocode 2

and ACI 318 Conceptual design of an elent or quantitative checks of structural

systens can becarried ouin a rather easy way using STM.

a) Deep beam STM b) Corbel STM c) Pile cap STM
Figure 2. Strut and tie modelsSchlaich et al., 1987
First theoretical studies whickhare a common approach ttte modelirg of the
structure and force flow using a truss systeawe showed that lattice type modate

quite successful for the simulatiai concrete behavioiThis success rcouraged

researchers tlurtherinvestigate latticdbased models to simulate concretefurein
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detail For instance, itderrmann (1988)crack growth was simulated by performing

a linear elastic analysis and removing (or pdstimoving) an element from mesh

that exceed threshold tensile strength value. Random heterogeneous nature & concret
was implemented to models in beam strength and stiffAdesee dimensional lattice
model was used to sufate mechanical behavior odncrete by connecting aggregates
centers inCusatis et al.2003) Lattice elenents were also used to moaeiment,
aggregates and interfacial transition zones separattiydifierent material constants

(Van Mier, 2012. These multiscalenumerical results @re ingood agreement with

theexperimeral data.

Concrete fracture in previousiyentioned studiesisedlattice or mesh elements
considering small springs or beams. Similathe peridynamictheory (PD),which
wasdeveloped bysilling (2000 based ormparticle interactioshas been used to solve
many complex engineering problems in recent years. In thelbaset PD, each point
connects with adjacent points within a specific distance by a pairwise force function,
and damage is incorporated in this pairwise force function by allowing the bonds to
break when the elongation exceeds timesholdvalue. This specific distance that
brings nonlocality to the system was caltedh o r i z t enabledithe.particles to
interact with many particles and capture cracks in arbitrary orientatiditisin this
horizon, particles continual to carry load evenfeer failure (softening). Particle
interaction (lond strengthwas integrated to the model asn@nlinear function of
extension.For brittle materials thatlo notexhibit tension softeningafter a bond
breaks, points at the ends of the bond are disconnected from each other. For materials
that exhibit tension softening, the bond force is a nonlinear functithre efongaton.

The bond forces are continuously updasetl the resulting load redistributios

cal cul at ed t hr ooasgoh mohba which andlddbeecgneeguential
anisotropy in material behavidn Gerstleet al, (2005) PD was employed for plain

and reinforced concrete elemer@sth rectangular and hexagonal node patterns with

different horizon selections were successfully applied tedingensional plain strain
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problems Figure3). It was reported that models with hexagonal node patterns might

have rapid convergence and improved material isotropy.
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Figure 3. Node patterns and horizon levelsdrstle et al., 2005

Major shortcoming of the original borzthsed PD was the limitation of the
representation of poissonod6és ratio (v) which
problems in this formulation. Later Billing et al. (2007)this issue was addressed by

introducing rotational degrees of freedom into a bbasged PD and the state based

PD theory was introduced. PD models were compared with both experimental and

other numerical studies in many applications and it has been validated with
experimental data, especially for dynamic crack formation predi¢Genstle et al.,

2009; Madenci and Oterkus, 2014; Mitchell, 2011)

2.3.Fiber-Reinforced Concrete

Fibers havdong been usedo suppress the weakness of construction materials in
tensionin composite material$listorically, raturally available engineering materials
including glass, plastic, ceramic and asbestos were used as fibers to reinforce bricks
and masonry mortar. Becausf health hazards related with asbestos fibers which
werewidely used in constructions until 1970s, alternate fiber tygueh asteel and

synthetic fibers have been developed. The effect of these fibers on ultimate behavior
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were studied by many resehecs(Shah and Naaman, 197 ®yamy, 1975)Although
moment capacities were not increased significantly, early stutiesafer and
Doherty ,197%showed that using steel fibers in beams improved the flexural behavior
by decreasing the crack width and crack spacing. SimilarACinCommittee 544it
wasreported that randomly distributed steel fibers incretegensile toughness and
ductility of concrete. Use of steel fibeeinforced concrete in tunnel lining segment is

a commonmethodto minimizethe cracking for underground rail and road tunnels,
since the durability of a tunnel is highly dependemtoncretepermeability(Sorelli

and Toutlemonde, 2005Pue to the lack of guidelines and manuais this area
studies(Bakhshi and Nasri, 2016}ohnson et al., 201%yere mostly focused on
providing design recommendations for bothdarction and construction stagés.
Nitschke et al. (2017)it is demonstrated that anro synthetic fibereinforced
concrete offers same long term behavior and durability for tunnel linings but better

corrosion resistance in aggressive exposure conditions.

As a summaryalthough finite element and lattice based models wsse to predict
nonlinear behavior of reinforced and fibeinforced concrete beams or columns up
until today, veryfew studies exista evaluate concretpressue tunnek in the
literature.For the first timeanew computational approach named as the overlapping
lattice model used to simulate craakitiation and propagatiorcompare with

experimentafesults
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CHAPTER 3

OVERLAPPING LATTICE MODELLING

3.1.Theory

Overlapping Lattice Mode(OLM) is a numerical tool developeih the Civil
Engineering Department of tididdle East Technical Universityalidation studies

of the OLM were reported irAy d € n . @A 2dnputa)ional platformyritten in
Fortran programming language, followirggmple rules for the forceleformation
response of bonds between nodes developedrlhe collective dynamics of damage
and complex bond connectivityadates the OLM respons@s in thebondbased
peridynamicsapproach each material point (node) is assumed to interact with all
nodes within a certain distance. This distance is called horizon. If a uniform lattice is
used, then horizon is chosen to bepgamional to the shortest distance between the
nodes, i.e.) @ Q where d represents uniform distances between nodes.
Choosing a= 1.5 gives the simplest lattice with 8 bonds for each node whereas
choosing & 3.01 yields 28 bonds with many nonlogateractiongFigure4). OLM

is not a micrescale approach that accounts for the distributiorthefconcrete

constituents.
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cross sectional area (BAs takerto be same for tension and compression of concrete.

It is calculated by utilizing the strain energy density approach as presefted thé n

(2017) To calculatehe energy in the original geometry Enesgya, a deformation

field is created by giving an arkatry deformation field r

Z A~ oA sA

1) to every bond. (It was stated that results would be more or less the same if the same

procedure applied for other direction) Enexgya is expressed as

%

X !

%l AOCU c

where the geometrical propertiesandA are thewidth andthe area respectivelyv

p O

is the misson ratioandE is theactualmodulus of elasticity.

Summation oenergies oéll lattice element forcegivesthe total elastic energy stored

in the domainWhile EA was taken asfbr the unit deformation fieldgnergy stored

in a single truss member is expressed as

%l AOCU
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where element forcas represented with N and length ofist represented with..
Accordingly, EA is obtained as the ratio dfie total energy calculated analytically

[3.1] to the total energy stored in the analog lattice model.

%l AOCU

Tl AOCU [3-3]

OLM is calibrated forthe homogenized properties of concrete and it conveniently
allows one to solve for the autonomous creation and propagation of cracks.aB®nds
assumed to behave like truss elements, i.e., direction of force was along the direction
connecting the nodes. As stopractical problems fadein concrete mechanics
involves tension and shear failures, bondse assumed to be linearly elastic in
compression and assumed to soften in tension. In this way, the number of parameters
are kept to a minimum while providing alapal match of the foredeformation

response along with the crack propagation pattern for most practical problems.

Nonlinear tension softening pas assumed to be in the form of a stepwise linear
softening function as shown Figure5. This shapes chosen only for convenience

and other alternatives could be utilized as well. Concrete behavior in compligssion
assumed to be linearly elastic as none of the investigated problems failed due to
concrete crushing. Thepat material properties needfor the overlapping lattice
simulationsare themodulus of elasticity (§ tensile strength {) and the fracture
energy (G) areusually obtained from material tests depending on five constitutive
model parameters whicare multipliers of tensile strengthi(and b) and critical

strain (a, @ and &). Elementsconnecting both steel and concrete nodes (i.e. bonding
materials) havéo carry at least 70 % of tensile strength of the concrete to stop pullout

steel from con@te Figure6).
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Figure 6. Idealized constitutive models for steel and bond elenjagtin et al., 2018

In Aydin et al. (2018), the calibration procedure for these material coefficients were
provided in depth. Fracture energy was defined as energy dissipated per unit fracture
area. When bond lengths were small, it was assumed that there is a single crack in
each bond. Then, the area under fate#lection diagrams were forced to be same
regardless of bond length. This required a normalization of-&traén diagrams so

that areaunder the forcaleflection diagram was constant for all bonds regardless of
their lengths. In this case, a different lattice element having the same material
properties but whose length was longer thamas addressed. The length of the lattice
element i) was considered to be sufficiently small, it was assumed that there is a

single crack in each lattice element. The critical strain for all elements wereataken

Loir. However, as the crack opened, fbece carried by the crack was reduced, thus
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reducing the deformation value of the region in the elastically acting region. In this
case, the values a, &, aswere calculated by Eq. 3.4 for the length of a lattice of h.

LW MMQ o Q
() ) 0
& ) MMQ o Q [3.4]
) 9
. 0 Q
() 9
For instancejff t he OLM hori zon iIs selected as

element lengths (d, 1.41d, 2d, 2.24d, 2.83d, Bd Figure 7, samplestressunit
deformation curves are given fof, @&, a, b1, b valueswhich were 3, 40, 240, 0.6

and 0.2 respectively. Wherd 0.005 m, d = 0.025 mcE 35 GPa,LOJcr = 1.10e04,

w = 0.2 mvalues are used, the crack energy@&ue is calculated as 142 N/m. Element
lines shown in th&igure7 are obtainedor their lengths in such a way #sdecrease

the area under them as their length increases. However, their total fracture energy
contributions do not change as this area is multiplied by the total length of the element.
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Figure 7. Stress vs strain curves obtained by fracture energy normalization rule for lattice elements
with six different length

In previous versions of the OLM, the forealisplacement behavior of the system

modeled for the problems was investigated using the SIS®quentially Linear
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Analysis solution algorithm proposed Bpts (2001¥or mainly quasistatic effects.

SLA is an easyto-program approach that requires elastic analysis without any
repetitions. Itprovides a solution to thenapback behaviahat may occur in force
displacement curge The results of the analysiscluded ups and downs due to the
successive elastianalysis and the monotonic behavior was considered to be the
envelope of the loadisplacement curvé Ay d € n.,Howewerlfof large systems

with large horizon values, too matipear analyzeare required for convergence

In this studythe OLM is used for the solution of nonlinear dynamic prob|emxglicit
integration method is preferred insteadhs implicit integration methodo this end
Explicit integration makes it necessary to use relatively small time steps for a stable
solution, but allows the modeling of nonlinear crack formation and propagation
without any convergence problenThe weltknown differential equation (equation

of motion) used in dynamic analysis can be written as follows:

Do6o 8606 U606 QO [3.5]

where M, C and K are the mass matrix, damping matrix and stiffness matrix
respectively. u defines the displacement vector and f is the external dynamic force
vector. For damping matrix, mass and stiffness proportional Rayleigh approach is
preferred. (C+M + b K) . For explicit intGggation,

and Leg(1994)is preferred. The algorithm consists of the following steps:

1. Calculate diagonal M matrix and nonlinear internal force vectdr i

0 Q vobd 06
2. Calculate the initial values @, 6o, 0 (00, 60), '@ andoo
0 Q 066

3. Select the integration parametervalue p | ¢ Jc x and appropriate

time stepY0, then calculate the following specified parameters
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4. Calculate the following values for each step

0 6 106 160
5. Go to the next time value, n = n + 1 argpeat first four stepuntil the

simulation is complete.

This methods efficient particularly for nodinear dynamic analyses with the proper

selectionotheb v al ue.

Although explicit integration is a better choice for nonlinear dynamic problenss, it i
not suitable for simulations of experiments performed under displacement controlled
and/or slow loading speeds. Tackle this problem, PID control loop mechanism
which takes its name from first letters of Proportional (P), Integral (1) and Derivative
(D) was added tenhance the capability of explicit solution of the OLM. This control
algorithm was previously applied to dynamic analysis of a concrete frame system and

validated with experimental result§éocamaz, 2018)

Continuous modulated control type enables to contrgjdnerating a signal to the
output according to the error difference. A PID controller compares signal of measured
process variable (PV) with signal of desisatpoint (SP). The difference between
them is recorded as error. According to this error, the PID controller makes an impact
by trying to minimize the error and sends it to the output. In tlag, wrrors are
determined with continuous feedback from output to input until the error is minimized,
and the error is reduced by sending tbetoller effect to the outpuAssuming that

the desired change of the control parameter is determine(t)aand the value from

the model output is expressed at)) the difference between them gives the error at
time t, e(t) = u(t) 1 up (t). The time variation of the external load F is controlled by

an integraldifferential equation as follows
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KcA)+/i\ + AAO+ X6 [3.6]
where K, Ki and Ky are the proportional, integral and derivate parameters
respectively. ik parameter produces proportional control and monitors output. The K
parameter controls the accumulation of errors and increases the amourttcof sta
accuracy at the risk of error in the dynamic respongéndteases dynamic behavior
andforcesa return according to the rate of change of the error. This equation is solved
in the OLM simulation at the same time in each step taken in time and tiedHiy
updated. When behavior changes from linear to-lmmar, the timedependent
derivative of F starts to take negative valaasl this ensures that the softening

behavior is correctly modeled.

OLM analysis enginwvith the PID control watestedard validated with experimental
results before being applied to tunnel simulatigxifiough results are very close to
experiments, the solution time of OLM is greatly increased if a large number of nodes
and elements are usededrilts obtainedfom simply reinforced concrete beam tests

arepresented in section 3.2.

An approximate method which is similar to teequentially linear analysi(SLA)
solution algorithm was developed to decrease computational time in-Sja@si
simulations. In this method, while load is increased in each stepy element
exceeding the threshold tensile strength was softened according to the material model.
Same pocedure is repeated in each stémlike SLA, method was not focused on a
single element. Method is appropriate for force control systems and has no
convergence problem. This provides an important advantage over the PID method. As
the load increment de@ases, accuracy of the solution increa¥edidation study and

comparative results are givensaction3.2.
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3.2.Validation of OLM for a Simply Supported Reinforced Concrete Beam

Walraven(1978)performed a foupoint flexural test of a reinforced con@dieam

which had a height of 150 mm and a length of 2300 mm with 2010 + 128 tension
reinforcement and 25 mbottomclear cover. The modulus of elasticitydnd tensile
strength § valuesfor concretewere taken as 25 GPa and 2.5 MPa, respectively. The
modulus of elasticity Eand yield stressyfwere taken as 210 GPa and 440 MPa,
respectivelyfor steel. External force was applied 600 mm away from both ends of the
beam and the deflection was measured at the middle point of the beam. Geometry of

the beamd shown inFigure8.

Fi2 F/2

!

20410 + 1038

25 125

275 ' 375 ' 1000 ! 375 8 275

Figure 8. Four-point beam bending experimgk¥alraven, 1978

Reinforced concrete beam was simulated with 2405 nodes, 30124 elements, a grid size
of d = 12.5 mm wi t h-sdtenihd dhsedforceidizptacementti ) .
models was employed to this study as multipliers of strajre{and &), and critical

force (b and b) were taken as 3.1, 30, 200, 0.6, 0.2 respectively. These values
correspond approximately to a fracture energy=G8 N/m. Elements between steel

and concrete nodes were assumed to have a strengthcodi@ddhow an elastoplastic
behavior as suggested Byydin et al.(2018). First, the parameters of tH&D solution
algorithmintegrated to the OLM modelverecalibratedas K, = 6 x 10°, Ki = 3 x 10’

and Kyg= 1.35 x10* for minimum error and oscillation. Thethe aforementioned
approximate methodvas used asnaalternative solution algorithm. In order to
minimize the computational error, after the evaluation of different load increments
shown inFigure 9, lowest load increment that provides reasonable computational
time, 0.1 kN per step was usethe comparison ofthe measured and computed
deflectiorsas a function of the applied load is giverrigure10showing an ezellent
match.While analysis with PID solution algorithm lasts almost a day, analysis with
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approximate methothkesat most an houwith the same personal computer. This

shows thesuperiorperformance of approximate method with a reasonable accuracy.
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Figure 9. OLM computed forceleflection diagrams for different load increments
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Figure 10. Experimental and OLM computed fordeflection diagrams
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Figure1l andFigure 12 illustrate bothOLM PID and OLM approximateredicted
damage patterns. More validations of OLM for plain concrete and reinforced concrete

structural elements were documentedydin et al.(2018)

0.16 T T T T T T T T T T 0.0010
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Figure 11. Damage pattern for 2.5 mm mid span deflection (OLM PID). Color contours shows
normal strain
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Figure 12. Damage pattern for 2.5 mm mid span deflection (OLM Apprate). Color contours
show normal strgn

3.3.Validation of OLM for a Steel Fiber-Reinforced Concrete Beam

To increase the ductility of concrete exhibiting brittle behavior under tension, one of
the preferred methodsto use steel and synthetic fibers. It is frequently used in tunnel
linings, shotcrete and retrofit applications. In this study, sisppportecbeam test
results were used to evalusite performance of steel ficeginforced pressure tunnel
linings, toobtain the most suitable fiber concrete mixture ratios for linings design and
to calibrate OLM parameters. The experiments were performe8ebgun et al.
(2016) in the Middle East Technical University Materials Laboratory. In the
experimental studypur-pointbending tests were performed with the samples of 150
mm x 150 mm x 600 mnF{gure13). Theconcrete pressure strength valuesd in

the experiments were reported in the range eA30MPa. The modulus of elasticity

of the fiberreinforced concrete was measured as 37 GPa. Two differggihs of 30

mm (0.55 mm thickness) and 60 mm7® mm thickness) fibers were used in the
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experiments. Fogpoint bending tests were performed by taking thdser flosages
at 30, 60 and 90 Km®. At the end of the experiments, the energy vatatsulated
for the 25 mnbeam deflection are given irable2.

p

l
-

150 mm
A A
— > > ————> —> >
75mm 150mm 150 mm 150 mm 75 mm 150 mm

Figure 13. Four-point bending test experiment&@é¢ngun et al., 2016

The bending tests were modeled using the OLM analysis engine with 12.5 mm mesh,

637 nodes, 7820 el ements andoftaentagniiutied hor i zon
of the vertical force required for constant speed change of the vertical displacement of

the midpoint of the beam in the OLM analysis engine was found using the PID control

equation. Simulations were repeated at different speeds andeshésmwere

independent of speed. The vertical displacement velocity is taken as 0.001 m/s. The

PID parameters were calibrated gsK1(, Ki= 10’ and Ky = 10*. An example OLM

simulation results showing strain values of the elémethich was obtained i a 30

mm long fiber, 30 kg/ffiber dosage is given iRigurel4.

T T T 0.003

0.002

r 0.001

0.00 020 040 0.60

Figure 14. Four-point bending test results obtained with the OLM (30 mm fiber, 3GFkg/m
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OLM total forcedisplacement curvearecompared irFigure 15 with experimental
results for different lengthend dosages. The parameteedibrated with curvitting
method, usedn the OLM material model and f&valuescorresponding to these
parameters are given ifable2. OLM curves are very close to experimental curves
except for thenconsistency in experimental results using 60 mm long fivetts 30
kg/m? fiber dosagé60 kg/nt and 90 kg/mresults were almost the same).

= = «OLM 30mm fiber 30kg/m3
OLM 30mm fiber 60kg/m3
= == «OLM 30mm fiber 90kg/m3
OLM 60mm fiber 30kg/m3
= == - OLM 60mm fiber 60kg/m3
OLM 60mm fiber 90kg/m3
Experiment 30mm fiber 30kg/m3

o]
o

[
o

N
o

N
o

Experiment 30mm fiber 60kg/m3

Total Applied Force (kN)
w
o

Experiment 30mm fiber 90kg/m3

[Eny
o

Experiment 60mm fiber 30kg/m3

0! Experiment 60mm fiber 60kg/m3

00 02 04 06 08 10 12 14 16 18 20 Experiment 60mm fiber 90kg/m3
Midspan Deflection (mm)

Figure 15. Experimental vs OLM results for steel fib@inforced concrete beams

Table2. OLM parameters and fracture enéegfor steel fibefreinforced concrete

Gr

Energy with respect fracture
Fiber to 25mm midspan energy
Length Dosage deflection (N.m) G a =4 & b1 b2 (N/m)
30 mm | 30 kg/n? 116462 0.0001( 1 | 1500 | 5000 | 0.15 | 0.1 1260
30mm | 60 kg/n? 201911 0.0001( 1 | 2000 | 5000 [ 0.25 | 0.2 2535
30 mm | 90 kg/n? 274158 0.0001( 1 | 3000 | 5000 | 0.30 | 0.25| 3630
60 mm | 30 kg/n? 496032 0.0001( 1 | 2000 | 7000 | 0.13 | 0.5 6355
60 mm | 60 kg/n? 682444 0.0001( 1 | 5000 | 15000 | 0.35 | 0.3 10570
60 mm | 90 kg/m3 651541 0.0001| 1 | 5000 | 15000 | 0.37 | 0.27 | 9971
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3.4.Validation of OLM for a Synthetic Fiber-Reinforced Concrete Beam

Due to the corrosion problem that may be caused by the use of steel fibers in pressure
tunnels, macro synthetic fibensere used as the second option laboratory
experimentsldentical tests on simply supported beams with macro synthetic fiber
concreteperformed bySengun et al. (2016yere used for thealibration ofthe OLM
parametersThe concrete compressive strength ealused in the experiments were
reported in the range of 45 MPa. The modulus of elasticity of the fiber concrete
was measured to be 37 GPa. The modulus of elasticity offearta synthetic fiber

used in the experiments, which has 54 mm in length and 0.677 mm in diameter, is in

the range of 550750 MPa. Detailed synthetic fiber properties are giverainle3.

In OLM, samenodes and elementgere usedwith samel2.5 mm mesh and.01d

h o r i zasinsteglfibefreinforced simulationslhe vertical displacement velocity

is taken as @01 m/s same as steel fibers. The PID parameters were calibrated as
Kp =1, Ki= 10" and Ky = 10*. OLM total forcedisplacement curvearecompared

in Figure 16 with experimental results for dosagafssynthetic fiberslt shows that
simulation results ar fairly well agreements with the experimental dafae
parameters used in the OLM material model and the crack energy values

corresponding to these parameters are givaiabie4.

Table 3. Synthetic fiber properties

Tensile Strength 570660 MPa
Length 54 mm

Material Pure Copolymer
Melting Point 162-168 °C
Modulus of Elasticity 5.75 GPa
Quantity 220000 per kg
Surface Texture Deformed

Acid / Alkali Resistance Excellent
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10 Experiment synthetic fiber
5 6kg/m3
Experiment synthetic fiber
0 9kg/m3

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Midspan Deflection (mm)
Figure 16. Experimental and OLM results for synthetic fisemforced concrete

Table4. OLM parametes and the fracture eneigs for synthetic fibereinforced concrete

Energy with Gr
respect to 25mr| fracture
midspan energy
Dosage | deflection (N.m)| Gk a & a by b2 (N/m)
3 kg/n? 84402 0.0001 1 1000 5000 0.2 0.1 1184
6 kg/n? 121392 0.0001 1 1000 8000 0.2 0.1 1691
9 kg/n? 203878 0.0001 1 1000 12000 0.2 0.1 2367
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3.5.Validation of OLM with Transparent Boundary Conditions

As the goal of the study is to analyze dynamic tunnel behavior placed in an infinite
environment, new boundary conditions were required for proper absorption of the
travelling waves. Theseoundary conditions atenown asconductive /tansparent /
absorling boundary conditions in the literatute.the transparent boundary condition
approach, instead afsing the original governingquationat the boundaryantr
reflection onewaywaveequations arenplemented t@reventwavereflecion atthe
edges The objective is to minimize the contamination in the numerical solution due
to reflections The simplest ransparent boundary conditiof@r plane wavesare

implementedn the OLM. Transparent boundacpnditionis formulated in Eq. 3.ds

follows.
Shear Modulus O
C p v
Bulk Modulus o O
O p ¢ UL
[3.7]
P zWave Velocity | b T ; ©
w ”
Transparent Boundary re p 16
Condition T ® 1o

whereE, 0 and” are themodulus of elasticitypoisson rati@anddensityrespectively.

u defines the displacement vector

1D wave propagation in a uniform beam is used for the simulatiotrarefparent
boundary condition definition. Thgeometryusedto check whether energy is

disgpated properly in the boundaiy/stown inFigurel17.
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Figure 17. Transparent boundary condition test study setup

2121 nodes and 8120 elements were used imtduel. The thickness was selected as

1 m and mesh size (d) was selected as 5 cm. Using the modulus of elasticity of concrete
(E) as 25 GPa and Poisson ratio (v) as 0.33, shear modulus, bulk moduluwavel P
velocity were obtained as 9.4 MPa, 24.5 MPa 3928.6 m/s respectively. External
normal stress of magnitudel MPa load wasappliedas ashort duratiorpulseas

shown inFigurel8.
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Figure 18. Normal stress as a function of time applied on the test problem
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The displacements and velocita$ different points wertrackel. The pressure wave
travelled though the beam and radiated away at the transparent bouhdarggel
worked appropriately. Ifrigure 19, the displacementst the boundary are reported
showing no reflection condition.
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Figure 19. Displacement vs time at L=5m
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CHAPTER 4

PRESSURE TUNNEL EXPERIMENTS

4.1. Summary of the Laboratory Experiments

Physical experimeration is a preferred wayo gain insight and improve
understandingf complexbehavios, supply data sets for developing aralidating
numerical models and testing proposed desigssfield experimentation does not
seem to be feasibler pressure tunngllaboratory experiments seem to be the only
realisticchoice For this reason, a lakaiory-based scaled egpmental studyocusing

on the behavior of reinforced concrete tunnel liningss conducted at METU
Structural Engineering Laboratory Ka | a y ¢ € a jTheutesting2 @ragramme
consisted okevendifferent scenarios whictveresimulated with OLM In all of the
casedn this studyareverse horsshoe shaped lining was adopted from an existing
pressure tunnel iMurkey (Topcam Dam, Ordu) with a scale factor of (Ofie
thickness of the laboratory model was 0.20 m. The thickness of the reinforced concrete
lining was 16 cnon the laboratory coesponding to a 40 cm thick linat real size
The setup was builtorizontally on top of polytetrafluoroethylene and nylon sheets
floor. Inner radius of the test apparatus was 72I¢ma.surrounding rock media, which
was planned to simulate weak rock conditions, was built in a special setup. In order to
have an equivalent ¢k elastic modulus of approximately 8 GPa, two 5 cm thick
concrete layersvere designed to sandwidl® cm thickautoclavedaerated concrete
blocks. This composite rock substitute was built around the turiiredre were also
four screve connected to eachiated concrete block to work together to transfer loads
as a shear keytorthe low confinementasethis rock body outside the tunnel lining
is approximately 1 meter thick in perfect decaghiape shown ifrigure 28. The

reinforcementf theconcrete tunnel linings given inFigure20.
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Figure 20. Scaled reinforcement arrangemektd | aycédj | u, 2019

A novelloading system to simulate uniform water pressure to the inner walls of the
tunnel lining wasused in the program consistingtbe hydraulicloading pistong1)

and load transfer steel plat€y as shown ifrigure21. The system wadesigned to
have a load capacity of each 300 ikiNeach directionThis capacity was sufficient to
raise the internal pressure up to 1.30 MPa. Thin rubber sheetsmlthik, were
attached between these plates #mreinforced concrete lining to ensure uniform
loaddistribution,in order toprevent concentrated point loadirdyge to rough concrete
surface In order to observand measuréhe lining behaviorbetter the foce in the
pistons was ineased by 120 kN in each step during the experimebtstails of the

experiments were providediha | ay ¢2018)] | u

1760

Figure 21. Geometry of the loading system 1) loading pistons, 2) load transfer plates, 3) reinforced
concrete tunnel lining
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During concrete pouring stage of each experiments, cylindrical samples with a radius
of 150 mm and height of 300 mm were prepared from same mixture in order to obtain
compressive strength, split telesistrength and modulus of elasticity of concrete

( Kal aw 2089. PLM requires the direct tensile strength of concrete. Due to
challenges in the experimental determination of the direct tensile strength of concrete,
split tensile strength waexperimentally determinedirect tensilestrengthwas
calculatedusing the relationship between the compressive strength and direct tensile
strength(0.35/1BA Similarly, the split tensile stngth was also calculated (R&A

The direct tensile strengttsed in the simulations was calculateyl correcting the
estimate 0.3@/&Avith a correction facto(C) given by the ratio of the actual split

tensile strength with the estimate of split tensile strength as indicated in Table 5.

4.2.QuastStatic OLM Simulations of the Laboratory Experiments
4.2.1.First Experiment: No Confinement

This experiment was conducted to investigagmonlinear behavior of tunnel in case
of inadequate roclsupportoutside the tunnel, which is frequently encountered in
practice The overallgeometry of the experiment shown inFigure22. During the
experiment, whn the total applied force was around 100 kN (internal pressure 0.1
MPa), first cracks occurred in the lower right corobthe specimenwhen the total
applied fore was around 375 kN (internal pressure 0.4 MPa), the ceattemely
widenedandthereforethe test waserminated Vertical and horizontal expansions of
the tunnel liningwere reportedin K a | a y o2919] Ih uertical and horizontal
directions, the relative displacements in the same directions caiveittiethe sum of
absolute displacemenghowingthat the measuremenigere consistent with each
other The similarity of the movement of the tunnel left and right shows that the
experiment providgéa symmetical deformatiorstate. Due to the reverberseshoe
geometry, the tunnel linindeformed mainly downwards in the linear invert part

expected.
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Figure 22. The setup of the first experiment with no rock confinement

28

28

24

22

Figure 23. OLM elements used in the modeling of the first experiment

The experiment was simulatedth 5341 node20531 elementand a horian of1.5d
horizon( UThe experimentally measured modulus of elasticity (24.3 GPa) was used
for the concrete lining. The OLM parameters for the lining veere 6e-05, a =5,
a =80, &= 300, h=0.6, and b= 0.2. These valuesorrespond approximately &
Grvalue of45N/m (fracture energy). Tensile strength was taken as 1.45 MPa. In the
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model, the modulus of elasticity of rubber was assumed to be 1 GPa. A low critical
str ai n fovthelrubleer was dsen to allow rubber tseparatdrom the lining

in the numerical simulations. The modulus of elasticity and yield strength of the
reinforcement were 200 GPa and 420 MPa, respectiVélg.loading plates, local
stiffenerson theplates, the rubber sheetstlveen the plates and the interior of the
tunnel lining steel reinforcement and the tunnel lining are shown in the OLM model
given inFigure23. While velocity is kept constant &001 m/sn simulation with the

PID analysis method, maximum 20 kN force steps is used in simulations with

approximate method.

Figure 24 and Figure 25 show comparisons of the nunwai and experimental
horizontalvertical tumel expansion$or the PID analysis method and approximate
method, respectivel{.he numerical results are close to the experiment except perhaps
for the initial stiffnessFigure27 shows the computed damage distribution for four
different stages of loading. Predictions agree reasonably well with the experimentally

observed cracks shown fiigure26.
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Figure 24. Computed (PID Method) and measured tunnel expansions as a function of the applied
load (total force is multiplied by 0.00107 to obtain the internal pressure in MPa)
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Figure 25. Computed (Approximate Method) and measured tunnel expansions as a function of the
applied load
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Figure 26. Cracks observed in the first experimeiitd | aycéqgdj |l u, 2019
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Figure 27. Strain values when total applied force is 160 kN, 180 kN, 220 kN and 250 kN. Color
scaled adapted to values betwe8r®005 (blue) and 0.001 (red). (Approximate Method)
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4.2.2.Second Experimenttow Rock Confinement

In this experiment, the tunnel lining wasdantinuouscontact with the surrounding

rock body but in-situ confining stress was negligible. The overall geometry of the
experiment is shown iRigure28. During the experiment, the first crastasobserved

just outside the tunnel lining, when internal pressure value reache@4oMPa.
Confining stress vanished immediately after the crack reachealitbeleboundary.

When the loading corresponded to an internal pressure of about 0.50 MPa, the test
ended with an increase in the crack width and ringture of the right lower

reinforcement.

Figure 28. The setup of the second experiment with low rock confinement
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Figure 29. OLM elements used in the modeling of the second experiment

The experiment was simulatedth 28582 nodesl12986 elementand a horizon of
1.5dwith the model shown ifrigure29. Modulus of elasticity was adjusted to 23.3
GPa and 8.37 GPa according to experimentally measured values for reinforce
concrete and rock body respectively. The same OLM material parameters were used
for the reinforced concrete correspeno a Gr value of43 N/m (fracture energy).
OLM parameters for the rock body was= 5e-05, a= 10, @= 30, a= 40, b =0.6,

andbz = 0.2 corresponding to a low fracture ener@yN/m). Tensile strength was
taken as 1.40 MPa for reinforced concrete and 0.42 MP&éorock body. The
modulus of elasticity anthe yield strength of the reinforcement were takerthas
same withthe previous experimentThe experimentallyobserved10% difference
between applietbrces in twaorthogonaHirectionsby thepistons waalsoconsidered

in thenumerical modeling studies.

Until cracking started, the rock body provided stiffness to the tuimngg inthe OLM
model.With the initiation of cracking in the rock bodg there were no confining-in
situ stressin the medium surrounding the tunes lost suddenly causing a brittle
tunnel behavior. This was captured by the OLM as illustrated bgxperimental and

computed damage patterns showkigure31.
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Figure 30. Computed and measured tunnel expansions as a function of the applied load
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Figure 31. Observed and computed damage patterns for (a) 1 mm vertical expansion and (b) 8 mm
vertical expansion
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4.2.3.Third Experiment: Full Rock Confinement

In this experiment, the tunnel lining was in perfect contact with the surroundikg ro
body. The goal of the test was investigae the nonlinear behavior of tunnel lining
under insitu confining stresses. Confinement creates a compression field in the rock
body which eventually stops crack propagation in the rock boebjturstresses were
created usingposttensioned rock setup sha in Figure 32, (details reported by
Kal ay f2@19) Decagonack shape used in the second experiment was converted
into a rhombic shap® enable symmetrical petnsioning applicatiorin addition to

the first and second experiments, this setup incluaded {gnsioningendons (two
tendons in each axis with 125 kN tension) correspondingtal depth of 66100 m
(horizontal &ad vertical confining stresses reassumeequal, k=1). Tendons were
fixed to I-shaped HEA360 steel beams. Four reinforced contratsitian layers
(beamsyvere placed between | beams and the rock substitute to plesa@trushing

at the contact areashe thredayer composite material was used on the inside of this
concrete beam with screws (shear keyij esin the previous experime(figure32).

No damagewas observedn the rock substitutether tharthe local crushingof the

transitionRC beamsadjacent to the steel beams.

Figure 32 The setup of the third experiment with full rock confinement
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Figure 33. OLM elements used in the modeling of the third experiment

In the OLM simulations, six different materials (load transfer plates, concrete lining,
rubber between load transfer plates and lining, rock body, 20 cm thick reinforced
concrete layer between | beams and rock body, | beams) were Nus@tber of
elements ad nodes wer89638and 155349, respectively while the horizon was
selected as 1.5@he experimentally measured modulus of elastici8/§&Pa) was

used for the concrete lininghe parameters used in the OLM material model were
€r= 6.4e-05, a= 5, @ =80, &= 300, h = 0.6, and b= 0.2 for the lining and
er=5e05,a =10, 2= 30, &= 40, b = 0.6, and b= 0.2 for the rock layer. These
valuescorrespond approximately torG 70 N/m and G = 3 N/m, respectively.
Tensile strength was taken 247 MPa. Modulus of elasticity of the rubber sheets
was taken as 1 GRame aghe first two experimentf20st tensioningerformed in

the experiment was carried out in the first loading phase in the OLM analysis. The
load tansfer of eachendonwas carried out via 4 OLM nodes in order to eliminate
local stresses caused by the gessioning effect at a single point. In addition, the
tunnel lining was not allowed to take any load duringab&ttensioning stagé-igure

34).
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Therewas no damag® the rock materialsomputeddther tharthelocal crushiig of
adjacent RC beam elements as showrFigure 35. In the second phase, the
experimental setup was loaded with perfect contact between the lining and rock body.
As anticipated, pressure levelger 1 MPa was reached with no visible cracks showing
the importance of the contact conditiomhe computed andneasuredtunnel
expansions are compared for the vertical/horizontal directiorfSigare 36. The
numerical results are very close tthe observed values for vertical expansions
consideringhat experiment waalmostin thelinearly elastic rangeln contrast, local
stiffness changes are seerthe horizontal expansion curve that nimyrelated with

early cracks due to the uneven post tension applicaétvain values and damage

patterns for this test are shownHigure39 and Figure 38

Figure 34. Strains that occur after the post tensioning was completed. Color scaled adapted to values
between0.0001 (blue) and 0.0001 (red)
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Figure 35. OLM damage patterns after post tensioning
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Figure 36. Computed and measured tunnel expansions as a function of the applied load
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Figure 37. Strain values when total applied pressure was around 1 MPa

dEE

Figure 38. OLM damage patterns

4.2.4.Fourth Experiment: Partial Rock Confinement

In this experiment, a partial contact condition was obtained by creatioigibetween
the tunnel lining and the rock body in order to evalutie effects of local
imperfectiongFigure39). Due to local loss of confinement in the tunraslexpected,
damage was seen mainly at dtons where the antact was lost. During the
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experimentfirst cracks were observedhentheinternal pressure value reachd3
MPa. When the loading corresponded to anriméd pressure of about 0.59 MPapn
finding that thelining did not carry any more load anaith rapidly increasing

displacementghe experimenwasended

Figure 39. The setup of fourth experiment with partialsitu confining stresses

In OLM, six different materiawereusedas in thehird experiment with a gagreated
by removing elements betwedhe lining and the rock body Figure 40). The
parametersiaa, &, b, » and B used in the OLM material model and the calculated
Gr crack energyveresame as those used in thedaling of the third experimerost
tension loaq250 kN for each axle direction) was handled athird experimenand

the tunnel lining wakept free ofloading during the first phase.

In post tensioning part (first OLM loading phase), damage&vas showrother than
samelocal crushing. Internal pressure was applia the second loading phase.
Experimentally measured and computed tunnel expansions einvehtical and
horizontal directionsire ingood agreement as shownFigure41. The observed and

computed damage patterns previdedin Figure42.
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Figure 40. OLM elements used in the modeling of thetfoexperiment
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Figure 41. Computed ananeasured tunnel expansions as a function of the applied load

54



Figure 42. Experimental and computed damage for the experiment with partial contact between
tunnel lining and rock body under-Bitu confining stresses. Colocaded adapted to values between
0.00® (blue) and 0.002 (red)

4.2.5.Fifth Experiment: No Confinement with FiberReinforced Lining

This experiment is similar tinefirst experiment carrig out without the rock support.

The main difference between the texperiments is thaddition offibers and super
plasticizer to the concrete mixture. The second important difference is that the loading
plates are filled with concrete in order to increase the rigiditiie platesand lead to
betteruniform load transfe to the lining The stiffness differences in the platess

thus been removedhe specific gravity of the fibers used in the experiment was
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reported to be 910 kgfnThe tensile strength of synthetic fiberas reported a570
MPa. As expected, the vardl expansion of the tunnéhing initiated prior tothe
horizontaldeformationand increased faster than the horizontal expansion. The initial
cracks were seen in the stress concentration zones fatoenwas around 150 kN
(internal pressure 0.16 MPaj the right and left lower corners. Later, the cracks
occurred in all directions of the lining and the distribution was relath@iiyogeneous
(Figure45). Similar tofirst experimentit wasseen that thbeottom segmenforming

the lower part of the tunnel had a bekike behavior.

The experiment was simulatedth 5341 nodes20531 elementand 1.5d horizon as

in thefirst experiment. The experimentally measured modulus of elastiéit§ G3Pa)

was used for the concrete liningp OLM model| according to simple beanests,
material model parameters were determinedeas 5.1e-05, a = 1, @ = 1000,

as = 10000 and b= 0.2, b = 0.1 for 14 kg / ¥ macro synthetic fiber mixing ratio.
These valuesorrespond t@ fracture energyQr) value of527 N/m. Tensile strength

was taken a$.89 MPa. While loading plates, rubber sheets and steel reinforcements
were used in exactly the samfashion with previousexperiment local stiffness
changes othe loading pldes were removed from the model since these plates were
filled with concrete beforéhis experiment as shown kigure43.
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Figure 43. OLM elements used in the modeling of the fifth experiment
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Figure 44 shows a comparison of the numerical and experimental horizontal and
vertical tunnel expansion. Theesults of the simulations compare well lwithe
measured displacemen®hen the numerical and experimental results obtained for
this experiment are compared with the first experiment, it is understobébia
reinforced concretbelps to spreadracking along tehe lining Figure45andFigure

46). While maximum applied loads increased by around 15%, expansions are

increased by 40%.
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Figure 44. Computed and measured tunnel expansions as a function of the applied load
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Figure 45. Experimental damage patterK[a| aycédj l u, 2019

Figure 46. Damage patterns when total applied force is 160 kN, 180 kN, 220 kN and ZxfldN
scaleindicates strain of elements betwe8rD0G (blue) and 0.002 (red)
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4.2.6.Sixth Experiment:Partial Rock Confinement with FibeiReinforced Lining

Thesixth experiment, similar to the fourtivas conducted texamine the behavior of
reinforced concrete lining ipartial contact with rocknder high field stresses. Fiber
reinforced concretasagewas theonly difference fronthe fourthexperimentDuring

the preparation of the experiment, an inner mold was formed similar to the previous
ones.Therewasa rock laye outside of the liningwhich wasunder tension with the
posttensionng tendons. As in the fourth experimeatgapwas introducedetween

the upper side of thining and the rockNon-contact area wacreatedby placing
foams before concrete castiwhich wasremoved after casting the liningigure47).
Concretemix was the same as those used in the fifth experiment. During the
experiment, cracks ithe stress concentration zones started almost simultaneously.
The crackdb e g a n  twhenwhé itermal pressure was in the order of 0.3 MPa.
When the internal pressureached 0.65 MPa, crack widtinereasd extensivelyand

the experiment was termindte

Figure 47. The setup of sixth experiment with partialitu confining stresses

In OLM model,six different materialsvere usedimilar to those usenh the fourth
experiment. Similarly, a gapas placed between the fibeinforced lining and the

rock medium at the top of the tunnel. The main difference between the two
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experimentswas the use of the material model considering the fiber and
superplasticizer admixture added to the concrete mixture content. In this model, the
material parameters of the OLM modeltabed from the synthetic fibeeinforced

beam tests and used in fifth model watiized (elastity modulus E = 31.8GP3a

er = 5.5e-05, & = 1, @ = 1000, @ = 10000 and b= 0.2, b = 0.1). These values
correspod a fracture energyf Gr = 530 N/m. Tensile strength was taken ag3.

MPa.
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Figure 48. Computed and measured tunnel expansions as a function of the applied load

Figure 48 shows a comparison dghe numerical and experimental horizontal and
vertical length changes in the interior of the tunnel. It is seen that the results are quite
close to each other. Althougibérs do not change the tensile strength of concrete
considerablytheyprovide a more ductile behavior aftgacking. This leads to more
frequent but narrower craiclg. It can also be said that OLM results are similar to the
results of the fourth expergnt. When the numerical and experimental results
obtained for thisaseare compared with the fourth experiment, iséenthat fibes

spreadhe damagealongthe lining.
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Figure 49. Strains when total applied force is 200 kN, 300 kN, 350 kN and 450 kN. Color scaled
adapted to values betwedh0005 (blue) and 0.002 (red)

4.2.7.Seventh ExperimentPartial ContactFull Rock Confinement with Fiber
Reinforced Lining

The last experiment wasacied out to investigate the behavior of the reinforced
concretelining in partial contact with rock under high field stresses, similar to the
fourth and sixth experiments. The difference from the sixth experiment is that the
contact with the rock in botlpper parts of the tunnkhing is partially achieved since
additional concretavaspoured ashown inFigure50. Concretemixing ratioswere

the same as those used in fifth and sixthexperimens. During the experiment, the
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tunnel lining was loaded and unloaded to three different load levels (0.4 MPa, 1.05
MPa and0.9 MP3. Due tothe closure of the craclksbservedn thefirst unloading
cycle, only first loading cycle of the experiment was modeled with the OLM.

Figure 51. OLM elements used in the modeling of the seventh experiment
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OLM simulation model for the final experiment included, similathe fourth and

sixth experiments, @ifferent materials ashown inFigure51. The main difference of

this experiment from the sixth experiment was to provide increasednteckction

by adding concrete filling to a part of the cavity formed in the previous experiments.

This fill layer was added to the model and analyzes were perfoiffeedhis layer,

OLM material parameters were assume@as 5e-05, & = 10, & = 30, & = 40 and

b: = 06, b» = 02, similar to material parameters of rock body. The OLM material

parameters for the lining werdastcity modulus E = 31.8 GPa ande; = 5.5e-05,

ar=1, 2=1000, 3= 10000 and b= 0.2, b = 0.1 correspoding to afracture energy
(Gr) of 530N/m. Tensile strength was taken ag3MPa.
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Figure 52. Computed and measured tunnel expansions as a function of the applied load
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Figure 53. Experimental damage patterK[a | ayc éqdj | u, 2019

The horizontal and vertical tunnel expansions from the experiment are in good
agreement with the OLM computed expansiofgyre 52). Figure 54 shows the
damage distribution obtained from the simulation at fifferent valuesf total load.

When OLM results and experimental results are compared, it is seen that the damage
on the fibefreinforced concrete lining is concentrated in the parts where rock contact

is lost at the topRigure53 andFigure54).
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Figure 54. Strains when total applied force is 200 kN, 300 kN, 350 kN and 450 kN. Color scaled
adapted to values betwedh0005 (blue) and 0.002 (red)
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4.3.Dynamic OLM Simulations

In this part, behavior of pressure tunnels under dynamic loads is examined by using
the OLM model calibrated and validated with the experimental results. Since it is not
possible to carry out such experiments in the laboratory, numerical analysis seems to

be the only way to comprehend the dynamic behavior.

While approximate methoor PID cortrol method given in Section 3.1 were used to
solve quasstatic problems, explicit integration method is preferred to simulate
dynamic behavior due tie difficulty in solvingequilibrium equations by iteratien

due to themajor and sudden changes caudsdthe cracks in the system stiffness
matrix. When explicit integration is used, the damping matrix, which has little effect
on slow loading rates, becomes quite important in dynamic analysis. The damping
matrix is chosen as Rayleigh energy damping matis described in Section 3.1.

Damping was kept below 1% witmUv a | ue o fvaldeofD.000land b

In the previous sections, it walsown that all thexperimentatesults can be predicted
reasonablywvith the help ofthe developed constitutiveelations in OLM. Therefore,
the numerical results given in this sectweere obtained by usintpe identicamaterial
parametergith the moded used fothelaboratoryexperimentsThe OLM parameters
for the lining weree;r= 6e-05, a=5, =80, =300, h = 0.6, and b= 0.2, whereas
the OLM parameter®r the rock body wree;=5e05, a=10, =30, a=40, b=
0.6, and b= 0.2.

In order forthe transparent boundary conditions to work successfully, the boundary
must be locatedt a sufficientlyfar distancefrom the tunnel liningFor this reason,

after carrying out test simulationsangarent boundary conditions were pladedr

times the inner radius of the tunrfiedm the center of the tunnelunnel geometry
wastaken ashie same geometry usedtire experimental studie3.he internal radius

used in the experiment was 0.72 m, the boundary conditions were placed at a distance

of 288 m Figure56). In the dynamic analysis for circular tunnels, the inner radius
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was taken as 0.72 m and the boundary conditions were again placed at a distance of
2.88 m Figure74).

In dynamic analysis part, internal normal pressoaed wasapplied up to five different
value ranged from 0.2 MPa to 1.0 MPashswnin Figure55 with a very small time
stepat = 5x108,

1.20
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Pressure
< 080 ——0.8 MPa Internal
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o 060 0.6 MPa Internal
; Pressure
g 040 0.4 MPa Internal
o Pressure
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Pressure
0.00
0.00 0.01 0.02 0.03 0.04

Time (s)

Figure 55. Internal pressure values vs time

4.3.1.Results ofDifferent RockQualities

First, dynamic analyzes were performed tbe case where in situ stressesave
negligible. Modulus of elasticity (2.3 GPa) measured experimentally in tfiest
experiment was used ftiie concrete lining. Withthe aforementioned OLM material
parameters, concrete fracture energy) @r the lining were taken &b N/m. These

lining parameters werasedin all dynamic simulationsOn the other hand, three
different rock modulus of elasticity values (2 GPa, 4 GPa and 8 GPa) were used. In
the analyses,irsce there was no loading pleaad rubber sheat these experiments

the uniform internal pressurevas applied on the tunnel wall in the normal direction

corresponding to real field conditions.
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Figure 56. OLM elements and corresponding data points for thedsinoe shaped lining

First, the results the low stiffness rock (E = 2 GPa) are presented. The vertical and
horizontal expansions of the tunnel over tiare presented irFigure57 andFigure

58. The tunnel lining exhibits a nearly linear behavior up to an internal pressure of 0.2
MPa, and above this value the damage is progressively increasing, and after about 0.6
MPa the tunnel isubjected to major deformations due to the severe damage to both
the rock and the tunnel lining. Vertical and horizontal length changes are given in
Figure59depending on internal pressure. Dashed lines show that the tunnel continues
to deform when the internal pressure is greater than 0.4 MPa. That is, as observed in
the second experiment, rock cracks and the tunnel undergoes severe dadege
extreme internal pressure. The strain distributions which indicates the cracks
estimated by the OLM argiven inFigure60. In Figure61, all elementsexceeding

tensile strength are shown in red. It can be seen in both figures, when the internal
pressure is 0.2 MPa, although tensile strength is exceeded @fttard right bottom
corners of the tunnel, no observable cracks occur (crack widths below 0.2mm). When
the internal pressure reaches 0.6 MPa, a significant part of the tunnel exceeds the

tensile strength and many cracks begin to open.
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Figure 57. Vertical expansions over time (E = 2 GPa)
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Figure 58. Horizontal expansions over time (E = 2 GPa)
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Figure 59. Vertical and horizontal expansions according to internal pressure. The déshed
indicate that the tunnel continues to take damage (E = 2 GPa)

Figure 60. The strain distribution estimated by the OLM for the internal presgaitgesof 0.2 MPa,
0.4 MPa, 0.6 MPa, 0.8 MPa and 1.0 MPa (color scale: blu@.801, red = 0.003E = 2 GPa)
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Figure 61. Elements exceeding the tensile strength for internal pressure of 0.2 MPa, 0.4 MPa, 0.6
MPa, 0.8 MPa and 1.0 MPa shown in red (E = 2 GPa)

The results obtained with elasticity modulus 4 GPa and 8 GPa are givgure62
and Figure 65, respectively. Similar tohe previous results, it should be notdtht
dashed linesepresentontinuation othetunnel deformation, thus the distribution of
damage given for these internal pressure vatuest the final distribution of damage.
As the load increased far beyond the acceptable level, the final thstion of
damagds not of interestAs the rock modulus of elasticity increases, it is seen that
the number and the width of the cracks in the tunnel lining decfégaes 66. In
Figure 68, where all the results are compared, it is clearly observed that nonlinear
behavior starts at smaller internakpsure valueas the rock stiffness decreases. In
the second experiment, when the internal pressure reached about 0.45 MPa, the rock
surrounding the tunnel started to crack and the tunnel was severely damaged due to
the pressure applied exceeding thenel lining capacity and the experiment was
terminated. Takingock modulus of elasticity a8 GPa, it is observed that the

formation of the first crack and the progression of this crack aregjmtkar with the
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experimenadl observationsHigure31 andFigure69). In thesecondexperimentywhen
the internal pressure reached abo&004Pa, the rock surrounding the tunnel started
to crack and the tunnelas severely damaged duedrceeding the tunndining
capacity and the experiment was terminafdthough pressure is slightly smaller tha
the internal pressure value in which severe damage occlirgure68, it should be
notedthat the testvas surrounded by a limited roddody. Numeri@l results were
obtained as a tunnel placed iniafinite environment, therefore theimerical values

were higher than experimental values.
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Figure 62. Vertical and horizontal expansions according to internal pressure. The dashed lines
indicate that the tunnel continues to take damage (E = 4 GPa)
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Figure 63. The strain distribution estimated by the OLM for the internal pressaiteesof 0.2 MPa,
0.4 MPa, 0.6 MPa, 0.8 MPa and 1.0 MPa (color scale: blu®80L, red = 0.0, E = 4 GPa)

Figure 64. Elements exceeding the tensile strength for internal pressure of 0.2 MPa, 0.4 MPa, 0.6
MPa, 0.8 MPa and 0.MPa shown in red (E = 4 GPa)

73

























































