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Abstract

KIM T Numerical studies on parameter detemation and grain crushing effects

The compaction process of reclaimed land is indispensable but comprises several
challenges as its quality control. The aim of compadatiork is to densify the fill

to a certain relative density.l Sincethe quality cotrol of compaction work is an
important contractual issue, it must be defined in technical tesuth as the
relative densityd or the maximum dry density (MDDThis thesis focuses on the
guality control of compaction works by means of the relativeitlehswhich can

be measured indirectly by performing cone penetration tests (CPT).

However to determine the actual relative densityrbm the results dlained from

cone penetration testappropriate correlation methods between the relative
density andthe cone resistance: @re required. The most commonly used
interpretation methods are purely empirical and further derived only from silica
sands. Therefore, such interpretation methods are not suitable to apply for other
materials such as calcareousarsds which showa totally different soil behavior
under the same conditions. Due to the different soil characteristics, calcareous
sands show a significantly highesndency towards grain crushing. possible
correlation method that considers the behaofaralcareous sands is given by the
semiempirical correlation method, the Karlsruhe Interpretation Method (KIM).
Furthermore, with the application of cone penetration,testy high pressures are
usually occurringwhich could causegrain crishing of the soil, which is not
considered by the commonly used interpretation meth®dmeans of numerical
modelling, apossible approach to take grain crushing into accasinthe
application ofconstiutive soil models that considgrain crushing effects.

This thesis begins by focusingn the determination of the hypoplastic soil
parameters by means of the automatic calibration with ExCalibre, which enables
an easy and fastapameter determination.ofowing that a relatively new
constitutive soil model, namelye hypoplastic soil model for crushable sasd
investigated to show the different soil behavior under high presstreshesis
continues ontdhe spherical cavity expansion, asiamportant part of the KIM by
applying different costitutive soil modks and analyzéhe influence of single soil
parameter on the resulfBhe work contains additionally fall KIM analysis as
well asa descriptiorof the full automation of the KIM analysis. Finally, the Press
Replace method is presented as an alternappeoach to model cone penetration
tests by means of finite element analysis.






Kurzfassung

KIM T Numerical studies on parameter determination and grain crushing effects

Im Zuge der Landgewinnung ist der Verdichtungsprozess unerlasslich und bringt
auch emige Herausforderungen mit sich, wie zum Beispiel das Sicherstellen der
Bemessungskriterien. Das Zies Verdichtungsprozesses iden Boden bis zu
einer vordefinierten Lagerungsdichte zu verdichten, umhn in Bezug auf
Festigkeit und Steifigkeidamt zu stérken Die Bemessungskriterien fir den
Verdichtungsprozess sind fixer Bestandteil der vertraglichen Vereinbarungen und
missen somit als technische Bokiennwerte, wie zum Beispiel die relative
Lagerungsdichteangegeben werden, welche wiederum iektidurch Ergebnisse

von Drucksondierungen (CPT) bestimmt werden kdnnen.

Um jedoch die relative Lagerungsdichte eines Bodens mithilfe der aus
Drucksondierungen erhaltenen Spitzendriickewbestimmen, bedarf es einer
geeigneten Korrelationsmethode. Dieari@tardkorrelationen sind hauptséachlich
mithilfe empirischer Methoden entwickelt worden und auch nur auf Basis von
Quarzsanden. Daher konnen diese Standardkorrelationen nicht fir Kalksande
angewendet werden, welche unter denselben Bedingungen ein dentiaiesa
Materialverhalten zeigen als Quarzsande. Aufgrund unterschiedlicher
Eigenschaften weisen Kalksande ein deutlich h6heres Potential fir Kornbruch auf
Eine mdgliche Korrelationsmethode, die speziell dieses Materialverhalten
berlicksichtig, ist die Kalsruhe Interpretatios Methode (KIM). Auf3erdem
entsteht bei Drucksondierungen zumeist ein sehr hoher Druck, welcher sich auch
auf das Verhalten von Quarzsanden auswirkt, sprich zum Kornbruch fuhrt. Ein
maoglicher Ansatz, der das Verhalten bei sehr hohencKeri auch bei
Quarzsanden ber ¢cksichtigt, HHypdplastcur c h
model f or cgegebema bl e sando

Zu Beginn liegt der Fokus der Arbeit auf der Bestimmung der Parameter flr das
hypoplastische Stoffgesetz unter der Verwendisrgautomatischen Kalibrierung

mittels ExCalibre. Im Anschluss wird das schon zuvor erwdhnte Stoffgesetz
AHypoplastic model f o ,um die Auswirleubgenesehs a n d fi
hoher Driicke auf das Matalverhalten zu zeigen. Als ein sehr wichtigedun
unersetzlicheBestandteil der KIM wird dann die Aufweitung eines sphéarischen
Hohlraums im Hinblick auf die Anwendung unterschiedlicher Stoffgesetzte und

den Einfluss einzelner Parameter auf die ErgebnistasuchtEine vollstadndige

KIM Analyse zeigtdie Ergebnisse fur die Anwendung unterschiedlicher Material

Sets und auch die neuen Mdglichkeiten, die die neue und wertvolle
Aut omati sierung der KIM Analyse mit si
Repl aceih Met hode al s al t eermgtvowv e M e
Drucksondierungen mittels Fin{elemente Methode prasentiert.
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1 Introduction

It is possible that during the course of condiian or land reclamation projects,
masses of soil will have to be dug up in order to change the testansequently,
these new masses of soil must be compactedtiathim to strengthen the soil by
means of densification. To ensure tha minimum realirements related tthe
variablesof an already compacted soil are fulfilleel.g. the strength and the
stiffness,the quality control of compaction work is a key issi@atincorporates
several challenges.

The quality control of e.g, deep vibro compdion works is an important
contractual issue, which defined intechnical termss the relative density br

the maximum dry énsity (MDD). The density of alreadypmpacted soil can on

the one hand be measured directly by the cutter cylinder or tltkreptace
method and on the other han@n indirect determination can be applied by means
of cone penetration tests (CPT). Howevbke latter case requires the application
of appropriate correlation methods between the received cone resistanddlg
relative density . The most commonly used interpretation meth@igh as
correlations according t8chmertmann (1976)r Baldi et al.(1986) are purely
empirical and further derived from series of calibration chamber tests based on a
wide range of dferent silica sands. Hence, these correlations can be applied for
guality control of compaction works in case of silica sands laytmot be capable

of reproduing the characteristics of calcareous sands due to the different soil
behavior of calcareousrsds.

Calcareous sands show significantly lowewaglues than silica sands undbe

same conditions because of different soil characteristics. For example, calcareous
sandshowsa significantly higher tendency towards grain crushing than silica
sards. Ths is related to the fathat CaCQi s cl assi fied by Mohs
hardness only by a value approximatelythree, whereas silica sand reaches a

value of approximately seven. Hence, it is a key issue to take the influence of the
carbonate conténon soil properties into account, when correlatingvajues

(obtained from CPT tests) to relative densitigs |

Since it has been showReinisch, 2018}that the commonly used and purely
empirical correlations methodiom Baldi et al.(1986)and Schmertman{1976)

are not the best choice to apply for calcareous sasgscially for the contractor

a first steptakento overcome this problem was the establishment ofeabed

shell correlation factor (SCF). The purposeitsfdevelopment was to take the
influence of the carbonate conteand, thereforethe effect of grain crushing
during cone penetration tests into account. The aim of the shell correction factor is
to translate measured-galues of calcareous sands irgppropriate silica §
values ando enable the application of the commonly used coimgiatnethods
(Baldi, et al., 1986; Schmertmann, 19.76he problem that comes along with the
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SCE isthat its magnitude resultaore from negotiations between the contractor
and the client and le$som representing the real soil behavior on site.

Therefore, a new cafation method considering baghica and calcareous sands,
or one especially for calcareous sgndsnecessaryA possible solution to this
problem is given by the serempirical correlation method known as the Karlsruhe
Interpretation Method (KIM)This method was originally develogpéy Cudmani
(2000)and as an alternative to the purely empirical correlation metliBdkli, et
al., 1986; Schmertmann, 1978he Karlsruhe Interpretation Method has the
advantage of considering the behavior of calcareous s&hdskey components
of the KIM are numerical solutions of the sphericality expansion (SCE)
problem andanempirically determined shape factar Khe original KIM method
(Cudmani, 2000yuses the hypoplastic soil model accordinytm Wolffersdorff
(1996)to model the soil behavipandMeier (2007)applied the KIM to investigate
the soil behavior of calcareous saridsier 2007)showedhat this semi empirical
correlation method is capable mpresenng the complex material behavior of
calcareous sand anitherefore, can be useddompute ralistic values of g

In the first part of this thesisan overview of the background including land
reclamation, carbonate sands and compaction works is briefly presented, followed
by a more detailed presentation of the theory and the intention of thsuar
Interpretation Method. This incorporates a general overview of theesapirical
correlation method and the original hypoplastic soil model accordirgoto
Wolffersdorff (1996) as well as a description of the calibration process for the
hypoplasic soil parameters.

Due to the importance of the correct determination of the hypoplastic soil model
parameters within the application of the KIM, the third part investigates the online
automatic calibration topExCalibre and presents a relatively newgoplastic

soil model that takes the effect of grain crushing into account.

Themain part of this thesis is th@novided inchaptes 5 and6. Chapteb focuses

on the saltion of the spherical cavity expansion problem, consisting of a
verification of the finite element model and the application of different constitutive
models.Additionally, the numerical studies of the SCE investigate the influence
of the dilatancy angle and the initial stress statéollowing that,chaptet6 shows

the results and the single steps of a full KIM analysis including the full automation
of the KIM using Python scripting. Finally, the Prd®splaceMethod (PRM) is
presented as an alternative approach to modelgenetation tests by means of
finite elementanalysis.
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The aim of this thesis is to further investigtite already established finkéement
mode| to solve the spherical cavity expansion problem amdshow the
possibilities and limitations regarding the application of constitutive soil models
otherthan the hypoplastic one. With the full automation of the KIM process, this
correlation method will be applicabileom a practical poinof view, as it des not
involve mucheffort.
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2 Land reclamation in the UAE

This chapter should briefly introduce the issue of land reclamation in the United
Arab Emirates and its challenges with respect to compaction works of calcareous
sands. BecaudReinisch 018)andWinkler (2018)already described this topic

in detail, only the main points are presented within this chagseimore detailed
information reference is made {®einisch, 2018; Winkler, 2018)

2.1Land reclamation

The cre#ion of new land by raising the elevation of the seabedooexample

other lowlying land can be described as land reclamation. Especially in the United
Arab Emiratesbig land reclamation projectsuch aghe Palm Jumeirah or the
Palm Jebel Aliarethe prestages of big building projects arttlerefore the land
reclamation iof particularsignificance. The main methdd reclaimingland in

the UAE s the hydraulic filling. The wholesclamation process usually consist

of the three main processesfallows(Reinisch, 2018; Winkler, 2018)

1  Dredging of desired material from a borrow area

1  Transport of desired material from the borrow area to the reclamation
area

i Placement of the desired material within the neefon area

For each oneof the above mentioned steps of a reclamation process, different
methods and different equipment may be apphduch is then decisive for the
feasibility as well as the cost efficiency of the overall land reclamation project. Fo
the first step, the dredging process, two different methods can be applied, namely
the suction dredgingvhich canagainbe subdiviled into different methodsind

the mechanical dredginghen, the transport and the placemeaiiihe desired fill
materialis usually executed by hydraulic transport through a pipeline, transport by
barge ortransport bya trailing suction hopper dredger (TSHD). Because the fill
material in this area is sand with varying amount of the carbonate content, its
influence on thedl properties is an important issue anil be discussed in the
following chapter(Reinisch, 2018; Winkler, 2018)

2.2Calcareous sands

Calcareousandsor carbonate sanggremostlycomprigdof carbonate minerals,
especially of calcite also known as calcium carbonate (CalCCA possible
classification of carbonate sands accordin@lerk & Walker L977)andMeigh
(1987)is given as follows:
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i Carbonate sand if carbonate content is above 90%
i Siliceous carbonate sarfccarbonate content is between 50% and 90%

i Calcareous sand if carbonate content is between 10% and 50%

In this thesis, both designations, calcareous sand and carbonate sand are equal and
hence describe the same carbonate content.

Carbonate sands in théAE mostly consist of seashells and coral lumps with a
varying concentration of the carbonate content. Due to its origin and mineralogy,
these sands show a significantly higher tendency towards grain crushing than other
sands (e.g. silica sands)hi¥ is also related to the fat¢hat calcium carbonate
(CaCQ) is classified by a significant lower Mohs™ scale of mineral hesdrthan

silica sandHence, it is important to take the influence of the carbonate content on
the mechanical soil behavior grilus on the soil propertiemto consideration
especially when correlatingc.galues (obtained from CPT tests) to relative
densities $ (Reinisch, 2018)

Based on detailed laboratory investigations on 11 soil samples with differen
carbonate content]schuchnigg et al(2018) stated, that four geotechnical
parameters, namely the limit void ratios.@nd enax the critical friction angle e

and the grain density areespeciallyinfluenced by the carbonate contefihe
relation betweenthese four soil parameters and the canate content are
illustrated fromFig. 1 to Fig. 3.

Z =l * o 0
€0 e . *
gty
ERE
N 0 20 40 60 80 100
CaC0; [%]
Fig. 1: Influence of carbonate content on the limit void ratigscand éin

(Reinisch, 2018)
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Fig. 2: Influence of carbonate content on the critical friction amgk#Reinisch,
2018)
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Fig. 3: Influence of carbonate content thre grain density (Reinisch, 2018)

Fig. 1 to Fig. 3 showthat the four parameters, namely the limit void ratipsand
émax, the critical friction angle aand the grain density , are all increasing with
increasing carbonate content of sand. Furntioee the carbonate content also
inffluences t he s pant drsequentithe mean effedtivie stregsae
Hence, with an increase of the carbonate conteamidr) aglecreasgwhich finally
leads to lower cone resistances q
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2.3Compaction works

Oncethe placement of thdill material is finished, the reclaimed lamdustbe
compacted to fulfill desired design criteas peci al |l y regarding
and strengthThe state of an already compacted soil is mostly described in terms
of the relative densitypland thus, the challenge is to compact the soil up to a
contractually agreed minimum state of density. In the United Arab Emithees
compaction works are usually performed by means of vibratonypaction. For

more details regarding the compaction procassvell as the limitations and used
equipment of applying deep vibro compaction, reference is ma@Reeiaisch,

2018; Winkler, 2018)

To verify if the reclaimed soil land is sufficiently compacted, the quality control

of deep vibrecompaction works is an important contractual issue, which is often
defined in technical terms such as the relative densifite density of an already
compacted soil can be indirectly determined by means of cone penetration tests
(CPT)andapplying appropriate correlation methods between then received cone
resistance gand the relative density.| Because commonly useddapurely
empirical orrelations method@aldi, et al., 1986; Schmertmann, 19%6¢ not
capable of reproducinthe characteristics of carbonate sands, the next chapter
introduces the Karlsruhe Interpretation Methodmprisingof the advantage of
considering the behavior of calcareous sgigshuchnigg & Wikler, 2019)
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3 Karlsruhe Interpretation Method

The aim ofChapter3 is to introduce the theoretical key issues of the Karksruh
Interpretation Method (KIM). In orderot apply the Karlsruhe Interpretation
Method on geotechnicalg@blems, a basic knowlgé of hypoplasticity as well as
of the cavity expansion theory is needgdllowing the introductionthis chapter
presentsthe hypoplasticityin general followed by the description of the
commonly used hypoplastic soil model aating toVon Wolffersdorff(1996)and

the standard calibration procedure of the model parameters to the Adtetethe
basics of hypoplasticity are givethe general aspects of the spherical cavity
expansion theorgre presentedHnally, the final KIM equation is shown.

3.1Introduction

The Karlsruhe Interpretation Method is a semipirical methodisedto correlate

the cone resistance with the relative densitypl This method was originally
developed byCudmani(2000) andis different to the commonlysed and well
established empiricalCPT interpretation mettods (Baldi, et al., 1986;
Schmertmann, 1976)The Karlsruhe Interpretation Method consistsboth an
empiricalpartand a numerical partherefore, the keyamponents of the KIM are

the numerical solutions of the spherical cavity expansion (SCE) problem and the
empirically determined shape factog. Khe KIM, as developed by udmani
(2000) uses the hypoplastic soil model according/tm Wolffersdorff (1996)

More recentlyMeier (2007)applied the KIM to investigte calcareous sands and
showedhat the KIM method is capabdid represenhgthe  mat er i al 6 s beha\
site.

3.2Hypoplasticity

The very first appearance of a hypoplastic constitutive soil modéhartdstorical
development up to the gendyalised hypoplastic soil model according to von
Wolffersdorff are already part of the former theses regarding the Karlsruhe
Interpretation Methodrom Reinisch(2018)andWinkler (2018)

Generally it can be codudedthat one big advantage of applying the hypoplastic
soil modelis that itforgoes the definition of a flow ruland a yield surface.
Therefore different to elastglastic constitutive modelling, the mechanical
behavior of the materials solely basé on one complex tensorial equation.
Furthermore, the considerationmfknotropy(dependency on the densitgs well

as barotropy (dependency on the straejvsdescribing the mechanical behavior
of a cohesionless granular material by #pplicationof only one hypoplastic
parameter set for a wide rangiesoil stategMeier, 2007)
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3.2.1 Hypoplastic model according toovi Wolffersdorft

The hypoplastic constitutive model accordingMon Wolffersdorff (1996) is
considered thetandard hypoplastic soil model for cohesionless granular material
(sands and gravels) and is also the constitutive soil ntbdéthe Karlsruhe
Interpretation Method wawriginally developed for(Cudmani, 200Q) As
previously mentioned, hypoplastic constitutive modelling requires only one
tensorial equation where the stress rate tensman bedetermined by the stress
state, , the strain rate and the void ratio e (densityJhe general form of the
hypoplastic constitise equation can be formulated as follaiveier, 2007; Herle

& Gudehus, 1999)

. Q,hHQ (3.1

According toVon Wolffersdorff (1996) the basic concept is then to separate
pyknotropy and barotropy from thensorial formulation of the function f, such
that both, pyknotropy and barotropy are described by different factors, which are
scalar functions of the current void ratio e and the stress stafgon
Wolffersdorff, 1996) Fa a comprehensive description and formulation of the
hypoplastic constitutive equatipgee(Herle & Gudehus, 1999; Niemunis & Herle,
1997; Von Wolffersdorff, 1996)

Furthemore the application of hypoplasiig requires the assumption of a-so
called simple grain skeleton. Hence, effabist influencehe soil behavigrsuch
ascrushing effects or physietchemical effectsare not taken into account with the
hypoplastic condutive modelling according to & Wolffersdorff (1996) With

the assumption of a simple grain skeleton, the following material properties can be
derived(Herle & Gudehus, 1999)

 The stress tensg@rand the void ratio e are sufficient to describe the stress
stae, and deviations from such states are not considered.

1 There is anupperlimit void ratio (g), which decreases with an increase
of the mean skeleton pressure g is the void ratio at mean skeleton
pressure of = 0 and represents the void ratioao§imple grain skeleton
at the loosest possible state (Beg 4 (left)). If e > qo, the skeleton could
no longer exisbecause there would be maasmids in the grain skeleton
or grain contacts would be opened

1 There is alsca lower limit void ratio (&), which decreases with an
increase of the mean skeleton pressuré g < g, a kind of dry masonry
would exist(seeFig. 4 (right)).
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1 The third limit void ratio is given by the critical void ratig, &hich
decreases with increasing pressugesiilar to & and @. The critical
void ratio e is reached after large monotonic shear deformations.

1 The stresstrain behavior of a simple grain skeleton does not change
with strain or stress rate, henbe tehavior is ratendependent.

1 Independent from the initial state, proportional strain paths lead to
proportional stress paths. This asymptotic behavior of granular materials
Is known as the soalled SOM (Swept Out of Memory) behavior.

1 Theprincipleof effective stress is valid (T

1 Attractive forces of the grain contacts and cementation can be neglected.

. —
g X .F;_ \-{: _,f/‘;-/_ - )\ b
[ \ 4 . ]
@ 58, e
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)’/;’{\ - . .,3’1_1
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Fig. 4: macraevoids if e > ¢(left) and dry masonry if e <séright) (Herle &
Gudehus, 1999)

All together the hypoplastic congtitive soil model according tovon
Wolffersdorff (1996) consists of 8 model parameteFaur of them are material
parameterswhich can be simply determined by executing standard laboratory
tests and the remaining 4 model parameters have to be calibrBaddl lists all

of thehypoplastic model parameters.
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Tab.1l: Hypoplastic parameters acc.\fon Wolffersdorff(1996)

parameter laboratory test

material parameters

critical friction angle . angle of repose test
Q

limit void ratios Q densest and loosest packing (DIN 1812
Q

calibration parameters

granulate hardness hs .

high-pressure oedometer (DIN 18135)
exponent n
exponent , o

drained triaxial test (DIN 18132)
exponent f

3.2.2 Standard model parameter calibration

For every applied constitutive soil model, an accurate determination of the
respective model parameters is an essepédifor a description of a matei al 6 s
mechanical behavior. Especially tine caseof the hypoplastic soil model being

used t o descri be a soil 6s behaweryor , a
important due to the fadhat only one parameter set is ustx describe the

behavior of oe soil at different density states. In fobowing, the determination
processes for every hypoplastic parameter are shortly presémiecd more

detailed descriptigireference is made {blerle, 2000; Herle & Gudehpu$999)

Critical friction angle v

The critical friction angle is one of the two hypoplastic parameters related to the
critical state. The critical friction angle represents the resistance of a granulate
materia) and,in case of large monotonghearing in critical statéherefore poth

the stress rate, | and the volumetric deformation rate) becomes zero. The
determination of the critical friction angle can be done by appropriate laboratory
tests as drained or undrained triaxial tesisiple or direct shear tests on initially
very loose specimen®)( ‘Q ), or by the angle of repose test. Regarding the
advantages with respect to required duration, costs and effort, the angle of repose
is potentiallythe best choice to determittes critical friction anglebecause many
experimental studies also proved the reliability of the obtained values (bferle

& Gudehus, 1999; Meier, 20Q7)
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The aim of the angle of repose test is to obtaioree®f the used material in its
loosest statesuch thatonly a hopper must be filled with granular materaaid

then saichopper is lifted slowly without losing contact between the hopper and the
arising cone of the granular material. Due to the stéadyof the grainsa quasi
critical state is reachedind the critical friction angle can be determined by
measuring the inclination of the cone (increments of°Cabe enough) or by
measuring the diameter and height of the cone anddalkeulating thecritical
friction angle withe O AT ¢ X . A schematicalepresentation of the angle

of repose test is shown kig. 5 (Herle & Gudehus, 1999; Meier, 2007)

Fig. 5: Angle of repose tegHerle & Gudehus, 1999)

Herle & Gudehus(1999) statedthat the critical friction angle is mainly
influenced by the grain size and the angularity, whereasifi@mity coefficient
Cushows less influence on (seeFig. 6 (left)). Reinisch(2018)also investigated
the effects of changingu ®n the critical friction anglewith the results shown in
Fig. 6 (right).

38 =
[ c=14 *
36 v 1 .
- T © .
34 o .
= Lo 1 == . o*
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L . 3 .
30 . 5
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Fig. 6: Relation between critical friction angie and the ebafterHerle &

Gudehugq1999)(left) andReinisch (218)(right)



3 Karlsruhe Interpretation Method 13

It can be seethat the critical friction angle increases with an increase of the grain
size (increasingsd), due to the fact thakarger grains have to overcome higher
stresses when rolling downwards.Hig. 6 (right), the trendline is only horizontal
because of one single outlier.

Limit void ratios eqo, 60 and ao

Overall, the hypopldg soil model consists of three limit void ratios, which all
decrease with an increase of #féective mearpressuré)aThe relation between
the limit void ratios and the pressure is showrFig. 7, and according to the
compression law developed Bauer (996) the relation is formlated as shown
in equation (3.2 In Fig. 7, as well as in equation (3,2je limit void ratios at a
certain pressungaare presented by,es and e and henced, a0 and goall present
the limit void ratios at zero pressurEhe shadowed part iRig. 7 showsthe
inadmissiblezones for the void ratios of a simple grain skelékterle & Gudehus,
1999)

1077 1073 10

Fig. 7: Relation between limit void ratios and presswéHerle & Gudehus, 1999

Q Q Q Qi onee (3.2)
2 a 0 ©n =g '

As previouslystated withinTab. 1, the minimum and maximum void ratio at zero
pressure can be determined by standard index tests (DR6L8he lower limit

of void ratios is given by the limit void ratig,evhich can be determined by the
standard index tesi d e n s e s t, in practicé. The opdex test is performed at
a certain pressutevel, and the received minimum void ratigieis always above
the theoretical limit void ratioseHowever, the difference between the measure
emin and @ is negligiblysmall,so therelationeqo  emin can exis{Herle & Gudehus,
1999)
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In practice it is almost impossible to determine the maximum limit void ratio at
zero pressureieexperimentally. However, the maximum void ratiwecan be
determined by the indexe$t Al oo s e s t, and aftek comgadng the
differences between determineghevalues and theoretical maximum limit void
ratios @, the relationeo 1.15 emax can be assumed for wataded granular
materials(Herle, 2000.

The critical void ratio gcorresponds to the critical statand according télerle &
Gudehus 1999) it can be determinely a shear test on a soil element. Former
experimental studies regarding the critical void ratialso statedhateco €max

is avalid assumptionbecause during the index test farea state close to the
critical state is reached (large shear deformations at low pressures close to zero).

Herle & Gudehug1999)showedtheinfluence of G on the limit void ratios gand
the maximum void ratio @ax, and thereforealso the critical void ratiocaglue to
the relation betweensexand e. Reinisch(2018)also investigated the influence of
Cu on the limit void ratios in his thesiand bothHerle & Gudehus(1999)and
Reinisch(2018) statedthat the limit void ratios are increasing with increasing
angularity and decreasing, seeFig. 8 and Fig. 9) (Herle & Gudehus, 1999;
Reinisch, 2018)

1.0 — " T -very angular
L - very angular | e -angular | |
I angular | 4 14 “e - éngularfsubangu ar
L I angular/subangular L. _ éubangula[' i
B e - subangular—— - subrounde
. L subrounded T " |- rounded f
N - -rounded | Fo T~ welrounded T
. I well rounded | 10 . S e
o 6 — . = GJE L B
L }'\\\\\‘ i [ - -
2 I 1 - |:--|- -'|_ i'__-'—.' i

C C

u u

Fig. 8: Relation betweenggleft) and enax (right) on G, and grain angularitgHerle
& Gudehus, 1999)
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Fig. 9: Dependency of limit void ratios onyQReinisch, 2018)
Granulate hardness R and exponent n

The granulate hardnessik the only hypoplastic parameter in the dimension of
stressand henceés used as a reference pressure. However, it must not be related
to the hardness of the single grainsaomaterial.Regarding equatior3(2), the
compression behavior of a loose specimen during isotropic compression depends
only on k when keeping n constant. Therefore, the expone&an be seen as the
parametethattakes the presswsensitivity of the gain skeleton into account.

The parameterhs and ncan be obtained by performing a compression test on
specimen that anaitially very loose (but not collapsible). Generally, oedometric
compression testhatare performed on dry or wateaturated sames eliminate
physicechemical effects. For a void rat@ during proportional compression
(starting fromQ ) and using the granulate hardnesaid the exponent n, the
compression law according Bauer(1996)reduces as follows:

e
Q 0 zQon % (3.3)

In principle,the parameterssland n can be determined by numerical regression of
the measured data which is not recommended due to thenbiginearity of
equation (3.3 For the three unknown parameters (hQ ), several solutionare
possible, which is not acceptable regarding the requirements of an explicit
determination of constitutive soil model parameters. For this reason, n should be
determined independently of ly applying the following two equatiortslerle &
Gudehus, 1999)
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.0
L 20
5 _Qno_ (3.5)
a E=—
f

Where G is representing the compression indamxcps: and p2 specify a certain
pressure range with the appropriate v@tos @: and @2. The necessary values
for a determination of n from the measured data are schematically shéug in
10 (Herle & Gudehus, 1999; Herle, 2000)

Fig.10.  Parameters for determination of n for a certain pressure rangedoR:
(Herle & Gudehus, 1999)

Equation (3.4) and (3)Showthat the exponent n can be determined independently
fromthe granulate hardnesswhereas fothe determination ofdthe exponent n
must be known.Fig. 11 shows the influence ofshand n on the resulting
compression curves and it can be seleat n influences the curvature of the cyrve
whereads reflectsthe slope of it.
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In p,

Fig.11:  Influence of n (leftiand Rk (right) on the resulting compression curves
(Herle & Gudehus, 1999)

Exponent »

The exponent alpha related to the peak state in a triaxial compression test on a
initially dense sample. It controls the dependency of the peak friction apgle
and hence the dilatancy behavior on the relative void ratio of the considered soill
sample.For that reasgnalpha can be calibrated by fittimgsults obtained from
simulations applying the hypoplastic constitutive equation to the results of
measured curves. Treby it is important to mentiainat the granulate hardness h
and the exponem alsoinfluence the results dafiaxial test simulationgncluding

the hypoplastic constitutive equation). Therefore, it is necessary to adjust also h
and n.The increase of the friction angle up to the peak friction angle ¢ )
during the shearing of a dense sample is showfignl2 (Masin, 2019; Meier,
2007; Herle & Gudehus, 1999)
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Fig.12  Results of a triaxial tessliearing) on a dense soil sam{N&asin, 2019)
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Exponent 5

With the exponent betéhe stiffness of a grain skeleton can be adjustéiteinase

thate < ec (Meier, 2007) Beta isof especiallyhigh importance for dense samples,
thus the void ratio e lies significantly below €his fact can be seen kig. 13,

where an increase of beta of 100% results in similar compression curves on a loose
sample whereas the same clggninbeta results in a significant difference of the
resulting compression curves for a dense safif#ee & Gudehus, 1999)

a5 L— T T T
3 65 T T T T
______ o
= —_p=20 | 4 [~ | p=1.0
i r —— p=2.0
90 | 63 ’ i
. I
B85 i &1 m
BU [ 1 | 1 | 1 | 1 | 1 59 i 1 1 1 1 1 1 1 1 1
o 2 4 6 8 1.0 o 2 4 6 B 1.0
-T, [MPa] T, [MPa]
Fig.13  Resulting compression curves for differenvalues on a loose (left) and a

dense (rightsoil samplgHerle & Gudehus, 1999)

In case of isotropic compressiorcan be obtained from equation (3.6

.. O

o &f o)

[N o R (3.6)
a 86

For thedetermiration of beta with equation (3,8he influence of the pressure p
can be eliminated if the ratio of the stiffness mo&ilE; is related to the density
states given by the void ratiosand e, but at the same pressure The parameter
I consists again of different factors of the hypoplastic constitutive equation. For
a detailed determination pf , seeHerle & Gudehus (1999Experimental studies
showed that to assume exponent beta With p is sufficient for a first
approximation(Herle, 2000)

Regarding the determination of the 8 hypoplastic paramét@ras showrhat all

parameters are influenced by the grain shape, the mean grain diasnetet the

uniformity coefficientCy (Herle, 2000) According toMeier (2007) the final

calibration parameters{m,| andf ) should be obtained by an iterative process

due to the facthatthey are all interrelated. Furtmeore,Meier (2007)statedthat

t he engineer I S respensitlelra otfay theddf us & e d
respective applicationn the caseof the hypoplastigparameter set igpplied

within CPT interpretation methodsuchas the Karlsruhe Interpretation Method,
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it is important to correctly reproduce the compressibility of dense samples at very
high pressures)( p 1 0 §o(Meier, 2007)

After the first important issue regarding the Karlsruhe Interpretation Method, the
hypoplastic soil model, is presented, the next chapter introduces the spherical
cavity expansiomheory, whichis an unconditional requirement tiet KIM.

3.3The spherical cavity expansion

This chapter willintroduce the theoretical background of the spherical cavity
expansion and the determination of the limit prespugedue to its importance
regarding the Karlsruhe Interpretation Methb&thematial formulations are not
given within this chapter antherefore, for a detailed description of the analytical
solution of the spherical cavity expansiogference is made ©udmani(2000)

The spherical cavity expansion is one particular theory witiengieneral cavity
expansion theory that can be applied to different geotechnical problemns
considered aa onedimensional boundary problemifferent analytical solutions
of the cavity expansion theory are already publishatdmost solutins are hsed

on the assumptiothat during the expansion of the cayiyly small deformations
occur near the cavity. Because solutions dasethis assumption are not capable
of being applied for geotechnical application where large deformations occur,
Cudmani & Osinov (2001) developed a cavity expansion theory for large
deformations that is applicable tmhesionless soilsy applying the hypoplastic
constitutive soil model A schematicrepresentation of the spherical cavity
expansion and its boundary value lgem is shown irFig. 14 (Cudmani, 200Q)

B
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Fig. 14 Schematic representation of the SCE and its boundary value problem
(Uhlig & Herle, 2015)

Fig. 14shows the boundary value problem of the spherical cavity expansion where
a sphere A expands quasatically insideof a sphere Bin case of a expansion
within a drained body with finite expansiohe initial radius of sphre A is
denoted with#, and for sphere B the initial radius is given with The symmetric
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expansion is described by the temporal development of the velocity, stress
components and the void ratio e using spherical coordi{@tesnani, 200Q)

According toCudmani(2000) the initial radius of sphere Biustbe choseras
large enough to obtain sufficiently accurate results of the spherical cavity
expansion. It is recommended to apply a ratib ¢f o tfor loose soilsD

mandi ji w Tior dense soilSQ @Y. Furthemore,Cudmani(2000)stated

that the limit values are reached after the sphere undergoes an expamsion of

¢i for loose sos andi ol for dense soil¢Cudmani, 2000Q)

The process of the spherical cavity expansion starts with loading the sphere B with
the initial mean pressuregpand isfollowed by the expansion of sphere A. During
this expansiojthe cavity pressure pis increasdup to a certain threshold value,
denoted as limit pressuresplf this limit pressurés reached, it remains the same
even though sphere A experiencegoing expansionlhe expansion curves for

the wo stress components (radial and tangential stress) are shoklig. ib5
(Cudmani, 2000)

pgMPa]

3.5 3.5

Fig.15.  Expansion curves dficino sand for radial stress (left) and tangential stres
(right) versus the normalized deformatiafr (Cudmani, 2000)

The relatioship between the limit pressuregand the initial mean pressure p
depends on the density state of the considered soil. An increase of thee relati
densitycauses the limit pressu@increase as welAn example othe relatioship
between the limit pressure and the initial mean pressure is showg. ih6 for
Ticino sand at different density sta{€udmani, 2000)
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Fig.16.  Limit pressure ps versus initial mean pressurefpr Ticino sand and
different density statg€Cudmani, 2000)

With regards tdhe functional relation, depending dretinitial state of a soil gl

and p) shown below, the limit pressure cdre approximately determined
(Cudmani, 2000)

n o @20 (3.7)

Where pis the initial mean effective pressuaad the parameters a and b are only

depending on the density state)(and can be calculated as follo@Gudmani,
2000)

(3.8)

&

O 0O
w 0O

(3.9)

The parameters and bare known as the KiMbarameters and are determined by
a curve fitting procede, which is presenteth chapteré. Hence, after the KIM
parametes for an analyzed material are determined, the limit pressure can be

calculated for any initial statep(land p) by applying equation (3){Cudmani,
2000)

To model a cone penetration test by means of the spherical capiéynsen
Cudmani showed thadirecly modelling the cone resistance: @py the limit
pressure 3 received from a spherical\aéy expansion is not possiblelowever,
several performed calibration testf cone penetrations showed a similar
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gualitative depetlency of the cone resistance on the initial mean presssitbe
limit pressure does. Thereforéudmani(2000)investigated the soalled shape
factor k; to correlate the cone resistangend the limit pressure_pas it isshown

in equation (3.1 Fig. 17 shows the qualitative similarities of the dependency of

the cone resistance on the initial mean presssreell as the relation between the
limit pressure and the initial mean pressure.
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Fig.17:  Dependency ofimit pressure s (left) andcone resistance: ¢right) of the
initial mean pressurepfMeier, 2007)

R QR (3.10)

After many investigation<Cudmani2000)concludedhat the shape factog knly
depends on the relative density and can beutzkd by applying equation (311

For a detailed description of the establishment of the formulation for the shape
factor, see(Cudmani, 2000)

- g O
Q & —/— 3.11
P 5= (3.10)

Regarding equatiorB(10, it can be seethat the shape factor is a very important
part with respect to the determination of the cone resistancengreforeit may

be useful to investiga the shape factor more to séa sole dependenmn the
relative dengy is sufficiently accurate off influencing parametersuch aghe
mean pressurdave to be added. This investigations are part of current research

at the Institute of Soil Mechanics, Foundation Engineering ammpDtational
Geotechnics at the Technical University of Graz.
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3.4The final KIM equation

By combining the equations from (3.7) to (3)Jdnd the definition of the mean
effective pressurg &

n -2, %2p G20 (3.12)

the final KIM equation is given as follows:

I"] 010 8 . W z -z _z0p CZO (3.13)

where, ags the effective vertical stressnd the empirical part of KIM is given by
the shape factorgkThe numerical part of the KIM (second part of the KIM) is
related to the calculation of the limit pressurgsfjpbtained from the solutiorf a
spheical cavity expansion problegCudmani, 200Q0)Once the KIM parameters
a and b for a certain materiaire known the cone resistances for every desired
relative densityd and every effective mean pressusecpn bedetermined. An
exemplary plot of gcurves for different relative densities is showrrig. 18.

3% rrrroT T I O 1 S R S TR D T T IR - T ¢ T Id
30 | o5
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2s | 04
03 ——
o [ 0.2
g 20 0.1
Z | 0.0
c L
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5 F
= o i - i !
0.000 0050 0100 0150 0200 0250  0.300

P’ =6, (142°Ky)/3 in kN/m?

Fig.18:  gc-curves for different density states for one investigated calcareous sand
(Winkler, 2018)
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4 Investigations on hypoplastic soll
model

This chapter firstly introduces the online tool ExCaljbvehich enables an
automatic calibration odll hypoplastic parameters baseay on laboratory soil

test resultsandthendiscusss its advantages and disadvantages compared to the
standard parameter determination presented in ch@det Furthermore, the
application of a relatively new hypoplastic soil mqadhich takes grain crushing
into accountis presented.

4.1Introduction

Regarding the Karlsruhe Interpretation Method,awith this, the determination

of the limit pressure g of a spherical cavity expansion analysis, the calibration of
the hypoplastic soil parameters ergailcertain sensitivityand hences one of the
mostinfluential factors. A proper calibration of the hypoplastic paramdtased

on laboratory tests of the materials found on)ggeindispensabléo model a
realistic materiabehavior. The challengs the calibration process minimizing

the sensitivitythatthe calibration of the hypoplastic parameters entailsyderto
producesatisfying KIM results.

With respect tdhe calibration of the hypoplastic parameters, the four parameters
hs, n,| andl are of importance ad are generally calibrated by fitting the
measurement curves of oedometric compression tests and triaxial compression
tests with the results of simulated laboratory soil tests performed with the
hypoplastic soil model. Due to the high relevance of a prgazameter
calibration, different investigations related to alternative approaches of calibrating
hypoplastic parameters are analyzed.

4.2Calibration tool ExCalibre

The online tool ExCalibre is panoivi ded
enables the @&s to calibrate advancedonstitutive soil mode|ssuch as the
hypophstic sand model accordingV¥on Wolffersdorff(1996) A modetspecific
calibraion algorithm is responsible for achieviageliable set of parameters. After
finishing the calibration qcess, usercanchange single hypoplastic paratars
manually to do a kind of firtuning and evaluate the influence of the parameter
change on the resulting lab test simulations. ExCaliarealso be used as an
element testo simulatestandard laboraty test.
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4.2.1 General aspects of ExCalibre

Absolute preconditionings a proper application of the inpfie andis provided
as a simplyconstructed Excelvorksheetwhich mustbe uploaded to the website
in orderto start the calibration process. Withoue tessential input parameters
listed below, ExCalibre always return an eyimd the calibration process cannot
be started.

1  Specific gravity, angle of repose, siepassing
1 Lab data of oedometric compression test(s)

1 Lab data of triaxial compression test(

Atemplate fortheinput i | e i s provided on ,andtke we b s i
next chapter detailsow itmustbe editedn order to enable a successtalibration
of the hypoplastic parameters.

Input -file T ExCalibre

The input worksheet consssof several talsheets containing information about
the considered sothatis to be calibrated by ExCalibre. Before presenting the
different tabsheets in more detaiit must be mentionethat a prerequisite to
starting the calibration process the correct designatiomnd orderof all tab
sheets.

In the first tabsheet d enot ed a s thefuske® TaEpBowide general
information on the material abothe soil type,environment sampling depth,
sampling method aralddany other comments. must bementionedhat this tab

sheet is not used within the calibration process of ExCalibre. Hence, the user does
not have to consider this taheet in anywawand caralso add more information
regarding the material.

On te second taBheetc a | | e AANDARGRIAD, the user must provide the
specific gravity, the angle of repose and the sieve passing. Additichally SCS
classificationandthe liquid limit, as wellasthe plastic limit can be adddaltit is
not necessary to do .sBased on the provided infoation the grading curves for
the considered material are generassdseen ifrig. 19.
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Fig.19:  Grading curvé ExCalibre input

The following tabsheets consider laboratory test results of oedometric
compression anttiaxial compression testsirbt, the user must provide the lab test

data of at least one oedometric compression test in thehtdi named

i OERECL o . Test data of a secacanthenbbe domet r i
provided within the tals h e e t -RBEG2ED For t he,theimithb met er t
void ratio (at the start of the shear), the vertical stresse$kPa] and the
corresponding vertical strain [-] mustbe inserted. A compression cuj\es

shown inFig. 20, is automatically generated after the lab test data is added. With

respect to the definition of the caldtion of the hypoplastic parameter an

oedometric compression test performed on an initially veryel@sasnple should

be addedMeier, 2007) Additionally, the influence of providing different types

and a different numberf ¢ab test data within the input file for ExCalibre on the

calibration results is shown later in chapte?.2

-----------------------------------------------
--------------------------------------------------------------

1 10 100 1000 10000
o,, [kPa]

Fig.20.  Compression curve of oedometer tie§ixCalibre input
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After all available lab t&t data of oedometric compression téstaserted imo an

input file, the lab test data of triaxial compression tests musginady added to

thetabs heet caRECEkd@. AL Di n, t h eilityuspeovideh as t
more than just one triaxial ogression test. Ae tabsheet for lab test data of a
second triaxial compr eGIB-RECR 0t e$§ ODr mesam
The generated curves shownRig. 21 are basel on the provided results of the

initial void ratio (a4 the beginning of the shear), vertical strains [kPa], the

confining pressureg . |[KPa], the deviatoric stres$ , , [kPa] and

the volumetric strains [%]. It is further important to state that dilatancy is
definedasnegative in ExCalibre.

5 [%]

g, [%]

€ax (%]

Fig.21.  Triaxial soil test curves ExCalibre input

The volumetric behaviorHg. 21 (right)) shows that negative volumetric strains
result and according to the definition of ExCalibréhis indicateghat the sdi
sample undergoes a volume increase.

Results of ExCalibre calibration

Af ter successfully wuploading the, i nput
ExCalibre presents the calibrated parametessvellasthe option to recalculate

the soil tests by clmging single hypoplastic parameters. The aim of this
recalculation option is that thearsando a kind of finetuning of the hypoplastic
parameter set. Furthermore, the automatic calibration process updates the initial
void ratios of the triaxial comprs®n tests. The initial void ratios of the
oedometric compression tests remain the same. According t@ersonal
conversation wittDavid Masin the reason for that is the inconsistency between
measured void ratios in triaxial tests and oedometer tessnidyalso leado an
inconsistent model calibration gritherefore the initial void ratios are updated

but just for the triaxial tesT he resulting soil test curvéafter the calibrationfor

the oedometric compression test and the triaxial compretesbareshownin Fig.

22 andFig. 23 respectively.
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Fig.222  Calibration result¥ oedometric compression test
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Fig.23:  Calibration result$ triaxial compression test

The results oFig. 22 show a r&ativly high discrepancy between the lab test results
and the calbrated results of ExCalibreyhereas the strestrain behavior of the
triaxial compression test shownkig. 23 (left) matches better between the lab test
results and the calibrated results. The volumetric behase®Hig. 23 (right))

shows again higher deviations betwed&othof theconsideredesults. It alsonust

be notedhat the calibration process of ExCalibre changes the strains of the lab test
results from engineering strainsng QD0 to true strains wue by applying
equation (4.1).

. aép - (4.1)

The next chajerinvestigates the influence of different input files on the calibration
results of ExCalibre.
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4.2.2 Influence of different input data

Due to the facthat ExCalibreprovidesthe possibility to change the type and
amount of soil test data in the input fileistchapter will show the influence on the
calibrating hypoplastic parametersgfloading different input files of the same

soil sample on the website. For examjpilés possible to use only one oedometric
compressiottest (loose or dense sample) as w&sltnly one triaxial compression
test(loose or a denseample with any confining pressuyeFor this investigation

three soilsampef r om t he Asoi | model againamu oad bewe b s i
seen infTab.2. The three materials dfab.2 were selectedecauséor all of them

two oedometric compression tests and three triaxial compression tests with
confining pressures of 50, 100 and & were providedTo investiga¢ the
influence of the input tabheet on the resulting hypoplastic parameters, different
combinations of the input were cted, whichcan be seen ihab.4, andwerethen
uploaded for the calibration with ExCalérAfter the calibration process for each
input file was finished, the resulting hypoplastic parameters were,rartddhe
relative difference [%] related to input set a (Sexb. 4), which contains all
available sil tests, was calculated. For a better representation of the results, the
differences to the reference set a were plotted for every hypoplastic parameter (see
Fig. 24 to Fig. 27), and the magnitudes of the differences presented within tables
can be seen in the appendix

Tab.2 Parameters of three different materials

. Q 3 Q Q Q | I

R o VI~ JN © N N C I o I €
Rohatecsand 34.3 61,377 0.462 0.379 0.757 0.909 0.11 3.3
Kralupy sand  36.3 3810 0.165 0.758 1.517 1.820 0.12 4.3
Motol sand 35.3 987 0.193 0.594 1.188 1.426 0.01 1.7

Material

Tab.3: Initial void ratios of the solil tests

Initial void ratios of input file

Soil test Rohatec sanc  Kralupy sand Motol sand
Oedl 0.741 0.997 0.7615
Oed2 0.721 1.017 0.743
Triax1( v Q0D 0.520 0.637 0.313
Triax 2 p TR0 )RD 0.467 0.625 0.306

Triax3( ¢ MTRO)D 0.469 0.525 0.281
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Tab.4: Different combinations of input files for ExCalibre

Input Triax 1 Triax 2 Triax 3
st  Oedl  Oed2 (  vib) ( LD (v o)
a 1 ll 1 ll 1
b 1 1 1 1
c 1 1 ll
d 1 1 1
e 1 1 1
f 1 1
g 1 ll
h 1 1
[ 1 ll 1 ll
j 1 ll 1 ll
K 1 1 1 1
| 1 ll 1
m 1 ll ll
n 1 ll l

@ hs
15.0 1 mmm Rohatec 300 = Rohatec
125 ] Kralupy Kralupy
mm Motol 250 4 mm Motol
AN 1O I | | |
o I gy I of L L A I TR P O
" Chcatbre putsets " Tecabreimpiesets

Fig.24  Resultinge -values (left) and &values (right) for the different inptites

n g0
20| M Rohatec 10 I Rohatec
Kralupy Kralupy
10 ™ Wotol 81 s Motol
| | N !
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: IFUIT! |15
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a =R [ d ool 20
I | 1 I
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b ¢ d e f g h i i k 1 m n h ¢ d e f g h i ] k I m n
ExCalibre Input Sets ExCalibre Input Sets

Fig.25.  Resulting avalues (left) and4e-values (right) for the different input files
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Fig.26:  Resulting @-values (left) and®-values (right) for the different input files
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Fig.27:  Resulting -values (left) andl -values (right) for the different input files

Fig. 24 (left) showsthat the critical friction angle shows the highest magnitudes

in the casethatonly one triaxial compression test with a low comnfgnipressure
(here, v TIQO )dis used, whictcan particularlybe seen for the Motol sand.
Furthermore it can be observedhat the amount of applied oedometric
compression tests within the input file does not have much influence on the
resulting critcal friction angle. Alspwith respect to the initial void ratios of the
different solil tests of the input filet can be seethat the Kralupy sand has the
highest void ratios and also shows the highest deviatioms fétowever, for most

of the wsed input sets, the deviations of the critical friction angle are in an
acceptable range. For thegparameter (seféig. 24right), it can be seethat adding

a second oedometric compression test has a significant influence resuhang
calibrated bparameteralthough for all soil sampleghe initial void ratios of the
second oedometer test are simtlathe first one. Sofor the Rohatec santhe
relative changes ofsldecreasat an extreme rateom a very high magnitudé-or

the Motol sandit seemghat the relative changekecreaseand for the Kralupy
sandthe relative changes ofWwent from negative to positive deviations by adding
a second oedometric compression test.
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For the hypoplastic parameter n (d&g. 25 left), the relativedeviationsshow no
clear trendbetween the different soil samples and the different input sets. For
example, the Motol sarghowsonly negative deviations if the triaxial compression
tests with a confining presre of, p RO & missing and for the Kralupy
sand all combinations show negative deviatipagceptfor set j. All initial void
ratios Fig. 25right andFig. 26left and right) show the sarbehavior of deviations

but gain no consistent behavibatcan be observed between the different applied
input sets and the different soil samples. But for the Motol,sagainthe triaxial
compression test a confining pressure of p TRO @Ghow significant
influence on the resulting calibration parameters. If this test is mjssirigonly

this test is used as triaxial compression test within the input file, the deviations are
highest.

The deviations of the hypoplastic parametéseeFig. 27 left) seem to be mostly
influenced by the triaxial compression tests of the input file. The Rohatec sand
shows the highest deviations if only one triaxial compression test with a low
confining pressure gf v QU B used. The results of the Motol saare again,
significantly influenced by the triaxial test with a confining pressurg of

p 1RO ,cand the deviations for the Kralupy sand are highesiércaseof the
triaxial compression test with ¢ 1t ®®missing.

The hypoplastic parameterpresented withirrig. 27 (right) shows the strongest
scattering effect by applying different input files. Agamo real consistent
behavior between changing the input files and the @iffiesoil samples can be
found.

In general it can be concludethat although the initial voidatios for each soll
samples arsimilar for the different oedometric compression tessswellasfor

the different triaxial compression tedise amount of @l test data applied within

the input file can have significant influence on the resulting calibration parameters.
A reason for this could not be found until this partr@work, and to investigate

this issue in more detail, the calibration processtbe analyzed mordecause
there may be an influen&®m the different applied triaxial compression ssith
respect to the confining pressurf@ut, the calibration process is alsurely
influenced by the initial void ratios of each soil test.

4.2.3 Updatirg initial void ratios of input

As already stated within chap®#2.1 the initial void ratios are updated during the
calibration procesdut only for the triaxial compression test. Due to importance
of the initial void ratio @it connected with the application of the hypoplastic soil
model, the idea was to change the initial void ratios in the input files for ExCalibre
to the updated ones of the firsalibration processHence,a kind of iterative
process is performed and thien is to see the influence of updating the initial void
ratios on the ca@rated hypoplastic parameteiie first investigations regarding
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the updated initial void ratios were performed for the Motol sand from the
Asoil model s. cTam?®. website (see

As provided, he input datasetl e n ot e d ,was upifo&ledtto ExCalibrthe
updated void ratios (fiSet 20) were not
was calculated. Furtheiore the hypoplastic parameters were tgkand for input

set NtSke HYypoplastic parameter set was

In the second step, the initial void ratios of input set 1 were updated to the
magnitudes of set,Zand the calibration was started. Titesultingupdated void
ratios thenp r e s e n t, andi tBeeobtain@dhypoplastic parameters (fnoput

set2) presenfi Set bo.

This process was rerun several tinesrder to seaow ExCalibre reaetdto the
change of the initial void ratios in the input files. The initial void ratibshe
oedometric compression tests were not considehed to the facthat only the
initial void ratios of the triaxial compression tests were updated.

Tab.5 to Tab. 7 show thedifferent sets of initial/oid ratios and their differences
andTab.8to Tab.10show the associated obtained hypoplastic parameters.

Tab.5: Initial void ratios of set 1 and sefi 2Motol sand

Initial void ratios

Test Input dataset ExCalibre output (set 2) Difference [%)]
(set 1)
Triax 50 kPa 0.313 0.375 +19.8
Triax 100 kPa 0.306 0.306 0
Triax 200 kPa 0.281 0.308 +9.6
Tab.6: Initial void ratios of set 2 and set'3Votol sand
Initial void ratios
Test Input dataset ExCalibre output (set 3) Difference [%)]
(set 2)
Triax 50 kPa 0.375 0.406 +8.3
Triax 100 kPa 0.306 0.282 -7.8

Triax 200 kPa 0.308 0.329 +6.8
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Tab.7: Initial void ratios of set 3 and sefi4Votol sand

Initial void ratios

Test Input dataset ExCalibre output (set 4) Difference [%)]
(set 3)

Triax 50 kPa 0.406 0.410 +1.0

Triax 100 kPa 0.282 0.276 -2.0

Triax 200 kPa 0.329 0.330 +0.3

Tab.8: Hypoplastic parameters forput set 1 and input seti2Motol sand

. Q g Q Q Q | I

J Qoo [] [-] [-] 1 [ [
Seta (set 1) 353 987 0.193 0594 1.188 1.426 0.01 1.7
Set b (set 2) 353 867 0.198 0595 1.191 1429 001 2
Difference [%)] 0 -122  +26 +0.2 +0.3 +0.2 0 +17.7

Set (input)

Tab.9: Hypoplastic parameters for input set 2 and input $edtol sand

. Q g Q Q Q | I

J Qoo [] [-] [-] [-] [[1 [

Setb (set 2) 353 867 0.198 0.595 1.191 1429 0.01 2

Set c (set 3) 353 928 0.206 0.583 1.166 1.399 0.01 2
0

Difference [%] 0 +7.0 +4.0 -2.0 21 21 0

Set (input)

Tab.10: Hypoplastic parameters for input set 3 and input $evbtol sand

. Q € Q Q Q | I

J Qu o [] [-] [-] [-] 1 [

Set c (set 3) 353 928 0.206 0.583 1.166 1.399 0.01 2

Set d (set 4) 353 601 0.184 0.631 1.262 1515 0.01 2
0

Difference [%)] 0 -35.2 -10.7 +8.2 +8.2 +8.3 0

Sd (input)

Also, after updating the initial void ratios of the inpiile twice, there is still a
maximum change a¥s ¢ P(seeTab.7). Even thoughhe changes of the initial
void ratios are relatively small, the hypoplastic parameters show satific
changes with a maximum change of/s o v b(see Tab. 10). The same
investigations were performed for the Dobrany sand Takell), and the results
are given within the appendix.
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In the next chapterthe performance of the automatic hypoplastic parameter
calibration tool ExCalibre is validated by performing the soil tegtéch are used

as inpus for ExCalibre alongwith the PLAXIS (Brinkgreve, et al., 2018%oil
Test Too.

4.2.4 Comparison of ExCalibre and PLAXISoil Test
Tool

Regarding the investigations within this chapter, two soil samples from the
database provided by tee b si t e, i s onierk osedd Eol abf theo mo ,
materials of the databagbe inputtemplate fo ExCalibre including different lab

test data and all further necessary informaitam simply be downloaded from the
website. In addition, the already calibrated hypoplastic parameter set for every
material is provided. The hypoplastic parameters ®itwo soil samples are given

in Tab. 11, and the settings for the oedometric and triaxial compression test are
given inTab.12andTab.13. The settings for the Dobrany sand are shown in the
appendixA.

Tab.11: Hypoplastic parameters for Dobrany and Rohatec sand

. Q 3 Q Q Q | I

J Qu e [] [-] [-] 1 [T [
Rohatec sand 34.3 61,377 0.462 0.379 0.757 0.909 0.11 3.3
Dobrany sand 36.5 49846 0.243 0.572 1.144 1.372 0.09 45

Material

Tab.12  Settings for oedometric compression teRohatec sand

Soil test Q Pressuresteps [kPa]

871 107 2071 4071 8071 1507 3007 6001 1200i
60071 15071 40- 10

81 107 2071 4071 8071 1507 3007 6001 1200i
6007 15071 40- 10

Oedometr 1 0.741

Oedometer 2 0.721

Tab.13  Settings for triaxial compression tésRohatec sand

Confining pressurg

Soil test Q 00 &
Triax 1 0.440 50
Triax 2 0.521 100

Triax 3 0.458 200
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First, the corresponding input file was uploaded to ExCalibred after the
calibration was successfully completed, the results of all soil teststvaeisferred
to a new Excel worksheet.

Then, the results of lab tests were copied from the input file to the nekslveet,

and the strains of botthe oedometric and the triaxial compression tests were
changed from engineering strains into true strains with equation (4.1).
Due to the reason that PLAXIS also uses true strains |, for the figuregFig.
28to Fig. 30only true strains were applied.

The third and lasstep is to perform the same soil tesssngthe Soil Test Tool
within PLAXIS. For this, two important pointaustbe considered before starting
the lab tests. The first is the correct determination of the parameierthpe
ARaamet er 0 s h,emith isespecifdyinfpdttar®for the oedometric
compression test. According kdasin(2010) the p-value is defined athe shift of
the mean stress due to cohesion. The effective stressed in the model
formulation is replaced by pr) . Non-zero value of pis needed to overcome
problems with stresBee state. If p= 0, it will be replaced by a default value of 1
kPa. Any other value can be input by user (for basic hypoplgstiet pto very
low number, e.g.i 1.e-5). Due to the facthat the oedometer lab testy@n in
the input file all starat a magnitude of BPg and the RAXIS soil test simulations
start at (kPa, the pvalue has to be taken into account withmagnitude of
p: = 8 kPa.

Furthemore it is important that thanitial stressmcrement be chosen with kPa

and 10,00Gtepdfor the oedoratric compression testtherwise the strains will be
induced but the stresses will not be updated and willaenat OkPa(Winkler,

2018) All other load increments can be chosen as desired. The second point
regarding the simulation of soil tests withAXIS is related to the initial void
ratios. For the triaxial testshe updated iniéll void ratios after the calibration
process were taken and converted to initial void ratios at zero pressure using
Bauer 6 s c o nBauee $996 seerequiat@nd), as thigs necessary for
PLAXIS. According toWinkler (2018) the initial void ratios of the oedometric
compression tests proled in the inpufile wereassumed to be the void ratio at
zero pressutedue to a lack of information regarding the isotropic pressure, level
for which the initial void ratio wadetermined.

Additionally, it has to be mentionetthat regarding the volumetric behayitine
same sign convention as defined in ExCalimeused,with dilatancy being
negative. The results of two oedometric compression tests and two triaxial
compression s for Rohatec sand are shown fréig. 28 to Fig. 30. For the
Dobrany sandests the results a given within the appendix.A
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Triaxial compression tests (- -diagrams) Rohatec sand
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For the oedometric compression test resultgigf 28, it can be seethat the
resulting cures from ExCalibre andlAXIS are very similar but show significant
deviations from the lab test dataheveas the stresdrain response of the triaxial
compression tests shownhig. 29 match up to the peak stress very well with

lab test resultdt is also true thaafter the peak stress is reached, the sswam
response of ExCalibrand PLAXIS results show deviations frahe lab test data.
The situation for the volumetric behaviigr different, sincahe results obtaed

with PLAXIS and ExCalibre are not able to reproduce the real soil behavior of the
lab test results (sd&g. 30).

4.2.5 p-value of hypoplastic soil model iLRXIS
(connected to ExCalibre)

In all studieswvherethe hypoplastic soil nael was used, the palue was set to a
very low number of = 1E-5, as recommended kMasin (2010) But, since the
p-value had to be changéal the simulations of the oedometric compression tests
within the R.AXIS Soil Test Tool this chaptewill present some of these
investigations with respect te-yalue.The Motol soil sample froriab.2 is used

for these investigationsirst, with regards tahe material offab.2 (Motol sand)

an oedometric compssian test was simulated with the PLAXISoil Test Tool
and different magnitudes for theyaluewere applied The resulting oedometer
curves are shown iRig. 31

Oecjometer ‘Motol Sand

0.00

0.201 B
. k
0 200 400 600 800 1000 1200
oy [kPal

|H p.=0kPa — p=1kPa — p,=5kPa p.=8 kPa — p=15 kPal

Fig.31.  Oedometer test with different-paluesi Motol sand

Fig. 31lillustratesthe significant influence of the-palue very well It canalso be
seen that the compression curves far@kPa and p= 1 kPa are exactly the same
due to the definition of theralue. According to the definition given {iMasin,
2010) p: must be uneggal to O, and if it is applied as RPa, its default value of
1 kPa is used.



4 Investigations on hypoplastic soil model 39

Additional investigations were executed with respect to ExCaldmmd it was
discoveredthat ExCalibre only takes the first pressure increment into account if
" L QU for the oedometric compression teBbd prove this statement, the first
pressure increment of the ExCalibre input files was vaaied then the calibrated
compression results were again transferred to an Excel workaheethe same
oedometric compression tests were simulated with®>®S. This was donéy
applying the pvaluesat the same timas the same magnitude as the first pressure
increment of thenput file was used. Ifrig. 32, it is schematically shown, which
value of the input file is changed.

initial void ratio (at the
start of the shear) 0-7a1414611
sigax [kPal epax =dh/ho [-]
2 0
0.000537616
20 0.005040153
40 0.009341084
80 0.014582843
150 0.020093411
300 0.026343201
600 0.034273042
1200 0.044118141
600 0.041530863
150 0.036591512
40 0.032391385
10 0.028997682

Fig.32  Changing first stress increment of ExCalibre input

The following Fig. 33 andFig. 34 show with the appropriate PLAXIS Soil Test
Tool curvesthe oedometric compression curves for difeerent ExCalibre input
files where only the first stress increment is diéfet
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Oedometer Motol Sand p, = 4

Qedometer Motol 5and p, =1

0 200 400 600 800 1000 1200 [¢] 200 400 600 800 1000 1200
oy [kPal ay [kPa]

Fig.33  Oedometer curves for differentyalues: p= 1 (left) and p= 4 (right)i
Motol sand

Qedometer Moteol Sand p, =5 Oedometer Motol Sand p, = 8

g 706 00 500 800 1000 200 o 706 200 560 800 1600 1200
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Fig.34:  Oedometer curves for differentyalues: p=5 (left) and p= 8 (right)i
Motol sand

Fig. 33 showsthat applying the first pressure increment of the oedometric
compression test for the Exiae input file smaller than EPaalways results in
ExCalibre taking the next pressure incremeny Q0 ddto accountand so the
PLAXIS curves with the appro@ie p-valuesexhibitvery large deviations. Using
the first pressure increment withk#a or higherFig. 33 shows that ExCalibre
does actually takehis first pressure increment into accquand that the
simulations executed WitPLAXIS includingthe appropriateipralues only show
small differences. With respect to thgarticularissue regarding the-palue for
PLAXIS simulationghat applythe hypoplastic soil modednd the way ExCalibre
takes the lab test data from oedontettompression tests into accountore
investigations have to be done.
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4.3Hypoplastic model for crushable sand

This chaptediscusses firghe effect of grain crushing on the mechanical behavior
of soils as well as on the soil propertiekhis is followel by apresentation of a
hypoplastic soil model that takes grain crushing into accddoteover the
application and performance of this relatively new soil model withiA>X2S is
shown.

4.3.1 Grain breakage

Introduction

Depending on soil properties, grairebkage usually occurs at high pressiaad
whereas many geotechnical applications are related to low stress levels, several
geotechnical problems have to deal with high stresbes example the
penetration of a cone, stability of earth dams or theimgaapacity of pilesll
demonstrate geotechnical problems that deal with high streBesse, for
granular materials considered at high confining stesss,grain breakageould

occur Furthemore, the soils mechanical behaviocould be significartly
influenced In general, the problem of grain breakage is considered at a-micro
scale that isbesides the micrscale propertieslso strongly influenced by maero
scale properties and external forces. Furttueg the influencing parameters can

be didinguished betweenature parameterthat characterie the discontinuous
medium and mechanical or state parameters. With respect to soil mechanics,
several performed studies show#tat for example parameters like the grain
mechanical resistance, theagr size, the grain angularity and the grain size
distribution have a significant influence on the amount of grain breaBageles
these main influencingarameters, which are necessary by means of geotechnical
applications, further paramesemay have a influence on the amount of grain
breakage. These further parameters inglddieexamplethe agitation intensity,

mi ner al ogi cal composition of the.grain
Overall grain breakage can be classified by distingmghbetweenthe three
different modes shown iRig. 35 (Daouadji & Hicher, 2010; Engin, et al., 2014;
Phuong, et al., 2018)
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Fig.35.  Modes of grain breakagea)(fracture, (b) attrition and (c) abrasion
(Daouadji & Hicher, 2010)

The three different modes of grain breakage (Sge35) can be described as
follows (Daouadji & Hicheyr 2010)

1 (a) fracture: this mode can be sera splitting (breaking) of the grain
into similar sizes

1 (b) attrition:theresults of this breakage mode are a single grain with an
smaller size and several grains witkignificantlysmaller size

1 (c) abasion: the break ohe grain asperities results in gheduction of
fine particlesip Q)

With respect to geotechnical applicatipige first two grain breakage male
(fracture and attrition) are of the maslevance because they shoa more
significant influence on nature and mechanical paramébBaeuadgi & Hicher,
2010)

The performance o$oil tests on granular materisdeowsthat the constitutive
behavior of soil during loading isffacted by the stress levalvith regards to
triaxial compression testss can be seethat the peak strengtland &so the
dilation, show significant changes between the different stress levds.36
shows, thatthis dilation is suppressed, even thougmse sand normally temito
showdilation behavior at high confining pressureadditian to this it can be seen
thatwith an increase of the confining pressubhe peak friction also significantly
decrease One possible reason for such behavior mayhleeproblem ofgrain
breakageoccurringat higher pressure leveleoung & Touati, 1983)Therefore
it is importantto incorporate the main influencing characteristgtech as stress
dependency, hardening and softening, dilateomd contraction ira constitutive
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soil model for a proper modelling of the soil lagtor. The following points present
the stress dependency of the most relevant soil parameters with respect to the
amount of grain crushin@ngin, et al., 2014)

n=1

f

| |
0 8 16 24

: £
i

Fig.36:. triaxial tests at differentanfining pressures (Fontainbleau with
Io =0.95)(Loung & Touati, 1983)

Uniformity coefficient Cy

Grain breakage causashange of the grain sizes of a material (5ge35) and
hence also the grain size distition changes. An inidcator for the grain size
distribution is the so called uniformity coefficieng,@vhich can be calculated as
shown in equation (4.2), whereodlefines the particel size at which 10% of all
particels are finer and 90% are coarsentlo. Equally, do defines the particel
size at which 60% of all particels are finer and 40% are coarserdhan d

8 Q (4.2)

Nakata et ali2001)performed oedometric compression $est a dense silica sand

(Q 1) for two different initial gradings (uniformly and Wegraded). The
results of the edometer tests are shown kig. 37. Furthermore, for different
considered stress levels (see legeigd37), the related grain size distributions are
shown withinFig. 38. It can be seethat the change in the grain sizstdbution
caused by grain breakage can be characterized by the uniformity coeffigient C
Hence Rohe et al. (2014) formulated the dependency pbiCthe stress level
based on thresults provided b{Nakata, et al., 2001as shown in equatiod (3).
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Fig.37:  Results of oedometric compression tests on dense silica sand for different
initial gradings(Nakata, et al., 2001)
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Equation (4.3) shows the dependency of the uniformity coefficiento@ the
vertical stress by taking into account the mean effective stf@gsegative in
compresion) and the deviatoric stress q. Furtherg the factors pand qcontrol

the quadraticand the factorsp and' q controlthe linear change of the uniformity
coefficient due to the mean effective and deviatoric stress. All four factors can be
detemined by means d curvefitting procedurgEngin, et al., 2014; Phuong, et

al., 2018) Because the determination of the different factoc®iporated within
equation (4.3was notfurther explainednd suggested ltees were only valid for
onedimensional compression, Phuong et al. (2018) generalized the stress
dependency of gor both, onedimensonal and tiaxial compression by collecting
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data from literature. The results taken from literature are showigi39, where

the horizontal axis represents a simensional stress (vertical effective stress for
oedometer test and cell pressure for triaxial test)l the vertical axis represents
the difference between the uniformity coeffici€htand the reference valuedC

Fig. 39 clearly shows that for triaxial compression (red curire amount of grain
crushing is higher than for oedometric compression (blue curve) due to the
additional shearing during triaxial Idig.

25 —————p —
(1) Fontainebleau sand
(2) Hostun sand
(3) Cambria sand X
O (4) Chattahoochee river sand |
(5) Quartz sand [
+  (6) Toyoura sand

20

Cuo)

(Cu

oedometer test
y = 0.0036z

uniformity increment:

10’ 10’ 10' 10° 10° 10

non-dimensional stress: ﬁ'—"‘_{'«m% |-

Fig.39:  Dependency of uniformity coefficient,©n stress level for oedometric and
triaxial compression tes{Phuong, et al., 2018)

The dependency of@n the stress level (s&gg. 39) for triaxial compression and
for oedometric compression can be formulated as fol{®hsong, et al., 2018)

1  Triaxial compression:

. T T WU .
o} - 0 4.4
TAEBTTTYWT & X O (4.4)

i Oedometric compression:

0 T8t o 0 (4.5)

For both formulasthe variable x is defined ahown in equation (4)6howevey
for triaxial compressionthe cell pressure must be taken intcamt with

" . ,and for oedometric compressidhe applied effective vertical stress is
consideredwith,, ,,  (Phuong, et al., 2018)
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The refeence uniformity coefficient is taken into account witie variableCyo

2 6

z

Q

o)

and the reference mean grain size witky, ¢l Furthemore, ,,
reference stress level of 18Pa and Ger representshe reference grain diameter

of 1 mm. It is also important to mentiotinat, to find the correlation®f (4.4) and

(4.6)

representsa

(4.5, mainly quarz sands were considerehd therefore the relation may not be
applicable forcalcareous sands. The consideration of different sagdlso show
deviations to the @neralized correlation due,tfor example gffects of different

grain shapes, grain sizes or different initial gradifi®fsuong, et al., 2018Jhese

uncertainties should be part of further research.

Minimum and maximum void ratio

As already shown ifig. 39, the stress dependency of the void ratrasstalso be

considered because the effect and the amount of grain crushing also have a

significant influence on the void ratio. Andespecially with rgsect to
hypoplasticity, the void ratios are very importanpredicingt h e

SOIi

0s

In general it can be stated that bothe minimum and the maximum void ratio
(emin and enaxy) decrease with an increase of the uniformity coefficienthuong

et al. (2018) used the same collected data tteeraforementioned literatuesd
illustrated the dependency of the minimum and maximum void ratio on the stress

applied stress leveghs shown irFig. 40 (Phuong, et al., 2018)

(a) minimum void ratio
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RIS empirical relation o
S04 g
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< Y = 001502 +7.770 ;L <q])
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+
+
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Fig. 40:
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(b) maximum void ratio
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empirical relation |

— 0.0072x

Y = 0.01192+6.370

Change of minimum void ratiane (left) and maximum void ration@x
(right) with stresgPhuong, et al., 2018)
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Fig.40showsthat the mininmm and maximum void ratio decrease withraorease
of the stress leveand the correlations are faulated as shown in equation (4.7
and @.8) (Phuong, et al., 2018)

T8l p —€—
Q - (4.7)
TBUp Ve XX X

T U X—6—
Q - (4.8)
TBLp e O X

Again, the reldons presented by equation (4.7) and 4@ only valid for Quartz
sands due to the collected results fromrature andarealso only applicable for
onedimensional loading processéowever, it will be an unconditional issue of
future research to build up such relations for a wider range of different sand and
triaxial loading mode(Phuong, et al., 2018)

Strength parameters

Several investigations related to the stress depenaesreyperformed in the past,
especially for the friction angle and the dilatancy angtel it can be statethat

the friction angleas well as the thtancy angledecrease with an increasethe
stress levelPhuong et a(2018)applied the empirical relations aftgéolton (1986)
andSchanz & Vermeg(1996)and compared the results with the laboratory triaxial
tests performed by.oung & Touati (1983. The comparison between the
laboratory results and the results obtained from the empirical relation for the
friction angle and the dilatancy angle are showfig 41. It can beeasilyseen

that the friction angle and the di#acy angle show a significawtecrease with
respect toan increasing stress leyand Fig. 41 also showghat the empirical
relations(Bolton, 1986; Schanz & Vermeer, 19%@)ongly supporthelaboratory
results. Hence, the empirical relations accordinBdtion (1986)and Schanz &
Vermeer(1996)can be applied to describe the influence of the stress level on the
soi | 0 s (Pkubng,etaly 20AS)
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Fig.41:  Dependency of friction angle (left) and dilatancy angle (jightthe mean
stress (laboratory test resultoung & Touati, 1983and empirical
relations(Schanz & Vermeer, 1996

Stress dependency of Stiffness

According toOhde(1939) the dependency of the stiffness on the stress level can
be determined as follows:

f

0O 0 — 4.9
7 (4.9)

Wherethe stresslependent oedometer modulissEer, which isthe reference
value of Eo corresponding to a reference pressuse phe determination of w,
which isdependent on the stress level, is dididgo three different zones, which
are not presented greatdetail in this thesis. For a more detailed description
reference is made {®huong, et al., 2018)

4.3.2 Hypoplastic model taking grain breakage into
account

The aim of nany researche is then to implement the relations shown in the
chapter4.3.1into a constitutive soil modehat considergrain breakage. This
chapter will introducéo the usea hypoplastic model for crushable saRidst, the
theory of the relatively new constitutive soil model and the expansion of the
original hypoplastic modglVon Wolffersdorff, 1996)are presentedind this is
followed by the application within PLAXIZD.
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According toVon Wdffersdorff (1996) the hypoplastic constitutive soil model is
applied as the basic model for modifying different parametersthecefore for
accouning for grain breakage. Theriginal hypoplastic soil modealready
incorporates dilation, contractiom@the stress dependency of stiffné€3sly the

main mathematical formulations of the adaption of the constitutive soil model are
shown in this thesjsand for more detailed descriptions $Bauong, et al., 2018)
Firstly, themodified minimum and maximum void ratios are preseiigdiong,

et al., 2018)

Modified minimum and maximum void ratio

As shown in chapte4.3.1 the minimum and maximum void rateecreasavith

an increasing stress level caused by grain crushing effects. Hence, the reference
void ratios should be adapted at each stress level based on the relation shown in
the following equationgPhuong, et al., 2018)

Q Q VYo (4.10)
Q Q Ya (4.11)
Q  ppFEQ (4.12)

Where the determination #Q andYQ follows equatios (4.7) and (4.R
The dependency of the reference void ratias @ andeo) on the stress level is
shown inFig. 42 (Phuong, et al., 2018)

reference void ratios []

0 50 100 150

oed ref

Fig.42.  Influence of stress level on the reference void ratios (Hostun sand,
Io =0.90)(Phuong, et al., 2018)
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Modified parameter »

According toHerle & Gudehus(1999) the hypoplastic parametercontrok the
peak state of triaxial compression tdsitappiesthe hypoplastic soil modehnd

the peak strength is determined accordind@tdton (1986) Sq Phuong et al.
(2018)staedthat it mustlsobe possible to determia@| -value that is dependent
on the stress level. IRig. 43, the stress dependency of the peak friction grage
well as the parameter, are both shown where,, indicates the reference
pressure of 10RPa Fig. 43 shows a significant influence of the stress level on the
parameter , which may also reach a negative magnit(leuong, et al., 2018)
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Fig.43  Stressdependent behavior of the peak friction angt) and the
hypoplastic parameter (right) (Phuong, et al., 2018)

Modified parameter

According toHerle & Gudehus(1999) the hypoplastic parametgr should be
determined by considering two different stiffness moduli at different density states
(void ratios) but the same stress level. As mentioned before, the hypoplastic soil
model already incorporates the stredependency of stiffnesss well asthe
modified parametér, which is dependeiin the stress level. The stragspendent
behavior of the exponent w (see equation 4.8) and the hypoplastic pafaraeter
shown inFig. 44. It can be seethat the parametér increasesupto a peak value

at low stress levelnd then decreast negative magnitudes for high stress levels
(Phuong, et al., 2018)
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Fig.44:  Stressdependent behavior of exponent w (Jefind the hypplastic
parameter (right) (Phuong, et al., 2018)

Remarks on the modified hypoplastic soil model

In the modified model, the five parametersy, &0, €0, | andf , are stress
dependentOverall, this modified model consists of nine pardemethat needto
be determined, namely the critical friction angle the limit void ratios &, eo
and @, the granulate hardnesss,hthe exponents n arid , the uniformity
coefficient Goand the mean grain sizeodCuo and do are twoadditional physical
parameterswhereas the parametercan be neglecteldecause it can be directly
determined from the stress level. All standard hypoplastic parasrstteuldstill
be determined as proposed within chaft@r2(Phuong, et al., 2018)

Application of hypoplastic model for crushable sand within RAXIS 2D

To apply the hypoplastic model for crushable sand as presaede for
geotechnical calculations, it must be correctly usediwPLAXIS 2D. Therefore,

the dlHile firstly mustbe copied into the directory of PLAXIS 2D and when
adding a new materi al in PLAXI S -the m
def i nedo -file was €opidd int the dight directory, the approgriabil

model can be chosen in PLAXIS as seeRim 45.
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Fig.45.  Application of grain crushiggmodel within PLAXIS

The hypoplastic model for crushable sand has to be olass@ Mdel inDL L 0
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As Fig. 46 shows, most of the paramees are the same as for the original
hypoplastic soil model according YWon Wolffersdorff(1996)however, the new
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1 the parameteriis and Kydsddeare rot considered in this modified hypoplastic
soil model

1 the parameterfGrain crushing, fiModify alphad andfiModify betad are all
set to 1 to be activated and to take into account their predespemdency

With the new parametersghnd Gothis soil modétakesthepressure dependency

of the parametersyee;, @,| andf into account. In the next chapter the triaxial
response of two materials is shown for once applying the original hypoplastic
model and once for the application of the grain crushing model.

4.3.3 Application of grain crushing modéeltriaxial
response

In this chapter triaxial compression tests are performed (modelled) using Hostun
sand and Toyoura sand with the appropriate paras@gitesn inTab.14. To see

the influence of considering the pressure dependency of the singlaqiars, at

first a triaxial compression test with an initial cell pressure dfib@ is performed

for the Hostun sand by a stepwise application of the grain crushing model. Thus,

at the beginning only the fAgr apressurer us hi

dependency of the void ratioss(ecande f ol | owed by al so ac
al phao to take also the pr|etcatcmowmt. dep e
Finally, also fAimodify betao is afctivat e

The resultgseeFig. 47) are compared to the curves obtained from the application
of the original hypoplastic model and test resiutisn Colliat-Dangus et a[1988)

Tab.14: Hypoplastic parameters for Host sand and Toyoura sand

i . Q ¢ Q Q9 Q9 | I Cuw dso
Material e
RN S R & I N N € T E I C
g';rfé”” 32 1000 029 061 096 1.09 0.13 20 169 0.32
Toyoura

32 120 069 061 098 1.13 0.12 1.0 150 0.23
sand
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Fig.47.  Triaxial response of Hostun sand at an initial cell pressure bfP®and a
relative density ofd = 0.9 (stress ratio vs axial strain (left) and volumetric
strain vs axial strain (right))

In Fig. 47it can be seen, that atcell pressure of 1IPa the original hypoplastic
model predicts too high peak friction angle and too much dilatancy compared to
the laboratory results. With each modification of the hypoplastic modelged

) the obtained results match better with the laboratory test results.

In the following for both materials froffab.14 several triaxial tests with different
initial cell pressures were performed and comparddioratorytest resultsThe
laboratory test results for Hostun sg@lliat-Dangus, et al., 198&ye shown in
Fig. 48 and the ones for Toyoura safMiura & Yamanouchi, 19733an beseen

in Fig. 51. The results obtained from the application of the original hypoplastic
model(Von Wolffersdorff, 1996)as well as the hypoplastic model for crushable
sand(Phuong, et al., 2018re presented iRkig. 49 andFig. 50 for Hostun sand
and for Toyoura sand sé&&y. 52 andFig. 53.

Triaxial response of Hostun sand atdifferent initial cell pressures and a
relative density of Ib = 0.9

8 : : 0.15 ‘ ,
a) test data, ¢ ~ g, b) test data, E ~E

g 0.1
I 6f
£ sl 0.0
o S
g 4 = 0
E w
2 3¢ 005
(5] '
g 2y

. 0.1}
1
0 ~0.15 i ; ; ;
0 0.1 0.2 0.3 0.4 0.5
£ [%]

Fig.48  test data stress ratio vs axial strain (left) and volumetric strain vs axial
strain (right)(Phuong, et al., 2018)
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Fig.49:  PLAXIS Soil Test tool original hypoplastic modestress ratio vs axial
strain (left) and volumetric strain vs axial strain (right)
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Fig.50:  PLAXIS Soil Test tool grain crushing modestress rat vs axial strain
(left) and volumetric strain vs axial strain (right)

Triaxial response of Toyoura sand at different initial cell pressures and a
relative density of Ibo = 0.97
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Fig.51.  test data stress ratio vs axial stra{feft) and volumetric strain vs axial
strain (right)(Phuong, et al., 2018)
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Fig.52  PLAXIS Soil Test tool original hypoplastic modestress ratio vs axial
strain (left) and volumetric strain vs akgrain (right)
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Fig.53  PLAXIS Soil Test tool grain crushing modestress ratio vs axial strain
(left) and volumetric strain vs axial strain (right)

When applying the original hypoplastic model according/tm Wolffersdoff
(1996)(seeFig. 49 andFig. 52) no contractive behavior can be observed even at
very high cell pressures. Furthermore, applying a constarglue leads to an
overestimation of the peak friction angla. contrast, the results obtained from
applying the hypoplastic model for crushable sand Esge0andFig. 53) show

a much softer soil stiffness response which is similar to the test dataigsd8
andFig. 51).

During the performance of triaxial compression tests some problems occurred for
Hostun sand at an initial cell pressure ofMBa (seeFig. 50 (left)) and for
Toyoura sand at initial cell pressures of IgBa and 29.MPa (sed-ig. 53 (left)).
Therefore, the next chapter deals with the problems of this grain crushing model
at very high pressures.
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4.3.4 Problems with actual grain crushing-tile

Based on acorrespondence with Phuong Nguyen (main author of paper related to
grain crushing model) it was concluded, that she had the same problems at very
high pressures and therefaiee adapted the code a little bit. The latest version of
the code Phuongsed to apply the grain crushing model is unfortunately not
available anymore and thus, the-fdi applied within this thesis must be adapted.
The change of the codeuld notbe done within the framework of thisesis This
improvement isan importanissue of further research (see chaptéy.

According to Phuong therpblems occurred becausehagh pressures sometimes

the calculated current void ratio (based on the current stress level) is smaller than
the minimum void atio which further causesacorrect| -values. To investigate

the stress level fra which on the problems ocguwo materials offab. 14 and

one cabonatesand (sedab.15) were used fofurther triaxialcompression tests

on onlyhigh pressures were performed (§&g 54 to Fig. 56).

Tab.15. Parameters for a carbonate sand

i * Q € Q Q Q | f Cw dso
Material o 7

J Do w [ [-] [-] [-] [-] -1 [] [mm]

(Sigrr]l?jonate 363 39 053 074 1.26 145 005 197 40 0.63

Triaxial response of Hostun sand at different initial cell pressures and a
relative density of Ib = 0.9
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Fig.54:  PLAXIS Soil Test tool grain crushing modestress ratio vs axial strain
(left) and volumetric strain vs axial strain (right)
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Triaxial response of Toyoura sand at different initial cell pressures and a
relative density of Ib = 0.97
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Fig.55.  PLAXIS Soil Test tool grain crushing modestress ratio vs axial strain
(left) and volumetric strain vs axial strain (right)

Triaxial response of carbonatesand at different initial cell pressures and a
relative density of Ib = 0.9
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Fig.56.  PLAXIS Soil Test tool grain crushing modestress ratio vs axial strain
(left) and volumetric strain vs axial strain (right)

FromFig. 54 to Fig. 56 it can be seen, thatress level from which on problems
start to occur are very different. For Hostun sand the problems start at an initial
cell pressure of 1MPa, for Toyoura sand at 28Pa at for the given carbonate
sand sample already atMPa. It also can be seen, thaetkink in the obtained
curves occurs for the carbonate sand sample at a much lower strain than for the
silica sands (Hostun and Toyoura). Thereby, it has to be stated that the grain
crushing model was developed on the basis of soil tests performed osilicaly
sands. However, the performance of the grain crushing model applied for
calcareous sand is presented in chaptwhere a full KIM analysis is performed
once on the basis of the original hypoplastic soil model and @md¢ke basis of

the hypoplastic model for crushable sand.
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5 Spherical cavity expansion

This chapter focuses on the finkégement modein orderto solve the spherical
cavity expansion problemusing both a hypoplastic and an elaglastic
consttutive sal model. Rrst, the final FE model, proposed Winkler (2018) is
presentedalong with all of its characteristicsThis is followed by additional
investigations regarding different boundary conditions and the influence of
applying different calculatiophases. Additionally, this chapter investigates the
sensitivity of soil parameters on the results of a spherical cavity expansion analysis
and comprises a model verification, where computed results are compared with
closed form solutions.

5.1Final PLAXIS model

In accodancewith several studiethat Winkler (2018) performed to investigate
the influence of different settingthe improved FE model presented within this
chapter was applied for all calculations of the spherical cavity expansion problem.

Firstly, an axisymmetric mael type was used with 1Boded elementsThe

mo d e dindession includé a width of b=20m and a height of k41m
(incorporating a 1 m surchargelayer) in combination with the deformation
boundaries ynand Ynaxs €t t o A and kih and ¥aisxeed 6t o0 A nor m
f i x éMdreover different deformation boundaries are investigated in chapter

5.1.1 The initial radius of the cavity was considered withe®.1m, and two

concentric half circles arounddlcavity were added for a finer mesh generation
(Winkler, 2018)

The final FE model hasin total, 740 elements and includes aekment
discretization of the cavityrhe chosen nodes and stress points for the output were
taken as proposed byu (2007) In Fig. 57, the model dimensionsas well as the
final mesh are shownandFig. 58 shows the mesh discretization arourehd
within the cavity including the selected output n®¢& to |) and stress poin{¥

to T) (Winkler, 2018)

Independent from the material applied to the continuum, the cavity rend t
surcharge layer are modeled with the linekastic constitutive soil model and the
parameter gien inTab.16 (Winkler, 2018)
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VAVAVAVAVAVAVEY! ]
1m surcharge layer KKK S|

| cavity withap=0.1m |
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4 41lm

Fig.57:  Modeldimensions (left) and final mesh (riglaf improved FE model

Fig.58  Mesh digretization aroundnd wihin the cavity (lef}, including the
selected otput nodes and stress points (rjght

Tab.16: Proposed cavity and surcharge layer materials of improved FE model
(Winkler, 2018)

Material Soil parameters Constitutive
model
Cee 1/5 continuum E [kPa]
Cavity - 88 Ek]N ] Linear elastic
Ko 1.0 [-]
Surcharge Ce2 20,000 [kPa]

layer , 0.2 (] Linear elastic




5 Spherical cavity expansion 61

The initial stress state is generated by applying ther&cedure within the initial
phaseand for the first calculation phaséheoption toreset displacements to zero

is selected. As shown ilRig. 59, the updated mesh option is selected, the-arch
length control is deselected, the number of maximum steps is chosen with the
maximum value of 1,000 and the maximum load fraction per step was decreased
to 0.05.All of this was done for all phaseBhe magnitudes of volumetric strains
applied to the cavity for the different calculation phases are discussed in chapter
5.3(Winkler, 2018)

Reset state variables O

Reset time O

Updated mesh

Updated water pressure O

Ignore suction

Cavitation cut-off O

Cavitation stress 100,0

- Mumerical control parameters

Max cores to use 256
Max number of steps store 40
Use default iter parameter: O

Max steps 10000
Tolerated error 0,01000
Max unloading steps 5
Max load fraction per step 0,05000
Over-relaxation factor 1,200
Max number of iterations &0
Desired min number of iterz 8
Desired max number of iter 15
Arc-ength control type Off -
Use line search O

Use gradual error reductior O

Fig.59:  Proposed settings for calculation phases

5.1.1Influence of different boundary conditions

As a result ofseveral finiteelement analyses of the spherical cavity esjpgan
problemthat were performedVinkler (2018)proposed to choose the deformation
boundaries as follows:

' Xmin & Xmaxnormally fixed

1 Ymin & Y max fU”y fixed

This chapteaims to showhow changing the boundary conditiorpplyingload
boundary conditiog) will influence the results dhe spherical cavity expansion
using the material set MC 1 frofirab.18. Therefore, all deformation boundaries
(Xmin, Ymin, Xmax & Yma) We r e s e t, and two lifief lcadsde@gendenon the
appled lateral earth pressure coefficient and the initial stress field (see chapter
5.6), were createdas shown irfig. 60.
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A
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i

Fig.60:  Load boundary conditions forokc 1.0 / uniform (left), ko= 0.5 / uniform

(middle) and k = 1.0 / nonuniform (right)

Becauseof the application of only thdoad boundary conditions (W all

_%,x 4

A

i

i

deformation boundaries setifof r ,ea®ibudtrated irFig. 60, severalnumerical

problems occurred during the finite element analyfessolve that issue, fixed

point at the symmetry axi¢A) was defined.By fixing point A, a point
displacement was creataalhich enables three different settings (free, fixed and
prescribé) in both thex- and ydirectiors. At first, prescribed displacements with
S T1a in both directions (x & y) were appliefbllowed by changing the point
displacementithex-di r ecti on t o
with s ma forthey-direction.In order to sed there is a difference between

the different boundary conditions, the initial stress stjth, (Q, & the final

nfreeo and

keeping

deformations, the final stressépif) Q, deand the pressure expansion @sare
plotted for both situationsThe denotation for the different applied boundary
conditions within the following figures is given irab.17.

Tab.17: Denotations for different analyzed boundary condgio

denotation

deformation boundaries

point displacements A

boundary condition 1

boundary condition 2

boundary condition 3

Xmin, Xmax normally fixed
Ymin, Ymax fully fixes

Xmin, Xmax Ymin & Ymaxfree

both prescribed:wand

y=0m

x-direction freeand y

direction prescribed:

=0m
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Initial stress conditions @ QQ &for Ko = 1.0/ uniform

[kijm?] [k fm?] [kh/m?]

%

10,00 10,00

10,00

0,00 0,00

-10,00 -10,00
-20,00 -20,00
-30,00 -30,00
-40,00 -40,00
-50,00 -50,00
-60,00 50,00
70,00 70,00
-80,00 -30,00
-80,00 -50,00
-100,00 -100,00

-w,00 ¥ -110,00

-120,00 S -120,00

X

-130,00 -130,00 -130,00

Fig.61: Initial stress situatiom(h, Q, &efor boundary condition 1 (left),
boundary cadition 2 (middle) and boundary condition 3 (right)

Final stresses4=NAQ d gand deformations &9 for Ko = 1.0 / uniform

| 5
Fig.62  Final nator boundary condition 1 (left), boundary condition 2 (middle) and
boundary condition 3 (right)
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Fig. 63 Final r} for boundary condition 1 (left), boundary condition 2 (middiej a
boundary condition 3 (right)

Fig. 64:

Fig. 65:
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Final, aor boundary condition 1 (left), boundacondition 2 (middle) ad
boundary condition 3 (right)
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Final g6sfor boundary condition 1 (left), boundary condition 2 (middle) and
boundary condition 3 (right)
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Pressureexpansion curvedor Ko = 1.0 / uniform

800 T T T 800

600 600

400 £

o [kPa]
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aoo| £
§
{

200 200}

1 2 3 4 5 [3 1 2 3 4 5 [3
afag afag

‘ — boundary condition 1 & & boundary condition Zl ‘ — boundary condition 1 & & boundary condition Sl

Fig. 66.  Pressuresxpansion curves for boundary condition 2 (left) and boundary
condition 3 (right) compared to boundary condition 1

The results presented frofmg. 61 to Fig. 66 showthat there is no difference

between the applied boundary conditionamlist be mentionethat there is no

di fference between applying av%spaant di
and applying a poi n€Euthemag i isicetevarifitie as N
fixed point is on the lower end of the symmetry axis or anywhere else on the
symmetry axis. The same results were obtainedHe other two investigated
scenariogKo=0.5 and K =1.0 / nonuniform). The results for K=1.0 / non

uniform are given within appendix B.

5.2Necessity of averaging process

Preliminary studies showed that the flow rule (when using efaasiic
constitutive soil models) has a significanfluence on the results of the fiait
element analysis. Different fromme application of an associated flow rullee
application ofa nonrassociated flow results slightly nonuniform deformation
behavior of the cavitywinkler (2018)already showethat averaging the received
pressureexpansion curves delivers satisfying reswltsen compared with the
closedform solution ofYu & Houlsby (1991) The arrangement of the nodes (A
to I) and stress points (K to T) of the finite element modkich are ued for the
averaging procedureye already shown iRig. 58 (right) (Winkler, 2018)

To visualize the resulting pressuegpansion curves, principle effective stresses
, aare plotted against the normalized deformations)(afdhe sphere. The results
of the spherical cavity expansion (as illustrate&im 67) show the stresses g

for each stress point (K to T) asnsequenaof the normalized deformations a/a
of the related nodes (A to I).
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Fig.67:  Pressureexpansion curves for all output nodes and stress points including
the averaged solution (MC 3 material set and-associated flow rule
withf  11J)

The studies to investigate the averaging procedure of the SCE results were
performed with material set M& of Tab.18. The reults showed (when using the

MC 3 material with a nomssociated flow rule) high scattering betpressue
expansion curves of the output nodes and stress pOintthe contraryapplying

an associated flow rule with o 1@ results in a uniform deformation behavior

of all nodes and stress points. Hence, when applying @associated flow rule,

an averaging process is required. The resulting averaged/a curve and the
computed results from the different maof nodes and stress points (e.g. A & K)
can be seen iRig. 67.

Based on numerical investigatighginkler (2018)further suggested the exclusion
of the results of the southerand northerrmost selected nodes (A and |) anés$
points (K and T). This approach cae confirmed by comparing the averageee
a/a curves using all nodes and stress points and the averaged sulithidhe
results of the closetbrm solutionof Yu & Houlsby (1991)(seeFig. 68), where
the nodes (A and I) and the stressnts (K and T) are negltszl
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Fig.68  Average approaches and clodgedn solution(Yu & Houlsby, 1991YMC 3
material set and neassociated flow rule with 1)

5.3Studies regarding the calculation phases

In the following the influence of the calculation procedure (different volumetric
strains applied inside the cavity) on the resulting limit pressure, applying different
soil models, materials and initial stress situations, is investigatedcach of the
three constitutivesoil models, MohCoulomb (MC), Hardening Soil (HS)
(Schanz, et al., 199@nd hypoplastic soil modé@HP) (Von Wolffersdorff, 1996)

one example of the resulting pressaspansion curves is showor various
applied volumetric strains. The used input pararsébeithe FEA are given within
every figure Fig. 69 andFig. 70). The value within the brackets shows the applied
volumetric strain inside #hcavity and the number of applied calculation phases
differs between the applied volumetric strains and the different constitutive soil
models.

200 E= 5, 00 Qi=GKrPa ,=0.8,6
100 eax 20 7 =20 °,n a= 120 kPa,
Ko=1.0

1 2 3 4 5 6
alag

—  MC (2500, 5*250} —  MC (300) —  MC (500}
MC (200} —  MC (100)

Fig.69:  Pressureexpansion curves (MC soil model) for different calculation
procedires (applied volumetric strains)
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Fig. 70:  Pressureexpansion curvedHS left and HP rightfor different calculation
procedures (applied volumetric strains)

Fig. 69 andFig. 70 clearly showthat there is almost no difference between the
curves One exceptiojwhich was found during these studthatthe application

of the hypoplastic soil model shows problemben for all calculation phases
volumetric strain of 100% waspplied inside the cavity. However, ntust be
mentionedhat for low initial stress stategg ¢ UQO )ono problens occurred
with an applied volumetric strain of 100%. Thus, independent from the applied
constitutive soil model, it can be concludéhat the numerical model is very
robust. Based on the studie®t is recommended to apply volumetric strains
between 300% and 400% for each calculation phase. Applyiagsiaall
volumetric strains @y cause numerical problems (d&g. 70right) and require a
higher number of calculation phase&imilarly, applying t@ high volumetric
strairs may also cause numerical problems and cause the simulations to abort.

5.4Model verification

The materialsshown in Tab. 18 and Tab. 19 were used for the following
investigations regarding the performance of the FE model to solve the spherical
cavity expansion problemfor all MohrCoulomb materials offab. 18, an

effective cohesion ofos M™QO é@nd a Poi s’s omionere defined o o f
and for theHardening Soil material sets 38b.19, @ 1& Q0 é@nd’ T1®&

were used.

Tab.18  Material parameters for Mof€oulomb material

Material E [kPa] o 3°] I Ko [-] nadkPa]
MC 1 5,000 20 [0, 20] 1.0 120
MC 2 10,000 42 [0,5,12,17] 1.0 120

MC 3 25,000 30 [0, 30] 1.0 50
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Tab.19: Material parameters for Hardening Soil material

Material HS 1 HS 2 HS3 HS 4
Esd®d [MPa] 10 50 50 30
Eu'® [MPa] 30 150 150 90
Eoed® [MPa] 10 50 50 30
. af°] 40 20 40 33
N 0 0 10 3
m [-] 1 1 0.5 1
Emin [-] 0.49 0.49 0.49 0.49
max [-] 0.78 0.78 0.78 0.78
enit [-] 0.68 0.68 0.5 0.68

To verify the perfomance of the improved FE model solutipagrves found in
literature were taken as referendéerefore the solutions obtained by applying
the MohrCoulomb model were verified with the closgdm solution ofYu &
Houlsby (1991) and for the FEA with thédardening Soil model, the solutions
from Xu (2007) were taken as referencedl/inkler (2018) implemented he
analytical solution (Yu & Houlsby, 1991)with Matlab to obtain the resulting
pressureexpansion curves. A big advantagfethis closeeform solution isthat it
allowsoneto consider different magnitudes of h&atancy angle, thus accounting
for nonassociated plasticity.

Mohr -Coulomb model

For the verification of the FEA applying the Me@oulomb soil model, the
pressire-expansion curves obtained from the finite element analysis and the closed
form solution were illustrated fall Mohr-Coulomb material sets shown Tiab.

18. For each material setdilatancy angleff 1 dvasapplied to consider nen
associated plasticity-rom Fig. 71 and Fig. 72, it can be concludedhat the
solutions obtained from the improved finite element madelinagreement with

the closedorm solution.
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Fig. 71:  Pressureexpansion curves (MC material set) of FEA and closéam
solution(Yu & Houlshy, 1991)
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Fig. 72 Pressuresxpansion curves foMC 2 (left) ard MC 3 (right) of FEA and
closedform solution(Yu & Houlsby, 1991)

Hardening Soil model

For the verification of the FE model applying the Hardening Soil model, results
from literature(Xu, 2007)were taken and compared to the results obtained from
the FEA of the Hardening Soil parameter set3al. 19. For the finiteelement
analysesa lateral earth pressure coefficient of &K1.0 and an initial effective
mean pressuref nee  p ¢ @0 @ere considered=or all investigated materials

the obtained resultsre inagreement with the results fradu (2007)(seeFig. 73
andFig. 74).
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Fig. 73 Pressue-expansion curves for HE(left) and HR (right) of FEA and
results fromXu (2007)
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Fig. 74:  Pressureexpansion curves for HE (left) and H4 (right) of FEA and
results fromXu (2007)

Numerical studies confirmed that tpeoblem of thecontinuous increase of the
limit pressure ps during thespherical cavity expansion procgseeFEA with
associated plasticity iRig. 78 (right)) can be controlled by use afdilatancycut
off, as available in thédardening Soil model. This optiosets the mobilized
dilatancy anglé to zeroat the pointvhere the maximum void ratig.g(which

IS an input parameter) is reached. Bunust be mentionetthat the change of void
ratio e is related to the chamg@f volumetric strain (see equation (5.1)). A
schematical representation of the dilatanayoff can be seen irFig. 75
(Brinkgreve, et al., 2010)The necessity of selecting the dilatarayt-off when
using the Hardening Soil model for a proper determination of the limit pressure
pLs can be seem Fig. 76, whichshowsthat with the application of the dilatey:
cut-off, the pressurexpansion curvewill becomehorizortal for large values of
a/a, hence a clear limit pressure is computed.
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- qE—— (5.1)

Eva Dilatancy cut-off OFF

.~ Dilatancy cut-off ON (y,=0)

\

maximum porosity (€max)

o

€1

Fig. 75  Dilatancycut-off principle of the HS moddgBrinkgreve, et al., 2010;
Tschuchnigg, 2012)
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Fig.76.  Pressureexpansion curves for HEmaterial set with and without applying
the dilatancycut-off and results fronXu (2007)

5.5Influence of dilatancy angle

For the investigations regarding the influence of the dilataamoyle on the
computed pressuexpansion curvegthe MohrCoulomb material sets froifab.
18 and two HS material sets frofab.19were used with different magnitudes of
the dilatancy angle (sdeg. 77 andFig. 78). For the solutions of the MC material
sets, the closedorm solutions (Yu & Houlsby, 1991)are again added to
investigate the performance of the finite element mokhecase thatifferent
amounts bnon-associativity§ [ ) are applied.
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Mohr -Coulomb model
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Fig. 77 Pressureexpansion curves: MC material seand different dilatancy
angles
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Fig. 78  Pressureexpansion curves: M€ (left) and MC3 (right) for diferent
dilatancy angles

FromFig. 77andFig. 78, it can be concludeithat independent from the magnitude

of the dilatancy angle, all curvese inagreement with the cloddorm solution

(Yu & Houlsby, 1991) even thouglihe pressurexpansion curves using a Ron
associated flow rule show a small amount of scatteFigg.78 (left) confirms the
impact of norassociated plasticity and indicates tiat resulting, aca/a become
smoother with an increase of the dilatancy angle. The solution for the non
associated material with 1 Jepresented irfrig. 77 is already very smooth,
which isdue tothe relatively low amount of neassociatrity (¢ [ ) of material

set MC1.
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Furthermore when using an asciated flow rule the presswegpansion curves

tend to increase further eventhough large strains are applied to the model, what can
be seen best iRig. 78 (right & ¢ 1).Jn other words, a horizontal tangent and

a well defined limit pressure caot be achieved when using the Mef@oulomb

model.

Generally,it can be concludethat a high amount of nemssociativity causes
small amount of scattering of thempued pressurexpansion curvesand an
increasing dilatancy angcauses the pressure expansiorves to increasélence
higher limit pressuresan also beeached. ldwever, an increase of theathncy
angle causethe pressurexpansion curve to alwayincreaseand thereforg no
proper limit pressure can be determined.

Hardening Soil model
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Fig.79:  Pressureexpansion curves: HE(left) and HS3 (right) for different
dilatancy angles

In Fig. 79 the same influence of the dilatancy angle on the computed pressure
expansion curves can be seenpasviouslyshown inFig. 77 and Fig. 78. An
increase of the dilatay angle causes the presstegpansioncurve to also
increase, howevethe difference between an associated flow fule (t 1) &nd

a nonassociated flow rule [( TMJG Q@ pmd WAKX) can be
significantly different. For exampleéhe HS1 maerial set shows a differencé

less than 100%whereas the HS 3 material shows a difference of more than 250%
between an dilatancy anglefof p mahd® 1 1 Blowever, the Hardening Soill
model has the advantage to apply the dilatanoff principle (cantrary to the
MC-model) which enables a more proper determination of the limit pressure.
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5.6Influence of initial stress state

This chapter presents additional studies that have been performed to investigate
the effect of the initial stress field onspIn the FE modelthe initial stress field is
generally generated by means of a surcharge layer (), while the unit
weight of the continuun§ ) is set to zeroFirst, in order ® analyze the
influence of the initial stress field, lateral earth pressure coefficienis of p8t
areused for the finite elemeanalysesFinally, the effect of a nomniform stress

field is investigated by deactivating the surcharge layer and considering the
continuum with a unit weight ¢f Tt

5.6.1 Influence of k-value

To investigate the impact of a nagotrogc initial stress statehe finite element
analyses using material sets M@nd MC3 (seelTab.18) and all HS material sets
(seeTab.19) werefirstly repeated with a ikvalue according tdaky(1944)(0

p i "Q&e+When considering a p3t, two different situationsmust be
consideredn orderto enable a meaningful comparidogtween the different finite
element analyses. Therefore, the unit weight of the surcharge layer was defined
with the same value ashe FEA with Ko = 1.0, to model the situation with the
same initial effective vertical pressuresln another FEAthe unit weight of th
surcharge layer was increastm model the situation where the initial mean
effective pressurg a&s the same as in the case=X1.0. Itmustbe mentionethat
within chaptel5.6.], all FEA were performed with a unit weight of the continuum
of zero.

For examplethe FEA using the M@ material set is calculated with v 700 ,&
0 pP8LT v TOWa vand, v 0 .dlow, in order to investigate
the effect of the initial stress fiel&ko was set top i ®& 1@, and the
following two situations were considered:

 same, aas with k=1.0A v TGO

same) aas with Kk =1.0A [ X QUG 0

For the determination of the initial mean effective pressure, equation (5.2) was
used.

n =2, 2p Cz0 (5.2

Ql®©
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For the considered MC material sedéfferent valuesvere again considerddr
the dilatancy anglein order to account for associated and rassociated
plasticity. The results for the MC material sets are presenté&agir8o, followed
by the obtained pressuexpansion curves using the HS material setsKgp&1

andFig. 82).

Results MC material sets
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Pressureexpansiorcurves for MC materlasets (MC1 (left) and MC3

Fig. 80:
(right)) and different K-values

Fig. 80 showsthat the limit pressure increases as expected with increasing K
values. It also can be seen that the difference between the presgansion
curves aplying Ko=1.0andd p i "Q&svith the same initial mean effective
pressure) aare relatively small, whereas the difference between the results for
Ko=1.0 andvu p i "Qeawith the same vertical effective pressuyresare
significantly larger. Similaobservations are obtained with an associated flow rule

Results HS material sets
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Fig.81L  Pressureexpansiorcurves for HS material sets (HYleft) and HR

(right)) and different -values
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Fig.82  Pressureexpansiorcurves for HS material sets (Fleft) and HS4
(right)) and different K-values

Fig. 81 and Fig. 82 show almost the same behavior of the calculated pressure
expansion curves due éochange of the Kvalues. This mearthat an increase of
Ko causes an increase of the limit pressaral again the differences between
Ko=1.0 andy p i "Qeawith the samer| aare smaller thathe differences
betweenKo=1.0 and0  p { "Qé&awith the same, a&However, for the HS
material sets the differences between the pressypansion curves fdfo=1.0
ando p i "Qeaswth thesame) aare larger thathe difference$or the Mohe
Coulomb modelexcept for the I8 2 material set (s€€g. 81 (right)). Alsg, the
differences betweerKo=1.0 and 0 p i "Qe&ewith the same , eare
significantly larger for the HS material sets than for the Mobulomb ones.
Hence, it can be conaliel that the magnitude of the lateral earth pressure show
more influence for the Hardenirgpil modelthan for the MohCoulomb model.

5.6.2 Uniform and nornuniform stress state

The previously performed analyses considered a zero unit weight of the continuum
¢ 1) to account for a uniform stress field within the continyum
independent of the appliedoialue. This chapter now investigates the influence
of a nonuniform stress state of the continuum. For these finite element analyses
the sucharge layer was deactivated and the continuum was modelled with a non
zero unit weight. The FEAusing a lateral earth pressure coefficienbof p

i "Qéeeare defined once with the same initial mean effective pregsagas in the

FEA with Ko =1.0) at the center of the cavity and once with the same effective
vertical pressure afas discussed in chapt®6.]) at the ceter of the cavity. A
schematicrepresentation of the uniform and rRoniform initial stress field is
shown inFig. 83.
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Fig.83:  Schematical representation of different initial stress fieldgorm with
Ko = 1.0 and nofuniform with 0 p8t(same, aand same) ¢

For thefinite element analyses investigating the influence of auroform stress
field, all HS material sets frofab.19were used. For all materials (HS0 HS4),

the calculatedpressureexpansion curves for aniform, as well as ér a non

uniform stress field, both comprisirad different values for K(0  p8&d0

p I "®EQI 0GAU p | ®WEQiI &), are illustrated inFig. 84

andFig. 85.
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Fig.84:  Pressureexpansion curves for&material sets (HE (left) and HR
(right)) and different initial stress fields
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Fig. 85  Pressureexpansiorcurves for HS material sets (Fleft) and H4
(right)) and different initial stress fields

Fig. 84 andFig. 85 clearly showthat there is almost no difference between the
application of a uniform stress state and a-opoifiorm stress state, where the
continuum is modeled with a na®ero unit weight and without the neigement of

a surcharge layer. Hence, the conclusions made for a uniform stress state regarding
the influence of the dilatancy angle and the lateral earth pressure coefficient on the
results of the FEAlsohold for the application of a neumiform initial stress field.

5.7Contour plots of stress and strain development

The contour plots created within tREAXIS Output manager weliavestigated

to showthe stress and strain development of the cavity after each calculation phase
(phasel to phasd). The figures are arranged from left to right where the most left
figure represents the first calculation phase and the most right figure shows the
results for calculation phase 4. Phase 1 is the first calculation phase following the
initial phase, where volumetricratns are applied inside the cavity. Similarly
phase 2 to phase 4 represent the meimg calculation phases, whea## of them
containvolumetric straingnsidethe cavity.For the MohfrCoulonb constitutive

soil mode] MC 3 material set fronTab.18 was usedand for the Hardening Soil
mode| HS 1 fromTab.19wasused. For both material setise contour plots were
created for an associated flow ruded a norassociated flow rule as well as for a
Ko-value of Ko=1.0 and v p i Q¢ Additionally, for the Hardening Soill
material set (HY), the contour plots were made for a agmiform initial stress

field.
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Mohr -Coulomb model/ contour plots for A s

1 Ko=10/ =0°

Fig.86:  Contaur plots for, &MC 3 material set, K= 1.0,/ = 0° (from phase 1 to
phase 4)

1 Ko=1.0/ =30°

[T

Fig.87:  Contour plots for, @&MC 3 material set, K= 1.0,/ = 30° (from phase 1 to
phase 4)

Fig.88.  Contour plots for, @MC 3 material set, K=0.5 & sama) & = 0° (from
phase 1 to phase 4)
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1 Ko=0.5/same) & =30°

Fig.89:  Contour plots for, @MC 3 material set, K=0.5 & sama) & = 30°
(from phase 1 to phase 4)
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Fig.90:  Contour plots for gz MC 3 material set, K= 1.0,/ = 0° (from phase lot
phase 4)
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Fig.91.  Contour plots for 4 MC 3 material set, K= 1.0,/ = 30° (from phase 1 to
phase 4)
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Fig.92  Contour plots for 4 MC 3 material set, K=0.5 & samea) & = 0° (from
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Fig.93  Contour plots for 4 MC 3 material set, K=0.5 & sama) &g = 30°
(from phase 1 to phase 4)
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FromFig. 86to Fig. 93, the effect of applying an associafémv rule can be easily
seen For an associated flow rule with = 30° both the stress and strain
development of the cavity is totally uniforwhereas for a neassociated flow
rule (her¢ =0°),the situation is different. The stress distribution within the cavity
is almost uniforn{with some stress concentratipnwhereas outside the cavity, it
is norruniform. The strain development showsma@ccordance to the application
of an associated flow rule than the stress behavior does, houteigaalsotrue
thatthe strain development of the cavity shows a-upifiorm behaviorWhen
comparing the results obtained frdtg = 1.0 and0 p i & (for7 =09it
can be seen, that in phase 4 the applicatiodocf 1.0 still shows some stress
concentrations in the upper part whereas applying p i "Qédees not show
any stress concentrations. Regarding the results of the total displaseincan
be seen that the application of p i "Q&results in a more uniform
deformation of the cavity than for the applicatiorkef= 1.0.

Hardening Soil model

For the Hardening Soil modethe contour plots for a lateral earth pressure
coefiicient of Ko=1.0 and different dlatancy angles are shown below.
Additionally, for the application of an associated flow rule= 40°), the contour
plots for a noruniform initial stress fieldr( & no surcharge layer)
are addedAll other contour plts can bdoundwithin appendix B

HS contour plots ford e

q Ko=1.0 /uniform /[ =0°

Fig.94:  Contour plots for, &HS 1 material set, K=1.0,/ = 0°, uniform (from
phase 1 to phase 4)
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Fig. 95  Contour plots for, &HS1 material set, K= 1.0,/ = 40°, uniform (from
phase 1 to phase 4)
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Fig.96.  Contour plots for, &HS 1 material set, K= 1.0,/ = 40°, noRuniform
(from phase 1 to phase 4)
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Fig.97:  Contour plots for 4 HS1 material set, K= 1.0,/ = 0°, uniform (from
phase 1 to phase 4)
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Fig.98:  Contour plots for ¥t HS1 material set, K= 1.0,/ = 40°, uniform (from
phase 1 to phase 4)
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Fig.99:  Contour plots for w:: HS1 material set, K= 1.0,/ = 40°, noRuniform
(from phase 1 to phase 4)

For the Hardening Soil moddtig. 94to Fig. 99), similar conclusions can be made.
However, when applyingn associated flow rule (hgre= 40°), the stressas well

as the strain development of the caypgire not entirelyiniform. But, it is still more
uniform overall than ifa norassociated flow rulevere to be appliednd further,

it can be seethatthere is no difference between the application of a uniform or a
nonuniform initial stress field. The figures within appendix &B-FFig. 10 to A-

Fig. 19) clearly showhat different to the MC material setpplying a lk-value

with 0 p | "Qetresults in a significant neaniform stress and strain
development of the cavity.
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5.8Hardening Soil vs Mohr-Coulomb

In this chapterthe performance of the Hardening Suibdel, as well athe Mohr
Coulomb soil modelwill be investigatedTherefore, the HS material setsTab.

19 were takenand the corresponding MC materials were simply determined as
CgMC) = Esg® (HS), « MC) = » &#HS), ca¢MC) = @@HS),[ (MC) =[ (HS)

and’ (MC) =’ (HS). With these simple assumptioffour new MC material sets
were createdas shown inrab. 20.

Tab.20: MC material sets according to HS materials (Eale. 19)
corresponding

Material HS set E [MPa] o &° [ [°] " [
MC 4 HS 1 10 40 0 0.2
MC 5 HS 2 50 20 0 0.2
MC 6 HS 3 50 40 10 0.2
MC 7 HS 4 30 33 3 0.2

For the investigations within this chapter, the HS materials sets are compared with
the MC material sets froriab. 20, which wereobtained by applying simple
assumptionsas mentioned above. For all calculations a cohesion of& Q0 &

and an initial mean effective pressiye p ¢ 0 dwere used. Furthermore, the
pressureexpansion curves were calcudifor Ko =1.0,0 p | '®&andsame

» eeand auniform initial stress field was assumed.

2500 T 1500

2000 1200

1500 - 900

s [kPal
s [kPa]

!
1000 - 4 600
.

500 )’ 300

1 2 3 4 1 2 3 4
afag afag

— HS 1{KO = 1.0) - MC HKO = 1.0) — Hs2(k0 =1.0) - MC5{KO = 1.0)
— HS1KO=036/sames,) - MC4KO=0.36/sames,’) — HS2(KO = 0.66/sameoc,) -~ MC5(KO = 0.66/same ')

Fig. 100 Pressure expansion curves for HS material sets anesponding MC
material sets (H% & MC 4 (left) and HR & MC 5 (right)
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Fig. 10  Pressure expansion curves for HS material sets anesponding MC
material sets (HS & MC 6 (left) and HS4 & MC 7 (right)

Fig. 100 and Fig. 101 show the significant difference between the computed
pressureexpansion curves for ¢& 1.0, which indicatesthat the assumptions
above are not sufficient. The reason for the relatively small differences between
the pressur@xpansion curves for the HS matesat and the corresponding MC
material set for av p | "Qe&eand same, aecan be derived from the
conclusions from chaptés.6.1 Due to the facthat the influence of the lateral
earth pressure is stronger for the M8del than for the MC model, the difference
betweertheHS and MC modalis larger for k = 1.0 than foi0 p I Qeand
same, @ The differences betwedhe results of the FEA for &= 1.0 clearly
illustratethatthe MC and the HS model conme different results of the spherical
cavity expansion problem

5.9Hypoplastic soil model

The previous investigations of chapteishowed the performance of the finite
element analyses to solve the spherical cavity expansioteprathen applying

an elasteplastic constitutive soil model (Mol€oulomb and Hardening Soil).
Since the originally developed Karlsruhe Interpretation Method used the
hypoplastic soil model, this chapter shows the influence of theaie and the
initial stress state on the resulting pressexpansion curves when applying the
hypoplastic soil modgFig. 102to Fig. 104). As basis for the investigationthe
hypoplastic parameter set HP 1 showdab.21 is usedand furtheythe indices

I (seeTab.22) define the density statas well as the initial stress field.

Tab.21:  Hypoplastic parameters for material set HP 1

. Q € Q Q Q | I

J Qud  [] [-] [-] [-] 1 []
HP 1 36.3 39,000 0525 0.740 1.261 1450 0.05 1.97

Material




88 5 Spherical cavity expansion

Tab.22.  Ip- and p-values for different indices

Index i 1 2 3 4 5 6

Io 0.0 0.0 0.5 0.5 0.9 0.9
po [kPa] 50 300 50 300 50 300

700

2500
600 -
2000
500+
_ _ 15001
o 400F o
o o
& ~
- - f
300 |
¢ © 1000
2001
500
100
0 . , n . 0 L . . L
1 2 3 4 5 6 7 B8 9 10 1 2 3 4 5 [ 7 B 9 10
afag afag
HP1, (KO = 1.0/ uniferm} — HP1, (K0 = 1.0/ non-uniform) HP1; (K® = 1.0 unifarm) — HPL; (KD = 1.0 f non-uniform)
— HP1, (KO = 0.41 / uniform { same p,') HP1, (KD = 0.41 / non-uniform § same py' — HP1, (KD = 0.41 f uniform f same py") HP1; (KD = 0.41 / non-uniform / same py'}
— HP1, (KO =041/ unifarm {same a,'} —— HP1, (KO = 0.41/ non-uniform { same m,') — HP1; (KO = 0.41 { uniform fsame =, ') — HP1; (KD = 0.41/ non-uniform [ same =,']

Fig. 102 Pressureexpansion curvefor HP material sets (HB; (left) and HP1,
(right)) and different initial stress fields

1000

800

o, [kPa]

o

1 2 3 4 5 3 7 3 9 10
afag
HP1; (KO = 1.0/ uniform) — HPL, (KD = 1.0/ non-unilorm)
— HP1; (KD = 0.41/ unifarm { same pg'} HP1; (K@ = 0.41/ nen-unifarm ! same pg")
— HP1; (KO = 0.41 / uniform jsame '} — HP1, (KD = 0.41/ non-uniform  same o'}

Fig. 103 Pressuregexpansion curves fddP material sets (HB; (left) and HP14
(right)) and different initial stress fields








































































































































































































































































