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Streszczenie

W rozprawie doktorskiej skupiono si¢ na przedstawieniu mozliwosci modelowania
geomateriatlow z wykorzystaniem wybranych modeli konstytutywnych na przyktadzie skaty
dolomitowej. Podstawowym problemem, jak i gtéwnym celem pracy, jest odwzorowanie
procesu pekania kruchej skaty w warunkach obcigzen statycznych oraz dynamicznych. Te dwa
stany deformacji roznig si¢ mechanizmami, ktore warunkujg powstanie i przyrost spgkan,
I wymagaja osobnej analizy zachodzacych zjawisk przeprowadzonych w szerokim zakresie
badan. Niniejsza praca jest podsumowaniem cyklu recenzowanych publikacji naukowych
I stanowi swoiste streszczenie wszystkich prac zwracajgc szczegolng uwage na wnioski plynace
Z przeprowadzonych badan.

Do realizacji celu pracy przyjeto eksperymentalno-numeryczne podejscie, bazujace przede
wszystkim na opracowaniu parametrow dla wybranych modeli konstytutywnych: Karagozian
and Case Concrete (KCC), Johnson Holmquist Concrete (JHC), a takze dodatkowo Johnson
Holmquist Ceramics (JH-2). Aby uzyska¢ dane niezbedne do procesu szacowania statych
modeli konstytutywnych przeprowadzono szereg testow eksperymentalnych w skali
laboratoryjnej, uzupetnionych o dodatkowe testy zrealizowane na oryginalnych stanowiskach
badawczych

Pierwszy zakres testow objal podstawowe stany obcigzenia, jakim poddawana jest skata
w swoim naturalnym otoczeniu: $ciskanie jedno oraz trojosiowe, niebezposrednie rozcigganie
statyczne oraz dynamiczne metodg brazylijska, a takze jednoosiowe $ciskanie dynamiczne.
Badania w zakresie dynamicznym przeprowadzono przy uzyciu stanowiska zmodyfikowanego
preta Hopkinsona (ang. split Hopkinson pressure bar, SHPB). Przeanalizowany zakres ci$nien
bocznych w testach trojosiowych jak i uzyskane szybkosci odksztalcenia w testach
dynamicznych byty niewystarczajace do pelnej kalibracji modeli w ztozonych stanach
obciazenia. Brakujace dane zaadaptowano z prac literaturowych dotyczacych badan dolomitu
0 podobnej wytrzymatosci na jednoosiowe $ciskanie jak analizowany w niniejszym
opracowaniu materiat. Zidentyfikowane mechanizmy zniszczenia réznity si¢ w zaleznosci od
stanu obcigzenia. W warunkach jednoosiowego S$ciskania wynikaty one z akumulacji
sasiadujgcych mikro spekan rownolegtych do linii odksztatcen gltoéwnych. W préobach
poddanych obcigzeniu trojosiowemu ograniczony jest rozwdéj deformacji na kierunku
obwodowym i w efekcie nastgpuje intensyfikacja $cinania oraz widoczny jest wzrost
wytrzymatosci rezydualnej (resztkowej) probki. Wyniki testow rozciggania wykazaty
natomiast duza dysproporcj¢ miedzy granica wytrzymatosci na $ciskanie I na rozciaganie,
czego efektem jest niemal natychmiastowe uwolnienie zakumulowanej energii deformacji
W postaci propagacji spekania, po przekroczeniu wytrzymatosci probki. Numeryczne
odwzorowanie tych zjawisk stanowito jeden z najwigkszych problemow w procesie kalibracji
modelu konstytutywnego

Druga grupe¢ testow stanowity badania eksperymentalne, gdzie wygenerowano ztozone
stany napre¢zenia W materiale probki skalnej begdace efektem jednoczesnego rozciggania
I Sciskania probek podczas dynamicznego uderzenia stalowej kulki tozyskowej w badang
probke skaty. Uzyskane wyniki zostaly przeanalizowane oraz przystosowane do zaaplikowania
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w celu kalibracji parametrow uzytych modelowaniu konstytutywnym. Opisane eksperymenty
byty rowniez podstawa ich walidacji.

Istotnym elementem niniejszej rozprawy, bedgcym rownocze$nie jednym z jej gtdéwnych
elementow oryginalnych, byto doktadne opisanie procedur szacowania wszystkich parametréw
konstytutywnych dla modeli JHC oraz KCC. W kazdej z procedur zastosowano autorskie
propozycje pomini¢cia ograniczen modeli zwigzanych 2z uwzglednieniem skutkow
wystepowania stref rozciggania oraz odwzorowania dynamicznego umocnienia materiatu.
W przypadku modelu JHC zaadaptowano kryterium Mohra-Coulomba do wyznaczenia sit
kohezji migdzy ziarnami skaty, a takze opracowano osobne parametry Konstytutywne dla
maksymalnych powierzchni wytrzymatosciowych do obcigzen statycznych i dynamicznych.
Pozwolito to na uwzglednienie biliniowego charakteru umocnienia dynamicznego dolomitu.
Ponadto przeprowadzono szczegdtowe studium parametryczne statych akumulacji uszkodzen,
ktére bezposrednio wplywaja na szybko$¢ uwalniania energii W procesie ostabienia materiatu.
Istotnym elementem w trakcie modelowania dyskretnego byta analiza wptywu gestosci siatki
elementow skonczonych na uzyskiwany charakter spekan. Otrzymane wyniki poréwnano
z rezultatami otrzymanymi ze statycznych i dynamicznych badan laboratoryjnych. Charakter
spekan, jak rowniez jakoSciowe odwzorowanie Stref zniszczenia w odniesieniu do probek po
testach eksperymentalnych, cechowaly si¢ duzg zgodnoscig. Zauwazono, ze wptyw cisnienia
bocznego zmniejszyt ilo$¢ plaszczyzn zniszczenia wynikajacych z oddziatywania kontaktu
powierzchni probki z glowica maszyny wytrzymatosciowej w skutek czego zaobserwowano
tez $Scinania na proces niszczenia probek W testach dynamicznych zaobserwowano dobre
jakosciowe odwzorowanie liczby i rozktadu spekan, a ich inicjacja miata miejsce W $rodkowe;
probki czgsci (w przypadku testu brazylijskiego) potwierdzajac tym samym teori¢ 0 akumulacji
uszkodzen w materiatach kruchych poddanych obcigzeniom dynamicznym.

W przypadku szacowania parametréw dla modelu KCC zastosowano nowatorskie
podejscie do okreslenia parametréw kontrolujacych ewolucj¢ uszkodzenia, a takze wykazano
niescistosci zwigzane z implementacja modelu w kodzie LS-Dyna (np. niejasne dziatanie
parametrow normalizujacych akumulacje uszkodzen). Aby pomingé wynikajace z nich
ograniczenia przeprowadzono doglebng analize literaturowg oraz szerokie studium
parametryczne w celu okreslenia wptywu wszystkich parametrow kontrolujgcych akumulacje
uszkodzenia. Ostatecznie, aby uzyska¢ natychmiastowe uwalnianie energii W rozcigganiu przy
jednoczesnym powolnym uwalnianiu energii przy S$ciskaniu trdéjosiowym, oOpracowano
I szczegdtowo opisano strategie kalibracji bazujgcg na optymalizacji parametrycznej statych
konstytutywnych. Dzigki temu modele zaré6wno w prostych jak i ztozonych warunkach
obcigzenia zaro6wno statycznych jak i dynamicznych cechowaty si¢ dobra korelacjg z testami
eksperymentalnymi przy $ciskaniu i rozcigganiu. Warto zaznaczy¢, ze nowatorskim elementem
rozprawy doktorskiej byto przeprowadzenie pelnej kalibracji tego modelu. Ponadto odpowiedz
ilosciowa modelu w postaci krzywych napr¢zenie — odksztatcenie cechowata si¢ zgodnos$cia
z btgdem nieprzekraczajacym 7,0%, co w przypadku naturalnych materiatow kruchych nalezy
uzna¢ za wynik satysfakcjonujacy.

W niniejszym opracowaniu uwzgledniono takze wyniki dziatan podjetych w celu
wyznaczenia parametréw dla materiatu JH-2, ktéry ze wzgledu na swoje pierwotne
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zastosowanie do ceramik, dobrze odwzorowuje kruche i dynamiczne procesy powstawania
I rozwoju spegkan. Majac na wzgledzie fakt, ze ten model konstytutywny dedykowany jest do
zagadnien dynamicznych, nie jest mozliwe prawidlowe odwzorowanie zachowania si¢
materialu W zakresie statycznego rozciggania oraz W ztozonych stanach naprezenia. Model ten
zostat zatem uwiarygodniony na bazie eksperymentalnych testow dynamicznych obejmujacych
rowniez fragmentacje niewielkiego bloku skalnego. Opracowanie parametrow tego modelu
byto 0 tyle istotne, ze bazujac na pdzniejszych etapach i badaniach symulacyjnych zostat on
wyselekcjonowany jako model najlepiej odwzorowujacy proces powstawania Spekan
w dolomicie.

Na bazie przeprowadzonych badan potwierdzono, ze model JHC cechuje si¢ ograniczong
mozliwoscig odwzorowania stanu rozciggania W materiale probki i nie jest mozliwe uzyskanie
wynikajacych z tego faktu spgkan. Model KCC, pomimo najwigkszej ztozonosci z punktu
widzenia procesu wyznaczania niezbgdnych parametrow, przeszacowuje nieznacznie
deformacje w warunkach silnie dynamicznych, uniemozliwiajac jednoznaczna identyfikacje
dystrybucji spekan w materiale. Z kolei model JH-2 wykazat si¢ zadowalajaca doktadnoscig we
wszystkich przeprowadzonych testach.

W ostatnim etapie dokonano bezposredniego poréwnania wszystkich trzech modeli
w wyselekcjonowanych testach laboratoryjnych a takze zaproponowano numeryczne
odwzorowane kruchego pekania oraz fragmentacji materiatu skalnego w badaniach
symulacyjnych opisujacych proces tzw. strzelan dotowych, ktory prowadzony jest
w kopalniach podziemnych w procesie urobku. Odwzorowano rzeczywiste warunki ,,in Situ”,
a zadawalajace wyniki uzyskano dla modelu JH-2. Do modelowania zastosowano autorski
skrypt do generowania modeli metryki strzalowej oraz specjalne podejscie do odwzorowania
ciggtosci modelu. Badaniom poddano wplyw zmienno$ci sekwencji odpalenia tadunkow
wybuchowych z uwagi na wielko$¢ zniszczenia w materiale skaty, a takze na stan skruszenia
urobku skaty okreslony za pomoca funkcji SWEBREC.

Uzyskane wyniki potwierdzity, ze przedstawione podejscie do modelowania daje
mozliwos¢ prawidtowego odwzorowania procesu pgkania W materiale skaly w ztozonym
dynamicznym stanie obcigzenia pochodzacym od detonacji materiatu wybuchowego.
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Streszczenie w j. angielskim

In this Ph.D. thesis, the author focuses on verifying the possibility of modeling
geomaterials with selected constitutive models. Investigations are based on the dolomite rock.
The basic problem, as well as the main purpose of the thesis, is to understand and numerically
reproduce the fracture process of brittle rock that is subjected to static and dynamic loading
conditions. The mechanisms that determine the crack formation and growth differ between
mentioned deformation conditions and require a complex analysis carried out in a wide range
of loading scenarios. The present work is a summary of a series of peer-reviewed scientific
publications and is focused on the conclusion of the conducted research.

An experimental-numerical approach for determination of model parameters was proposed
for selected constitutive models: Karagozian and Case Concrete (KCC), Johnson Holmquist
Concrete (JHC), and Johnson Holmgquist Ceramics (JH-2). To obtain the data required for the
characterization of the constitutive models constants, a series of laboratory scale experimental
tests supplemented by authorial not normative medium and full-scale tests were performed.

The first group of tests covered the loading conditions acting for the rock in its natural
environment: uniaxial and triaxial compression. These results were completed by results from
indirect static and dynamic tension results obtained from the Brazilian method, as well as by
the results from uniaxial dynamic compression. The dynamic experiments were carried out with
a modified split Hopkinson pressure bar (SHPB) stand. The experimentally obtained data were
insufficient to fully calibrate the constitutive models for reliable application in complex loading
conditions due to too narrow range of lateral (confining) pressure in triaxial tests as well as too
few different strain rates. The missing data were adapted from the literature. The identified
failure mechanisms of dolomite were dependent on the loading conditions. For uniaxial
compression, the failure occurred due to accumulation of adjacent microcracks parallel to the
principal strain direction. For triaxial loading, the deformation in the circumferential direction
was limited and, as a result, the acting of shear stress was intensified and that increased the
residual strength of rock. In contrast, the results from tensile tests demonstrated a large
asymmetry between the compressive and tensile strength, and almost immediate release of
accumulated deformation energy in the form of crack propagation was observed in rock
subjected to tension.

The second group of tests covered experiments that resulted in the complex state of stress
in the rock sample. This was an effect of simultaneous acting of tension and compression. Such
conditions, mixed with dynamic enhancement, were obtained through the dynamic indenting
of steel ball bearing into the cylindrical rock sample with use of gravity hammer or in small
scale blasting experiment. Results from both tests were adopted for validation of constitutive
models.

An important original element of the work, which is also one of the main original elements
of this thesis, is the detailed description of the procedure for estimation of all the constitutive
parameters for the JHC, KCC and JH-2 constitutive models. The authorial model calibration
method, which omits the limitations of all investigated models was proposed and widely
described. These limitations were mostly related to reproduction of brittle cracking at the
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dynamic conditions. In JHC model, the Mohr-Coulomb model was adopted for determination
of the dolomite’ cohesive strength. The separate set of parameters were determined for static
and dynamic loading scenarios. This allowed for consideration of bi linear dynamic increase
factor function that is not implemented in the model by default. a wide mesh sensitive study
and parametric study of damage constants was also performed and the optimal material
constants that guaranteed high energy release rate at the softening phase were selected. The
final model was validated with the laboratory data in selected small-scale static and dynamic
experiments. The nature of the cracks formation, as well as the qualitative representation of the
failure zone were in good agreement. It was noted that the effect of lateral pressure reduced the
number of failure planes resulting from the impact of contact between the specimen surface and
the loading planes. The presence of confining pressure increased the number of racks resulting
from shear forces. a good qualitative representation of the number and distribution of cracks
was also observed from the dynamic tests. The initiation of cracks was localized in the middle
part of the specimen, thus, the Griffith theory of damage accumulation in brittle materials
subjected to dynamic loading was confirmed.

For the KCC model parameters estimation, a novel approach to determine the coefficients
controlling damage evolution was proposed. The original limitations of the model e.g., unclear
implementation of parameters normalizing damage accumulation resulted in no possibility to
reproduce the brittle fracture of rock. To clarify this, an extensive parametric study was
conducted to determine the impact of all parameters controlling damage accumulation. Finally,
to achieve instantaneous energy release in tension with maintaining of low energy release rate
in the triaxial loading conditions, a calibration strategy based on parametric optimization of the
constitutive constants was developed and described in detail. As a result, the models under static
and dynamic loading conditions had good correlation with experimental tests in both
compression and tension loading scenarios. It is worth noting that a novel element of the
dissertation was the full calibration of KCC model. In addition, the quantitative response of the
model in the form of stress — strain curves were characterized by agreement with an error not
exceeding 7.0%, which, for natural rock materials, is a very good result.

The third model, JH-2, was also investigated in this thesis. As this model was initially
dedicated for modelling of ceramics, it handles the brittle fracture under dynamic loading
conditions well. Considering the fact that JH-2 constitutive model is dedicated for dynamic
loadings, it is not possible to correctly represent the behavior of the rock in the static loadings,
where the complex triaxial state of stress is observed. Therefore, the model was calibrated on
the basis of experimental dynamic tests including small-scale explosions and impact crushing
of rock. The development of the parameters of this model was important because, based on the
results of all performed studies, it was selected as the model that represents the dolomite fracture
in the best manner.

It was confirmed, that JHC model has a limited possibility to reproduce tensile damage in
the material, and this model is not able to represent the cracking, which are a result of tension,
in the continuous medium. The second, KCC model, despite the highest complexity of
calibration procedure and the amount of data needed, overestimated the amount of damage in
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the strongly dynamic simulations as blasting. This precludes to unequivocally estimate the
amount of fractured rock. The best results were provided by JH-2 for all of investigated models

All of investigated constitutive models were directly compared to each other in the selected
laboratory tests. The model, which was characterized by the best reproduction of brittle
cracking due to acting of mixed compressive — tensile loadings was applied for the
representative model of drilling and blasting process utilized in the underground mining
technique for excavation of ores. The actual “in situ” conditions were applied in the modelling,
and the impact of detonation delay was investigated on selected sequences of high explosives
detonations. An authorial script was elaborated and applied for semi-automated generation of
finite element models. Also, the original approach for application of rock mass continuity was
adopted in simulations. The fragmentation of rock was approximated with a SWEBREC
function, to verify which blasting sequence has a best performance to increase the amount of
crushed rock.
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Slownik skrotow

UC - statyczny test jednoosiowego $ciskania (ang. uniaxial compression)
DUC — dynamiczny test jednoosiowego $ciskanie (ang. dynamic uniaxial compression)
UCC - statyczny test cyklicznego $ciskania (ang. uniaxial cyclic compression)

TXC 10,0 — trojosiowe $ciskanie statyczne z ci$nieniem bocznym o, = o3 = 10,0 MPa (ang. triaxial
compression)

BT — statyczny test rozciggania metoda brazylijska (ang. brazilian test)
UT — statyczny test bezposredniego rozciggania jednoosiowego (ang. uniaxial tension)
DBT — dynamiczny test rozciagania metodg brazylijska (ang. dynamic brazilian tension)

SCBT - statyczny test trojosiowego $ciskania probki péteylindrycznej z karbem (ang. semi-circular
bending test)

JH-2 — skrot dla modelu konstytutywnego Johnson Holmquist ceramics

JHC — skrét dla modelu konstytutywnego Johnson Holmquist concrete

KCC — skrot dla modelu konstytutywnego Karagozian and case concrete

DIF — wspoétczynnik dynamicznego wzmocnienia materiatu (ang. dynamic increase factor)
SHPB — stanowisko dzielonego pre¢ta Hopkinsona (ang. Split Hopkinson pressure bar)
EOS - rownanie stanu (ang. equation of state)

HEL — punkt granicy sprezystosci Hugoniota (ang. Hugoniot elastic limit)
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1. Wykaz publikacji bedacych podstawa rozprawy doktorskiej

W ramach rozprawy doktorskiej w cyklu publikacyjnym uwzglgdniono 4 prace

opublikowane w czasopismach, ktore maja nadany majg Impact Factor (IF) i znajdujg si¢ na
oficjalnej liscie MEIN. Kolejnos¢ prac wynika posrednio z kolejnosci publikowania prac,
a takze ze ztozonos$ci rozwazanych w kazdej z nich modeli konstytutywnych.

[P1]

[P2]

[P3]

[P4]

Michat Kucewicz, Pawetl Baranowski, Jerzy Matachowski, Determination and
validation of Karagozian-Case Concrete constitutive model parameters for numerical
modeling of dolomite rock, International Journal of Rock Mechanics and Mining
Sciences, Volume 129, 2020, DO1:10.1016/j.ijrmms.2020.104302, Elsevier Ltd, punkty
MEiN: 140 pkt.

Michat Kucewicz, Pawel Baranowski, Roman Gieleta, Jerzy Matachowski,
Investigation of dolomite’ rock brittle fracture using fully calibrated Karagozian Case
Concrete model, International Journal of Mechanical Sciences, Volume 221, 2022,
DOI:10.1016/j.ijmecsci.2022.107197 , Elsevier Ltd, punkty MEiIN: 140 pkt.

Michat Kucewicz, Pawel Baranowski, Jerzy Matachowski, Dolomite fracture modeling
using the Johnson-Holmquist concrete material model: Parameter determination and
validation, Journal of Rock Mechanics and Geotechnical Engineering, Volume 13, Issue
2, Pages 335 — 350, 2021, DOI:10.1016/j.jrmge.2020.09.007, Elsevier Ltd, punkty
MEIiN: 200 pkt.

P. Baranowski, M. Kucewicz, R. Gieleta, M. Stankiewicz, M. Konarzewski, P. Bogusz,
M. Pytlik, J. Matachowski, Fracture and fragmentation of dolomite rock using the JH-
2 constitutive model: Parameter determination, experiments and simulations;
International  Journal of Impact Engineering, Volume 140, 2020,
DOI: 10.1016/}.1jimpeng.2020.103543, Elsevier Ltd, punkty MEiIN: 140 pkt.
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2. Cel pracy

Celem niniejszej pracy jest przedstawienie mozliwosci modelowania numerycznego skat
(dolomitu) jako materiatdbw kruchych z naciskiem na proces inicjacji i rozwoju spekan
w materiale w szerokim spektrum obcigzen, tj. od prob statycznych, dynamicznych oraz
obcigzen impulsowych towarzyszgce m.in. oddziatywaniu fali nadcisnienia wygenerowanej
detonacjg materiatlu wybuchowego (MW) w bliskim otoczeniu skaty. Do realizacji celu pracy
przyjeto eksperymentalno-numeryczne podejscie sktadajace si¢ z nastgpujacych etapow
badawczych:

1. Badania eksperymentalne w celu charakteryzacji wlasciwosci mechanicznych
rozpatrywanej skaty dolomitowe;j.

2. Zaproponowanie metodologii kompleksowej kalibracji modeli konstytutywnych oraz
oszacowanie parametrow dla wyselekcjonowanych modeli.

3. Przygotowanie oraz weryfikacja modeli numerycznych do symulacji komputerowych.

4. Walidacja eksperymentalno-numeryczna przygotowanych modeli.

5. Porownanie trzech modeli konstytutywnych w tych samych warunkach obcigzenia oraz
wykazanie modelu najlepiej odzwierciedlajacego proces kruchego pekania w skatach.

6. Propozycja aplikacji wybranego modelu konstytutywnego do odwzorowania pgkania
dolomitu w testach prowadzonych w petne;j skali.

Pierwszy etap objat wykonanie probek z dolomitu, przygotowanie stanowisk oraz procedur
badawczych a takze udziat w testach eksperymentalnych. Przeprowadzono trzy grupy testow
majacych na celu charakteryzacje wytrzymatosci w warunkach statycznych, dynamicznych
oraz scharakteryzowanie przebiegu procesu pekania skaty. Zaproponowano I przeprowadzono
rowniez autorskie nienormatywne testy wytrzymatosciowe ukierunkowane na analizg
propagacji spekan W materiatach kruchych. W testach tych pegknigcia powstawaty gtownie na
skutek ztozonych standw obcigzenia przez co testy te stanowity podstawe walidacji parametrow
materialowych do przyjetych w analizach modeli konstytutywnych. Do tych testow nalezaty
m.in. test wciskania kulki stalowej w probke skalng. Badania te, uzupetnione 0 brakujace dane
z literatury, pozwolilty na niemal kompletne scharakteryzowanie wlasciwosci
wytrzymato$ciowych dolomitu.

Drugi etap skupiat si¢ na analizie podstaw teoretycznych trzech modeli konstytutywnych:
Karagozian and Case Concrete (KCC), Johnson Holmquist Concrete (JHC) oraz Johnson
Holmquist Ceramics (JH-2) z punktu widzenia podej$cia do wyznaczania parametrow. Wyniki
eksperymentalne zaadaptowano bezposrednio badz posrednio do procesu wyznaczania
parametréw wspomnianych modeli. Zaproponowano nowe metody charakteryzacji parametrow
odpowiadajgcych za akumulacje uszkodzenia, ktore skutkowaty niszczeniem si¢ materiatu.
Procedury kalibracji kazdego z nich zostaly opracowane na nowo i szczegdlowo opisane
w cyklu publikacji. Dla kazdej z procedur zaproponowano nowe innowacyjne elementy
szacowania parametrow, ktore czynig te modele bardziej wiarygodnymi iw mozliwie
najwigkszym stopniu niweluja pierwotne ograniczenia kazdego z wykorzystanych modeli. Dla
wszystkich modeli zaproponowano takze testy do wyznaczenia nieempirycznych
wspotezynnikoéw kontrolujacych proces ewolucji spekan w tych modelach oraz przedstawiono
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studium wplywu geometrii modelowania oraz zastosowanych sposobow dyskretyzacji probek
na uzyskiwane wyniki.

W trzecim etapie przygotowano autorskiec modele numeryczne odzwierciedlajace testy
eksperymentalne. Wykonano takze modele testowe, pozwalajace nha badanie czysto
numerycznych aspektow modelowania skat jak wpltyw dyskretyzacji osrodka, odwzorowania
warunkoéw brzegowych, dajacych jednak poglad na rzeczywiste zachowanie materiatu
skalnego. Modele =zostaly zweryfikowane pod katem poprawnosci (analiza stanow
rownowagowych, stabilno$ci numerycznej itp.).

Czwarty etap objat walidacje modeli poczawszy od prostych standw obcigzen statycznych,
az po testy, w ktérych przewazaly dynamiczne deformacje W ztozonym stanie napr¢zenia.
Przeprowadzono szeroka dyskusj¢ kazdego z testow, a uzyskane wyniki cechowaty si¢ dobrg
zgodnoscig z rezultatami testow rzeczywistych. Wyniki przedstawiono i poréwnano W sposob
ilosciowy jako charakterystyki wytrzymatosciowe badz krzywe sita — przemieszczenia, a takze
jakosciowy jako pordéwnanie stanu spekan rzeczywistych 1 tych uzyskanych na drodze
symulacji. Jednoznacznie przedstawiono wszystkie zalety i wady badanych modeli oraz
zalecanego zakresu ich zastosowania.

W piatym etapie dokonano bezposredniegd porownania rozpatrywanych modeli
konstytutywnych w trzech testach, z ktérych kazdy cechowat si¢ innym: prostym badz
ztozonym stanem napr¢zenia, zZ roznym udzialem napre¢zenia rozciggajacego, ktore
determinowato zniszczenie skaly. Skupiono si¢ na scharakteryzowaniu propagacji spgkan
W materiale, ich rozktadzie w probkach, miejscu inicjacji pgknie¢ a takze na odwzorowaniu
odpowiedzi w postaci obliczonego naprezenia, sit oraz przyspieszen (w zaleznosci od testu).

W ostatnim, szostym etapie, przedstawiona zostala aplikacja modelu JH-2 cechujacego si¢
najlepszym odwzorowaniem procesu kruchego pgkania dolomitu w modelowaniu procesu
strzelania dotowego w kopalniach podziemnych. Dodatkowo zaprezentowano wptywu procesu
pckania na zagadnienie szacowania skruszenia urobku. W opracowaniu ujeto rozne metody
modelowania otworéw wlomowych, jednak skupiono si¢ przede wszystkim na wplywie
sekwencji odpalenia fadunkow wybuchowych na uzyskiwang fragmentacje i gestos¢ spekan.

Finalnie potwierdzono, ze zastosowanie symulacji numerycznych, a konkretnie metody
elementow skonczonych i odpowiednio scharakteryzowanych modeli konstytutywnych,
pozwala na zadowalajace odwzorowanie procesu fragmentacji materiatow kruchych, a takze
daje duze mozliwos$ci w dalszym badaniu wielkoskalowych zjawisk zwigzanych z deformacja
skat.
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3. Uzasadnienie podjecia tematyki badawczej

Badania proces6w niszczenia skat i materiatdw kruchych sa przedmiotem rosngcego
zainteresowania naukowcow na catym $wiecie. Wynika to z faktu, ze mechanika skat znajduje
zastosowanie w wielu dziedzinach przemystu obejmujgcych przemyst kopalniany, budowlany
czy drogowy [1]. Doktadne zrozumienie zjawisk zachodzacych podczas deformacji skat jest
czesto gwarantem bezpiecznego uzytkowania obiektow infrastruktury podziemnej badz
w przypadku prac wydobywczych, optymalnego wykorzystania materiatow eksploatacyjnych
(w tym np. ladunkéw wybuchowych uzywanych do procesu urobku prowadzonego
w masywach skalnych).

Zachowanie skaty na skutek obcigzen zewnetrznych rézni si¢ w znacznym stopniu od
odpowiedzi klasycznych materiatdow inzynierskich. Wywotanie w skale ztozonego stanu
obcigzenia sprawia, ze jej wlasciwosci mechaniczne ulegaja zmianie [2], @ proces niszczenia
skal jest w znaczniej mierze kontrolowany przez maksymalne i minimalne napr¢zenia
oddziatujace w kierunkach glownych [3,4]. Z punktu widzenia mechaniki skal, materiaty te
rozpatrywane sa jako niejednorodne osrodki ulegajace niszczeniu na skutek przyrostu,
akumulacji i propagacji mikrouszkodzen w swojej strukturze [4,5]. Ponadto same mechanizmy
pekania, a co za tym idzie tworzenia si¢ powierzchni zniszczenia, rowniez ulegajg zmianie wraz
ze zmiang stanu naprezenia [6,7]. Ma to swoje podtoze w budowie krystalicznej skat, ktora
w przypadku dolomitu, bedacego przedmiotem zainteresowania niniejszej pracy, Sktada sie
z niemal jednorodnych krysztalow potaczonych ze sobg spoiwem kalcytowym badz ilasto-
weglanowym [8,9]. Granice migdzy ziarnami charakteryzuja si¢ czesto najnizszg
wytrzymato$cig W strukturze skaly i determinujg miejsce inicjacji spekan, szczegdlnie
w warunkach rozciggania, gdzie silty tarcia wewnetrznego nie stawiajg tak duzego oporu
przeciwdziatajacemu odspojeniu, jak ma to miejsce przy Sciskaniu czy S$cinaniu [10].
Wytrzymatos¢ skat w warunkach sciskania jest zatem od kilku do kilkunastu razy wyzsza niz
podczas rozciggania [11]. Kolejng cechg materiatow kruchych, wynikajaca z ich
mikrostruktury, jest progresywny spadek wytrzymatosci materiatu po przekroczeniu
wytrzymatosci doraznej, czyli po osiggnigciu maksymalnej wytrzymatosci. Wiaze sie to
z tarciem wewnetrznym na granicach ziaren, ktorych potaczenie ulegto zniszczeniu, a ktore,
mimo powstania spgkan, wcigz stawia opor swobodnej deformacji i spowalnia propagacje
peknig¢. Dodatkowo dziatanie ci$nienia zewngtrznego W kierunkach innych niz kierunek
obcigzenia gtownego powoduje wzrost wytrzymato$ci maksymalnej, a takze wytrzymatoSci
resztkowej materiatu skalnego [2,12,13]. Wigze si¢ z tym zmiana charakteru zniszczenia
z kruchego na quasi-plastyczny, a co za tym idzie wzrost wytrzymatosci resztkowej skaty,
nawet powyzej granicy maksymalnej wytrzymatos$ci na $ciskanie [12,14].

Sama skata, jako material pochodzenia organicznego, cechuje si¢ znaczng anizotropia
wlasciwosci mechanicznych gléwnie zwigzang z niejednorodnym ksztaltem ziaren oraz
wystepowaniem niedoskonatosci W postaci porow, mikro i makro spekan, a takze inkluzji
innych mineratéw [15]. Dodatkowo, deformacja w warunkach wysokich szybkosSci
odksztatcenia powoduje nieliniowe i niesymetryczne umocnienie. Umocnienie takie mozna
przyblizy¢ roznymi funkcjami logarytmicznymi, najczgéciej 0 charakterze biliniowym.
Szybkoscig odksztalcenia & po przekroczeniu ktorej obserwujemy intensyfikacje zjawiska
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umocnienia dynamicznego materiatu, i ktora stanowi punkt przeciecia dwoch funkceji liniowych
przyblizajacych dynamiczne umocnienie dla skal wynosi ¢ =1,0s™! [16,17]. Samo
umocnienie dynamiczne nie jest wytgcznie skutkiem efektow lepkosciowych w materiale, ale
wigze si¢ rowniez efektami promieniowych sit bezwladno$ci oraz efektow wywolanych tarciem
[18,19]. Dodatkowo zwigkszenie si¢ ilosci krotkich spgkan w probece przy dynamicznym
obcigzaniu wynika z chwilowego zwickszenia objetosci kruszonego materialu na skutek
przejscia przez niego fali napr¢zenia [20,21]. Odnoszac wytrzymatosci maksymalne uzyskane
W testach jednoosiowego $ciskania lub rozciggania W réznych szybko$ciach odksztalcenia do
wytrzymato$ci statycznej (odpowiednio w $ciskaniu lub rozcigganiu) mozna zdefiniowaé
wspotczynnik dynamicznego wzmocnienia, tzw. DIF (ang. Dynamic Increase Factor)
jednoznacznie okreslajacy, 0 jaki procent wzrasta wytrzymato$¢ skaty dla konkretnej szybkosci
odksztatcenia. Mozna jego okresli¢ rownaniem:

Naprezenie maksymalne przy &

DIF(¢) = )

Naprezenie maksymalne z proby statycznej Egqtic

Podczas deformacji skaty wyr6zni¢ mozna kilka charakterystycznych stanow, mozliwych
do przedstawienia na charakterystykach napre¢zenie — odksztalcenie dla $ciskania jedno
I trojosiowego (ang. uniaxial compression (UC) and triaxial compression (TXC)) (rys. 1).
Te charakterystyczne stany opisano na przedstawionym wykresie odcinkami AB, BC, CD i DE.
Wiele badan wykazato, ze trwale odksztatcenia pojawiajg si¢ W probcee praktycznie na kazdym
etapie jej deformacji i wynikaja propagacji istniejacych i tworzenia si¢ nowych spekan, gtownie
na granicach ziaren i w okolicach pustek oraz szczelin w mikrostrukturze materiatu [22,23].
Mozna je zaobserwowa¢ m.in. Z wykorzystaniem badan ultrasonograficznych jako zmiang
predkosci fal podtuznej i poprzecznej [24]. Pomimo tego, pierwszy zakres deformacji (opisany
odcinkiem AB na wykresie), w ktorym wspomniane mikro defekty i mikro pory zapadaja si¢
I zanikaja, jest czesto uznawany za zakres sprezysty deformacji. Zakres BC obejmuje liniowy
charakter deformacji, gdzie modut sprezystosci wzdhuznej oraz poprzecznej maja wzglednie
stalg wartos§¢. Po przekroczeniu 50,0-60,0 % maksymalnej wytrzymato§¢é skaty
zapoczatkowany zostaje proces propagacji spekan, w ktorym rozpoczyna si¢ trwaty przyrost
odksztatcen poprzecznych (obwodowych), a wraz z dalszg deformacjg szybkos¢ ich przyrostu
zwigksza si¢, dajac poczatek zjawisku dylatancji, czyli niespr¢zystego wzrostu objetosci probki
materiatu kruchego. W zakresie CD rozwdj peknigé staje si¢ niekontrolowany, nastgpuje
degradacja pierwotnej struktury skaty, a co za tym idzie nastgpuje gwaltowny wzrost objgtosci
probki, az do osiagniecia maksymalnej wytrzymatosci na $ciskanie f. Jest to zakres, w ktérym
rozpatrujemy nieodwracalne niszczenie si¢ skaty. W ostatnim stadium deformacji (odcinek
DE), po przekroczeniu wytrzymatosci doraznej, nastepuje dalszy niekontrolowany rozwoj
spekan, a wzajemne przesuwanie si¢ fragmentow skalty po powstatych powierzchniach spekan
skutkuje spadkiem wytrzymatosci i sztywnosci. Warto doda¢, ze to W tej fazie obecno$é¢
ci$nienia okdlnego przy S$ciskaniu trdjosiowym sprawia, ze ruch fragmentow probki po
powierzchniach spekania jest zewnetrznie skrgpowany, zwigkszajac tym samym wytrzymatosé
resztkowg skaty. Wiekszo$¢ modeli konstytutywnych materiatow kruchych upraszcza zakresy
AB — BC — CD do linii prostej, wyrdzniajac jedynie wytrzymatos¢ maksymalng oraz
wytrzymato$¢ resztkowg. Na potrzeby dalszych dyskusji w tej pracy przyjeto nomenklature,
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ze umacnianie materiatu oznacza zakres CD, a ostabianie materiatu to zakres DE na krzywe;j
naprezenie — odksztalcenie.

Z punktu widzenia rozwoju spekan w przypadku jednoosiowego S$ciskania zniszczenie
skaty inicjowane jest W okolicy trawers maszyny wytrzymato$ciowej W miejscu wystepowania
maksymalnego tarcia i wynika z akumulacji wzdtuznych osiowych mikro spekan [25], podczas
gdy w stanach obcigzenia trojosiowego to $cinanie jest gtownym mechanizmem inicjujgcym
niszczenie probki i intensyfikuje si¢ wraz ze wzrostem ci$nienia okdlnego, powodujac
powstanie jednej badz wielu ptaszczyzn poslizgu [26]. Nie powstaja jednak w tym przypadku
plaszczyzny niecigglosci (swobodne powierzchnie peknie¢) [14]. Badania odcigzania
wykazaty, ze W przypadku geomaterialtow modul sztywno$ci podczas odcigzania skaty
przekracza modul sprezystosci, co jest wynikiem dyssypacji czeSci energii przez tarcie
wewnetrzne na granicach ziaren badanego materiatu [22,27]. Alternatywne metody, ktore stuza
do badan wytrzymatosci skaty bez ci$nienia okdlnego przedstawiono w pracy [28].

Duzym wyzwaniem z punktu widzenia przeprowadzenia badan eksperymentalnych jest
realizacja testow bezposredniego rozciggania materiatdow kruchych (ang. uniaxial tension, UT).
Wiaze si¢ to niskg wytrzymato$cig na rozcigganie f; tego typu materiatow. Utrudnia to
wykonanie probek o odpowiednim ksztalcie pozwalajacym uzyskac stan czystego rozciagania,
ale rowniez rodzi szereg probleméw zwigzanych z mocowaniem takich probek [29]. Poprawne
wyznaczenie tych wartosci jest niezwykle istotne z punktu widzenia niszczenia skal, poniewaz
to wilasnie rozcigganie jest gtownym czynnikiem powodujagcym utrate spojnosci skaly
[5,30,31]. Do prowadzenia takich badan najczgsciej stosowane sg specjalne szczeki, w ktorych
przetoczona powierzchnia czeSci pomiarowe]j probki moze zaprze¢ si¢, niwelujac kumulacje
naprezenia probce w miejscu podparcia i pozwalajac na zniszczenia probki w najmniejszym
przekroju. Inng metoda jest zastosowanie potaczenia klejonego do szczgk maszyny
wytrzymalo$ciowej, jednak metoda ta jest duzo bardziej czasochtonna. Alternatywa jest
stosowanie metod niebezposredniego wyznaczania wytrzymato$ci na rozcigganie metoda
brazylijska (ang. brasilian tension, BT) [10,32] lub testy trojpunktowego zginania probek (ang.
three point bending test, TPBT) z r6znymi geometrami karbu (nacigciami w probce). Badania
wykazaty, ze roznice pomiedzy metodami bezposrednimi i niebezposrednimi wynosza nawet
15,0% dla testu BT wzglgdem UT, do nawet 90,0%omiedzy testami TPBT [33,34].

W mechanice pgkania bardzo istotne jest okreslenie miar charakteryzujacych odpornosé
badanego materialu do przeciwstawiania si¢ inicjacji i propagacji spekan. Do metod
eksperymentalnych, pozwalajacych scharakteryzowaé iloSciowa odporno$¢ materiatu na
pekanie mozna zaliczyé: trojpunktowe zginanie probek z karbem [35-37], rozciagganie
niebezposrednie metodg brazylijska [37], Sciskanie probek walcowych ze szczeling centralng
[38], test poprzecznego $ciskania probki walcowej z otworem [39,40] oraz bardzo trudny
w realizacji test bezposredniego rozciggania [10,41]. Testy te obejmujg pekanie zwigzane
z rozwarciem szczeliny (moda I) oraz jej §cinaniem (moda II) [39] i pozwalaja na obliczenie:

e energii pgkania Gf, czyli energii rozproszona przez material w czasie niszczenia
materiatu (pole pod wykresem naprezenie — odksztatcenie) [37],
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e wartosci krytycznego wspotczynnika intensywnosci naprezen K., K;c bgdacego
miarg odporno$ci na pgkanie i ktorego przekroczenie skutkuje niekontrolowanym
rozwojem peknigcia.

Naprezenia
" osiowe [MPa]

niestabilny rozwdj
peknigé

Yo
Inicjacja spekan liczba zdarzen

®Maksymalna L Stabilny rozwdj /’ikust\ cznych

oResztkowa l /, A Pekniec

Odkszatalcenia obwodowe [-] 0 Odkszatatccma osiowe [-]

Rys. 1. Poszczegélne etapy deformacji skaly na przykladzie préby jednoosiowego $Sciskania
probki skalnej (zrédlo: opracowanie wlasne)

Duzym utrudnieniem badan materialéw skalnych jest uwzglednienie wptywu wielko$ci
probki na uzyskane wyniki. Badania wykazaty, ze wytrzymato$¢ skat wyznaczona
w warunkach laboratoryjnych na probkach o0 niewielkich wymiarach moze by¢
niedoszacowana wzgledem probek skalnych o odpowiednich wymiarach geometrycznych
[35,39,42]. Wraz ze wzrostem wielko$ci probki wzrasta warto$¢ krytycznych wspotezynnikow
intensywnosci naprezenia K;¢, Kj;¢[43]. Kruche pgkanie w skatach dosy¢ czesto okresla sie jako
,hatychmiastowe z katastrofalnymi skutkami” [44]. Wykorzystany w niniejszej pracy test
trojpunktowego zginania probek cylindrycznych z nacigciem (ang. semi circular bending test,
SCBT) jest w stanie precyzyjnie okresli¢, z jakim rodzajem pekania mamy do czynienia
[36,45]. Sam proces pekania ma bardzo ztozong nature i wynika ze zmiany stanu napr¢zenia W
materiale na czole pegknigcia, a takze z interakcji pomig¢dzy sasiadujagcymi mikro spekaniami
[42,44,46]. Ze wzglgdu na naturalne niedoskonato$ci i wtragcenia W skalach naprezenia
wywotane obcigzeniami kumulujg si¢ na granicach tych niedoskonatosci i sa opisane przez
wspotczynnik K;. Po przekroczeniu wartosci K; nastepuje gwaltowny i niekontrolowany
rozwdj spekania.

Nieocenionym wsparciem dla testow eksperymentalnych sg symulacje komputerowe
wykorzystujgce metody numeryczne, dzigki ktorym mozliwa jest dogtebniejsza analiza i lepsze
zrozumienie procesOwW niszczenia skal. Z punktu widzenia modelowania procesu pekania
wyr6zni¢ mozna dwie metody znajdujace szerokie zastosowanie w badaniach dotyczacych skat
i nie tylko — metoda elementow skonczonych (MES) (ang. finite element method, FEM)
[47—49] oraz metoda elementoéw dyskretnych (ang. discrete element method, DEM) [25,50,51],
przy czym druga z nich wykorzystywana jest w modelowaniu zjawisk gléwnie w skali
laboratoryjnej, a odpowiednie ulozenie czastek pozwala na pewne symulowanie
niejednorodnosci struktury i budowy ziarnistej modelowanego medium. Warto wspomniec¢
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takze metodzie X-FEM rozwijanej od dosy¢ niedawna, bedgcej rozszerzeniem klasycznej
metody elementéw skonczonych [52].

Istotng role W uzyskaniu wiarygodnych wynikow symulacji odgrywa wybdr modelu
konstytutywnego, ktory bedzie w stanic odwzorowaé rzeczywiste zjawiska i wiasciwosci
geomaterialow. Najwazniejsze z nich to: znaczna dysproporcja mi¢dzy wytrzymato$cig na
$ciskanie i rozcigganie, niesymetryczny wzrost wytrzymato$ci na skutek zwiekszania szybkosci
odksztalcenia W warunkach S$ciskania i rozciggania, progresywny spadek wytrzymatosci
materiatu po przekroczeniu wytrzymatosci maksymalnej skaty, zmiana sztywno$ci materiatu w
warunkach obcigzen statycznych i dynamicznych, wystepowanie zjawiska dylatancji, czyli
niesprezystego wzrostu objetosci skaty, a takze wzrost wytrzymato$ci przy obecnosci ci$nienia
okolnego. Do najczesciej stosowanych modeli konstytutywnych dla materiatow kruchych
mozemy zaliczy¢ modele: Hoeka-Browna [53-55], Mohra-Coulomba [3,54,56], Johnson
Holmquist Ceramics (JH-2) [57-61], Johnson Holmquist Concrete (JHC) [62—-64], Karagozian
Case Concrete (KCC) [65-68], Riedel-Hiermaier-Thoma (RHT) [69-71], Mat Pseudo Tensor
(bedacy rozszerzeniem modelu Mohra-Coulomba) [72], Continuous Curface Cap Model
(CSCM) [66,67,73], Continuum Damage Plasticity Model (CDPM) [74], czy model MAT
SOIL AND FOAM [54,75]. Warto wymieni¢ w tym miejscu modele konstytutywne
opracowane przez naukowcow z instytucji krajowych, m.in. model betonu opracowany przez
profesora Winnickiego [76], ktory uwzglednia wigkszo$¢ zjawisk wystepujacych podczas
dynamicznej deformacji materiatdow kruchych i bazuje na powierzchniach zniszczenia
Hoffmana czy potaczony model spre¢zysto—plastyczny z degradacja sprezysta wg. Pamina
i de-Borsta [77]. Niemal wszystkie z nich, poza modelami JH-2 oraz MAT SOIL AND FOAM,
docelowo przeznaczone byty do odwzorowania zachowania betonu, gtéwnie w dynamicznych
stanach obcigzenia. Ze wzgledu na znaczne podobienstwo pomiedzy betonem i skata, wigzace
si¢ ze zblizong mikrostruktura, a co za tym idzie mechanizmami niszczenia i propagacji spgkan,
po odpowiedniej kalibracji modele te moga by¢ rowniez zastosowane do modelowania
geomateriatow [68,78]. Popularnos¢ wymienionych modeli wynika z ich aplikacji
w wiekszo$ci komercyjnych kodow obliczeniowych. Adaptacja gotowych modeli materiatow
kruchych jest o tyle korzystna, Ze opracowanie whasne tego modelu oraz jego implementacja
do kodoéw obliczeniowych jest niezwykle trudna i czasochtonna, a prawidtowe wyznaczenie
parametrow materialowych dla istniejacych modeli moze da¢ réwnie dobre, a nawet lepsze
jakosciowo wyniki [79]. Niemal kazdy z modeli bazuje na niezmiennikach tensora naprezenia
oraz opisuje obwiednie zniszczenia jako funkcje naprezen postaciowych od cisnienia [80].

Szczegdlnym podejsciem do modelowania cechuja si¢ proby odwzorowania
mechanizmow pekania w materiale skalnym z wykorzystaniem niekomercyjnych modeli
konstytutywnych. Cze$¢ z takich modeli bazuje na podejsciu ,,smeared crack approach”
bazujacego na prawach nieliniowej mechaniki pekania [11,81-83]. Jest to metoda bazujaca na
energii pgkania, ktora jest w miarg uniwersalna i znacznie mniej podatna na wptyw wielkosci
elementu skonczonego [42]. Punktem wyijscia dla tego podejécia jest hipoteza, ze pgknigcie
W materiale heterogenicznym moze by¢ modelowane jako pasmo réwnoleglych, gesto
rozmieszczonych mikropgknie¢ z tepym (czyli zaokraglonym) czotem (strefa na wierzchotku
karbu geometrycznego). Glownag zaleta tej metody jest brak koniecznosci fizycznego
rozdzielania weztéw elementdw skonczonych podczas powstawania peknigeia. Innym

str. 17



modelem jest tzw. ,,brittle rock crack slip model” zaktadajacy, ze do momentu zainicjowania
pekniecia skale traktujemy izotropowo oraz ze sgsiadujace spgkania nie wptywaja na siebie
wzajemnie W poczatkowych fazach deformacji. Wspotczynnik intensywnos$ci naprezenia jest
obliczany przez model osobno w kazdej petli iteracyjnej [84,85].

Przedstawione w tym rozdziale informacje jednoznacznie wykazujg, ze sam proces
deformacji skat jest zjawiskiem niezwykle zlozonym i wynikajagcym z wielu czynnikow,
a niejednorodna budowa mikro i makro strukturalna tylko komplikuje proces predykcji rozwoju
I propagacji spgkan W materiale. Istotny wptyw ma szybko$¢ z jaka zachodzi deformacja oraz
stan napr¢zenia jaki jest nig wywolywany W materiale. Symulacje komputerowe pomagaja
lepiej zrozumie¢ podstawowe mechanizmy, jakie obserwujemy podczas odksztatcania sig
skaty. Jednak nie wszystkie modele konstytutywne sa W stanie wiernie odwzorowa¢ wszystkie
obserwowane zjawiska. Wyselekcjonowanie i charakteryzacja parametréw mechanicznych
i konstytutywnych dla modeli materialowych pelni kluczowa funkcje w poprawnym
odwzorowaniu deformacji, ewolucji uszkodzen, a takze fragmentacji w skale. W dostepne;j
literaturze brak jest prac, ktore komplementarnie charakteryzowalyby owe parametry dla
dolomitu, ktory jest materiatem cechujacym si¢ bardzo duzg kruchoscig. Samo zaplanowanie
I wykonanie testow eksperymentalnych wspierajacych swoimi wynikami proces kalibracji
modeli konstytutywnych jest czasochlonne, dlatego przedstawione w tej pracy testy
laboratoryjne i metody badan skal wraz z kompletnym opisem wynikow sg elementami
nowymi, autorskimi i w opinii doktoranta wartymi podkreslenia. Ponadto, elementem
nowatorskim jest zaproponowanie nowych podej$¢ do charakteryzacji parametréw wybranych
modeli konstytutywnych, ktore mogg by¢ zastosowane W szerszym zakresie, niz wynikatoby to
Z ich pierwotnych ograniczen.

Celem gléwnym pracy jest przedstawienie mozliwosci charakteryzacji parametrow
mechanicznych skaty — dolomitu z wykorzystaniem normowych oraz nienormowych testow
eksperymentalnych, pozwalajacych na charakteryzacje procesu pekania wynikajacego
z deformacji probki w roznych stanach obcigzenia. Wyniki tych testow stanowiag podstawe do
wyznaczania parametrow opisujacych wyselekcjonowane modele konstytutywne. W petni
scharakteryzowane modele poréwnane sg z rzeczywistymi testami laboratoryjnymi oraz
polowymi z punktu widzenia odpowiedzi ilosciowej (charakterystyki sita — przemieszczenie
oraz napre¢zenie — odksztalcenie) oraz jakosciowej (rozktad, charakter i ilo$¢/dtugos¢ spekan).
W pracy skupiono si¢ na szczegétowym opisie zagadnienia kalibracji modeli konstytutywnych,
z uwzglednieniem autorskich metodologii pomijajacych naturalne ograniczenia modeli
uwzglednionych w pracy. Bezposrednie porownanie symulacji w testach realizowanych w skali
laboratoryjnej pozwolito na wyselekcjonowanie modelu konstytutywnego najlepiej
odwzorowujacego dynamiczng fragmentacje skaty, ktory nastgpnie zostat wykorzystany do
symulacji procesu strzelania podziemnego w warunkach rzeczywistych obcigzen ,,in situ”.
Symulacje te pozwolity na okreslenie, w jaki sposob sekwencja odpalania tadunkow
wybuchowych w otworach strzatowych wplywa na jakos$¢ i ilos¢ uzyskiwanego urobku.
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4. Badania eksperymentalne

Procedury szacowania parametroéw modeli konstytutywnych opiera si¢ na wynikach badan
testow laboratoryjnych prowadzonych w matej oraz $redniej skali. Dostarczajg one
podstawowych informacji na temat wtasciwosci mechanicznych badanej skaty. Poniewaz
badania te stanowig podstaw¢ niniejszej rozprawy, ich warunki, przebieg oraz wyniki zostaty
po krotce opisane W ponizszym rozdziale. Pelny opis wraz z doktadnymi wynikami mozna
znalez¢ w pracach [P1-P4]. Wykonane badania zaplanowano w taki sposob, aby ich wyniki
odzwierciedlaty stany, w jakich docelowo zastosowane beda skalibrowane modele
konstytutywne. W tym przypadku skupiono si¢ zardwno na zakresie statycznym, jak
I dynamicznym, jako ze aplikacjg modeli jest symulacja propagacji sp¢kan w modelowaniu
strzelan dotowych w kopalniach podziemnych. Czes¢ statyczna odpowiada zatem za
uwzglednienie dziatania ci$nienia otoczenia W warunkach ,,in situ” na gigbokosci ok. 1000 m
pod powierzchnig gruntu, gdzie wartosci naprgzen gtownych w goérotworze wynosza
odpowiednio ¢; = 30,0 MPa oraz ¢, = g; = 18,0 MPa, natomiast cz¢s¢ dynamiczna
odpowiada za propagacj¢ spgkan w otoczeniu i oddaleniu od $cian otworu [86,87]. Skata, na
podstawie ktorej dokonano wszelkich rozwazan, byt dolomit.

W pierwszym etapie dolomit scharakteryzowany zostat z wykorzystaniem mikro
tomografii komputerowej, pod katem ggstosci, mikrostruktury oraz sktadu chemicznego
(rys. 2a) [P3], [88]. Zmierzone zostaly takze parametry zwigzane Z rozchodzeniem si¢ W probce
fali podtuznej (1) oraz fali poprzecznej (V;), tj. wartosci predkosci, ktére wyniosty
odpowiednio 4830,0 m/s oraz 1660,0 m/s. Warto$ci z poszczegélnych probek roznity sig
miedzy sobg w zakresie do ok. 10,0%, a ostateczne wyniki zostaty usrednione [P1]. Ggstosé
materialu p przyjeto jako 2820,0 kg/m3, ktora zostala oszacowana na bazie pomiarow
kilkunastu probek. Budowa krystaliczna dolomitu to przede wszystkim ziarna dolomitu
(a w glownej mierze weglanu wapnia i anhydrytu) o wielkosci $redniej ok. 500 pm
z wtraceniami  kalcytu, ktore jednak nie przekraczaja 10,0% objetosci skaty. Badania
wytrzymato$ciowe pokazaty jednak, ze obecnos¢ tych wtracen, ktorych wielkos¢ wahata sie
pomiedzy 1,0 do nawet 20,0 mm, i wigcej, byla w wielu przypadkach miejscem inicjacji
procesu pekania. Odwzorowanie rentgenowskie pozwolito na stwierdzenie, ze W materiale
istnieje wiele mikro i makro spekan ostabiajacych strukturg skaty (rys. 2b,c). Porowatosc¢
badanego dolomitu nie przekroczyla w analizowanych probkach 2,0%, co pozwala
zakwalifikowaé ja do skat o strukturze jednorodnej. Wyniki te pokrywaja si¢ z danymi
literaturowymi dolomitu [9,49].

Najbardziej podstawowym testem materiatow kruchych jest badanie jednoosiowego
sciskania UC, ktore poprawnie przeprowadzone pozwala na okreSlenie statycznej
wytrzymato$ci na $ciskanie f,/, modutu sztywnos$ci objetosciowej Kiqric Oraz wspotczynnika
Poissona v, a takze wyznaczenie po Krytycznej energii pekania Gy przy Sciskaniu. Badanie UC
moze by¢ uzupelnione wynikami z innych testow bazujacych na wciskaniu w probke skalng
wglebnikoéw i pomiarowi uzyskiwanego krateru [89]. Testy te uzupetiono testami TXC przy
dziataniu ci$nienia okolnego spetniajagcym warunek oy > 0, = 03, pozwalajagcymi na
charakteryzacje wplywu trojosiowosci stanu napr¢zenia na wytrzymatos¢ dolomitu fry.
w warunkach obecno$ci cisnienia bocznego. Przeprowadzone zostaly takze proby
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niebezposredniego rozciggania metodg brazylijska, do wyznaczenia wytrzymato$ci na
rozcigganie.
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Rys. 2. Analiza skladu chemicznego probek dolomitu (a), jego budowy mikrostrukturalnej (b)
oraz charakteryzacja niedoskonalo$ci wystepujacych w jego strukturze (c) [P3]

Do badan statycznych wykorzystano sterowang hydraulicznie maszyne wytrzymatosciowa
Instron 8802 z czestotliwoscig probkowania 10,0 Hz. Aby spetni¢ wymagania prob quasi
-statycznych, predkos$¢ obcigzenia okreslono jako 0,5 mm/min, co pozwolito na uzyskanie
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szybkosci odksztalcenia rzedu 0,0024 st. Badania jedno i tréjosiowego $ciskania
przeprowadzono na cylindrycznych probkach 0 $rednicy @ = 50,0 mm oraz wysokos$ci
H = 100,0 mm. W przypadku testu brazylijskiego probki o srednicy @ = 50,0 mm miaty
wysokos¢ 20,0 mm. Wszystkie probki wykonane zostaty zgodnie z wytycznymi ISRM [89] tak,
aby zapewni¢ odpowiednie warunki prob eksperymentalnych. Jest to 0 tyle istotne, poniewaz
dobranie ztych proporcji probki zaburza oczekiwany rozktad napr¢zenia, a co za tym idzie takze
uzyskiwane parametry mechaniczne, jak i obserwacje zwigzane z rozwojem peknieé sg
obarczone efektem skali oraz blgdami pomiarowymi. Jedng z glowic maszyny
wytrzymato$ciowej umieszczono na przegubie kulistym, w celu skompensowania
ewentualnych nier6wno$ci powierzchni | zapewnienia osiowo$ci obcigzenia. Proby
eksperymentalne rejestrowano z wykorzystaniem szybkiej kamery, a powierzchnie zewnetrzne
pomalowano biatym sprayem, aby utatwi¢ obserwacje rozwoju pgknie¢. W przypadku prob
trojosiowych jako warto$ci ciSnienia okdlnego przyjeto odpowiednio 10,0, 17,5 oraz 25,0 MPa.
Maksymalne warto$ci wynikajg z ograniczen sprzetowych wykorzystanej w testach komory
cisnieniowej. Dla kazdej warto$ci ci$nienia ok6lnego przeprowadzono co najmniej 10 préb.

Doktadna analiza procesu deformacji probek podczas testu jednoosiowego $ciskania
wykazata, ze brak poprzecznego skrgpowania probki poprzez cisnienie boczne nie powoduje
ograniczenia przyrostu odksztalcen obwodowych w fazie niestabilnego rozwoju peknigc,
co wywotuje gwattowng utrate cigglosci probki po przekroczeniu wytrzymatosci maksymalne;j
na $ciskanie £, i natychmiastowy spadek wytrzymatosci probki do wartoéci bliskiej zera.
Zachowanie to zaobserwowano dla wszystkich badanych probek. Zakres oslabienia ze wzgledu
na przedwczesne =zakonczenie proby wynikajace ze sposobu sterowania maszyny
wytrzymato$ciowej, nie  zostal w  pelni  zarejestrowany  jako  naprg¢zenie
— odksztatcenie. Do momentu osiagniecia punktu zniszczenia odpowiadajacego f. zakres
krzywych o — & mial charakter zblizony do liniowego, przez co bez pomiaru odksztatcen
obwodowych nie jest mozliwe wskazanie momentu, w ktorym zaczela si¢ propagacja mikro
spekan w strukturze dolomitu. Uzyskany ksztatt spgkan w przypadku prob jednoosiowych
wynikajacy czesto z warunkow brzegowych w miejscu mocowania probek skalnych [90] byt
zgodny z danymi literaturowymi i zaobserwowa¢ mozna byto powstanie glownie pionowych
dhugich spekan w calej objetosci probki, a w przypadku wystgpowania makro spgkania
W probce to na nim tworzyla si¢ powierzchnia pekniecia [P1, P3]. Wytrzymato$¢ na
jednoosiowe S$ciskanie uzyskana z testow UC charakteryzowala si¢ rozrzutem wynikow
(maksymalnych wartosci naprezenia) w zakresie ok. 20,0%, a usredniona warto$¢ przyjeta do
dalszych rozwazan wyniosta f/ =212,0 MPa. Dla stanu $ciskania jednoosiowego
przeprowadzono takze proby progresywnego cyklicznego $ciskania, w ktorej w kazdym cyklu
odksztatcenie probki zwigkszato sie¢ 0 0,01, a proba byla prowadzona az do momentu
catkowitego zniszczenia probki. Test ten wykazat, ze modul odcigzenia probki dla dolomitu
jest o ok. 10,0 % wiekszy niz modut przy $ciskaniu, co zwigzane jest z dyssypacja energii
poprzez tarcie wewnetrzne.

Wyniki badan testu brazylijskiego (BT) wykazaly wigksza rozbieznos¢ w maksymalnej
zarejestrowanej sile, siegajaca nawet 40,0% [P1, P2]. Podobnie nachylenie krzywej sita
— przemieszczenie, a co za tym idzie naprezenie — odksztalcenie rdznito si¢ znacznie
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i wymagato uérednienia. Srednia warto$¢ wytrzymatosci na rozciaganie wyniosta f; = 5,2
MPa. Warto$¢ ta jest jednak niedoszacowana, dlatego tez w dalszych analizach uzyto
wspotczynnikow korekcyjnych dla twardych skal zgodnie z literaturg [91]. W probkach
charakteryzujgcych si¢ najmniejszg wytrzymatoscia (Srednio w 3 na 10 probek) inicjacja
pekniecia rozpoczeta sie¢ W miejscu kontaktu probki z trawersg obcigzajgcg. Uszkodzenia te
wynikaly ze znacznego oddzialywania naprgzenia $cinajgcego, a obecno$¢ kierunkowego
utozenia warstw dolomitu utatwila powstanie zniszczenia. W pozostatych probkach zgodnie
z teorig Griffitha peknigcia zainicjowane zostaty w centralnej czgéci probki [32,92]. Zakres
pozniszczeniowy nie byl mozliwy do zaobserwowania ze wzgledu na gwattowne pgkanie
probek po przekroczeniu wytrzymatosci na rozcigganie. Ewentualne zmiany, jakie mozna by
wprowadzi¢ W eksperymencie, to zastosowanie zaokraglonych powierzchni kontaktowych,
co sprawitoby, ze punktowy nacisk oddziatywalby na wigksza powierzchni¢ [32]. Z testu
brazylijskiego wyznaczone zostaly wartosci odpornosci na pekanie K, = 1,115 MPa-m°®®
oraz energii pekania Gy = 0,662 J zgodnie z procedurg opisang W [P2].

Ostatnim testem statycznym bylo trojpunktowego zginanie probki potcylindrycznej
z karbem SCBT. Geometria probek byta zblizona do tych z testu brazylijskiego, ktore przecigto
na pot i nacigto na gtebokosci 10,0 mm i szerokosci 1,0 mm. Wymiary byly zgodne z sugestiami
przedstawionymi w pracy [89]. Rozstaw podpor wynosit 40,0 mm. Podczas testow mierzono
site oraz przemieszczenie punktu obcigzajacego, a takze, za pomoca wideo ekstensometru, dwa
punkty po dwoch stronach szczeliny w celu obserwacji rozwarcia szczeliny. Dla eksperymentu
SCBT przeprowadzono 10 prob. Zgodnie z wiedza doktoranta, byly to pierwsze badania
porownawcze parametrow pekania dla dolomitu z wykorzystaniem SCBT oraz BT. Usrednione
warto$ci charakteryzujgce wlasciwosci zwigzane z pgkaniem dolomitu [P2] to: Gy = 0,34 J oraz
K;c = 1,67 MPa-:m®°. Mozna zauwazyé, ze wartoéci te sa mniejsze niz te wyliczone z BT,
ardznice moga wynika¢, m.in. z kata, na jakim w teécie brazylijskim mozemy zakladaé
rownomierny rozktad promieniowy obcigzenia [37]. Mata zmiana jego wartoSci powoduje
znaczny wplyw na uzyskiwane wyniki. Ostatecznie, warto$ci uzyskane z SCBT mozna uzna¢
za poprawne, jako ze dostgpne dane literaturowe dla pomiaru K;; innymi metodami mowia
0 $rednich warto$ciach rzedu ~ 1,75 MPa-m®>" przypadku dolomitu [11,93].

Do badan dynamicznych [P1, P3], stuzacych wyznaczeniu DIF dla $ciskania i rozciggania,
wykorzystane zostato stanowisko SHPB [16,18]. Szybkosci odksztatcenia wynikaty gtownie
z wymiaréw badanych probek wynoszacych: @ = 40,0 mm oraz H = 40,0 mm dla $ciskania.
Aby zniwelowa¢ efekty tarcia probek 0 powierzchnie czotowe pretow, co skutkuje
zwigkszeniem wytrzymato$ci skaty [19], powierzchnie pokryto warstwa lubrykantu i nakryto
podktadkami teflonowymi. Zastosowano prety 0 dtugosci 3140,0 mm i $rednicy 40,0 mm
wykonane ze stali C-45. Zakonczenie preta inicjujacego W miejscu kontaktu pociskiem (pretem
uderzajgcym) zostalo dodatkowo zukosowane na dystansie 400,0 mm w celu utatwienia
osiggniecia stanu rdwnowagowego W probce. Dla tego celu zastosowano takze miedziane
wktadki ksztattujace fale 0 $rednicy 8,0 mm i grubosci 1,0 mm. Odksztatcenia 0siowe w pretach
mierzone byty za pomoca pelnego mostka tensometrycznego, a propagacja spgkan rejestrowana
byta przez szybkg kamerg z czestotliwoscig 95 000 klatek/s. Do badan rozciggania zastosowano
stanowisko z pretami 0 dtugosci 2000,0 mm i $rednicy 25,0 mm wykonanymi ze stali maraging.
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Warunki prowadzenia badan i rejestracji procesu pgkania pozostaty analogiczne jak przy
testach $ciskania. Do wyznaczenia odksztalcenia, szybko$ci odksztalcenia oraz naprezenia
wykorzystano dobrze znane zaleznosci [94].

W efekcie badan dynamicznego $ciskania na stanowisku SHPB uzyskano cztery rézne
szybkosci odksztalcenia: 66,0 s1 78,051, 94,05 0raz 124,051, w ktorych stan rownowagowy
byt zachowany podczas calej proby az do catkowitego zniszczenia probki (rys.Rys. 3).
Szybkos¢ odksztalcenia byta mierzona dla zakresu napr¢zenia od 75,0% do 100,0 %
maksymalnej wytrzymatosci dynamicznej na $ciskanie f,, [95]. Otrzymane warto$ci z proby
jednoosiowego $ciskania zestawiono w Tab. 1. Wyniki z badan zastosowane zostaty 0sobno w
pracach [P1, P3], gdyz kazdy z analizowanych modeli konstytutywnych uwzglednia wptyw
szybkosci odksztatcenia W odmienny sposob. Na podstawie zarejestrowanych ujg¢ z kamery
zaobserwowano, ze czg$¢ zniszczenia zainicjowana zostata W miejscu istnienia pierwotnych
spekan [P1]. Ogolny charakter zniszczenia charakteryzowat si¢ powstaniem osiowych spekan
w prébee, jednak po przekroczeniu é = 100,0 s dodatkowo zintensyfikowal sie wplyw
efektow bezwtadnosciowych na dynamiczne wzmocnienie materiatu, co w przypadku
materialdow kruchych ma kluczowe znaczenie przy opracowywaniu parametréw modeli
konstytutywnych bazujacych na testach SHPB [18,19,96].

i EE G 1 ’
0.0121 £=66s £=94s é=1245"1
s g 00149 . -
& — & & — & 00147 = & — &

0014 & > i
7 > 0.012 A

0.01
0.008
0.0064
0.0044
0.002

008

S o

.006+

Voltage (V)
Voltage (V)
Voltage (V)

o
=3
S
-

.";

i

0 . . . . 0 . . — 0 :
0 0.0001  0.0002 0.0003  0.0004 0 0.0001  0.0002  0.0003  0.0004 0 00001 0.0002 0.0003 0.0004
Time 7 (s) Time 7 (s) Time 7 (s)

Rys. 3. Wizualizacja stanu rownowagowego dla testow $cinania dynamicznego z wykorzystaniem
SHPB dla trzech szybkosci odksztalcenia: 66,0 s, 94,0 s?, 124,0 s [P3]

Analogiczne warunki eksperymentu dla testow rozciggania metoda brazylijska [P1]
skutkowaly uzyskaniem dwoch réznych szybkosci odksztalcenia wynoszacych odpowiednio
241,0 storaz 332,0 s. Po przeprowadzonych testach wytypowano przypadki, ktore uznano za
poprawne i spetniajace warunek wynikajacy z zatozen teoretycznych Griffitha, wedtug ktorych
inicjacja peknigcia powinna nastagpi¢ W miejscu najwickszych naprezen rozciagajacych,
tj. w punkcie centralnym probki [91,97] Maksymalne wartosci dynamicznej wytrzymatosci f;p,
dla dwoch podanych szybkosci odksztalcenia wyniosty odpowiednio 37,6 Ma oraz 42,4 MPa.
Umocnienie dynamiczne w przypadku rozciggania jest znacznie wigksze niz W przypadku
$ciskania | moze si¢ wigza¢ z wystepowaniem efektu Stefana [98], a takze oddzialywaniem
ziaren skaly na poziomie mikrostrukturalnym [99]. Podczas badan zaobserwowano wptyw
$cinania przy powierzchniach kontaktu probki z pretami, objawiajacy si¢ lokalnym
skruszeniem materiatu. Ponadto wzdhuz gtownego poczatkowego peknigcia, na dalszym etapie
deformacji zainicjowana zostata propagacja spgkan towarzyszacych [100,101]. Moze to
wskazywa¢ na fakt, ze szybkosci odksztatcenia byly zbyt wysokie, aby zachowac stan
rownowagowy W catym zakresie deformacji probki.

str. 23



Kolejnym testem eksperymentalnym, na ktorym mocno oparto walidacje modelu KCC
oraz JH-2 byto uderzenie stalowej kulki tozyskowej 0 $rednicy @ = 8,0 mm w probke
cylindryczng 0 wymiarach @ = 50,0 mm oraz H = 50,0 mm [P2, P4]. Jest to test oryginalny,
po raz pierwszy zaproponowany W kontek$cic badania materiatow skalnych. Test
przeprowadzono na stanowisku milota grawitacyjnego, w ktorym glowica 0 masie 13,6 kg
zrzucana byta swobodnie z takiej wysokos$ci, aby W momencie uderzenia jej predko$¢ wynosita
ok. 1,5 m/s. Probe rejestrowano za pomocg szybkiej kamery z czgstotliwoscig 45 000 Klatek/s,
a site | przemieszczenie za pomoca specjalnych sensorow umieszczonych w podstawie
stanowiska. W efekcie punktowego przeniesienia obcigzenia ze spadajacej gtowicy na probke,
W probee generowal sie¢ mieszany stan naprezenia wigzacy Sciskanie i rozcigganie, w efekcie
czego obserwowano skruszenie materiatu probki w strefie kontaktu z kulka, a w dalszym etapie
propagacje spekania i podziat probki skalnej na 2 czesci. W ten sposob probka tracita cigglosc,
a co za tym idzie zdolno$é do stawienia oporu obcigzeniu punktowemu. Srednia sita, przy ktorej
dolomit ulegat zniszczeniu, wyniosta ok 20,0 kN.

Wszystkie testy, ktorych wyniki wykorzystano w pracach, wraz ze zmierzonymi
warto$ciami Srednimi zestawiono w Tab. 1.

Z powodu braku mozliwo$ci badawczych niezbgdne byto zaczerpnigcie dodatkowych
wynikow testow wytrzymato$ciowych z literatury, do pelnego zdefiniowania parametrow
modeli konstytutywnych. W pierwszej kolejnosci zaadoptowane zostalty wyniki z testow
udarowych obejmujacych zderzenie dwoch ptyt [102—104]. W proébie takiej cylindryczny sabot
0 znanych parametrach mechanicznych wykonany, np. z aluminium i napedzony przez dziato
wysokoci$nieniowe uderza w precyzyjnie rownolegle utozong ptyte wykonang z materiatu
badanego utwierdzonego na krawedziach w dostosowanym do tego celu stanowisku. Uderzenie
wywoluje powstanie prostopadtej do powierzchni probki fali rozciggajacej, powodujac ruch
czastek drugiej swobodnej ptaszczyzny badanego materiatu, ktory jest rejestrowany za pomocg
szybkiego czujnika laserowego VISAR pozwalajac na odczyt predkosci punktu powierzchni
probki. Zastosowanie odpowiednich przeliczen zgodnie z teorig Rankinea—Hugoniota [105]
pozwala na wyznaczenie panujagcego W materiale ci$nienia oraz odpowiadajacego mu
odksztatcenia objetosciowego dla réznych wartosci tego odksztatcenia. Dodatkowe wyniki
zostaly wybrane W taki sposob, aby spelnione bylo zalozenie 0 zblizonej ggstosci
nienaruszonego materiatu do tej zmierzonej w ramach realizacji pracy doktorskiej. Opis
zastosowania tych punktéw do kalibracji rdwnania stanu (ang. equation of state, EOS)
przedstawiono w rozdziale 5.

W celu rozszerzenia aplikacyjno$ci wyznaczonych modeli 0 szerokie spektrum obcigzen
przy réznym stopniu skrgpowania poprzecznego probki, bazujac na pracach innych badaczy,
zaadoptowano dodatkowe wyniki do testoéw analogicznych dla tych wykonanych w ramach
niniejszej pracy, m. in. dla sciskania trojosiowego. Poniewaz maksymalna wartos$¢ cisnienia
okolnego w badaniach autorskich ograniczona byta do wartosci o, = g3 = 25,0 MPa poprzez
zastosowang aparatur¢ badawczg, a oddzialywanie naprezen gtownych o, oraz o3 W warunkach
obcigzen wywotanych falg wybuchu znacznie si¢ intensyfikuje, wykorzystano dodatkowe
wyniki z prac [9,13,106], w ktorych rozpatrywano warto$ci cisnienia okélnego do 200,0 MPa.
Warunkiem wyboru tych wynikéw byta zgodno$¢ wytrzymatosci maksymalnej f7x - badanych
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skat nieprzekraczajacej 15,0% z odpowiadajacymi im wynikami autorskimi dla zakresu ci§nien
do 25,0 MPa. Podejécie to pozwolito na zminimalizowanie mozliwosci zaadaptowania

wynikow dla materialu 0 zupelnie innych wlasciwosciach wytrzymato$ciowych niz te
wykazywane przez badany dolomit. Co wigcej, dzigki temu, ze we wspomnianych pracach
przedstawiono pelny przebieg krzywych roznicy naprezen gléwnych od odksztatcenia
osiowego, mozliwe byto wykresleniec uogdlnionego przebiegu tej krzywej w fazie ostabienia
dla dolomitu badanego przez autorow. Tak uzyskany zakres krzywej zaadaptowany zostat po
przekroczeniu wytrzymatosci maksymalnej do kalibracji parametrow kontrolujgcych ewolucje
uszkodzenia w modelach konstytutywnych.

Tab. 1. Opis testow eksperymentalnych wykorzystanych do kalibracji modeli
konstytutywnych [P1 — P4], [107]

Eksperyment

Wyznaczone parametry

Uzyskana warto$¢

Jednoosiowe $ciskanie — statyczne
[P1, P2, P4]
Dalej zwane ,,UC”

Wytrzymalo$¢ na $ciskanie, f;/
Statyczny modut sprezystosci, Egiqatic

Wspotczynnik sprezystosci objetosciowej, Ksparic

Wspotczynnik Poissona, v

£/ =212 MPa
Eqraric = 16016 MPa
Kseatic = 7730 MPa
v=025[]

Jednoosiowe $ciskanie — dynamiczne
dla ré6znych szybkosci odksztatcenia
Dalej zwane ,,DUC”

Wytrzymalo$¢ na $ciskanie w warunkach
dynamicznych, f;;

Dynamiczny modut sprezystosci, Egyp
Krzywa umocnienia DIF (Dynamic Increase
Factor) dla $ciskania, DIF,

£ (66,0 s1) = 277,0 MPa
£ (78,0 s71) = 286,0 MPa
f2> (94,0 s71) = 295,0 MPa
f2> (124,0s71) = 321,0 MPa
Egyn = 16016 MPa

Trojosiowe $ciskanie przy cisnieniu
okolnym 10,0, 17,5 oraz 25,0 MPa
Dalej zwane ,,TXC”

Wytrzymato$¢ na $ciskanie w warunkach
trojosiowego stanu naprezenia dla ci$nien:
10,0 MPa /17,5 MPa / 25,0 MPa, frx¢
Wspotczynnik sprezystosci objgtosciowe;,
K. tatic,TXC

frxc=10 mpa = 245,0 MPa
frxc=175 mpa = 284,2 MPa
frxc=25 mpa = 297,5 MPa
Kstatic,TXC = 22803,0 MPa

Test rozciggania metoda brazylijska —
statyczny
Dalej zwane ,,BT”

Wytrzymato$¢ na rozciagganie w warunkach
statycznych f;

Wspotczynnik intensywnosci naprezenia, K;¢
Energia pekania, Gr

f =52MPa
K¢ = 1,115 MPa-m®?
Gr=0,662

Test rozciggania metoda brazylijska —
dynamiczny dla roznych szybkosci
odksztalcenia

Dalej zwane ,,DBT”

Wytrzymato$¢ na rozcigganie w warunkach
dynamicznych f;;

Krzywa umocnienia DIF (Dynamic Increase
Factor) dla rozciagania, DIF,

flp (241,0s71) = 37,6 MPa
fip (332,0s71) = 42,4 MPa

Trojpunktowe zginanie probki
cylindrycznej z nacigciem
Dalej zwane ,,SCBT”

Statyczny modut sprezystosci w warunkach
rozciggania, Egqric,

Wytrzymato$¢ na rozcigganie w warunkach
statycznych, f/. ..

Energia pekania, Gf

Wspotczynnik intensywnosci naprezen, K-

Estatic, = ~ 8000 MPa
ft’sm =7,0 MPa

K¢ = 1,67 MPa-mY?
G =034

Jednoosiowe cykliczne $ciskanie —
statyczne
Dalej zwane ,,UCC”

Statyczny modut sprezystosci w warunkach
$ciskania, Espqric

Statyczny modut sprezystosci przy odcigzaniu,
E

staticynioad

Esearic = 16016 MPa
E, = ~18100 MPa

taticynioad ~

Dodatkowe testy do kalibracji

Test uderzenia kulki tozyskowej w

Test maksymalnej sity punktowej potrzebnej do

probke cylindryczng inicjacji fragmentacji, F . Finax = 20,0 kN
. Predkos¢ fali wzdtuznej, , V, = 4830 m/s
Testy ultrasonograficzne Predkos¢ fali poprzecznej V; V; = 1660 m/s

Test fragmentacji bloku skalnego

Stan spgkania po realizacji detonacji fadunku wybuchowego

Wiyniki testow zaczerpniete z literatury

Test ptyta — plyta

Zalezno$¢ cisnienia od odksztatcen objetosciowych dla ekstremalnych cisnien do 8

GPa,

Statyczne $ciskanie hydrostatyczne

Trojosiowe Sciskanie przy cisnieniu
okélnym przekraczajacym 25 MPa (do
600 MPa)

Dalej zwane ,,TXC”

Wytrzymatos¢ na $ciskanie W warunkach trdjosiowego stanu napr¢zenia dla

ci$nien powyzej 25,0 MPa

Powyzsze zestawienie testow eksperymentalnych potwierdza, ze skata charakteryzuje si¢
duzg ztozonoscig i do jej poprawnego opisu zachowania w analizach symulacyjnych nalezy
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pozyska¢ I wyznaczy¢ szereg niezbednych statych materialowych. Powyzsze testy mozna
dodatkowo uszczegdtawia¢, m.in. 0 badania wplywu anizotropii materialu czy wplywu
wielkos$ci probki. Dodatkowo, bardziej zaawansowane modele wymagaja przebadania modeli
w warunkach rozciggania dwu- oraz trojosiowego [69,108], a takze $ciskania w warunkach
prawdziwie trdjosiowego stanu naprezenia Z wykorzystaniem probek prostopadiosciennych
[7,12,109]. Ewentualne badania w tym zakresie bedg prowadzone W przysztosci.
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5. Opis modeli konstytutywnych oraz procedury ich kalibracji

W niniejszym rozdziale skupiono si¢ na opisie wybranych modeli konstytutywnych,
dla ktérych przedstawiono doktadny proces kalibracji, do kazdego z nich dodajac autorskie
metody wyznaczania krytycznych parametrow, ktore zazwyczaj pomijane sa W literaturze.
Pelny opis modeli mozna znalez¢ W przedstawionych przy opisach pracach zrédtowych.
W ponizsze] pracy skupiono si¢ na trzech wybranych modelach konstytutywnych,
charakteryzujacych si¢ réznym stopniem skomplikowania. Kierowano si¢ jednak zalozeniem,
ze modele majg by¢ komercyjnie dostepne W wigcej niz jednym srodowisku obliczeniowym.
Do analiz wybrano nast¢pujace modele:

e Karagozian Case Concrete model (KCC)
e Johnson - Holmquist Concrete (JHC)
e Johnson - Holmquist Ceramics (JH-2)

Z racji, ze model JH-2 nie stanowi glownego elementu i wktadu doktoranta w powstalg
rozpraw¢ oraz Z istotnego podobienstwa do wczesniej opisanego modelu JHC, w niniejszym
paragrafie pominig¢to szczegdtowy opis jego zatozen konstytutywnych oraz procedury
szacowania parametrow, a skupiono si¢ gtdwnie na modelach KCC i JHC. Niemniej jednak
wigcej informacji na temat modelu JH-2 mozna znalez¢ w pracach [64,110,111]. Model JH-2
zostal wykorzystany na etapie finalnego porownania trzech modeli, a takze do przedstawienia
potencjalnej aplikacji modelu do modelowania strzelan dotowych.

Podsumowanie modeli wraz z zaprezentowang oceng ich potencjatu do wykorzystania przy
modelowaniu skatl zestawiono w Tab. 2.

5.1. Opis modelu Karagozian Case Concrete (KCC)

Opis podstaw teoretycznych modelu bazuje na pracach zrodtowych [112,113]. Model KCC
jest modelem konstytutywnym bazujacym na trzech niezmiennikach tensora naprezenia, ktory
opisuje wytrzymatos¢ materialu poprzez trzy zalezne od ciSnienia powierzchnie zniszczenia.
Sa to odpowiednio powierzchnie: poczatku uplastycznienia Aoy, wytrzymatosci maksymalnej
Ag,, oraz wytrzymatosci resztkowej Ao, (Rys. 4a). Powierzchnie te odpowiadajg punktom
charakterystycznym na krzywej naprezenie — odksztatcenie zgodnie z Rys. 1. W przypadku
modelu KCC deformacje objetosciowe, kontrolowane przez rownanie stanu, a takze deformacije
postaciowe, ograniczane przez wspomniane powierzchnie zniszczenia w przestrzeni
Ao — p obliczane sg przez model niezaleznie i dane sag wzorami [112,113]:

p ..
A — P - d = ] ]
0 = o+ o, gdzie i = y,m,7 2
+o, +
p :% (3)
1 ) 2 2
b0 =3, = [5[(01 =) + (0 = 03)% + (05 — 01)?] (4)
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gdzie: a,; to wspotczynniki determinujgce ksztatt powierzchni zniszczenia Ag;; J, to drugi
niezmiennik dewiatora tensora napr¢zenia, Ao to zredukowana roznica naprezen gtéwnych
obliczane zgodnie z (4); o,,0,,0; t0 glowne sktadowe tensora napr¢zenia. Powierzchnie
zniszczenia okreslone rownaniami (2) wigza ze sobg stan dewiatorowy naprezenia Ao jako
funkcje ciSnienia wewngtrznego p panujgcego W materiale i ograniczajg maksymalne wartos$ci
réznicy napre¢zenia maksymalnego i minimalnego dopuszczalnego przez model. W momencie,
gdy dopuszczalne warto$ci naprezenia sg przekraczane, w modelu zainicjowana jest
akumulacja uszkodzen, a wytrzymatos¢ materialu jest aproksymowana pomiedzy
powierzchniami poczatku plastycznosci Ao, | maksymalng Ao, w zakresie umocnienia
odksztatceniowego, oraz pomiedzy powierzchniami maksymalng Ag,, i resztkowg Ag, po
przekroczeniu wytrzymato$ci maksymalnej w fazie ostabienia, w ktorej obserwowany jest
spadek zdolnosci probki do przeciwstawiania si¢ zewnetrznym obcigzeniom. Graficzna
interpretacja tego algorytmu przedstawiona jest na Rys. 4b.

Opisana interpolacja wytrzymato$ci modelowanego materiatu kontrolowana jest przez
funkcje akumulacji uszkodzen. Nie ma ona interpretacji fizycznej, ale bazuje na przyrostach
odksztatcen plastycznych narastajacych w trakcie deformacji. Numeryczna implementacja
funkcji uszkodzenia powigzana jest z tensorem szybkosci odksztatcenia plastycznego, ktory
wraz z funkcjg ewolucji uszkodzenia stuzy do obliczenia szybkosci akumulacji uszkodzenia
A zgodnie ze wzorem [112,113]:

A= h@)E ®)

gdzie: &P to efektywna szybko$¢ odksztalcenia plastycznego oraz h(p) to funkcja ewolucji
uszkodzenia.

Wykonanie odpowiedniego przeksztatcenia i catkowania tej funkcji w domenie czasu
pozwala na wyznaczenie parametru ewolucji uszkodzenia A osobno dla $ciskania i osobno dla
rozciggania (6) [112,113]:

( 1

[+ (559) 0 - 0] (1+757)
1

1+ (23) G- 0] (1+ %)b

gdzie: b, oraz b, to parametry skalujgce i ksztattujgce funkcj¢ uszkodzenia i determinujgce
réwnoczes$nie szybko$¢ uwalniania energii po przekroczeniu wytrzymatosci maksymalnej;

1P =0

h(o) = (6)

2,p<0

17 to funkcja umocnienia zwigzana z szybkoscig odksztalcenia implementowang jako DIF; T to
statyczna wytrzymato$¢ na rozcigganie; s to wspotczynnik odpowiadajacy za skalowanie DIF
natomiast déP to nieskonczenie maly przyrost odksztalcen plastycznych opisany jako
déP = \/2/3 deP:deP. Funkcja uszkodzenia wymaga Kkalibracji na podstawie testow
eksperymentalnych i jest niezalezna od powierzchni zniszczenia. Co wigcej, ha potrzeby
prostego zdefiniowania krzywej sterujacej zniszczeniem wprowadzono bezwymiarowy
parametr n przyjmujacy warto$ci od 0 do 1,0 i jest on funkcjg 4. Mozemy wyrdzni¢ dwa
przedziaty, ktore kontrolujg szybkos$¢ rozpraszania energii w fazie umocnienia (1 < A,,,) oraz
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ostabienia (1 > 4,,), a punktem stanowigcym przejscie pomiedzy tymi stanami jest warto$¢
n = 1,0 dla 1 = A,,. Przykltadowa funkcja uszkodzenia przedstawiona zostata na Rys. 4b.
Interpretacja skalarnego indeksu akumulacji uszkodzenia realizowanego w kodzie
numerycznym LS-Dyna odbywa si¢ dla modelu KCC poprzez wyswietlenie zredukowanych
odksztatcen plastycznych, a Sama warto$¢ liczona jest na podstawie nast¢pujacego rownania
[112,113]:

5= 22
A+ A,

Kluczowym aspektem, z punktu widzenia odwzorowania zniszczenia, jest normalizacja
wielko$ci elementow zwigzana 2z dlugosciag charakterystyczng pasma pekania [,
zaimplementowana w modelu KCC w nastepujacy sposob [112,113]:

(7)

1/3 , 105
(Vial/a)"  for wi. < Vi, < 62,5

lioe = (2,55, for V,,. > 62,5 8)
(Wloc/4‘)1'05: for Vi < Wl300

gdzie: V;,. to obj¢tos¢ elementu a wy,. to szerokos¢ lokalizacji peknigcia i jest stosowany
wylacznie, gdy wy.> V.. Parametr ten jest dzielnikiem stosowanym do kontroli
intensywnosci ostabienia materiatu poprzez skalowanie znormalizowanego parametru ewolucji
uszkodzenia A, zgodnie z rownaniem [112,113]:

1 _{ A, ford; <Ajorl <5 9
T A+ A=)/ lipe, for Ay > A 0or5>12> 13 ©)

Aby uwzgledni¢ deformacje objetosciowe, W modelu KCC zaimplementowane zostato
10-punktowe fragmentaryczne rownanie EOS bazujace na nieliniowej zaleznosci ci$nienia
w materiale od odksztalcenia objetosciowego &, oraz od modutu odcigzenia. Pozwala to na
uwzglednienie energii rozpraszanej w wyniku tarcia wewnetrznego i uniezaleznia modut
odcigzenia od obj¢tosciowego modutu sztywnosci W catym zakresie zdefiniowanych ci$nien.
Rownanie to mozna uogdlni¢ wzorem [114]:

p=C(ev) +yH(en)E (10)

gdzie: &, to odksztatcenia objgtosciowe; H to dodatkowa bez jednostkowa funkcja tabularyczna
skalujgca cisnienie; K to modul sztywno$ci objetosciowej przy odcigzeniu natomiast E to
energia wewngtrzna bedaca efektem deformacji. Wprowadzenie 10 predefiniowanych punktow
pozwala na wyznaczenie aktualnego cisnienia panujacego W modelu wynikajacego
z deformacji zgodnie ze wzorem [112,113]:

p = pEoS + KAsf (11)

Zaleta modelu KCC jest mozliwo$¢ automatycznego generowania parametréw, bazujac
wylgcznie na wartosci f, przy czym sa one skalowane na podstawie testow eksperymentalnych
wykonanych dla betonoéw 0 roznej klasie wytrzymatosci, gdzie pekanie jest mniej intensywne
niz W przypadku skat [112,115].
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Rys. 4. Graficzna reprezentacja powierzchni zniszczenia w modelu konstytutywnym KCC (a)
oraz interpretacja obliczania ewolucji uszkodzenia w tym modelu (b)
(zrédlo: opracowanie wlasne)

5.2. Opis modelu Johnson Holmquist Concrete (JHC)

Model JHC jest czeSciowo empirycznym modelem konstytutywnym, przeznaczonym
w pierwotnym zatozeniu do modelowania betonéw poddanych duzym deformacji w warunkach
wysokich szybkosci odksztatcenia [116]. Wypadkowe napre¢Zenie zastgpcze 0., jest
w zdefiniowane jako funkcja ci$nienia p, szybkosci odksztalcenia € oraz uszkodzenia D. Oba
parametry, tj. ci$nienie P* = p/f/ oraz naprezenie zastepcze 0* = 0,4/ fc , 53 znormalizowane
przez warto$¢ wytrzymatosci na jednoosiowe S$ciskanie f.. Maksymalna powierzchnia
zniszczenia jest w tym przypadku opisana rownaniem [116]:

o* = [A(1 — D) + BP*N][1 + Clné*] (12)

gdzie: f; to wytrzymato§¢ materiatu na jednoosiowe $ciskanie; A to parametr okreslajacy
spoisto$¢ materialu; B i N sa odpowiednio wspotczynnikiem i wyktadnikiem kontrolujacym
ksztalt powierzchni zniszczenia; P* to znormalizowane ci$nienie; D t0 wspodtczynnik
akumulacji uszkodzen (przyjmujacy warto$¢ 0,0 dla materiatu nieuszkodzonego oraz wartos¢
1,0 dla materialu w pelni uszkodzonego); £/, to bezwymiarowy parametr okreslajacy
wynikowa szybkos$¢ odksztatcenia (gdzie € jest rzeczywistg obliczong przez model szybkoscig
odksztatcenia 1 &, jest referencyjng szybkoscig odksztalcenia zmierzong w probach quasi-
statycznych), natomiast C jest wspotczynnikiem skalujacym intensywno$¢ umocnienia
dynamicznego materiatu. Wytrzymalo$¢ materiatu na rozciagganie w modelu JHC zostata
zaimplementowana jako warto$¢ ci$nienia hydrostatycznego, ktoremu materiat jest w stanie sie
przeciwstawi¢ bez kumulacji uszkodzen, i jestrowne T* = T/f,' [116]. Graficzna reprezentacja
powierzchni zniszczenia przedstawiona jest na rys. 5a.

Uszkodzenie w modelu jest funkcja agregujaca przyrost odksztatcenia plastycznego oraz
przyrost plastycznego odksztatcenia objetosciowego [116]:

D Z Ag, + Ay "
f f
Asp + A,up (13)

gdzie: Ae, and Au, to odpowiednio przyrosty zastepczych odksztalcen plastycznych oraz

f

plastycznych odksztalcen objetosciowych, natomiast e,

+u£ to suma obu wskazanych
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odksztalcen plastycznych, ktore po przekroczeniu przy staltym ci$nieniu powodujg narastanie
uszkodzen w materiale i sa okreslone jako [116]:

Ae) + Apl = Dy (P* + T*)P2 > EFMIN (14)

gdzie: D, i D, to wspotczynniki definiujagce zmiang ewolucji uszkodzenia wyznaczone poprzez
dopasowanie czesci ostabienia krzywej naprezenie — odksztatlcenie do wynikoéw testow
eksperymentalnych; EFMIN to warto$¢ minimalnych odksztatcen plastycznych, ktore musze
wystgpi¢ W materiale, zanim zacznie si¢ generowanic ostabienia w modelu. Gtéwnym
ograniczeniem modelu JHC jest fakt, ze w modelu nie mogg narasta¢ zadne odksztatcenia
plastyczne dla ci$nienia P* = —T". Graficzng interpretacj¢ obliczania uszkodzenia
przedstawiono na rys. 5b.

a) b)
A A
:&_"' D = 0 (Undamaged) R “al
I +
o .
. b =5 85+ &)
- F F
(‘9 .‘=+;"“ t’)
EFMIN
Po -
/ ¢ = [A(1 D)+BP™|(1+Cne) _-" &+, = D(P+T)”
T -
© - » *r— »
~T101-D P=P/f. P

Rys. 5. Graficzna reprezentacja powierzchni zniszczenia w modelu konstytutywnym JHC (a)
oraz interpretacja obliczania ewolucji uszkodzenia w tym modelu (b)
(zrédlo: opracowanie wlasne)

Podobnie jak pozostate modele dla materiatow kruchych (w tym opisany wczes$niej KCC),
model JHC oblicza sktadowe naprezenia wynikajace ze stanéw hydrostatycznego oraz
dewiatorowego osobno. W tym przypadku rownanie stanu wigzace ci$nienie i odksztalcenia
objetosciowe dzieli si¢ na trzy osobno definiowane zakresy: sprezysty (1), w ktorym deformacja
jest w pelni odwracalna, zakres kompakcji (I1), podczas ktorej zamykaja si¢ wszelkie pustki
i pory w materiale, oraz zakres solidyfikacji, w ktorym nastepuje nagly przyrost sztywnosci,
a materiat zachowuje si¢ jak medium bez zadnych niedoskonatosci (I11) [116]. Zakresy te
mozna opisa¢ za pomocg rownan [116]:

Ku, (1)
P =< Perusn + Kiock (.u - .ucrush)' (H) (15)
K+ Kol + Kofi”, (111)

gdzie: K to wspodlczynnik sprezystosci objetosciowej; K = Poysn/Uerush: Merush 1O
odksztatcenia objg¢toSciowe przy granicy sprezystosci; Pe.usn to ci$nienie odpowiadajace
wartos$ci uzyskanej przy statycznej wytrzymatosci na $ciskanie f’c, 4 = p/po — 1; p oraz p, to
kolejno aktualna i poczatkowa gestos¢ materialu stluzgca do wyznaczenia odksztalcen
objetosciowych; P, to ciSnienie panujace W materiale, gdy uznaje si¢, ze wszelkie
niedoskonatosci i pory (koniec zakresu II) zostaly juz zamknigte; pp;ocx to odksztalcenie
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objetosciowe przy cisnieniu Pp,.; [ to zmodyfikowane odksztatcenia objetosciowe
wykorzystane ~w  trzecim  zakresie Il obliczane  zgodnie z  réwnaniem

== tocr) /(X + tiock)-

5.3.0pis modelu Johnson Holmquist Ceramics (JH-2)

Doktadna procedura szacowania parametrow dla trzeciego z modeli, tzn. modelu JH-2,
szczegOlowo zostata przedstawiona w pracy [P4]. Model JH-2 zostal wykorzystany na etapie
finalnego poréwnania trzech modeli, a takze do przedstawienia potencjalnej aplikacji modelu
do modelowania strzelan dotowych. Z racji, ze model JH-2 nie stanowi gléwnego elementu
i wktadu doktoranta w powstala rozpraw¢ oraz z istotnego podobienstwa do wcze$niej
opisanego modelu JHC, w niniejszym paragrafie przedstawiono jego skrocony opis
uwzgledniajae tylko kluczowe informacje.

Model JH-2 to model pot-empiryczny bazujacy na powierzchniach zniszczenia
definiowanych w przestrzeni ci$nienia i réznicy naprezen gtdwnych oraz na wielomianowym
rownaniu EOS wiazacym ciénienie i odksztalcenia objetosciowe. Cechuje si¢ on istotnym
podobienstwem do modelu JHC [117].

W modelu tym dwie powierzchnie zniszczenia: nienaruszona i w petni uszkodzona opisane
zostaly roOwnaniami [117]:

of = A(P* + T*)N[1 + Clné*] (16)

oi = B(PYM[1 + Clné*] (17)

gdzie: A,B,N,M to wspotczynniki empiryczne okreslajace ksztatt powierzchni zniszczenia;
C to wspdlczynnik umocnienia dynamicznego; &€* to odniesienie aktualnej szybkosci
odksztatcenia do wartosci referencyjnej; P* to ciSnienie znormalizowane przez ci$nienie
w punkcie Hugoniota Pyg;; ofr t0 roéznica naprezen glownych znormalizowana przez
napr¢zenie W punkcie Hugoniota oyg;; T* to maksymalne znormalizowane ci$nienie
hydrostatyczne przy rozcigganiu.

Ewolucja uszkodzenia w modelu jest funkcjg efektywnych odksztatcen plastycznych &,,.

Powoduje ona utrat¢ wytrzymalosci na skutek gltadkiego przejscia pomiedzy powierzchniami
zniszczenia zgodnie z rownaniem [117]:

op = o; — D(of — of) (18)

gdzie: D to parametr akumulacji uszkodzen przyjmujacy wartos¢ od 0,0 do 1,0.
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Tab. 2. Cechy charakterystyczne rozpatrywanych modeli konstytutywnych dla skat

Parametr

KCC

JHC

JH-2

Liczba powierzchni zniszczenia

Trzy niezalezne powierzchnie
zniszczenia: plastyczna,
maksymalna i resztkowa

Jedna powierzchnia
zniszczenia kontrolowana
poprzez skalarng wartos$¢
kumulacji uszkodzen

Trzy niezalezne
powierzchnie zniszczenia:
nienaruszona,
uwzgledniajaca uszkodzenia
i dla materiatu w petni
zniszczonego: (ograniczenie
wytrzymatosci resztkowej
przez SFMAX)

Parametr akumulacji
uszkodzenia

Zmodyfikowana funkcja
odksztatcen plastycznych i
objetosciowych

Zredukowane odksztatcenie
plastyczne i objgtosciowe

Zredukowane odksztatcenie
plastyczne

Roéwnanie stanu EOS

W pehi definiowane
fragmentaryczne 10-pt
réwnanie EOS

Z uwzglednieniem zmiany
modutu odcigzenia

Trzy zakresy rownania EOS
obejmujace zakres sprezysty,
kompakcji porow oraz dla w
pehi skompresowanego
materialu

Uproszczone wielomianowe
rownanie EOS

z inkrementalnym
przyrostem cisnienia

Liczba parametrow
kontrolujacych uszkodzenie

3 (by,2,5) oraz dodatkowa
fragmentaryczna krzywa
uszkodzenia (13-pt)

2 (D, oraz D), limitowanie
uszkodzenia za pomoca
EFMIN

2 (D, oraz D)

Asymetryczna dla Sciskania i

Wplyw szybkosci rozciagania funkcja DIF . . . .
odksztatcenia skalujaca wytrzymalose Funkcja logarytmiczna Funkcja logarytmiczna
materialu
Progresywna degradacja Progresywna degradacja

Odwzorowanie zniszczenia na
skutek rozciagania

sztywnosci powyzej
zdefiniowanego cisnienia
maksymalnego przy 't

Brak degradacji sztywnosci
po przekroczeniu £’

sztywnosci — uszkodzenie nie
jest akumulowane powyzej
T* oraz gdy materiat jest w
petni uszkodzony

Dodatkowe wlasciwosci i
mozliwos$ci

Normalizacja wielkosci
element poprzez “wielko$¢
lokalizacji pgknigcia”,
Odwzorowanie dylatancji
skaty,

Osobne definiowanie szybkosci
degradacji sztywnosci dla
rozciggania i §ciskania,
bazujace na eksperymentalnie
wyznaczonej energii pgkania

Wysoka stabilno$¢ modelu w
warunkach obciazen
Sciskajacych dla catego
zakresu szybkosci
odksztalcenia

Mozliwo$¢ odwzorowania
zmiany charakteru pekania
z kruchego na quasi-
plastyczny

Eksperymenty wymagane do
kalibracji

Sciskanie hydrostatyczne
(statyczne)

Test ptyta — ptyta (shock)
Jednoosiowe
(statyczne/dynamiczne) oraz
trojosiowe (statyczne) Sciskanie
Rozciaganie metoda brazylijska
(statyczne/dynamiczne)

Test propagacji spekania
(Zginanie probki potwalcowe;j

Sciskanie hydrostatyczne
(statyczne)

Jednoosiowe
(statyczne/dynamiczne) oraz
trojosiowe (statyczne)
$ciskanie

Rozcigganie metoda
brazylijska
(statyczne/dynamiczne)
Sciskanie cykliczne

Test ptyta — plyta (shock)
Jednoosiowe
(statyczne/dynamiczne) oraz
trojosiowe (statyczne)
$ciskanie

Rozcigganie metoda
brazylijska
(statyczne/dynamiczne)

Z nacieciem) (statyczne)
24 + krzywa uszkodzenia (13
Catkowita liczba parametrow par punktow) + EOS (10 22 20

punktowa fragmentaryczna
funkcja oraz modut odcigzenia)

Wady modelu odkryte na etapie
kalibracji i walidacji modeli, a
ktére pominigto w literaturze

Brak mozliwosci zdefiniowania
szczegdtowej krzywej
uszkodzenia przy
jednoczesnym zachowaniu
duzej kruchosci materiatu —
powoduje niestabilne
deformacije [P2]

Konieczno$¢ skalowania
parametru T* od wielkosci
elementu [P4]

Znikomy efekt skalowaniu
wytrzymatosci W obcigzen
trojosiowych, skutkujacy
niedoszacowanie umocnienia
dynamicznego w ztozonych
stanach napre¢zenia
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5.4. Opis szacowania parametréw wybranych modeli konstytutywnych

Ogo6lna metodologia szacowania parametrow dla wigkszosci modeli konstytutywnych
opisujgcych materiaty kruche jest zblizona do siebie, a do elementéw wspélnych dla kazdego
modelu mozna zaliczyc¢:

e Wyznaczenie powierzchni limitujacych (powierzchni zniszczenia) poprzez znalezienie
najlepszego przyblizenia funkcji réwnan konstytutywnych do odpowiadajacych im
wynikow testow eksperymentalnych w przestrzeni dewiatorowe;j.

e Wyznaczenie stalych sprezystych materiatu oraz okreslenie charakterystyki zmiany
cisnienia obserwowanego w materiale w wyniku zmiany jego objetosci dla wybranych
testoOw, a nastepnie 0Szacowanie parametrow sterujacych ksztattem rownan stanu EOS
tak, aby przecinaly wyznaczone punkty z eksperymentow (statycznych badz
dynamicznych).

e Okreslenie funkcji umocnienia dynamicznego materialu oraz przyblizenie parametrow
sterujgcych umocnieniem w modelu konstytutywnym tak, aby wzrost wytrzymatosci
skaty wynikajacy ze skalowania powierzchni zniszczenia za pomocg parametrow
modelu konstytutywnego pokrywal si¢ ze wzrostem wytrzymalosci obserwowanym
w testach eksperymentalnych.

e Oszacowanie parametroOw Kontrolujagcych uszkodzenie poprzez dopasowanie zakresu
deformacji plastycznej do charakterystyk naprezenie — odksztatcenie wyznaczonych
W roznych warunkach obcigzen, ze szczegdlnym zwrdceniem uwagi na testy trojosiowe
oraz testy rozciggania.

e Walidacja wyznaczonych parametrow 2z wykorzystaniem prostych testow
symulacyjnych oraz wprowadzenie zmian przyblizajacych rezultaty z symulacji
wynikow eksperymentalnych.

e Walidacja wyznaczonych parametrow W symulacjach pelnowymiarowych testow
laboratoryjnych, ktorych wyniki wykorzystano na etapie szacowania parametrOw
danych modeli konstytutywnych.

W niniejszym paragrafie omowiono i przedstawiano szczegoétowo procedure szacowania
parametrow dla dwoch modeli konstytutywnych: KCC i JHC dla dolomitu. Pominigto
szczegotowy opis metodyki W celu wypracowania statych dla modelu JH-2, z racji, ze gtdéwne
osiggniecie | wktad doktoranta W powstale niniejsze opracowanie bazuje przede wszystkim na
dwoch pozostatych modelach konstytutywnych.

5.4.1. Kalibracja i walidacja modelu Karagozian Case Concrete

W pracy [P1] szczegdtowo opisano strategie wyznaczania parametréw dla modelu KCC.
Jest ona wieloetapowa, a prace zrodtowe mowig 0 tym, aby w pierwszej kolejnosci wyznaczy¢
parametry powierzchni zniszczenia [113]. Aby to osiggngé, na bazie wynikow testow
eksperymentalnych BT, UC oraz TXC wyznaczane sg punkty W trojwymiarowej przestrzeni
dewiatorowej zaleznej od ci$nienia Ac — p zgodnie z réwnaniami (2) oraz (3). Z kazdej
krzywej eksperymentalnej uzyskamy 3 charakterystyczne punkty, ktére mozna przypisaé¢ do
powierzchni zniszczenia zgodnie z kolejnoscig Aoy, Aoy, Aoc,. S3 to wartosci roznicy
naprezenia gtdwnego, przy ktorym nastepuje inicjacja rozwoju spekan, naprezenie maksymalne
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dla danego testu, po przekroczeniu ktorego nastepuje nickontrolowany rozwdj i rozrost peknieé
oraz wzrasta wytrzymatos¢ resztkowa. Odpowiadaja one punktom z uogoélnionej krzywej
deformacji skaly z Rys. 1. Punkty te s nastgpnie aproksymowane za pomocg trzech gtéwnych
réwnan konstytutywnych modelu KCC (2) na pomocg autorskiego skryptu bazujacego na
iteracyjnej minimalizacji bledu S$redniokwadratowego. Z powodu braku wynikow testow
eksperymentalnych dla cisnien okélnych powyzej 25,0 MPa, zaadaptowano dodatkowe
literaturowe dane z prac [9,12,118] dla cisnien okodlnych siegajacych 200,0 MPa. Dla tak
wysokich ci$nien obserwowana jest juz zmiana charakteru zniszczenia dolomitu z kruchego na
quasi-plastyczny. Skutkuje to brakiem utraty zdolnosci dolomitu do przeciwstawienia si¢
duzym ci$nieniom, a na krzywej napr¢zenie — odksztalcenie nie obserwujemy spadku
wytrzymato$ci po przekroczeniu wytrzymatosci maksymalnej nawet w fazie niekontrolowanej
propagacji spgkan W materiale. Zmian¢ wytrzymatosci resztkowej opisano funkcja zalezng od
wartosci cisnienia okdlnego dang nastepujacym wzorem [P1]:

(19)

Ores

_ (0max(0,325 0,5"), dla 0, = g5 < 200,0
1,dla o, = 03 = 200,0

Nastgpnym etapem bylo oszacowanie parametrow roéwnania stanu EOS, ktore zgodnie
z sugestiami w literaturze podzielone zostaty na trzy charakterystyczne stany [119]. Pierwszy,
liniowy zakres, definiuje sztywno$¢ materiatu i ograniczony jest cisnieniem odpowiadajacym
wytrzymato$ci f; dolomitu. Poniewaz podczas testow eksperymentalnych UC oraz TXC nie
byto mozliwosci rejestracji zmiany odksztalcen obwodowych, a co za tym idzie obliczenia
odksztatcen objgtosciowych, do wyznaczenia statych sprezystych dolomitu zastosowano
podejscie odwrotne, W ktéorym na podstawie znajomo$ci modutlu sztywnosci Egpqi Oraz
wspoélczynnika Poissona v wynoszacego oK. v = 0,25 [120,121] obliczono sztywnos¢
objetosciowa Ktqtic Zg0dnie ze wzorem:

Estatic

Kstatic = m (20)

Nastepnie, Z rownania K¢ = p/1 (gdzie u = AV /V, to odksztatcenia objetosciowe; AV
to zmiana obj¢tosci a V,, to objetos¢ pierwotna), obliczone zostaty odksztatcenia objg¢toSciowe
odpowiadajgce wytrzymatosci f.. Model KCC nie uwzglgdnia zmiany sztywnosci materiatu
wywotanej dziataniem ci$nienia okolnego, dlatego warto$¢ E przyjeto jako srednig z testow UC
oraz testow TXC przy cisnieniach bocznych 10,0, 17,5 oraz 25,0 MPa. Pozwolito to na
pominigcie ograniczenia modelu poprzez r¢czne skompensowanie zmiany sztywnosci
dolomitu. Poniewaz modut sprezystosci objetosciowej Kratic,,,,;,.q PTZY 0dciazenia materiatow
kruchych jest wiekszy niz warto$¢ Kgqeic przy obcigzaniu, na bazie wynikow testu
jednoosiowego cyklicznego $ciskania i odcigzania probki stwierdzono, ze wartos$¢ K
powinna by¢ o ok. 10,0 % wigksza niz obliczona warto$¢ K q¢ic-

taticynioad

Jako ze w warunkach obcigzen silnie dynamicznych modut sztywnosci dolomitu rosnie
nawet 3-krotnie wzgledem wartosci z testow statycznych [P4][20], trzeci zakres roéwnania
wyznaczono na bazie wynikoéw testu ptyta — plyta dla szybkosci odksztalcenia w zakresie
powyzej 10 000,0 s™. Wyniki testéw zaczerpnigto z literatury zgodnie z opisem w rozdziale 4.
Ta czg$¢ rownania EOS jest prostg interpolacja testow eksperymentalnych do warto$ci ci$nienia
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ok. 10,0 GPa =za pomocg funkcji kwadratowej opisanej 4-ma réwnomiernie
rozdystrybuowanymi punktami. Ta ograniczona liczba punktéw wynika z koniecznosci
zdefiniowania catego rownanie EOS za pomoca maksymalnie 10 punktéw [114]. Drugi zakres
rownania, bedacy faza posrednig migdzy obcigzeniami statycznymi i udarowymi i obejmujacy
glownie zjawiska dynamicznej deformacji skat wyznaczono tak, aby sztywnos$¢ materiatu na
koncu tego przedzialu, przy cisnieniach odpowiadajagcych tym z prob dynamicznych, byt
trzykrotnie wyzszy od modutu sztywnos$ci przy testach statycznych. Przedziat ten podzielono
na 4 fragmenty, a nastepnie rozwigzano réwnanie, W ktorym KJt! = aKp}, gdzie
a = 1,3762. Podczas szacowania parametru a zwrocono szczegolng uwagg, aby zachowac
warunki cigglo$ci rownania EOS w punktach wspélnych z zakresem i oraz I1l.

W kolejnym kroku wyznaczono funkcj¢ DIF osobno dla $ciskania i dla rozciggania.
W przypadku modelu KCC procedura ta jest prosta i polega na okresleniu stosunku
wytrzymatosci dynamicznej do wytrzymatosci statycznej dla danej szybkosci odksztatcenia.
Uzyskana krzywa ma charakter fragmentaryczny i pozwala na zdefiniowanie dowolnej liczby
punktow. W przypadku rozciggania zastosowano 2, a W przypadku $ciskania 4 r6zne poziomy
szybkosci odksztalcenia. Wyznaczony wspoilczynnik DIF cechuje sie¢ duzg asymetrig
intensywno$ci umocnienia dynamicznego dla warunkéw $ciskania i rozciggania. Zakresy
szybkosci odksztatcenia, dla ktorych nie zdefiniowano punktéw eksperymentalnych,
przyblizone sa przez model funkcja liniowa pomigedzy dwoma najblizszymi zdefiniowanymi
punktami. Takie uproszczenie moze jednak powodowaé niedoszacowanie Wzrostu
wytrzymatosci, szczegdlnie przy rozcigganiu w zakresie niskich szybkosci odksztatcenia &€ do
200,0 s,

Ostatnim, ale bardzo istotnym etapem bylo zaproponowanie uproszczonej kalibracji
funkcji uszkodzenia kontrolujacej zachowanie modelu po przekroczeniu punktu plastycznosci.
Podstawowymi zalozeniami upraszczajacymi wyznaczenie tej funkcji i minimalizujacymi
wpltyw dodatkowych czynnikéw na jej ksztatt byto uniezaleznienie funkcji uszkodzenia danej
rownaniem (6) od szybkosci odksztatcenia (1 = 1,0) oraz stanu naprezenia reprezentowanego
przez parametr trojosiowosci. Aby maksymalnie zniwelowaé wpltyw katow Lodego,
skorzystano z testu trojosiowego dla najwyzszego cisnienia okdlnego o, = o3 = 25,0 MPa,
dla ktérego dostgpna byta petna charakterystyka napr¢zenie osiowe — odksztatcenie osiowe
badanego dolomitu. Wartosci parametréw b, ; 3 shuzacych do normalizacji funkcji uszkodzenia
przyjeto jako 1,0, aby nie wptywaty na obliczong warto$¢ A z roéwnania (21). W pierwszej
kolejnosci odseparowano zakres plastyczny eksperymentalnej krzywej o — ¢ (zakres CE na
Rys. 1). Z przeksztatcenia rownan (5) oraz (6) uzyskano wzor na parametr ewolucji uszkodzen
A, ktory uzalezniony jest od obliczonych odksztalcen plastycznych i dany jest wzorem:

;gp
(g ®

Brak pomiaru rzeczywistych odksztalcen obwodowych wymusit koniecznos¢ obliczenia
ich na bazie znanych odksztalcen osiowych i wspotczynnika Poissona, przy uproszczeniu,
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ze podczas calego procesu deformacji skaty jest on staly. Finalnie &”

Z rbwnaniami [122]:

obliczono zgodnie

_ 2 2 2 ?
= [fonr = (] o) e

p

gradial =

_vggxial (23)

Charakter zmiany wytrzymatosci dolomitu w zaleznosci od ci$nienia okolnego nie ma cech
funkcji liniowej, w zwigzku z czym wyznaczone powierzchnie zniszczenia w modelu KCC nie
przecinajg idealnie W przestrzeni dewiatorowej wszystkich punktow z eksperymentu.
Niezbe¢dne byto zatem skompensowanie réznic pomiedzy punktami eksperymentalnymi, a tymi
wyznaczonymi z rownan konstytutywnych poprzez zastosowanie autorskiej kombinacji funkcji
liniowych, pozwalajacych na uzyskanie warto$ci funkcji uszkodzenia zawierajacych sig¢
doktadnie w przedziale od 0,0 do 1,0 zgodnie z wytycznymi modelu KCC. Tak skorygowang
funkcje uszkodzenia wprowadzono do rownania (21) osobno dla fazy umocnienia i ostabienia
materiatu, uzyskujgc ostatecznie 13 punktowa funkcje uszkodzenia przedstawiong na Rys. 9
(kolorem szarym), ktorg wykorzystano w dalszych analizach.

Walidacj¢ modelu dokonano poprzez odwzorowanie testow eksperymentalnych
wykorzystanych podczas procesu kalibracji. Byly to kolejno testy Sciskania i brazylijskiego
rozciggania W warunkach statycznych i dynamicznych, a takze w testach trojosiowych na
probkach cylindrycznych. Wykorzystane modele numeryczne zostaly szczegétowo opisane
w pracy [P1], w zwiazku z czym ich szczegblowy opis zostal w niniejszym opracowaniu
pominiety. Nalezy jedynie wspomnie¢, ze w pracach wykorzystano innowacyjne przedstawione
W kontekscie skat modelowanie zjawisk statycznych za pomocg schematu dynamicznego MES
z wykluczeniem efektow inercyjnych i ograniczeniem efektow falowych za pomoca specjalnie
dobranych parametrow ttumienia. W metodzie tej przemieszczenie zadawane jest przez ciato
sztywne, ktorej zadano predko$¢ zgodnie ze wzorem [123,124]:

v(t) = ™ Jmax [1 — cos (2 i t)] (24)

=2 Tload load

gdzie: d,, 4, to maksymalne planowane przemieszczenie, natomiast T;,,4 to czas symulacji, dla
ktérego osiagniete zostanie d,,,,. Ksztatt funkcji zostat dobrany w taki sposob, aby powolne
narastanie predkos$ci nie wygenerowaty w modelu fali napr¢zenia, a co za tym idzie, aby energia
kinetyczna catej symulacji nie przekroczyta 5,0% catej energii z symulacji.

Symulacje jedno i trojosiowego $ciskania pelnowymiarowych probek cylindrycznych,
odwzorowujacych te zastosowane W eksperymencie jednoznacznie, wykazaty, ze opisany
proces szacowania parametrow modelu KCC oraz uproszczonym wyznaczaniem parametrow
kontrolujacych ewolucj¢ uszkodzenia pozwala na uzyskanie bardzo dobrej korelacji wynikow
badan rzeczywistych i symulacji numerycznych. Zarowno pod wzgledem pordéwnania
charakterystyk wytrzymatosciowych w postaci wykresoOw naprezenie — odksztatcenie (rys. 6a-
d), jak i uzyskanego spg¢kania probek (ksztalt i gestos¢ spekan — rys. 6€) w stanach obcigzenia
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bez i z obecnoscig ci$nienia okolnego blad nie przekraczat 10,0% rozbieznosci, W poréwnaniu
Z usrednionymi wynikami z eksperymentéw. W przypadku testow BT zgodnos¢ iloSciowa i
jakosciowa dla statyki przedstawiono na rys. 7a. W opinii doktoranta takie rezultaty sa
zadowalajagce W przypadku organicznych materiatow geologicznych. Stan zniszczenia
w przypadku testu TXC charakteryzowal si¢ powstaniem kilku plaszczyzn pekania,
reprezentowanych jako elementy, w ktorych skalarny indeks zniszczenia jest rowny 2,0, byt
niemal taki sam jak w przypadku eksperymentu. Jak wspomniano w rozdziale z opisem badanej
problematyki, jest ona efektem dziatania naprezen stycznych w modelu, jak rowniez tarcia
powierzchni czolowych probki z trawersami maszyny wytrzymatosciowej. Dla testow
ciskania 1 rozciggania metodg brazylijskg przy wysokich szybkosciach odksztatcenia
odwzorowania wykorzystano modele petnego stanowiska SHPB (rys 7D, ). Sa to testy, ktorych
wspotczynnik umocnienia dynamicznego warunkowal poprawno$¢ odwzorowania wzrostu
wytrzymato$ci probki, a symulacje cechowaty si¢ dobrg jakos$ciowa i ilosciowg korelacja
wynikéw [P1]. Dla testu brazylijskiego wyr6zni¢ mozna byto dwie charakterystyczne strefy
zniszczenia wynikajgce z dzialania naprezen $cinajacych i rozciagajacych. Pelna dyskusja
zaobserwowanych mechanizmow niszczenia oraz interpretacja wynikéw dostgpna jest
w teks$cie pracy [P1].
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Rys. 6. Zestawienie ilosciowe wynikow testow jedno oraz tréjosiowego $ciskania
(a — d) oraz porownanie stanu spekan dla testu osiowego z ciSnieniem okélnym o wartosci

W pracy [P2] zaproponowano zatem metodg, ktéora pozwala na pominigcie tych
ograniczen. Glownym problemem, jaki napotka¢ mozna podczas kalibracji statych
kontrolujacych akumulacje uszkodzenia w modelu KCC, jest brak w pracach zrodtowych
doktadnego opisu implementacji dziatania i wptywu na wyniki parametru okreslanego jako
szeroko$ci pasma pekania wy,, [112,113,115,125,126]. Jest to parametr o tyle kluczowy,
ze zgodnie z rownaniami (8) oraz (9) wpltywa bezposrednio na intensywnos¢ zjawiska
ostabienia materiatu. Na potrzeby niniejszej pracy udato si¢ uzyska¢ takie informacje

25,0 MPa (e) [P1]

bezposrednio od autorow modelu i poddano je dalszym rozwazaniom.
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Rys. 7. Zestawienie ilosciowe oraz jakosciowe wynikéw testow brazylijskiego
(statyczny (a) /dynamiczny (b)) oraz dynamicznego testu $ciskania (c) [P1]

Udoskonalona procedura kalibracji modelu KCC [P2] objeta zatem dwa aspekty.
Pierwszym byta korekcja réwnania EOS, tak, aby uwzglednialo ono niemal dwukrotnie
mniejsza sztywnosci przy rozcigganiu [41,127]. Drugim byto szerokie studium parametryczne
wszystkich  parametrow  kontrolujacych  agregacje uszkodzenia ze szczegdlnym
uwzglednieniem wplywu w;,. na wyniki.
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Do korekcji réownania EOS  wykorzystano autorskie podejscie numeryczno
-eksperymentalne. Wyniki ze zwalidowanych modeli numerycznych dla testu brazylijskiego
oraz testu trojpunktowego zginania z wykorzystaniem parametréw modelu KCC z pracy [P1]
wykazaly, ze w przypadku obu testow nachylenie krzywej sita — przemieszczenie byty okoto
2-krotnie wigksze, niz te uzyskane z testow rzeczywistych. Ponadto, w obu testach sila
maksymalna byla niedoszacowana o okoto 25,0%. Aby zniwelowa¢ wpltyw warunkow
brzegowych 1 uzyska¢ czysta odpowiedz o wytrzymatosci modelu konstytutywnego
przygotowano jednoelementowy model poddany bezposredniemu rozcigganiu, na ktérym
przeprowadzono testy z predkoscig obcigzenia odpowiadajacg tej z eksperymentow. Badania
numeryczne wykazaty, ze energia rozpraszana podczas ostabienia materiatu jest
kilkudziesigciokrotnie wigksza niz w rzeczywistosci, 1 nie obserwujemy zjawiska kruchego
pekania (rys. 9, krzywa niebieska). Poniewaz brak jest w literaturze testow z jednoosiowego
bezposredniego rozciagania dla dolomitu, w pracy zatozono zdefiniowanie uogolnionej
krzywej rozciagania dla tej skaly, przy zatozeniu, ze sztywnos$¢ ma by¢ dwukrotnie mniejsza,
aby dobrze odwzorowywac zakres sprezysty w testach BT oraz SCBT, a takze, ze energia
pekania Gy w fazie ostabienia ma stanowi¢ 5,0% catkowitej energii akumulowanej podczas
deformacji. Zwigkszono takze maksymalng wytrzymato$¢ na rozcigganie f; dolomitu do
warto$ci 7,0 MPa, aby uzyskiwane w symulacjach warto$ci sit odpowiadaly usrednionym

warto$ciom z testOw eksperymentalnych. Pelny opis procedury przedstawiono w publikacji
[P2].

Do przeprowadzenia drugiego etapu, czyli studium parametrycznego, zaadaptowano
komercyjne oprogramowanie LS-Opt [128,129]. Ponownie, w celu niwelacji wplywu
warunkéw modelowania oraz w celu przyspieszenia symulacji wykorzystano modele
jednoelementowe w roznych stanach obcigzenia jedno i trojosiowego, przedstawione na
rys. 8. Badaniu zmienno$ci poddano wszystkie mozliwe parametry kontrolujace funkcje
uszkodzenia, zgodnie z tabelg 5 z opracowania [P2]. Wielko$¢ symulowanych elementow takze
podlegata zmiennosci w celu zweryfikowania poprawnosci implementacji funkcji
normalizujgcych wptyw siatki w modelu KCC. Szczegdtowa analiza wynikow wykazata,
ze powyze] pewnej wartosci granicznej wielkosci elementu odpowiadajacej wspotczynnikowi
skalowania z jednostek mm na cal réwnej 39,54 mm, kiedy zjawisko ostabienia powinno si¢
intensyfikowa¢, w modelu pojawiaja si¢ niestabilnosci skutkujace gwattownym przyrostem
odksztatcen plastycznych, a co za tym idzie takze indeksu szkodzen, zarowno w prostych
stanach jednoosiowych jak i ztozonych trojosiowych. Blad ten jest gtownym czynnikiem
ograniczajacym stosowalno$¢ modelu KCC do modelowania materiatow bardzo kruchych.
Wplyw pozostatych czynnikow jest szeroko opisany w pracy [P2].

str. 41



Uniaxial tension

e, - o o -
T, — o —
i S e
o1 =
1 =, e
s P L s P R
I o o
{=Side pressure €= Displacement

Uniaxial compression

Triaxial compression

L
o I J} .................. -
°'l‘o _.._.__. I ! 7
o—: |

Rys. 8. Widok modeli 1-elementowych wykorzystanych do optymalizacji parametréw
kontrolujacych ksztalt funkcji uszkodzenia [P2]

Identyfikacja opisanego btgdu normalizacji krzywej uszkodzenia wyegzekwowata
konieczno$¢ zastosowania odmiennej, nieprzedstawianej wczesniej W literaturze metody
kalibracji funkcji uszkodzenia. Symulacje parametryczne wykazaty, ze problem szybkiego
uwalniania energii wynika z fragmentarycznej budowy funkcji uszkodzenia powyzej wartosci
A > Ay, Jesli jej przebieg migdzy warto$ciami 1,0 10,0 w tym zakresie A jest opisany za pomocg
wigcej niz dwoch punktow, jak ma to miejsce W funkcji wyznaczonej w pracy [P1], opisana
powyzej niestabilno$¢ wystepuje. W momencie linearyzacji tego zakresu za pomocg funkcji
liniowej, mozliwe jest zwigkszenie szybkosci uwalniania energii W fazie ostabienia materiatu
do pozadanej wartosci zgodnej z tg determinowang przez generalizowang krzywa rozciggania
(Rys. 9). Za pomoca parametrow b; oraz b,, ktore determinuja wklgstos¢ ksztattu funkcji
parametru kumulacji uszkodzen A, mozliwe jest finalne dopasowanie krzywej ostabienia
osobno dla $ciskania (b;) oraz osobno dla rozciagania (b,) (rys. 10).

8.0 T T T T T T
a ————— b
) —— P<rcv10u5cahbrauon - ) ’ o Default parameters
—— Generalized curve -\ 1.0 o Calibrated parameters
'_‘6-0‘ 5.2 MPa 5 OI'MPa 1 o e Linearized damage function
£ . = o
E ' ©
» 4.0F ! e 0.6}
7] ' =
& . 8 7
x ' 04}
2.0f /’ :
Assumed softening | 0.2
1
1 1 L : I | 0L 1
0.0005 StO'O'OI[ | 0.0015 0.002 0.0002 0.0004 0.0006 0.0008
rain [-

Modified efective plastic strain [-]

Rys. 9. Prezentacja krzywej rozciagania dolomitu uzyskanej z wykorzystaniem parametrow
z pracy [P1] oraz generalizowanej krzywej zastosowanej w pracy [P2] (a) a takze poréwnanie
krzywych uszkodzenia z prac [P1] oraz [P2] (b)
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Rys. 10. Wykresy naprezenie — odksztalcenie dla rozciagania (a) i $ciskania tréjosiowego
z ci$nieniem bocznym 25,0 MPa (b) dla zlinearyzowanej krzywej uszkodzenia oraz analiza
wplywu wykladnikow b, oraz b, kontrolujacych szybkos¢ oslabienia materiatlu [P2]

Ostatecznym efektem przeprowadzonego szerokiego studium parametrycznego byto
uzyskanie duzej zgodnos$ci pod katem jakosciowym i ilosciowym wynikow w symulacjach
testow BT, SCBT, a takze dynamicznego uderzenia kulki tozyskowej w cylindryczng probke.
Wyniki te przedstawiono na Rys. 11 jako krzywe sity w funkcji przemieszczenia, a wartosci
Z testow eksperymentalnych okre§lono jako obszar pomigdzy wynikami
maksymalnym i minimalnym. Maksymalna rozbiezno$¢ pomiedzy wynikami eksperymentow
i symulacji wyniosta ponizej 5,5%. Dodatkowo, na krzywych (a), (b) oraz (c) zaznaczone
zostaly wyniki z testéw BT oraz SCBT dla parametréw generowanych przez model KCC
automatycznie, parametréw z pracy [P1] oraz parametrow, ktore skutkowaty niestabilno$cia
[P2]. W przypadku powstatego stanu spekan, efekt dodatkowej kalibracji pozwolit na wierne
odwzorowanie stanu zniszczenia probek skalnych tak, jak miato to miejsce w eksperymentach.
W przypadku testu brazylijskiego uzyskano pojedyncze, zainicjowane w $rodkowej czeSci
probki spekanie 0 szerokosci pasma jednego elementu skonczonego. Podobne wyniki
zanotowano dla testu tréjpunktowego zginania, a rozwoj pekni¢cia byt niemal natychmiastowy,
tak jak miato to miejsce w eksperymencie. Dowiedziono takze, ze zastosowanie parametroOw

skrajnymi

domyslnych modelu KCC przy podaniu jedynie wytrzymatosci na S$ciskanie f, skutkuje
znacznym przeszacowaniem sztywnosci I niedoszacowaniem kruchosci modelu skaty.
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Rys. 11 Zestawienie wynikow testow eksperymentalnych SCBT (a), BT (b) oraz testu
uderzenia kulki tozyskowej (c) z wynikami symulacji numerycznych dla w pelni
skalibrowanego modelu KCC [P2]

5.4.2. Kalibracja i walidacja modelu Johnson Holmquist Concrete

W pracy [P3] opisano szczegdélowy proces kalibracji przeprowadzony dla modelu
konstytutywnego JHC. Podobnie jak w przypadku modelu KCC, w znacznej mierze bazuje on
na wynikach testow eksperymentalnych, ktore jednak poddano normalizacji przez warto$¢ f. .

W modelu JHC jako pierwszy wyznaczono wspotczynnik umocnienia dynamicznego C,
ktory w dostepnych pracach opisujacych aplikacje modelu JHC wyznaczany jest jako
pojedyncza warto$¢ dla catego zakresu szybkosci odksztatcenia [18,130,131]. Moze to
powodowac przeszacowanie wytrzymatosci materiatu przy modelowaniu powolnej deformacji
skaly 1 niedoszacowanie jej dla bardzo dynamicznych obcigzen. W niniejszej pracy
zastosowano zatem nowatorskie podescie, W ktorym rozdzielono wyznaczenie tego
wspoélczynnika osobno dla zakresu quasi-statycznego, a osobno dla dynamicznego. Zatozono,
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ze szybkoscia graniczng bedzie é = 1,0 s [17]. Takie podejécie pozwolito na zdefiniowanie
swego rodzaju funkcji biliniowej, niewymagajacej skomplikowanej reimplementacji modelu.
Zamiast tego zmianie podlegly niektore warto$ci parametrow modelu JHC, jak wykazano
w dalszym opisie. W artykule [P3] wykazano réwniez, ze model JHC nie skaluje
wytrzymalto$ci na rozcigganie T*, w zwigzku z czym dla zakresu statycznego i dynamicznego
parametry te powinny by¢ rozne. Do Kalibracji zakresu statycznego wykorzystano zatem
T* = f{ =5,2 MPa, a do dynamicznego T* = f;, =42,4 MP. Warto nadmieni¢, ze W pracy
[P2] oszacowano wytrzymato$¢ na rozcigganie W tescie SCBT 0 wartosci rownej f; =7,0 MPa.
Praca ta byla kontynuacjg badan przedstawionych w [P3], stad w opisywanym etapie
zastosowano warto$¢ otrzymang z testow BT (T* = f/ =5,2 MPa oraz f;, =42,4 MPa
odpowiednio dla zakresu statycznego i dynamicznego). Dodatkowo, aby zniwelowac¢ wptyw
efektow tarciowych oraz bezwladnosciowych, do kalibracji wykorzystano wartosci
wytrzymato$ci na $ciskanie bezposrednio z testow wykonanych z wykorzystaniem SHPB.
Pozwolilo to na pominigcie efektow bezwtadno$ciowych, ktére zawieraja si¢ zazwyczaj W
parametrze C [18], jesli jest on szacowany bez rownolegtej kalibracji modelu numerycznego
z konkretnymi testami eksperymentalnymi [18,19,132]. W dalszej walidacji parametrow
wykorzystany zostanie zatem model catego stanowiska. Aby wyznaczy¢ warto$¢ C wszystkie
wyniki f;, z testow SHPB dla réznych szybkosci odksztatcenia zostaty znormalizowane przez
f/, a uzyskane punkty w przestrzeni ¢* — p* potaczono z dynamiczng warto$cig T*, a punkty
przeciecia z wykreslong dla ci$nienia odpowiadajacego 1/3 f; linig pionowa zestawiono na
wykresie € — a* i zaproksymowano za pomoca dwoch krzywych. W ten sposob uzyskano
wspotczynniki Cgpq¢c dla zakresu statycznego oraz Cgypnqmic dla zakresu dynamicznego.

Kolejnym krokiem byto wyznaczenie wspotczynnikoéw definiujacych ksztatt powierzchni
zniszczenia, takze osobno dla statyki i dla dynamiki. Analogicznie jak w modelu KCC
wykorzystano do tego celu wyniku testow UT, UC a takze TXC, oraz zaaplikowano autorski
iteracyjny skrypt do aproksymacji funkcji. Elementem innowacji dla modelu JHC jest
wyznaczenie osobnych parametréow tych powierzchni z podzialem na zakres statyczny
i dynamiczny. Roéznica w ich wyznaczaniu polega na wykorzystaniu dwoch réznych
parametrow C wyznaczonych w poprzednim kroku. Stad wynikata odmienna niz w innych
modelach kolejno$¢ charakteryzowania parametrow konstytutywnych. Poniewaz w literaturze
brak jest wynikow testow trojosiowego $ciskania w warunkach dynamicznych, nawet dla
relatywnie niewielkich warto$ci ci$nienia okdlnego, parametry dynamicznych powierzchni
zniszczenia wyznaczono tak, aby przy konkretnych szybkosciach odksztalcenia wytrzymatosé
na jednoosiowe $ciskanie pokrywata si¢ z ta wyznaczong z testow SHPB, przy jednoczesnym
mozliwie najlepszym dopasowaniu si¢ do wynikow testow TXC przeprowadzonych
w warunkach statycznych. Dzigki temu dla trdjosiowych stanow napr¢zenia umocnienie dla
danej szybkosci odksztalcenia rosto zgodnie ze skalowaniem przez rownanie (12), a zaleznos¢
pomiedzy stanami tréjosiowymi zmieniata si¢ liniowo zgodnie ze stosunkiem
Odynamniczne/ Ostatyczne- W przypadku obcigzen quasi-statycznych krzywa dopasowano
wylacznie do testow jedno oraz trojosiowych przy zastosowaniu parametru Cgpqeic. Sam
charakter przebiegu krzywej statycznej i dynamicznej w przestrzeni dewiatorowej byt zblizony.
Mozna wiec stwierdzi¢, ze stany trojosiowe, nawet W testach dynamicznych zostaty
odzwierciedlane prawidlowo. Ma to kluczowe znaczenie z punktu widzenia planowanej
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aplikacji opracowanych modeli do symulowania interakcji skaty i tadunku wybuchowego przy
duzych szybkosciach odksztatcenia.

Nastepnie skupiono si¢ na wyznaczeniu parametrow rownania stanu EOS. Dla modelu JHC
metodologia wyznaczania jest nieco inna niz dla modelu KCC, ze wzgledu na inng definicje
tegoz réwnania (15). Zgodnie z wytycznymi autorow modelu [63,116], do kalibracji EOS
wykorzystane powinny by¢ testy $ciskania hydrostatycznego badz testu skrepowanego
$ciskania jednoosiowego (w ktoérym odksztalcenia poprzeczne sa zablokowane). Z powodu
braku tych wynikow, wykorzystano autorska hybrydowa metod¢ bazujaca na testach
statycznych oraz testach udarowych. Pierwszy zakres EOS wyznaczono analogicznie jak
w przypadku modelu KCC, z wykorzystaniem usrednionego modutu sztywnosci. W wyniku
tych dziatan otrzymano punkty P..,., = 71,3 MPa oraz pcsn = 0,00602. Dodatkowo
stwierdzono, ze przesunigcie tego punktu W przestrzeni P — u przy zachowaniu statego modutu
sztywnosci nie wptywa znaczgco na wyniki do momentu, dopoki powierzchnie zniszczenia sa
wyznaczone prawidtowo [P3]. Wyznaczenie trzeciego zakresu opierato si¢ 0 wyniki z testow
udarowych, ktore zostaty przyblizone za pomocg rownania wielomianowego (15). Doktadna
analiza wielu prac [63,130,131,133] z zakresu szacowania parametrow dla modelu JHC
wykazata, ze jest wiele nieScistosci W kwestii wyznaczania parametrow [ocr OraZ Upiock
ograniczajacych II zakres rownania stanu. Wynika to z blednej interpretacji i pomieszania tych
dwoch parametrow, co skutkuje brakiem zachowania cigglosci rownania stanu W catym
zakresie cisnien, zazwyczaj po przekroczeniu cisnienia kilkuset MPa. W pracy [P2]
przedstawiono doktadng metode wyznaczenia tych dwoch parametrow, uwzgledniajac,
podobnie jak w modelu KCC zmiang sztywnos$ci materiatu wynikajaca z duzej dynamiki
zjawisk. Nalezy jednak zauwazy¢, ze w przypadku wykorzystania testu hydrostatycznego,
podobny wzrost sztywnosci rowniez bytby obserwowany. Jak wspomniano w opisie dolomitu,
ze wzgledu na niska porowatos¢ nie obserwujemy W nim drugiego zakresu rownania EOS,
w ktorym spadek sztywnosci wywolany jest zamykaniem si¢ porow. Zakres ten zostat zatem
pominigty, a parametry Ppck, Hiock O'AZ ppiock zostaly wyznaczone tak, aby przecigcie
wielomianu trzeciego stopnia (15-111) aproksymujacego trzeci udarowy zakres cisnien
charakteryzowat si¢ modulem sztywnosci K trzykrotnie wigkszym W mMmiejscu przecigcia
z liniowym przedtuzeniem I-go zakresu rownania EOS. Pozwolilo to na skompensowanie
zmiany moduty dynamicznego przy wyzszych ci$nieniach panujacych w materiale.

Do szacowania parametréw ewolucji uszkodzenia w modelu JHC zastosowano modele
1-elementowe poddane stanom obcigzenia UC oraz TXC dla cis$nienia okélnego 25,0 MPa.
Poprzez zmienno$¢ parametrow D;, D, oraz EFMIN z zastosowaniem iteracyjnego
dopasowania fazy ostabienia z symulacji i rzeczywistych testow, mozliwe bylo uzyskanie
takich parametrow, dla ktorych odpowiedz w postaci krzywej naprezenie — odksztatcenie byta
dobrze skorelowana z rzeczywistymi wynikami.

Dostepna wiedza na temat modelu JHC jednoznacznie wykazuje, ze uproszczenia W nim
zastosowane generuja problemy z modelowaniem uszkodzen wynikajacych z rozciggania
materiatu. W zwigzku z tym przy walidacji skupiono si¢ na mozliwosci odwzorowania stanow
sciskania w warunkach statycznych, dynamicznych oraz skrepowania poprzecznego.
Wykorzystane modele byty analogiczne do tych zaadaptowanych do walidacji modelu KCC.
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Opracowane parametry modelu JHC w testach UC (statycznym oraz dynamicznym — rys. 12b)
oraz TXC zapewnily zblizong charakterystyke wytrzymalosciowa do tej obserwowanej
w eksperymencie, bez wzglgdu na zastosowana wielko$¢ elementu skonczonego shuzacego do
odwzorowania geometrii probek cylindrycznych mieszczacego si¢ w zakresie od 0,625 mm do
50 mm (rys. 12a). W przypadku pordéwnania rozktadu powstalych spekan, zastosowanie
doktadniejszej siatki skutkowato powstaniem wiclu ptaszczyzn $cinania zar6wno W testach
jedno jak i trojosiowych, ktore jednak przy wiekszych elementach nie byly jednoznaczne do
okreslenia, a wynikal, m.in. z tarcia probki 0 powierzchni¢ obcigzajacg. Sam uogélniony
charakter powstatych spekan byt jednak niezalezny od wielkosci elementu.
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Rys. 11. Zestawienie ilosciowe i jakosciowe wynikow testow jedno oraz tréjosiowego
Sciskania statycznego (@) oraz $ciskania dynamicznego (b) dla trzech wybranych
szybkosci odksztalcenia [P3]
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5.4.3. Kalibracja i walidacja modelu Johnson Holmquist Ceramics

Szczegdtowy proces kalibracji modelu Johnson Holmquist Ceramics (JH-2) przedstawiono
w pracy [P4] i mozna zauwazy¢ istotng analogie z kalibracja modelu JHC. Kalibracji dokonano
W glownej mierze na bazie statycznych, dynamicznych oraz udarowych testow jednoosiowych
Sciskania, oraz dynamicznych testow niebezposredniego rozciggania. Pierwsza grupa testow
postuzyta do charakteryzacji powierzchni zniszczenia, druga zas do okreslenia maksymalnego
ci$nienia hydrostatycznego T przy rozcigganiu. Zaproponowano wieloetapowa procedurg
wyznaczania powierzchni zniszczenia, parametréw rdwnania stanu na bazie wynikow z testow
ptyta — plyta oraz zaleznosci Rankine’a — Hugoniota, z ktérych wyznaczono kluczowy dla
modelu JH-2 punkt granicy sprezystosci Hugoniota (ang. Hugoniot Elastic Limit, HEL) [134].
Punkty te przyblizono za pomoca wielomianowego rownania EOS przy zachowaniu warto$ci
K; = K4yn odpowiadajacej dynamicznemu modutowi sprezystosci dolomitu [135-137].
Nastepnie, W procedurze jednakowej jak dla modelu JHC wyznaczono wspdtczynnik
umocnienia dynamicznego C. W tym przypadku zastosowano pojedyncza wartos¢ C dla catego
zakresu szybkos$ci odksztatcenia. W nastgpnym kroku wyniki z testow jednoosiowych przy
roznych  szybkosciach  odksztalcenia zaadaptowano jako punkty W  przestrzeni
p* — o” ktore przyblizono za pomocg rownan konstytutywnych dla stanow nienaruszonego
oraz w pelni zniszczonego. Istotne jest, aby wyznaczona poczatkowa powierzchnia zniszczenia
przechodzita przez punkt HEL.

Parametry modelu JH-2 kontrolujgce akumulacj¢ uszkodzen w modelu okreslono, bazujac
na symulacjach testu laboratoryjnego dynamicznego uderzenia stalowej kulki tozyskowej
w probke dolomitu, z wykorzystaniem modelu numerycznego o zmiennej wielkos$ci siatki
w celu wykreslenia funkcji parametru T* uniezalezniajagcego model od wielko$ci elementow
modelu. W kazdej kolejnej petli obliczeniowej zmieniane byly parametry kontrolujace
szybkos¢ akumulacji uszkodzenia W zakresie ostabienia materialu: D; oraz D,, dla stalej
wartosci T*, az do momentu uzyskania dobrej jakosciowej i iloSciowe]j korelacji wynikow
z symulacji. Nastepnie, poprzez zmian¢ samego 7" niwelowano wptyw siatki dla kolejnych
rosnacych wielkosci elementu do osiggnigcia charakterystycznej wielkosci elementu réwnej 1,0
mm. Kazdorazowo udato si¢ uzyskac rozpotowienie probki na dwie czesci przy usrednionej
sile zblizonej do 20,0 kN. Sugerowane wartosci T* W tym zakresie zmiennosci siatek MES
opisano w funkcji wielkosci elementu. Drugim testem, w ktérym kontynuowano rozwazania
nad wpltywem wielkosci elementéw skonczonych, byto przeprowadzenie testu porownawczego
z wykorzystaniem modelu ptaskich krazkow skalnych, w ktorych zatozony zostal ptaski stan
odksztatcenia. Ponownie wraz ze zmiang wielkosci elementu zmieniano parametr 7" przez co
wykazano, ze parametry JH-2 s3 mocno zalezne od wielkosci, a nawet jakos$ci wynikajacej
z ksztattu elementéw skonczonych [P4]. Ostatecznej walidacji modelu dokonano
z wykorzystaniem testu fragmentacji w $redniej skali. Wykonane skany bloku skalnego
postuzyty do wykonania doktadnego modelu MES, ktory mozliwie najlepiej odwzorowywat
warunki eksperymentu, a do ktorego zaadaptowano odpowiednie parametry modelu
konstytutywnego. Uzyskana fragmentacja z modelu byta bardzo zblizona do tej uzyskanej
w warunkach eksperymentalnych a blok skalny rozdzielit si¢ na dwa fragmenty, ktérych widok
przedstawiono w widoku od gory 1 od dotu na rys. 13. Ostatecznie potwierdzito to,
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ze skalibrowany model JH-2 moze wiernie odwzorowaé rzeczywisty proces deformacji
materiatdéw kruchych, w tym skaty, z uwzglednieniem procesu inicjacji spgkan, ewolucji
uszkodzen i wigzacg si¢ Z nig zmiang wlasciwosci mechanicznych, powstaniem zniszczenia
w materiale, a w konsekwencji fragmentacji dolomitu [P4][138].
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Rys. 12. Widok spekan powstalych w dolomitowym bloku skalnym w efekcie detonacji
10,0 g emulsji wybuchowej: widok od dotu (a) oraz widok od géry (b) [P4]

5.4.4. Porownanie modeli konstytutywnych w analogicznych testach

Poniewaz na etapie szacowania parametrow dla wyselekcjonowanych modeli
konstytutywnych zaadaptowane zostaly rozne testy eksperymentalne, uniemozliwito to
bezposrednie pordwnanie ze sobg efektow modelowania dolomitu poddanego obcigzeniom
dynamicznym za pomocg kazdego z nich. W niniejszym rozdziale skupiono si¢ zatem na
aplikacji poprawnie skalibrowanych modeli konstytutywnych do odwzorowania trzech testow
eksperymentalnych w celu porownania uzyskanych spgkan oraz wytrzymatosci modelowanej
skaty.

Przeprowadzono doktadng analiz¢ poréwnawcza modeli KCC [P1, P2] oraz JHC [P3],
ktorych kalibracja bazuje na testach statycznych oraz dynamicznych z modelem JH-2 [P4] dla
ktorego wszystkie wymagane parametry wyznaczono na podstawie serii eksperymentow
przeprowadzonych w warunkach wytacznie dynamicznych, a szczegoétowa procedura oraz
metodyka zostala przedstawiona w pracy [P4]. Wspodtczynniki odpowiedzialne za wplyw
szybkosci odksztatcenia, opis powierzchni zniszczenia, rOwnania stanu i stale uszkodzenia dla
wszystkich modeli zostaly uzyskane na podstawie danych eksperymentalnych i symulacji
numerycznych. Za kryterium wyboru testow porownawczych przemawiato w gléwnej mierze
to, aby deformacje w nich cechowaty si¢ wysoka szybkoscig odksztalcenia oraz aby stan
naprezenia W materiale w kazdym z nich byt inny. W przypadku jednoosiowego dynamicznego
$ciskania skaty mamy do czynienia z niemal czystym $ciskaniem. Jednocze$nie badamy wptyw
sit bezwladnosci na uwzgledniane podczas kalibracji parametry umocnienia dynamicznego.
W drugim tescie uderzenia stalowej kulki tozyskowej w probke, wiodacy wptyw na powstate
zniszczenie ma rozcigganie, ktore przy odpowiednim zaglebieniu wglebnika powoduje
nickontrolowang propagacj¢ poprzecznego peknigcia. Dodatkowo w okolicy kontaktu kulki
I probki powstaje krater wynikajacy z kruszenia skaty na skutek jej $ciskania. W przypadku
trzeciego testu, tj. detonacji lontu wybuchowego wewnatrz cylindrycznej probki skalnej [139],
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uzyskane zniszczenie jest efektem dwoch osobnych czynnikéw wywotujacych fragmentacie.
W bezposrednim sgsiedztwie lontu skata poddana jest bardzo intensywnemu Sciskaniu,
natomiast w pewnym oddaleniu powstate peknigcia radialne 0 roéznej dtugosci sg efektem
przejscia dynamicznej fali rozciagajacej przez material i powstania strefy spekan [139].
Dodatkowo na czole probki obserwowaé mozna zjawisko odspojenia fragmentow skaty bedace
efektem odbicia fali rozciggajacej od swobodnej powierzchni. Poniewaz kazdy z testow
poréwnawczych zostal opisany w osobnym artykule [P1, P2, P4], [139], wraz ze
szczegblowym opisem zastosowanych modeli numerycznych, wielkosci siatki elementow
skonczonych, algorytméw kontaktu pomiedzy oSrodkami Lagrange’a i Eulera, a takze innych
parametrow numerycznych, opisy te nie zostaty powielone w niniejszym rozdziale, a skupiono
si¢ gtownie na omowieniu wynikow.

Przeprowadzone symulacje numeryczne jednoznacznie wykazaly, ze wszystkie trzy
modele sg W stanie odwzorowac prosty stan sciskania zarowno pod katem zgodnos$ci napr¢zenia
rejestrowanego w pretach inicjujagcym i transmitujacym, jak i poprzez odwzorowanie spekan
osiowych i poprzecznych w probce (Rys. 13 i Rys. 14). Ponadto, mozna zaobserwowac,
ze wzrost szybkosci odksztatcenia z 66,0 st do 124,0 st skutkuje zmiang mechanizmu
niszczenia i zwigksza si¢ ilo$¢ spekan pod katem ok. 45° do 60° od osi probki. Wywotane sg
one intensyfikacja dziatania naprezenia Scinajacego wynikajacego z efektu bezwladnosciowego
skrepowania probki. Poniewaz we wszystkich pracach, przy szacowaniu parametrow
umocnienia dynamicznego wzi¢to pod uwage bezposrednie wyniki z testow SHPB, to uzyskany
W ten sposob parametr umocnienia dynamicznego C pozbawiony byt wptywu dziatania efektow
bezwtadno$ciowych. Maksymalny biad w zarejestrowanym naprezeniu maksymalnych nie
przekroczyt 2,8 %. Zaobserwowano jednak nieznaczne roznice W sygnale odbitym wynoszace
nawet 7,5%, ktore wynikaja z faktu, ze akumulacja uszkodzen w probkach zakldcita
przemieszczanie si¢ fali naprezenia w materiale, zaburzajac nieznacznie stan rOwnowagowy.
Jest to tez efektem tego, ze wzrost szybkosci odksztalcenia wptywa na intensywnos¢ ostabiania
si¢ skaty, a w przypadku modeli konstytutywnych parametry kontrolujace to zachowanie sg
niezalezne od szybkosci odksztalcenia, przez co uogolniajg zniszczenie W catym zakresie
predkosci deformacji. Dodatkowo, nie uwzgledniono numerycznej erozji elementow
skonczonych tworzacych probke, co W pewnym uproszczeniu, moze odwzorowac utrate
spojnosci materiatu, ktéra ma miejsce W rzeczywistosci. Z punktu widzenia jakosciowego
odwzorowania, kazdy z modeli pozwolit uzyska¢ rozktad spekan odpowiadajacy za catkowitg
utrate cigglosci probki tak, jak to miato w eksperymencie (Rys. 13). Wyniki uzyskane za
pomoca modelu JH-2 roznity si¢ od pozostatych tym, ze spekania nastapity gtoéwnie w kierunku
dziatania napr¢zenia glownego, co znaczyloby, ze wptyw bezwladnosci byt ograniczony. Moze
to wynika¢ takze z faktu, ze model JH-2 znacznie lepiej odwzorowuje spekania pojedynczych
pasm elementéw na skutek zaimplementowanej funkcji akumulacji uszkodzen, przez co
charakter spgkan w modelu jest w mniejszym stopniu obarczony wptywem ztozonego stanu
naprezenia. Ponadto model JH-2 nie uwzglednia wplywu trojosiowosci naprezenia na
umocnienie probki, co W przypadku obcigzen dynamicznych moze powodowaé rozbieznosci
w uzyskiwanej fragmentacji. Finalny rozklad spekan dla kazdego z modeli moze jednak zosta¢
uznany za poprawny.
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Rys. 13. Zestawienie jako$ciowych wynikéw testow jednoosiowego $ciskania dynamicznego na

stanowisku SHPB dla dwoch szybkosci odksztalcenia: a) widok z eksperymentu, b) model KCC,
c¢) model JH-2, d) model JHC (zrédlo: opracowanie wlasne)

Test #329

Test #332

d)

Drugi test jednoznacznie wykazal ograniczenia modelu JHC wzgledem pozostatych
dwoch. Na Rys. 15 pokazano, Ze nie byt on w stanie odwzorowa¢ poprzecznego pgknigcia
probki na dwie cze$ci, a uszkodzenia w symulacji wystapily jedynie w miejscu kontaktu kulki
Z probka. Pomimo proby zaadaptowania roznych technik numerycznych, np. erozji bazujace;j
na maksymalnych odksztalceniach rozciggajacych, niemozliwe byto uzyskanie dobrego
odwzorowania wspomnianego pekniecia. W przypadku modelu KCC przeprowadzenie peinej
kalibracji i uzycie zlinearyzowanej funkcja uszkodzenia [P2] pozwolita na uzyskanie spgkan
bedacych efektem rozciggania, jednak probka pekta na trzy, a nie dwie czgsci jak miato
to miejsce w eksperymencie. Mozna jednak zatozy¢, ze sam mechanizm propagacji spekania
jest odwzorowany w sposob prawidlowy. Jedynie model JH-2 [P4] wiernie odwzorowat
charakter fragmentacji probki na dwie polowy, a wytrzymalo$¢ resztkowa elementow
reprezentujacych peknigcie byta bliska zeru. Z punktu widzenia sily, przy ktorej nastgpowala
utrata ciggtosci, modele JH-2 oraz KCC zapewnity dobrg zgodno$¢ sity maksymalnej, oscylujac
w granicach F,,, =20,0 kN. Sita uzyskana z modelu JHC znacznie przekroczyta wartos¢
eksperymentalng, co wynika z braku uformowania peknigcia probki, przez co cata energia
uderzenia zostata zarejestrowana przez czujnik umieszczony bezposrednio pod probka.

str. 52



b)

& 1500p FEA: Reflected & 2500 FEA: Reflected s
=) EXP. Re . S 2000 - 1\-,&
100.0 eflected = EXP: Reflectec
. 7 1500
g = |
a 50.0 w1000
0.0 50.0
0.0
-50.0 -50.0
100.0 EXP: Transmitted 100.0
1500 150.0 TSFEA: Transmitred
-aulrE "FEA: Transmitte LT
Test #329 FEA: Transmitted 200.0 Test #332 EXP: Transmitted
2000 . , \ . , 2500 ) ) | il )
0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0009 0.001 0.0011 0.0012 0.0013 0.0014
Time (ms) Time (ms)
& 1500r g 2300 FEA: Reflected
= ook FEA: Reflec ted\‘ <. 2000 LXP- Reflected
P {XP: Reflected % 1500 U
g, g
£ 500 £ 1000
0.0 50.0
0.0
-50.0 _50.0 ;
-100.0 -100.0 ;."\
TEA Tre i 150.0 ! - Tr 1
100k =+ FEA: Transmitted :\ FEA: Transmitted
Test #329 EXP: Transninted 2000  Test #332 LEXP: Transmitted
-200.0 1 L L L ) 250.0 L L L L )
0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0009 0.001 0.0011 0.0012 0.0013 0.0014
Time (ms) Time (ms)
15 = 250,
F1500¢ - & 2500
= FEA: Reflected - 200.0
= | BRES =
o 1000 EXD: Rsﬂormd\ % 1500
1) ———— o
a 500 £ 1000
0.0 50,0
0.0
-30.0 500
~100.0 100.0
150.0 FEA: Transmitted— -150.0 Transmutted
Test #329 EXP: Transmitted -2000F  Test #332 LEXP: Transmitted
-200.0 ! . ; : ) 2500 ) . . . )
0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0009 0.001 0.0011 0.0012 0.0015 0.0014

T A
Time (ms)

Time (ms)

Rys. 14. Zestawienie ilosciowych wynikéw testow jednoosiowego Sciskania dynamicznego
W postaci naprezenia zarejestrowanego W pretach stanowiska SHPB dla dwéch szybkosci
odksztalcenia: a) model KCC, b) model JH-2, ¢) model JHC (Zrédlo: opracowanie wlasne)
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Rys. 15. Zestawienie jako$ciowego rozkladu spekan w probcee: a) widok z eksperymentu,
b) model KCC, c) model JH-2, d) model JHC, a takze zarejestrowanego przebiegu sily w funkcji
przemieszczenia dla tych modeli (e) (zrédlo: opracowanie wlasne)

W trzecim te$cie odwzorowujacym wybuch W matej skali skupiono si¢ na porownaniu
uzyskanego rozktadu spekan oraz przyspieszenia zarejestrowanego na powierzchni otowianej
obejmy, ktora zapewniata poprzeczne skrepowanie probki [139]. Z punktu widzenia ilosciowej
analizy wynikow to model JH-2 w najlepszym stopniu przyblizyt wartos¢ maksymalng
rejestrowanego przyspieszenia, bioragc pod uwage caty zarejestrowany czas pomiaru (Rys. 16).
Wierne odwzorowanie spekan radialnych oraz spekan zwigzanych z odspojeniem materiatu
przy powierzchni czotowej probki sprawita, ze amplituda drgan po przej$ciu pierwszej fali
odksztatcenia byta najbardziej zblizona do warto$ci eksperymentalnych. Modele JHC oraz
KCC kolejno nie doszacowaty, oraz przeszacowaly ilo$¢ uszkodzen zagregowanych
w materiale (Rys. 17) i ze wzgledu na swoje naturalne ograniczenia nie odwzorowujg
w zadowalajgcym stopniu silnie dynamicznej propagacji spekan. Samo zniszczenie wynikajace
z dziatania kombinacji obcigzen wywotujacych S$ciskanie ze S$cinaniem w strefie
bezposredniego kontaktu skaty z fadunkiem wybuchowym w kazdym z modeli odwzorowane
zostaly W sposob prawidlowy. Uzyskane $rednice zniszczenia odbiegaty 0 nie wigcej niz

str. 54



20,0 % od wynikow testow rzeczywistych, co dla materialow skalnych, w ktérych wystepuje
znaczna liczba imperfekcji i nieciagtosci, jest dobrym wynikiem. Poroéwnanie zniszczenia
wynikajacego z rozciggania wykazuje jednak stabosci modeli KCC oraz JHC. Pierwszy z nich
W znacznym stopniu przeszacowuje ilo$¢ uszkodzen materiatu, reprezentowanych jako indeks
zniszczenia w strefie czotowej probki. O ile objetos¢ obszaru, w ktorym pojawily sie
uszkodzenia, jest zblizona do wynikow eksperymentalnych, o0 tyle trudne jest oszacowanie
przyblizonego rozktadu spekan. Wyniki te mozna zatem traktowac jako przyblizong objetos¢
skaly, ktora ulegta uszkodzeniu. Dla modelu JHC, na skutek braku implementacji zniszczenia
wynikajgcego z rozciagania, radialne spekania nie propagowaty w materiale, a probka finalnie
zachowata ciagglo$¢ przy braku odwzorowania odspojenia powierzchni czotowej. Jedynie
model JH-2 byl w stanie w sposob prawidlowy odwzorowaé rzeczywiste spekania W calej
objetosci probki, wraz z rozroznieniem stref wynikajacych ze Sciskania, $cinania i rozciggania.
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10.0

5
o

-10.0
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Vertical acceleration (m/s”2) (E+04)

-20.0 e JHC model

e JH-2 model

0.03 0.06 0.09 0.12 0.15

Time (ms)

Rys. 16. Porownanie przyspieszenia zarejestrowanego przez akcelerometr umieszczony
na olowianej obejmie probki (zrédlo: opracowanie wlasne)
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Rys. 17. Porownanie rozkladu spekan na powierzchniach gérnych i dolnych probek
cylindrycznych obcigzonych detonacja kordu: a) widok z eksperymentu, b) model KCC,
c¢) model JH-2, d) model JHC (zrédlo: opracowanie wlasne)
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5.4.5. Aplikacja modelu JH-2 do analiz pelnowymiarowych metryk strzalowych

Na bazie opisanego w powyzszym rozdziale poréwnania modeli konstytutywnych
wykazano, ze model JH-2 jest w stanie najefektywniej odwzorowac fragmentacje W ztozonych
warunkach obcigzenia, takze przy obecnos$ci cisnien okdlnych jak ma to miejsce w kopalniach
na znacznych giebokosciach. Z tego wzgledu wybrany zostat do analiz, w ktorych skupiono si¢
na odwzorowaniu fragmentacji gorotworu wywotanej odpaleniem pelnowymiarowej metryki
strzatlowej W réznych sekwencjach.

W celu analizy efektywnosci strzelan dotowych przygotowany zostat model reprezentujacy
aktualne warunki ,,in situ” spotykane ok. 1000 m pod powierzchnig ziemi. Model stanowit
polaczenie dwoch metod: MES, ktéra postuzyta do odwzorowania osrodka skalnego, oraz
metody hydrodynamiki wygtadzonych czastek (ang. smoothed particle hydrodynamics, SPH)
reprezentujacej tadunek wybuchowy. Jako skale bazowa przyjeto dolomit 0 wytrzymatosci na
jednoosiowe $ciskanie R, = 210,0 MPa. W badaniach uwzgledniono reprezentatywna metryke,
zaproponowang W pracy [140] o wymiarach charakterystycznych 6500,0x4800,0x2800,0 mm
(szeroko$¢ przy stropie x szerokos$¢ przy spagu x wysokos¢). Uktad metryki obejmowat
zar6wno odwzorowanie otworé6w wlomowych (9 otworéw w tym 4 puste), jak i otworow
urabiajacych (40 otwordéw). W celu uproszczenia modelowania zatozono, ze wiasciwosci skaty
sg jednorodne W calej objetosci przodka kopalni, a problem sprowadzono do zagadnienia
w quasi-ptaskim stanie odksztalcenia. Takie rozwigzanie jest kompromisem pomigdzy
dokladno$cig odwzorowania skaly a czasochlonnoscig obliczeniowg. Wybrany wycinek
modelu 2D zaprezentowano na Rys. 18. Zostal on wyselekcjonowany w taki sposob, aby
odwzorowa¢ czysta odpowiedz w strefie wystepowania stabilnego pgkania wywolanego
detonacja tadunku wybuchowego.

Jest od oddalony od powierzchni swobodnej przodka tak, aby zniwelowaé wplyw
odspajania, a takze od konca otworu strzatlowego, gdzie nastepuje inicjacja spalania tadunku
I pekanie nie jest ustabilizowane. Taka metoda pozwala na bezposredni pomiar efektywnosci
strzelan dolowych w zalezno$ci od zastosowanej sekwencji strzelania. Nalezy podkreslic,
7ze W badaniach zastosowano autorskg metod¢ odwzorowania warunkow brzegowych
odwzorowujacych nieskonczong ciaglos¢ gorotworu gwarantujacych catkowity brak odbicia
si¢ fal odksztalcenia wygenerowanych W materiale na skutek detonacji tadunkéw
wybuchowych. Drugim istotnym elementem nowosci jest prezentacja autorskiego skryptu do
poétautomatycznego generowania catych metryk strzalowych o dowolnym rozmieszczeniu
tadunkéw, zindywidualizowanych czasach detonacji oraz roznych cis$nieniach ,,in situ”. Skrypt
ten znajdzie uzyteczno$¢ przy prowadzeniu analiz optymalizacyjnych badajacych zmienno$¢
parametrow geometrycznych metryki na efekty urabiania skaty, a danymi ,,wsadowymi” sa
wspolrzedne oraz czasy opoznienia dla poszczegodlnych tadunkow. Punktem detonacji kazdego
Z fadunkow byt punkt centralny danego otworu strzatowego.
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Rys. 18. Widok modelu wykorzystanego do uproszczonej symulacji strzelania podziemnego
(zrédlo: opracowanie wlasne)

W czgéci poswieconej modelowaniu strzelan podziemnych, bedacych swoistym testem
mozliwosci odwzorowania spgkan W petnej skali przez model JH-2, w pierwszej kolejnosci
dokonano walidacji modelu z rozwigzaniem analitycznym zaproponowanym W pracy [141],
aby sprawdzi¢, czy uzyskiwana strefa zniszczenia dookota pojedynczego otworu strzatowego
zgadza si¢ Z rozwazaniami teoretycznymi. W tym celu przeprowadzono symulacje wybuchu
z wykorzystaniem model pojedynczego otworu wypetionego tadunkiem 0 parametrach
przedstawionych w pracy [142]. Skrocony opis procedury walidacji przedstawiono ponizej:

Na podstawie parametrow fizycznych tadunku wybuchowego |1 wlasciwosci
mechanicznych skaly obliczono poczatkowe cisnienie detonacji P [141]:

2:DmVp I:>O
pmVp + pHE D

f (24)
gdzie: V, jest predkoscig podtuzng fali dzwigkowej w dolomicie [107]; p., jest gesto$cig skaty;
pue jest gestoscig tadunku wybuchowego; D jest predkoscig detonacji, natomiast P, jest
cisnieniem detonacji w punkcie Chapmana-Jougueta. Obliczone ci$nienie poczatkowe
dzialajace na $ciany otworu strzalowego wyniosto P. = 10,6 GPa. Aby opisa¢ oddziatywanie
fali napr¢zenia na otaczajaca skale, wykorzystano uproszczone warunki ptaskiego stanu

odksztatcenia dookota otworu strzatlowego. Naprezenia W dowolnym punkcie okreslono jako
[141]:

Gr (r) = I:)r (r/rb )ﬂl
o,(0,)=-7r0, (25)

O'Z(O'H,O'r) :luD(O-H +O-r)

gdzie: o,,04,0, to odpowiednio promieniowe, obwodowe i osiowe sktadowe tensora
naprezenia; 1 to odlegtos¢ osi tadunku od wybranego miejsca W gérotworze; a to wspotczynnik
ttumienia wynikajagcy z obwodowego cisnienia okolnego (y = 0,25) oraz dynamicznego
wspotczynnika Poissona (1, = 0,2) i przyjmujg wartosci «; = 2,25 and a, = 1,75.
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Stan naprezenia zredukowanego wokot otworu W wybranym punkcie opisano zaleznoscig:
[141]:

s, =%J(or o)1 (0,—0,) 1 (0, —0,) (26)

W zalezno$ci od spetnienia kryterium Hubera-Misesa-Hencky'ego zgodnie z warunkami
danymi w rownaniu (26) mozemy wyodrebni¢ dwie strefy zniszczenia, z ktorych kluczowa jest
pierwsza, wynikajaca ze §ciskania [141]:

(27)

o, > o, Strefazmiazdzenia
f(x) = o N
o, >0, Strefaspekan wynikajacych z rozciggania

gdzie: g4 Oraz o4 to odpowiednio dynamiczna wytrzymato$¢ skaty na Sciskanie i rozcigganie.
Szybko$¢ odksztalcenia rejestrowana W skale podczas wybuchu miesci si¢ w zakresie
10,0 — 1000,0 s zatem wartoéci wytrzymaloéci przyjete do obliczen wynosza kolejno 600,0
MPa dla $ciskania i 70,0 MPa dla rozciggania.

Promien strefy zniszczenia wynikajacej z dzialania stanu napre¢zenia wywolanego
wybuchem jest dany rownaniami [141]:

Way)
(&)

K =\J(+7°) + 24, (4 -1) A= 7)’ + A+ ) (29)

Obliczona warto$¢ strefy zniszczenia obliczona analitycznie wyniosta ok 210,0 mm,
aroznica wynikajgca z porownania z modelem numerycznym okoto 6,0%. Na tej podstawie
mozna uznaé, ze zaproponowana metoda modelowania metryk jest metodg wiarygodng i moze
by¢ stosowana W dalszych badaniach.

s | oS

Tak uwiarygodniony model numeryczny postuzyt nastgpnie do okre§lania wptyw
odpalania tadunkow urabiajacych na uzyskana fragmentacje | charakter spekania skaty.
Przebadanych zostalo 5 rdéznych konfiguracji odpalenia kolejnych MW w otworach
produkcyjnych (Rys. 19). W skrocie mozna opisac je nastepujaco:

1. Odpalenie sekwencyjne symetryczne po obu stronach wlomu. (Case #1).
Odpalenie sekwencyjne niesymetryczne, (Case #2).

Odpalenie kazdego otworu indywidualnie — jeden po drugim. (Case #3).
Odpalenie warstwami poziomymi od dotu do gory. (Case #4).
Odpalenie wszystkich otworow w tym samym momencie. (Case #5).

ok~ w
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Rys. 19. Zaproponowane sekwencje odpalenia tadunkéw wybuchowych
(zrédlo: opracowanie wlasne)

W efekcie przeprowadzonych symulacji numerycznych uzyskano ostateczny uktad spgkan
po odpaleniu wszystkich tadunkéw przedstawiony na Rys. 20a-e w postaci zdeformowanych
siatek MES z zaniesionymi warstwicami uszkodzenia, gdzie kolorem czerwonym zaznaczono
materiat, dla ktérego indeks akumulacji uszkodzenia wynosi D = 1,0. Na podstawie wynikow
symulacji mozna zaobserwowac, ze obecnos$¢ pustej przestrzeni wlomu przyczynita si¢ do
znacznego zwigkszenia obje¢toSci usunigtych na skutek dziatania erozji numerycznej
elementow. Poniewaz warunki erozji uwzgledniaty zar6wno rozcigganie (20,0% odksztalcenia
rozciggajacego w kierunku gldownym) jak i Scinanie (50,0% odksztatcenia $cinajgcego), mozna
stwierdzi¢, ze usunigte elementy reprezentujace skate W rzeczywistosci takze ulegltyby pelnemu
skruszeniu, ze wzgledu na fakt, Zze odksztatcenia niszczace dla dolomitu w tych warunkach nie
przekraczaja 2,0%.

Zmiana sekwencji odpalenia fadunkéw W obrebie wylacznie zmiany czasow detonacji
miata minimalne skutki na uzyskiwang fragmentacje. Opis rozktadu wielkosci uzyskanych
odtamkoéw skalnych za pomoca funkcji SWEBREC [31,143], wiazacej ilos¢ blokow skalnych
0 danej wielkosci i jej udzial w catkowitej objetosci skaty, nie ulegat znaczagcym zmianom dla
pierwszych trzech przypadkow sekwencji detonacji (zmiana czas6w odpalenia tadunkow),
co wida¢ na Rys. 21. Odpalenie warstwowe, w ktorym kolejne otwory oddalone coraz bardziej
od wlomu sa skrepowane otaczajaca skala, cechowato si¢ znacznie mniejszym zakresem
zniszczenia takze gorszej jakosci fragmentacja. Ilo$¢ usunigtych elementow takze jest
nieznacznie mniejsza niz W przypadkach #1 — #3. Najgorsza fragmentacja cechowalo si¢
wspolne odpalenie wszystkich otworéw, poniewaz spekana skata nie miata wolnej przestrzeni,
aby ulec wzajemnemu kruszeniu na skutek jej interakcji z sgsiednimi blokami skalnymi,
a uzyskane spg¢kania sg jedynie efektem przejscia fali wywolujacej Scinanie i rozcigganie
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w materiale. W zwigzku z tym mozna stwierdzi¢, ze gtdwnym czynnikiem determinujgcym
poprawnos$¢ urabiania skaty jest prawidlowe wykonanie otworu wlomowego, co pozwala na
uzyskanie powierzchni swobodnej w $rodku metryki, a co za tym idzie, pozwala fali napr¢zenia
wywolanej detonacjg tadunkow urabiajacych na odspajanie kolejnych warstw skaly od
gorotworu na skutek natrafienia fali rozciagajacej na powierzchni¢ swobodng. Wiasnie dlatego
sekwencje, w ktorych otwory nieznajdujace si¢ bezposrednio w pierwszej linii przy
powierzchni swobodnej, sg odpalane rownoczesnie z tymi znajdujacymi si¢ w tym miejscu
i cechujg sie znacznie mniejszg efektywnoscig.

Opisane badania przeprowadzono dla dwoch reprezentacji otworu wlomowego. Przypadek
CH#1, w ktérym wlom byl reprezentowany jako wyciete elementy modelu stanowigce obrys
skrajnych otworow wtomowych. Drugi przypadek nazwany jako CH#2 zostat reprezentowany
jako petna symulacja wtomu, co sprawito, ze w gorotworze uformowaty si¢ wstepne spekania
wynikajace z odpalenia otworow wlomowych. Porownaniu poddano ilo$¢ skaty, ktora ulegta
petnemu uszkodzeniu, tej ktdra pozostata nienaruszona i te, ktéra fizycznie usuni¢to z modelu
na skutek erozji numerycznej. Analiza tych danych wykazata, Zze wstepne spgkania
w przypadku metody CH#2 zwickszyly ilo$¢ udziatu skaly nieuszkodzonej i zmniejszytly ilos¢
skaly wyerodowanej w cato$ci modelu. Moze to wynika¢ z faktu, ze wstepnie uszkodzona skata
W mniejszym stopniu przenosi napr¢zenia rozciggajace (fizyczna interpretacja jest taka, ze skata
dwa skontaktowane ze soba swobodne bloki skalne moga ulec $ci$nieciu, ale przy ich
rozciggnigciu po prostu ulegna separacji bez konieczno$ci uzywania dodatkowej sity na
zniszczenie wigzan mi¢dzy ziarnami skaty). Podsumowanie tych badan zestawiono w tab. 3.

Tab. 3. Podsumowanie ilo§ci materialu uszkodzonego (D>0,9), nienaruszonego
oraz wyerodowanego po odpaleniu wszystkich ladunkow wybuchowych dla dwéch reprezentacji

wlomu
. Metoda . Nienaruszona  Wyerodowana
Sekwencja odwzorowania Uszkodzona skala [%] o o
wlomu skala [%] skala [%]
Case #1 38,30 42,38 19,32
Case #2 — 37,06 42,85 20,09
Case #3 }t 35,06 44,74 20,20
Case #4 © 37,84 47,84 14,32
Case #5 33,48 63,80 2,72
Case #1 36,49 44,65 18,86
Case #2 ~ 36,67 45,65 17,68
Case #3 I 37,08 44,03 18,89
Case #4 © 37,82 50,52 11,66
Case #5 32,65 65,35 2,00

Catkowita objetos¢ modelu: 0,076 m3

Podsumowujac, przedstawione symulacje jednoznacznie wykazaly, ze charakter spekania
dolomitu w matej i duzej skali, wynikajacy z zastosowania odmiennych modeli
konstytutywnych, rézni si¢ znaczgco W zaleznosci od zaadaptowanego modelu. Wynika to
przede wszystkim z odmiennych zaleznosci uzytych do obliczania akumulacji uszkodzenia
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przez model. O ile odwzorowanie ilosciowe (w postaci maksymalnej wytrzymatosci
I sztywnosci materialu) nie stanowi duzego problemu, 0 tyle jakoSciowa propagacja spgkan
byta znaczaco r6zna dla kazdego z modeli. Mozna jednak potwierdzi¢, ze gdy wybrany model
cechuje si¢ prawidlowg implementacjg akumulacji uszkodzenia na skutek rozciggania (KCC,
JH-2), w zadowalajagcym stopniu jest on W stanie odwzorowaé propagacje spekan wynikajaca
z kruchego pekania. Ponadto, zastosowanie skryptu do automatycznego generowania modeli
numerycznych metryk strzalowych pozwala na efektywne badanie wptywu rdéznych
parametrow, tj. rozmieszczenia otworéw strzalowych czy zmiany sekwencji I opdznien
detonacji na uzyskiwany charakter spekan, a co za tym idzie stopien skruszenia i jakos$ci
urobku.

@ | )

Erosion in
corners

FExtensive erosion orizontal damage

Mainly compressive damage

Rys. 20. Widok fragmentacji na skutek sekwencyjnego odpalenia ladunkéw wybuchowych przy
zastosowaniu réznych czaso6w opoznienia odpalenia: opisy (a) — (e) zgodne kolejno z opisami
Case #1 — Case #5 (zrodlo: opracowanie wlasne)
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Rys. 21. Wykres fragmentacji skaly dla pieciu réznych sekwencji detonacji ladunkow
wybuchowych (zrédlo: opracowanie wlasne)
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6.

Podsumowanie i wnioskKi

W pracy przedstawiono calo$ciowy schemat postepowania, jaki nalezy przeprowadzic,

aby z duzg wiarygodnos$cig oszacowaé parametry modeli konstytutywnych do modelowania
materiatdw kruchych 1 bardzo kruchych, jak np. skala. Przeprowadzenie Szeregu
eksperymentéw w statycznych i dynamicznych warunkach obcigzen dostarcza informacji
0 zachowaniu si¢ badanego materialu W specyficznych stanach obcigzenia i naprezenia.
Pozwala to na walidacj¢ oszacowanych parametréw modeli konstytutywnych. Na podstawie
przeprowadzonych badan mozna sformutowaé nastgpujace wnioski:

Pelne scharakteryzowanie wtasciwosci mechanicznych skaty wymaga przeprowadzenia
szeregu testow laboratoryjnych w warunkach statycznych i dynamicznych, w prostych
I ztozonych stanach obcigzenia. Zalecane przez Migdzynarodowe Towarzystwo
Mechaniki Skat (ang. International Society of Rock Mechanics, ISRM) eksperymenty
pozwalaja na uzyskanie danych wytrzymalo$ciowych dla okre$lonych warunkow
obcigzenia, a takze parametrow okreslajacych cechy odpornosci na pekanie, przy
réwnoczesnej minimalizacji wptywu czynnikow zewnetrznych na uzyskiwane wyniki.
Konieczne jest przebadanie odpowiedniej ilosci probek skalnych, w celu usrednienia
wynikow eksperymentalnych.

Oszacowanie parametréw modelu konstytutywnego na bazie eksperymentow pozwala
na odwzorowanie ilosciowe 1 jakosciowe zachowania obserwowanego podczas
deformacji skaty w warunkach statycznych i dynamicznych.

Model KCC pozwala na odwzorowanie spekan wynikajacych ze $ciskania i rozciggania,
jednak uproszczenia zastosowane przy implementacji funkcji akumulacji uszkodzen,
ktore sprawiajg, ze model cechuje si¢ duzg plastycznosciag I wystepowaniem
niestabilnosci numerycznych po przekroczeniu wytrzymatosci maksymalnej, wymagaja
zastosowania specjalnej iteracyjno-optymalizacyjnej procedury kalibracyjnej. Jej
wykorzystanie pozwala na uzyskanie zadowalajacej zgodnosci wynikow symulacji
i testow eksperymentalnych.

Model JHC ze wzgledu na brak mozliwosci akumulacji uszkodzen wynikajacych
Zrozciggania nie jest W stanie odwzorowa¢ spekan wynikajacych z tego stanu
obcigzenia, przez co znajduje zastosowanie jedynie w przypadkach, w ktorych $ciskanie
pelni dominujaca rolg¢ przy propagacji zniszczenia. Ponadto model ten wymaga
osobnego szacowania parametrow dla obcigzen statycznych i dynamicznych

Model JH-2 w sposob prawidlowy odwzorowuje propagacje spgkan w warunkach
dynamicznego $ciskania i rozciggania, jednak brak uwzglgdnienia testow trojosiowych
na etapie szacowania parametrOw powierzchni zniszczenia sprawia, ze wplyw
trojosiowosci jest pomijalny, co moze powodowal przeszacowanie zniszczenia
w ztozonych stanach obcigzenia. Finalnie, model ten cechuje si¢ najwigkszym
potencjalem do modelowania zagadnien, w ktorych kruche pekanie skaty odgrywa
istotng role.

Na podstawie aplikacji modelu JH-2 do strzelan dotowych wykazano, ze gtownym
czynnikiem determinujagcym poprawno$¢ robot strzalowych jest prawidlowe
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odstrzelenie wtomu, a co za tym idzie uzyskanie duzej powierzchni swobodnej dajace;j
miejsce do zapadnigcia si¢ skaly na skutek detonacji otworéw strzalowych.

Mozliwe jest zaadaptowanie parametréw funkcji SWEBREC dla dalszych modyfikacji
robot strzatowych i uzaleznienie jej od parametréw skaty tak, aby nie byto konieczno$ci
kazdorazowego prowadzenia symulacji numerycznych.

Obliczenia numeryczne, po odpowiednim przygotowaniu, pozwalaja na efektywna
predykcje urobku w efekcie prowadzenia strzelania podziemnego dla roéznych
materiatow skalnych.
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Oryginalne elementy pracy
W opinii Doktoranta elementami oryginalnymi rozprawy doktorskiej sa:

Charakteryzacja szeregu wlasciwosci mechanicznych dla skaty, tj. dolomitu, na podstawie
autorskich wynikow testow eksperymentalnych obejmujacych jedno i wieloosiowe stany
obcigzenia w warunkach statycznych, dynamicznych oraz cyklicznych, a takze
uzupehienie ich 0 odpowiadajgce im wyniki z literatury dla rozszerzonego zakresu stanow
obcigzenia.

Pierwsze dostepne W literaturze kompleksowe oszacowanie parametrow dla zwiazkéw
konstytutywnych na bazie dolomitu wraz z przedstawieniem pelnego eksperymentalno
-numerycznego podej$cia do wyznaczenia parametrow dla trzech modeli konstytutywnych:
KCC, JHC oraz JH-2.

Opracowanie  oryginalnych modeli  numerycznych dla  wszystkich  testow
eksperymentalnych oraz dodatkowych nienormatywnych symulacji testowych stuzacych
do walidacji wypracowanych parametrow modeli konstytutywnych.

Przeprowadzenie szerokiego studium parametrycznego obejmujgcego zmienno$¢ wartosci
parametrow charakteryzujacych model KCC i JHC, jak réwniez wptyw gestosci siatki
elementow skonczonych na uzyskiwane wyniki wraz z przedstawieniem uproszczonych
metod normalizacji zastosowanych modeli.

Opracowanie bazujacego na optymalizacji parametrycznej algorytmu postgpowania do
wyznaczania parametrow sterujacych ewolucja uszkodzen w modelu KCC, umozliwiajaca
odwzorowanie procesu bardzo szybkiego uwalniania energii w fazie ostabienia materiatu
(odwzorowujace duzg kruchos¢), bazujac na procedurze optymalizacyjnej.
Zaproponowanie indywidualnej aplikacji i sposobu szacowania parametrow modelu JHC,
osobno dla zakresow statycznych i dynamicznych, bazujac na kryterium Mohra-Coulomba
oraz danych eksperymentalnych.

Bezposrednie poréwnanie trzech modeli konstytutywnych (modeli KCC i JHC, na ktorych
w glownej mierze skupiono si¢ podczas opisywanych badan, oraz modelu JH-2, w ktorego
kalibracji uczestniczytem jako autor pomocniczy) w aplikacji do odwzorowania zjawisk,
w ktorych wystepuja trzy odmienne i niezalezne od siebie mechanizmy powodujace
propagacje spgkan W skale, uzupeilnione opisem ograniczen kazdego z modeli oraz
ewentualnymi mozliwo$ciami ich pominigcia za sprawa udoskonalonego procesu kalibracji
parametrow tych modeli.

Zaproponowanie automatycznie generowanych modeli reprezentatywnych metryk
strzalowych do symulacji procesu strzelania podziemnego, a takze zostata zaprezentowana
analiza ilo$ciowa i jako$ciowa uzyskanej fragmentacji z wykorzystaniem gestosci spekan
oraz funkcji SWEBREC.
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8. Kierunki dalszych badan

Przedstawione rozwazania sg czgScig projektu skupiajacego si¢ na optymalizacji
parametrycznej procesu strzelan dotowych. Jego efektywnos¢ zalezy przede wszystkim
od rozktadu otwordéw strzalowych, ich geometrii oraz opdznienia pomig¢dzy kolejnymi
detonacjami fadunkéw wybuchowych. Wyniki i metodologie bedgce efektem dziatan podjetych
i opisanych w niniejszej rozprawie doktorskiej zostang zaaplikowane do optymalizacji
wskazanych parametrow tak, aby przy zminimalizowaniu kosztow urabiania skaly uzyskaé
urobek o optymalnej wielkosci. Dodatkowo, parametry skaly uzaleznione zostang od jej
podstawowego parametru — wytrzymato$ci na jednoosiowe $ciskanie tak, aby uczynic
obliczenia bardziej uniwersalnymi.

Dodatkowo, w ramach dalszych badan planowane jest wyznaczenie parametrow dla modeli
konstytutywnych, ktore separujg zniszczenie wynikajace ze S$ciskania i rozciagania,
m.in. model Riedel-Hiermaier-Thoma (RHT). Procedura ta poprzedzona bedzie jednak
wykonaniem dodatkowych testoéw eksperymentalnych, ktore pozwolg na zdefiniowanie
zachowania dwu i trojosiowego W warunkach rozciggania, ktore stanowig istotny parametr
we wspomnianym modelu. Wszelkie uzyskane wyniki bgde na biezaco publikowane
w czasopismach o wysokim wspotczynniku wptywu IF.

Kolejne prace Autor zamierza skupi¢ si¢ takze na modelowaniu fragmentacji dolomitu
I piaskowca w pelnej skali w warunkach ,,in situ” z wykorzystaniem pelnego tréjwymiarowego
modelu tak, aby uwzgledni¢ trzy strefy rozwoju peknie¢ podczas detonacji tadunku
wybuchowego w gorotworze.
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ARTICLE INFO ABSTRACT
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The paper presents a methodology for the calibration of a Karagozian-Case Concrete (KCC) constitutive model for
the simulation of dolomite rock. A series of basic experiments are performed under static and dynamic loading
conditions, including uniaxial compression tests, triaxial compression tests at different confining pressures, and
Experimental tests Brazilian tests for determining indirect tensile strength. A step-by-step procedure for determining the failure
Rock fragmentation surface, the equation of state and damage parameters is proposed. The acquired data are validated using nu-
KCC merical simulations under loading conditions corresponding to those used in the experimental tests. A mesh
sensitivity study is briefly discussed. Quantitative and qualitative comparisons of the numerical outcomes and
experimental data reveal a good correlation. The KCC model reliably reproduces the rock behavior, including
increased strength due to stress triaxiality and kinematic hardening with an increased strain rate. The damage
evolution in the material is similar to that recorded by a fast camera during the experiments. The validated model
will be used for modeling borehole blasting in further investigations.

(JHC).>'>?1-2% The Riedel-Hiermaier-Thoma (RHT) model has been
also developed to reproduce the brittle behavior of concrete and other
materials.>*2® Moreover, the Continuous Surface Cap (CAP)”*° and
Karagozian and Case Concrete (KCC)*°*° models are available.

1. Introduction

Blasting is one of the most frequently used methods for rock removal
and fragmentation in the mining industry. Numerous studies have

simulated the blast process only,’ > but the numerical simulation of the
explosion process in rock, blast wave interaction and post-failure
behavior remains very challenging’”’ Numerical methods for simu-
lating such phenomena range from mesh-based methods®!° to
moving-mesh methods such as the arbitrary Lagrangian-Eulerian (ALE)
formulation®' "' and mesh-free methods, e.g., the discrete element
method (DEM)'*'* or smooth particle hydrodynamics (SPH).'> 7
However, modeling rocks subjected to large strains and high pressures
with efficient reproduction of fracture, micro-cracking, strain rate in-
fluence and fragmentation is still not a simple task. Therefore, the
implementation of a proper constitutive model is fully justified.

There are several commonly used material models for modeling
brittle materials such as ceramics, glass and rocks. The simplest models,
such as Mohr-Coulomb'®'® or Hoek-Brown,?’ are adopted for the
simulation of rocks under relatively low pressures. A more complicated
and widely adopted constitutive model is the Johnson Holmquist model,
which includes two types: one for ceramics (JH-2) and one for concrete

* Corresponding author.
E-mail address: michal . kucewicz@wat.edu.pl (M. Kucewicz).

https://doi.org/10.1016/j.ijrmms.2020.104302

The present work is related to a project aimed at optimizing the
blasting process used to excavate copper ore in the Polish mines. To
simulate the rock blasting and fragmentation a proper and efficient
constitutive model is required. Thus, in this paper, the applicability of
the KCC model to reproduce rock behavior is analyzed and verified. The
KCC is one of the most sophisticated from available commercial material
models. Although it was developed for simulating concrete and not rock,
both concrete and rock exhibit brittle behavior and are strain-rate and
pressure sensitive. Other studies have also simulated rocks using models
developed for different types of materials.>*>”>*® First, the parameters of
the KCC model for rock were determined. Previous studies of rock
modeling using the KCC model®*“° have only taken into account uni-
axial compression and triaxial tests. In this study, a comprehensive
procedure is presented for estimating the parameters for dolomite based
on several experimental tests ranging from quasi-static to dynamic
under uniaxial and triaxial loading conditions. Based on these tests, the
KCC constitutive model with the determined parameters was correlated
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and validated.

A typical Finite Element Method (FEM) approach was implemented
in the present study because FEM will be used in future optimization
computations of cut-hole blasting. Initially, implementation of the
methodology used in Ref. *',*%, in which the fragment area was calcu-
lated based on 2D sections of the FE model and the Swebrec function was
employed to fit the fragment area distribution, was planned. Other
methods, e.g. DEM, SPH, smoothed particle Galerkin (SPG), EFG or the
peridynamics method, are not appropriate because they are more suit-
able for describing cracking as a discontinuity in the material. According
to FEM, cracking occurs when the decrease in the strength of finite el-
ements (FE) reaches a threshold value. There are no visible cracks in the
form of discontinuities; instead, cracking is formed by FEs in which the
damage index is close to its maximum value. Furthermore, element
erosion can be adopted to simulate material failure and loss of material
continuity.*® However, such deletion of FEs was not considered in the
present study. For all finite element analyses (FEAs), an explicit LS-Dyna
hydrocode was used,** which proved to be efficient and reliable for such
strongly dynamic problems. LS-Dyna hydrocode has also been exten-
sively implemented for simulating brittle materials, blasting and frag-
mentation, etc.**>*° and was adopted in present study.

To achieve the goal of the present paper, first, the failure surfaces
were calibrated, followed by equation of state (EOS) determination.
Next, the dynamic increase factor (DIF) and damage parameters were
estimated, and the KCC model with the parameters determined for
dolomite was validated based on quasi-static and dynamic tests. Reliable
validation was achieved with respect to waveform data. Due to the
compromise between the structural and macroscopic levels in repre-
senting the specimens in all FEAs, the KCC model with the adopted
continuum approach was not capable of describing cracking in dolomite
rock as a geometric loss of continuity. Nevertheless, the general defor-
mation of samples and their strength was preserved, especially in static
tests.

2. General description of dolomite

Dolomite is formed via dolomitization, which requires a long period
of time and results in a heterogeneous structure of the rock.’® The
chemical and mechanical properties of dolomite are mostly dependent
on the location and conditions of the chemical reactions, and thus
samples originating from the same region may differ significantly in
composition?” and strength.**°° To obtain data on the investigated
dolomite, a series of different experimental tests were conducted, and
the results are listed in Table 1. The selected tests were performed ac-
cording to the ISRM (International Society for Rock Mechanics) standard
for rock testing.”’ However, detailed descriptions of the tests are
omitted, and only brief information about each test is included in Sec-
tion 5. For triaxial compression, the confining pressure range was
limited by the testing facilities to a maximum of 30.0 MPa. The strain
rates presented in Table 1 were taken from the dynamic tests for which
the best equilibrium conditions were observed. Moreover, the values of
strain rate were limited by specimen dimensions and testing equipment.
At least five specimens were used in each test. The material cores from
which the tested samples were obtained were extracted from under-
ground mines located in the Lower Silesia region of Poland.

3. KCC model description

The KCC material model is a three-invariant model based on three
pressure-dependent shear failure surfaces: yield, maximum and residual.
Deviatoric and volumetric responses are treated separately in this
model. The actual pressure in the material is calculated from an EOS. An
extended description of this model with theoretical background and
implementation details is reported in Ref. °° and.*! Therefore, only a
brief description clarifying practical aspects of its implementation is
presented here. The model permits the automatic generation of material
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Table 1
Mechanical properties of the investigated dolomite (determined by the authors).
Property Value Unit
Density, p 2810.0 kg/
m3
Poisson’s ratio, v 0.25 -
Young’s modulus, E 15.9 GPa
Bulk modulus (UCS), K 10.6 GPa
Results of experimental tests
Uniaxial compressive strength (UCS), f; 212.0 MPA
Triaxial compressive strength (TXC) for ??, = 2?3 = 235.6 MPA
10.0 MPa
Triaxial compressive strength (TXC) for ??, = ??3 = 284.2 MPA
17.5 MPa
Triaxial compressive strength (TXC) for ??, = 2?3 = 297.5 MPA
25.0 MPa
Static uniaxial tensile strength (BST) 5.2 MPA
Dynamic uniaxial tensile strength (DBT) até = 37.6 MPA
2410571
Dynamic uniaxial tensile strength (DBT) até = 42.4 MPA
332.0s7!
Dynamic uniaxial compressive strength (DUC) até¢ = 261.1 MPA
66.0 s7!
Dynamic uniaxial compressive strength (DUC) at ¢ = 288.4 MPA
109.0 s7!
Dynamic uniaxial compressive strength (DUC) at ¢ = 411.3 MPA

361.0 s7!
Damage incremental uniaxial compression test (IUC) - -

constants based only on the unconfined compressive strength f.. A
graphical representation of the three above-mentioned surfaces for f, =
212.0MPa, which corresponds to the uniaxial strength of the investi-
gated dolomite, is presented in Fig. 1.

The deviatoric response of the KCC model is controlled by the
abovementioned failure surfaces expressed in (1) and determined ac-
cording to the system of pressure (2) and a function limiting the model
deviatoric response (3) resulting from the second invariant of a devia-
toric stress tensor (4)30:

Agi:aﬂi“ri_)i:y:”hr (1)
ay; + ap
p=t 2t @
Ac=+/3], 3
1 1
JZ:EG’ :0’:6[(01 — ) + (62 — 03)* + (03 —61)2} (@)

where Ag; is a function describing the three failure surfaces implemented
in the KCC model; ag;, a;;, ag; are the failure parameters of the surfaces; y,
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Fig. 1. Automatically generated failure surfaces for f'c equal to 212.0 MPa
(UCS test).
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m, r are the indexes of the yield, maximum and residual surfaces,
respectively; p is the pressure (positive in compression); Jz is the second
invariant of the deviatoric stress tensor; Ao is the principal stress dif-
ference; and o3, 02, 03 are the principal components of the stress tensor.

First, the yield surface, Ay, controls the initiation of plastic defor-
mation of the material. When the load path determined by the externally
applied force crosses this surface, yielding begins, and the material starts
to deform irreversibly. This plastic deformation, known as a hardening
phase, reduces the material stiffness in accordance with the damage
curve (discussed later in the paper). Further increases in loading result in
pressure growth until the maximum surface is reached. Second, the
maximum surface, Ao, corresponds to the maximum strength that the
material can withstand and is dependent on loading conditions. Third,
the residual surface, Ao, determines the post-failure stiffness of the
material. Proper calibration of the surface allows the inclusion of a
brittle-ductile transition effect at high confining pressures. When 4o,
takes values above Ao, strain hardening occurs, and the material
strength exceeds the theoretical maximum value resulting from Aoy,
Many rocks, including dolomite and granite, are sensitive to this phe-
nomenon, especially when subjected to triaxial or hydrostatic
compression.30

The load path followed by the constitutive model depends not only
on the pressure but also on the deviatoric part of the stress tensor (Jz, J3)
and the damage parameter A. 1 is used in the interpolation function
defining the actual position of the material strength in P — A¢ space>’

Ao = I1(A6m - Aay) +40, for 1 <A, )
Ao = (Ao, — Ac,) + Ao, for A > Ay
where 4, is the value of the damage parameter at which # = 1 and
softening of the material begins.

The damage function is a numerical factor that needs to be calibrated
separately for each material.®” The change in the strength of the material
is controlled by the amount of plastic strain. Plastic deformation results
from different mechanisms such as microcrack growth, reduced material
volume, dilatancy effects, etc.

The numerical implementation of material damage is a function of
the damage evolution parameter rate given by the following>’:

i=h(p)é (6)

where & is the effective plastic strain rate and h(p) is the damage evo-
lution factor. After integration in a domain of plastic deformation, the
damage parameter defined separately for tension and compression is
described by the following®’:

dep
/7 forp >0
0 rf(l+(p/rfT)h')
A= @

£p R

/ Lb orp <0

o rf(l +(p/rT) 2)

where by, b2 are damage scaling parameters; ry is the dynamic increase
parameter; T is the tensile strength; and de, is the increment of plastic
strain given by dep = /2/3 dep : dep. The damage scaling exponents
control the rate at which the damage to the material increases and are
mostly related to shear damage accumulation.

The KCC model requires implementation of an EOS describing the
volumetric response of the material. The shear and compaction behavior
must be decoupled, particularly for materials, like most rocks, that are
sensitive to pressure triaxiality. The definition of the EOS is based on a
piecewise nonlinear relationship between pressure and volumetric
strain with a predefined unloading modulus for each pressure range. The
general form of the EOS is given by>’

p=Clev) +yH(ey)E ®
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where p is pressure; ¢, is volumetric strain; H is an additional unitless
tabulated function; C is a material constant (in this case corresponding
to the bulk modulus); and E is internal energy.

The results of experimental tests are used to calibrate the EOS con-
stants. The actual pressure is calculated using a simple equation®’:

p=p"% + KAe* 9

where A¢ is the increase in elastic volumetric strain; p?©S is the pressure
from the EOS input; and K is the calculated bulk modulus of the material.
Both pf% and K are defined by the user based on experimental data.
Additionally, the unloading bulk modulus Ky, defines the material
stiffness used to determine the reloading path. When the external load is
reduced, the stiffness of the material in the unloading phase is assumed
to be Ky until the tensile cutoff pressure T is reached. A schematic
representation of the loading and unloading phases is shown in Fig. 2.
Reloading of the material always follows the same path as unloading.

The influence of the strain rate on the material strength surfaces and
the damage curve is implemented in the KCC model as the dynamic
increase factor (DIF) parameter according to the followmg“)

1l

where r¢ is the DIF defined separately for tension and compression. The
actual stiffness of the material is determined based on the actual strain
rate and DIF parameter.

4. Determination of KCC model parameters

A full description of the KCC constitutive model in the user input
mode requires the determination of eighty-two material constants. Most
follow directly/indirectly from experimental tests, while those that do
not have any physical representation (related to damage) require nu-
merical calibration. This paper describes a procedure for KCC parameter
determination followed by model validation based on selected static and
dynamic experimental tests. The KCC model is not able to map all
physical phenomena occurring in rock deformation, such as material
stiffness changes or thermal effects, and therefore some simplifications
are introduced and discussed.

4.1. Calibration of failure surfaces

The KCC model is based on three failure surfaces that limit the
strength at each stage of deformation. There are several methods for
describing these surfaces. Simple failure criteria such as Hoek-Brown or
Mohr-Coulomb can be adopted.’ Another common approach is direct
implementation of the experimental test results as points in a P — Ac
curve and their approximation with constitutive equations. In the pre-
sent paper, the second approach was implemented. The

@ Uniaxial compressive strength
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Fig. 2. Schematic representation of the equation of state.
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abovementioned surfaces were determined for static loading conditions
to reduce the influence of viscous effects during high-strain-rate defor-
mation. The outcomes of UCS, BT and TXC tests were also included.

Universal calibration of the constitutive model should be performed
for a wide range of pressures that occur in static to strongly dynamic
(shock or blasting) tests.”* Therefore, satisfactory compliance between
failure surfaces and experimental data needs to be preserved for pres-
sures up to several GPa. Due to a lack of data for confining pressures over
25.0 MPa, additional TXC results for dolomite were adopted from the
literature*®°>°° to increase the range of confining pressures up to 600.0
MPa. These additional data were included due to the similarity of the
strengths of the materials at specified loading conditions: compared with
the tested dolomite, the selected dolomites had similar compressive
strength in UCS tests and similar strength in TXC tests at the same
confining pressures. Therefore, it was assumed that incorporation of
these results for large pressures was sufficiently reliable and would
faithfully reproduce the properties of the investigated dolomite.

Three characteristic points were determined from each UCS and TXC
experimental stress-strain diagram (Fig. 3). These points determine the
tracking of KCC failure surfaces and are described as the plastic defor-
mation initiation point f’cy, maximum compressive strength f’. and re-
sidual strength f’,. The averaged dolomite strength curves were adopted.

For each of these points, the values of pressure P and deviatoric stress
Ao were calculated using Eq. (1). Three coefficients that control the
slope and shape of each surface must be determined: ay, a; and ay. There
are several methods for fitting the surfaces to experimental points, and
the present study adopted the least square method, which is the most
commonly used.

The mechanisms of rock deformation and failure differed slightly
under uniaxial and triaxial loading conditions, which impacted the
material strength. The ¢ — € curves from the UCS tests were nearly linear
until the fracture process started. For dolomite, there was no visible
point at which the micro cracks initiated and began to propagate, which
usually can be observed as a decrease in the slope of the ¢ — € curve. Due
to the unconfined conditions of the test, the radial deformation of the
sample was not limited by pressure, resulting in immediate breakage of
the sample after reaching the maximum strength f’.. The diagonal
shearing plane is an effect of friction between the rock and the cross-
head. The energy accumulated during elastic deformation was imme-
diately released, resulting in a loss of continuity of the sample. To
reproduce this phenomenon in the KCC model, both the 46y and Aoy,
surfaces must cross the point (f’./3, f’c) corresponding to the UCS. The
residual strength of dolomite subjected to uniaxial loading is governed
by the conditions at the outer top surface of the sample but is very often
close to zero due to brittle behavior of the material.”” Therefore, the
loading path for UCS in P — As space cannot cross the determined re-
sidual surface. Despite this, the present study intentionally defined a
residual surface in such a way that the UCS loading path was crossed at
3.0% of f’; to prevent a large unphysical deformation of FEs with very
low stiffness, which could ultimately influence the time step size.*?
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Fig. 3. Description of characteristic points for tracking KCC failure surfaces.
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On the other hand, during TXC tests, the confining pressure con-
strained radial deformation of the sample. As a result, the increase in
volumetric strain was limited, and crack propagation was impeded.
Thus, the material strength obtained from the TXC test exceeded the f’,
from the UCS test. The material strength from the TXC tests describes
conditions under which a failure surface can be created only as an ag-
gregation of microdefects.®” After initial hydrostatic compression, when
01 > 02 = 03, the rate of lateral deformation and the intensity of cracks
propagation increased, and after reaching the maximum strength,
shearing of the sample occurred. Again, equations (2)-(4) were used,
and the abovementioned additional dolomite results were applied.
During the TXC tests, the residual response of the samples was not
registered because of laboratory limitations, and therefore the
post-failure behavior of the investigated dolomite is unknown (only an
immediate drop in force was observed).

Determination of the residual surface requires knowledge of the
stress value at which a stable plateau of load is observed. This part of the
strength curve was determined according to literature data for different
dolomites. The collected data showed that the average residual strength
of dolomite, f’;rxc, was within the range of 30.0%-100.0% of the
maximum strength f’.rxc. Moreover, for confining pressures over 200.0
MPa, a brittle-to-ductile transition was observed. The residual strength
of the investigated dolomite rock was elaborated using the following
approach. The strength value at which the stable plateau of residual
stress occurred was compared with the maximum strength obtained
from the same test for each available confining pressure. These ratios
were presented as a function of pressure and interpolated with an
exponent function given by Eq. (11). Unfortunately, most previous
works do not provide any information about residual strength, and only
limited data points are available. As mentioned above, it was assumed
that for pressures over 200.0 MPa, the residual strength is close to the
maximum strength due to the brittle-ductile transition. The obtained
function can be applied for pressures over 10.0 MPa and is given by
o <am (0325083 for 02 =03 < 200) an

1 for 6, =03 > 200

The graphical representation of the function given by Eq. (11) is
presented in Fig. 4. Unfortunately, from the results in Ref. °°, only the
maximum and residual points can be calculated.

Ultimately, three failure surfaces interpolating the experimental data
were obtained and are presented in Fig. 5. Additionally, the calibrated
coefficients are listed in Table 2. Many research papers referring to the
KCC model have focused on determining failure surfaces for a narrow
range of pressures (i.e. 0.0-100.0 MPa). Fitting constitutive equations
for a reduced number of points can result in a good approximation, but
such models cannot be assumed to be universal. To prevent this limi-
tation, numerous experimental points for high pressures were adopted
as described above.

Finally, the dolomite tensile strength was determined. The maximum
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Fig. 4. Exponential function for the determination of residual strength.
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Table 2
Calibrated and automatically generated input parameters of the KCC model for
dolomite.

Parameter Value Unit
agy 77.0 -
azy 0.513 -
azy 0.00077 -
Aom 79.0 -
A1m 0.542 -
Az2m 0.00015 -
aor 0.0 -
asr 0.47 -
azr 0.0002 -
T 5.2 -

stress from the quasi-static Brazilian test, calculated as T = 4.4 MPa, was
increased by 15.0% to survey the non-pure tensile state of stress on the
sample.”® The input strength was equal to 5.2 MPa, equivalent to 2.5%
of the compressive strength of the dolomite.

4.2. Equation of state determination

Experiments performed under uniaxial or hydrostatic conditions are
commonly used to determine the relation between pressure and volu-
metric strain. Large pressure values are usually observed in hydrostatic
or strongly dynamic shock and impact tests. Under such conditions, the
material stiffness increases drastically as a result of an immediate in-
crease in relative density. The EOS is composed of a piecewise function P
— u given by a pair of 10 points. Pressure, volumetric strain and an
unloading bulk modulus were calculated based on the experimental data
from uniaxial static compression tests, uniaxial dynamic compression
tests and flyer impact tests.”®

A three-part curve defining the characteristic regions depending on
pressure was adopted. The first region, (I), defines the dolomite strength
in the quasi-static linear range and is limited by the UCS. The material

stiffness is calculated according to the following®’:

P

K== (12)
"
AV

= as

where u is the volumetric strain and AV and V are the increment of
volume and the initial volume of the material, respectively.

During the experimental tests, the radial strain required for calcu-
lation of the volumetric strain was not measured. However, the
maximum pressure P and axial strain ¢ from the UCS tests were recorded,
and the elastic modulus E was calculated from Hooke’s law. According
to the literature, Poisson’s ratio v of dolomite varies from 0.23 to
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0.26"%%* and changes during deformation. For the calculations, a value
of 0.25 was adopted. The volumetric strain y was calculated using a
reverse method based on the described material elastic constants and
was obtained by simple transformations of Eq. (12) and Eq. (14).
Assuming perfectly elastic deformation of rock and omitting dilation,

the bulk modulus K was calculated with the following formula®’:

E

K=sta=2y

a4

Experimental tests have proved that the stiffness of dolomite is
sensitive to the actual state of stress and grows as the stress triaxiality
factor increases**®° because the axial and radial loadings decrease the
sample volume; therefore, y < 1.0 from Eq. (13). Including this condi-
tion in Eq. (12) increases the value of the bulk modulus. This increase is
mostly observed in an elastic range of deformation. When crack prop-
agation begins and the rock grains lose connectivity, the sample volume
increases such that 4 > 1.0 as a result of the dilation effect, and the
nonlinear response begins.’%°® The KCC model does not support an in-
crease in K as the volume decreases. The stiffness is calculated directly
from the EOS and, for 67 > 62 = 03, can be calculated according to Eq.
(9). Due to the lack of hydrostatic or uniaxial strain test results for
dolomite, the values of the bulk modulus obtained from the UCS and
TXC tests were averaged to compensate for the increase in K when the
dolomite is subjected to the complex state of stress. Supporting this
decision, for confining pressures over 60.0 MPa, the increase in the bulk
modulus significantly decreases.”®®” The experimental values of P and K
from the UCS and TXC tests (o2 = o3 ranging from 10.0 to 25.0 MPa)
used for averaging are listed in Table 3 with the determined first point of
the EOS. The proposed procedure for determining the unloading bulk
modulus is based on a cyclic uniaxial strain test, similar to uniaxial
compression with displacement-controlled loading. The displacement
increases monotonically in each cycle until the sample is fully unloaded.
The increment of displacement was chosen based on the failure strain
from the UCS tests in such a way as to obtain at least 10 cycles in the
theoretical elastic range. The force was constantly monitored, and the
unloading modulus was calculated from the unloading path. It was
observed that the unloading bulk modulus was ~10% higher than the
loading modulus. This observation was applied for the whole range of
pressures; however, only quasi-static tests were performed.

The second range of EOS (II) is a cubic interpolation between the
range of static (I) and shock-induced (III) loadings and results from the
dynamic loading conditions. This part of the EOS is a transition region
that smooths the material stiffness between I and III. Bijay et al.®®
confirmed that the dynamic modulus of dolomite is three times higher
than its static Young’s modulus. The dynamic tests also confirmed the
sensitivity of dolomite to the loading rate and increase in material
stiffness (elastic modulus). To reduce the immediate change in K, its
value at the end of the second range was set equal to the dynamic
modulus, assumed as Kp = 3K = 42.9 GPa. The curve was divided into
4 sections, and the linear increase in the bulk modulus was defined as
K%' = aK?, in each step, where a = 1.3762, and was iteratively cali-
brated to fulfill the described condition of the final value of the bulk

Table 3
Elastic constants for UCS and TXC tests.

Parameter 0y =03 Average Value/  Unit
Value
0.0 10.0 175 25.0

Elastic modulus, E 15.9 22.1 22.5 25.4 21.5 GPa
Peak pressure, Pmax 71.0 81.8 91.5 102.5 86.7 MPa
Bulk modulus, K 10.7 14.7 15.0 16.9 14.3 GPa
Data for the first point of the EOS

Volumetric strain, y - 0.00606 -
Pressure, P - 86.7 MPa
Unloading bulk - 14.3 GPa

modulus, Ky,
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modulus equal to Kp.

The third range of EOS, (III), was determined for shock-induced tests.
A series of Hugoniot Elastic Limit (HEL) points were calculated based
on°? %% and approximated with a cubic function for pressures up to 10.0
GPa using 4 points. The calibrated EOS points for the dolomite are listed

in Table 4, and their graphical representation is presented in Fig. 6.

4.3. Determination of the dynamic increase factor (DIF)

The dolomite exhibited a highly nonsymmetrical increase in strength
(for tension and compression) under dynamic loading. For the tensile
strength, a tenfold increase was observed, while for compression, the
strength increased by 2.5-fold for a similar strain rate. These results are
similar to those presented in the literature.® To determine a curve
defining the DIF, the results from all uniaxial tests at different strain
rates were referred to the strength assumed as quasi-static (from UCS
tests). The obtained curve defines DIF as a function of the strain rate
(positive in compression and negative in tension) and is presented in
Fig. 7; the experimental data are listed in Table 5. The obtained DIF
curve was compared with the automatically generated DIF curve for
concrete. For default parameters determination an USC 213.0 MPa was
applied.®! The two curves are similar; however, dolomite is slightly less
sensitive to viscosity effects than concrete. Insufficient data points for
strain rates up to 241.0 1/s may result in a linear calculation of the in-
crease in strength under tensile loading conditions as a result of kine-
matic hardening instead of non-linear exponential-like hardening.

4.4. Damage parameters

Next, damage parameters, which are numerical constants controlling
the strength and behavior of material after crossing the yield point, are
determined. The post-yielding behavior can be adjusted with (1) the
damage curve n — A supported by the normalization factors b; (in
compression) and by, bs (in tension), (2) the stretch factor, or (3) the
maximum aggregate size.

The first (1) method was adopted in the present study. The shape and
slope of the n — 4 curve define the rates of material hardening and
softening. This function was determined from the experimental stress-
strain curves according to the described procedure (Fig. 8). For cali-
bration purposes, the value of b; was set to 1.0 to prevent an influence of
b; on the values of 1. Changes in the b; parameter were used for mesh
normalization for damage, which is strongly influenced by the element
size. For calibration, averaged o — ¢ curves from the TXC tests were used.

In the first step, the plastic part of the ¢ — ¢ curve from the experi-
mental results was isolated and adopted for determination of the dam-
age evolution parameter A with respect to Eq. (6) and Eq. (7). Since the
TXC tests were conducted under quasi-static compression conditions,
the impact of the DIF factor was neglected (rs= 1.0), and the Lode angle
due to stress triaxiality was equal to 1.0. Finally, the A for pressure P >

0.0 was calculated with the following equation®’:

Table 4
Points of the EOS adopted in numerical simulations of dolomite.

Point Volumetric strain, u Pressure, P Unloading bulk modulus,
no. [-] [MPa] Ky, [GPa]
1 0.000 0.0 11.7

2 0.006 71.0 12.3

3 0.007 92.1 16.7

4 0.009 121.3 22.8

5 0.010 161.3 31.1

6 0.012 234.4 42.6

7 0.034 2227.0 92.1

8 0.056 4583.0 108.5

9 0.078 7302.0 124.8

10 0.100 10383.0 141.2
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Table 5
Experimental data for DIF determination.

Test no. Type of test Strain rate, &[s '] Strength [MPa] DIF

1 DBT 332.0 42.4 9.57
2 DBT 241.0 38.8 8.81
3 BT 0.00017 5.2 1.01
4 - - - 1.00
5 ucC 0.00024 213.0 1.00
6 DUC1 66.0 261.1 1.28
7 DUC 2 109.0 288.4 1.44
8 DUC 3 361.0 411.3 1.94

1 =P
A= 3 (15)

by
®

In Eq. (15), there are two variables: pressure and plastic strain.
Similarly, as in Ref. *, the radial strain was not measured from exper-
iments and was determined from Eq. (16), assuming a constant Poisson’s
ratio for the whole plastic range*®:

Yy e \/ 2/3 [(ehua)’ + 2] (Ehaa)’] 4o

Eradial = — VEaxial 17)

As described in Section 4.1, the strength of the material under
triaxial loading conditions does not scale linearly, and the determined
failure surfaces do not precisely cross the experimental points. There-
fore, to determine /, the failure surfaces need to be corrected such that
they exactly cross the experimental points in the P — A¢ system. This
correction is described for the TXC test with a confining pressure of 25.0
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Fig. 8. The procedure for determining the damage parameter for the KCC model.

MPa. The loading path for this test is given by Eq. (18) and was obtained
from the transformation of Egs. (2)-(4):

Ac=3p—75.0 18)

The values of f’y, f°c and f’; from the calibrated failure surfaces differ
from the experimental values by 17.0, 20.0 and 80.0 MPa for TXC 25
MPa. As a result, the numerical model still behaves in an elastic way,
whereas in the experiment, irreversible deformation had already initi-
ated under these conditions. As a result, the actual value of 1 (which is a
function of &) does not correspond to the value of A calculated from the
constitutive model, and therefore the calculated damage function does
not fulfill the requirement that the damage coefficient is limited to the
range 0 < # < 1. To compensate for these differences, a correction was
applied by increasing or reducing the failure surfaces to cross the
experimental points. The offset was calculated as the pressure difference
between the experimental tests and calibrated surfaces at each charac-
teristic point for the specified loading conditions (in this case for TXC
25.0 MPa). The corrected failure surfaces Ac; were calculated with the
initially determined values of ag;, aj; az; using Eq. (18), where ay; was
increased/decreased by the calculated difference between the original
and the offset surface. This procedure is schematically shown in Fig. 8a.
All three surfaces were corrected in the same way.

In the third and final stage, the value of the damage parameter n was
calculated separately for the hardening and softening phases using Eq.
(7). Finally, the function n(4) was obtained and approximated with a
piecewise linear curve using 13 pairs of points as shown in Fig. 8b. This
function was adopted for further validation.

The failure of dolomite rock is strongly dependent on loading con-
ditions; i.e., softening of the material is immediate under uniaxial
loading (UCS, DUC), while for a complex state of stress (TXC), the
strength decreases gradually. Generalization of a failure mechanism
irrespective of these conditions may result in discrepancies in the results;
however, if the potential application of the model is known a priori, the
damage function may be determined using the described procedure for
specified loading conditions. Further studies will focus on the develop-
ment of a universal homogenized damage function.

The other two constants, bz and bs, which control the damage to the
material under tensile loading, are related to the fracture energy and
require direct tensile or notch bending tests for calibration. Although
such tests were not conducted, further results from simulations
confirmed that default values of b, = 1.15 and bs = 1.6 provide a
satisfactory correlation for both static and dynamic Brazilian indirect
tensile tests. Eventually, the numerical simulations of dynamic
compression and tension described in next chapter present a significant
impact of LOCWID parameter (aggregate size) for fracture patterns.
There is no detailed description of this parameter in source papers and
further investigations will cover the normalization of the LOCWID for
different loading conditions and mesh sizes. In, a default value of 25.4
was applied for static simulations and 75.0 for dynamic simulations.
Similar studies were introduced in Ref. *°, 7°

5. Numerical modeling and validation of the KCC model

Future studies will include the implementation of the KCC model in
numerical simulations of underground cut-hole blasting, where a pre-
dominance of dolomite rock has been observed.”’ In such events, high
strain rates and high pressures occur. Therefore, the material model
must be validated under various loading conditions to reliably repro-
duce the behavior of preloaded rock subjected to blast loading. All
experimental tests used for calibration were reproduced numerically.
Detailed descriptions of the FE models are provided below.

5.1. Quasi-static simulations

Numerical models reproduce the geometry of actual samples as
uniform and continuous models without any imperfections and in-
clusions. Cylindrical samples with a height: diameter ratio of 2:1 (@ =
50.0 mm and h = 100.0 mm) were used for the uniaxial and triaxial
compression tests. An eight-node solid element with one central inte-
gration point was adopted. Constitutive models in which damage is
present are highly sensitive to element size. Therefore, simultaneously
with the determination of the KCC model parameters, a mesh sensitivity
study was performed, and the characteristic element length was set to
1.25 mm. This value represents a compromise between accuracy and
computational time. The boundary conditions for UC were as follows: a
sample was placed between two rigid walls, and the lower wall was fixed
while the other wall was moved in the axial direction (Fig. 9a). Extensive
research has proved that friction plays a significant role in UCS tests and
has a large impact on the results, and thus a value of static friction of
0.56 was adopted.”?

During rock deformation, fracture plays a significant role. To in-
crease the computational effectiveness, an explicit integration scheme
with a central difference method was adopted in the numerical solution.
To reduce the inertial effects caused by the immediate loading of the
sample by the rigid wall, the prescribed velocity function was applied for
the moving surface. With this method, the total kinetic energy was close
to zero. The only disadvantage is related to strain rate effects. To prevent
unphysical kinematic hardening, the strain rate scaling parameter was
deactivated for quasi-static tests. The corresponding velocity function is
given by the following”*:

(1) = i 3 S';f“ [1 —cos (%t)] 19

where Syqx is the maximum displacement at the end of the simulation
and T is the termination time of the simulation.”*’* An identical
approach was adopted previously,”* and the method proved to be effi-
cient and reliable in simulating quasi-static problems using an explicit
approach.””

The same loading condition was applied to the static Brazilian test,
except that a cylindrical sample with a 1:2 height:diameter ratio (h =
25.0 mm and d = 50.0 mm) was used. The sample was oriented
perpendicularly to the rigid walls as shown in Fig. 9c.

Slightly different conditions were applied in the triaxial test simu-
lations. In the experiments, the hydrostatic part of loading was obtained
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Fig. 9. Boundary conditions for the UC, TXC and BT tests.

by surrounding the sample with pressurized oil, after which the axial
loading was controlled by displacement of the crosshead. To prevent oil
penetration into the samples, the specimens were covered by shrink
sleeves. The thermoplastic stiffness of the sleeve was significantly
smaller than the stiffness of dolomite and therefore did not impact the
test results. In the numerical model, the phase of axial compression was
preceded by a dynamic relaxation in which the confining pressure was
applied to the top and side surfaces of the sample. The values of 63 = o3
corresponded to the experimental ones: 10.0, 17.5 and 25.0 MPa
(Fig. 9b). After relaxation, the value of pressure remained constant, and
axial loading began. This modeling method allowed for direct

200

005 01 015

Time [ms]

"7 " Stress [MPa]

w 8 ; &
o 3 8 & =}
.:

measurement of forces from the contact interface with the moving rigid
wall in the same way as in the experiments.

5.2. Dynamic simulations

A different approach than quasi-static simulations was proposed for
the dynamic tests, in which the propagation of stress waves is a domi-
nant deformation mechanism. To faithfully reproduce these effects in
the same way as in the experiments, a whole model of the split Hop-
kinson pressure bar (SHPB) was prepared. This method permits a com-
parison of the reflected and transmitted waves in the incident and
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Fig. 10. Numerical setup of the Brazilian dynamic test performed using the SHPB apparatus.
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transmission bars. Two different SHPB models were used for the Bra-
zilian and DUC tests. In the DUC tests, a bar with a diameter of 40.0 mm
and a length of 4000.0 mm was used, while for the dynamic Brazilian
test (DBT), a bar with a diameter of 25.0 mm and a length of 2000.0 mm
was used. Modeling of the striker bar was omitted, and therefore only a
pressure history (incident wave) was applied at the face of the incident
bar. To fulfill the requirement of force equilibrium, a 1.0 mm-thick
copper wave shaper was used. The samples were placed between the
elastic steel bars as shown in Fig. 10, and the penalty-based contact
interface was set between them. The material of the bar was maraging
steel with an elastic modulus E = 207.0 GPa, Poisson’s ratio v = 0.29 and
sound speed ¢ = 5140.0 m/s.

Because contact plays a significant role in strongly dynamic simu-
lations,”>”” the numerical parameters responsible for stiffness were
chosen based on a series of numerical simulations.”®”® The value of
contact stiffness was chosen to reduce penetration of the elements while
preventing numerical instabilities. During the experiments,
friction-reducing lubricant was used between the sample and the
bars,®*! and thus friction effects were neglected in the simulation.

6. Results and discussion

In this section, the numerical outcomes were validated against the
experimental results for the simulations described in Section 5. The
comparison of the stress vs. strain curves identified the correlation of the
material stiffness and its global response. The KCC model does not
support the propagation of physical cracks, which are understood as an
occurrence of discontinuities in the model. For qualitative analysis, the
damage index patterns (called “plastic strain” in the KCC model) were
compared with photos of actual samples after the experimental tests.
Since the fracture characteristics and waveforms were similar for all
specimens in each test, only the results from the selected samples are
presented.

For the UCS, DUC and TXC tests, the experimental results are pre-
sented as a shaded zone representing the area between the limiting
maximum and minimum curves. In Fig. 11a, the results from quasi-static
uniaxial compression tests are presented. The elastic stiffness is slightly
overestimated in the simulation, and the elastic modulus is 10.0% higher
than the experimental value. This discrepancy is a result of averaging the
bulk modulus as described in Section 4.2. The value of unconfined
compressive strength, f’c = 204.5 MPa, is in good correlation with the
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value measured in the actual tests. In contrast to the experiments, a
hardening phase occurs between f’c, and f’c because the yield and
maximum surfaces do not directly cross the point corresponding to UCS.
The amount of plastic strain is ~0.14% and does not influence the global
stiffness of the material.

The results from the triaxial compression tests are shown in Fig. 11b
and c and d for three confining pressures. The slope of the boundaries of
the shaded areas show that the heterogeneity of dolomite results in a
divergence from the experimentally measured bulk modulus of up to
35%. This significant discrepancy is a result of micro/macro cracks and
inclusions in the samples. The least durable sample had macroscopically
visible imperfections that initiated sample fracture under lower force
compared with the samples without visible preexisting macro cracks. An
increase in the stiffness of the material is observed in the stress—strain
curves, which indicates that the pressure corresponding to the value of
f’¢/3 was crossed, and the bulk modulus was calculated from the second
range of the EOS.

The highest error was 5.3% for TXC 25.0 MPa. This result indicates
that the maximum strength of the material was calibrated properly. The
residual strength of dolomite was calculated using Eq. (11) and differed
for the lowest and highest experimental strength results. Therefore, this
range is shown between the two dashed lines. The dilatancy effect
(controlled by the dilatancy factor ) significantly impacted the damage
pattern and the character of the residual plateau. When » was 0.0, the
whole accumulated internal energy changed to produce a deviatoric
response of the material without increasing its volume. By contrast,
when @ was 1.0, the volumetric strain increased rapidly in the whole
sample, and no shear fracture occurred. Due to the lack of measured
dilatancy data for dolomite, a value of 0.3 was applied, which mostly
reproduced the actual damage pattern with shearing, the main mecha-
nism of failure under triaxial compression. The damage index and actual
crack pattern are compared in Fig. 12. Two main regions were recog-
nized: fully fractured material creating a failure plane and partially
deformed material at which hardening began. These outcomes are
similar to the results for a similar dolomite presented in Ref. %2

The fracture of rock massifs in underground blasting, a planned
application of the KCC model, is mostly controlled by the tensile
strength of the rock. To reliably reproduce the generalized character of
crack propagation in dolomite under tensile loadings under static and
dynamic conditions, the KCC model was validated in static Brazilian
tests. Fig. 13 presents a comparison of the force-displacement curves
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Fig. 11. Results of uniaxial (a) and triaxial (b, ¢, d) compression tests at different confining pressures.
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Fig. 12. Comparison of the fracture patterns for TXC 25.0 MPa from simulation and experiment.
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Fig. 13. Comparison of experimental and FEA results for the static Brazil-
ian test.

obtained from FEA and actual tests. The general correlation of the shape
of the curves is acceptable. The experimental force varied from 6.3 to
10.5 kN, and the use of an averaged value for the calculation of tensile
strength (T = 5.2 MPa) resulted in a force of 8.5 kN, 3.6% higher than
the experimentally determined value. In the FE simulations, a short
flattening occurred at 0.08 mm due to the mixed compressive and
shearing state of stress (resulting from friction), which caused an
infraction at the area of contact with the rigid wall.®® At the same time, a
single crack began to propagate in the center of the sample as a result of
tensile force accumulation according to the Griffith fracture criterion.®*
The areas affected by tensile and local shear fracture are marked in
Fig. 13. The comparison of the damage index with the actual split sample
showed good agreement and confirmed previous results.®>

Consequently, the material was investigated in the dynamic Brazilian
test. In this case, the stress in the bar was calculated with a simple
relation®"%%;

 0.636-P(t)
o(t)==F, (20)
P(t) = AEe(r) @n

where P(t) is the loading history, E is the elastic modulus of the bar, A is
the area of the bar’s cross section, h and D are the thickness and the
diameter of the disc, respectively, and &,(t) is the transmitted wave.
The stresses measured in the bar from the simulations and experi-
ments are compared in Fig. 14. The material stiffness registered as a
slope of ¢ — t in FEA was lower than the actual one by 12.5%. This un-
derestimation may be due to the lack of tensile strength results for strain
rates within the range 1.0 <+ 250.0 [1/s]. The DIF function is linear, and
the increase in strength also scales linearly. Experimental tests for
different rock types (e.g. limestone) have shown that the increase in
strength is exponential rather than linear in this range. Likewise, strain
rates were calculated from the experiments globally for the whole
sample using the stress waves registered in the bars, whereas in the
numerical simulations the strain rate was calculated for each element
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Fig. 14. Comparison of deformation in dynamic Brazilian tests based on ex-
periments and the numerical model.

separately and precisely. Thus, the material strength may vary locally in
the sample, as in the disc the wave speed is nonuniform. The maximum
values of strength calculated using Eq. (20) were 36.4 MPa in FEA and
37.2 MPa in the experimental tests for the selected loading signal. The
comparison of fracture characteristics of the specimen obtained in FEA
and experimental test is also included in Fig. 15. In numerical simula-
tions, the fracture was considered as a zone in which the damage index
of ~2.0 was observed. A single crack splitting the sample into two
similar pieces at its center was noticed in both cases. The fracture in
experiments was initiated at the center of the specimen in each test. An
immediate loading near the contact zone with 2 bars caused local
crushing of the dolomite, which in some specimens resulted in a prop-
agation of additional cracks after the main crack was generated. Similar
modes of specimen fracture were recognized and discussed in Ref. ©°
While the KCC model can represent the actual crack pattern in a
generalized way, it can represent the volume of material that does not
have residual tensile strength and can withstand only compressive
loading.

Finally, uniaxial dynamic compression tests were performed, and the
outcomes were compared with the actual results. Fig. 15 shows a com-
parison of the stress-strain curves for the numerical model and the
experimental tests. Both sets of values were calculated with as follows"':

o(0) =5 led(1) +€,(0) +,(0) (22)
) =1 /0 1) — (1) — e ()] @3)

where C is the wave speed on the bar, L; is the specimen length, A; is the
area of the specimen cross section, and A is the area of transmission of
the bar’s cross section. The maximum dolomite strength values were
298.0 MPa and 291.0 MPa for the selected loading conditions. The
deformation and damage values for the three characteristic phases of
deformation (81.0, 83.0 and 93.0 ms) are presented in Fig. 15. The first
stage was initiation of damage at the specimen due to the immediate
effect of stress. In this phase, damage in the KCC model was propagated
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Fig. 15. Comparison of results from the experiment and FEA.

along with the stress wave. In the second stage, the stress wave was
reflected, and the interaction with the transmission bar caused
compressive damage near the contact surface. Ultimately, at 93.0 ms,
the specimen was fully split with vertical cracks. This was reproduced by
the KCC model as a fully damaged material with no axial stiffness. The
strain at which the ¢ — ¢ curve began to decrease was similar to the
experimental results. Thus, the global stiffness and brittleness of dolo-
mite were in reasonable correlation. However, axial cracks were not
reproduced very well in FEA. To achieve the fracture pattern in such
tests, a very fine mesh that reproduces the actual microstructure and an
erosion criterion must be adopted in simulations.®®

A summary of the simulation results is presented in Table 6. The
error between the numerical and experimental strengths was calculated,
and a brief description of the fracture representation is included for each
test. Three levels of fracture representation were defined: good — the
damage index pattern reproduces the actual fracture surface resulting
from the internal cracking and influence of boundary conditions; satis-
factory —fracture of the sample occurs in a similar volume as in the actual
tests, but the fracture pattern is not preserved; poor —the strength of the
material is satisfactory, but the fracture pattern is discordant with the
experimental outcomes.

7. Conclusions

In this paper, a detailed procedure for estimating the parameters of a
KCC material model for dolomite is presented based on experiments
enhanced with selected literature data. For this purpose, five different
experimental tests were considered: triaxial compression tests, uniaxial
compression tests in quasi-static and dynamic conditions, and Brazilian
disc tests under low and high strain rates. The procedure included the
determination of failure surfaces, the equation of state, and dynamic
strengthening and damage parameters. In the next step, the KCC model
with the estimated parameters was used to simulate the experimental
tests and to validate the model. The validation was based on measured
data and deformation failure characteristics. Satisfactory reproduction
of the strength of dolomite was obtained. However, due to the adopted
continuum method of modeling and a compromise between the micro-
and macroscale, it was not possible to fully reproduce the cracking
behavior of the material in all tests. Further studies are needed to
analyze mesh-free methods of modeling and to verify the applicability of
the erosion criterion for simulating loss of continuity in the material.
Furthermore, the KCC model suffers from mesh dependency, and
therefore the mesh sensitivity of the damage parameters needs to be
calibrated.

Nevertheless, the KCC model with the determined parameters
properly represented the behavior of the dolomite rock, considering the
fact that the model was tested and validated in five different tests. In
further studies, the model will be validated in small-scale blast tests,
fragmentation tests and parallel cut-hole blasting.

11

Table 6
Experimental and numerical results comparison.

Test Type of Exp. FEA Error FEA fracture
no. test Strength Strength [%] representation
[MPa] [MPa]
1 ucC 212.9 204.5 3.4 good
TXC 10 244.2 256.7 4.6 good
MPa
3 TXC 17.5 277.4 289.4 4.3 good
MPa
4 TXC 25 284.0 299.1 5.3 good
MPa
5 BT static 8.2 kN 8.5 kN 3.6 good
(Force) (Force)
6 SHPB 1 2129 204.5 3.4 poor
7 SHPB 2 244.2 256.7 4.6 poor
8 SHPB 3 277.4 289.4 4.3 poor
9 SHPB 4 284.0 299.1 5.3 poor
10 BT 36.4 37.2 1.6 satisfactory
dynamic

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was funded by the National Centre for Research and
Development under research grant Nos. CuBR/IIl/6/NCBR/2017 and
KGHMBZ-U-0150-2017 and the Interdisciplinary Centre for Mathemat-
ical and Computational Modeling (ICM) University of Warsaw under
grant no GB65-19. This publication is co-financed by the European So-
cial Fund under the “Operational Programme Knowledge Education
Development 2014-2020". This support is gratefully acknowledged. The
authors would like to thank Prof. J. Janiszewski, Dr. R. Gieleta, Dr. P.
Bogusz, Dr. M. Konarzewski and Dr. M. Stankiewicz for conducting and
assisting with experimental tests.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijrmms.2020.104302.

References

1 Cho SH, Kaneko K. Rock fragmentation control in blasting. 2004;45:1722-1730.

2 Wang J, Yin Y, Esmaieli K. Numerical simulations of rock blasting damage based on
laboratory-scale experiments. J Geophys Eng. 2018;15:2399-2417. https://doi.org/
10.1088/1742-2140/aacf17.


https://doi.org/10.1016/j.ijrmms.2020.104302
https://doi.org/10.1016/j.ijrmms.2020.104302
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref1
https://doi.org/10.1088/1742-2140/aacf17
https://doi.org/10.1088/1742-2140/aacf17

M. Kucewicz et al.

w

EN

v

(=)}

N

@

=}

10

1

=

12

13

14

15

16

17

18

19

20

2

=

22

23

24

25

26

27

28

29

30

31

32

33

Yi C. Improved Blasting Results with Precise Initiation
Scale Tests and Full-Scale Bench Blasting. 2013.

Yi CP, Zhang P, Nordlund E, Shirzadegan S, Nyberg U. Numerical modelling of
dynamic response of underground openings under blasting based on field tests.
Ground Support. 2016:1-11, 2016.

Wei XY, Zhao ZY, Gu J. Numerical simulations of rock mass damage induced by
underground explosion. Int J Rock Mech Min Sci. 2009;46:1206-1213. https://doi.
org/10.1016/j.ijrmms.2009.02.007.

Hu Y, Lu W, Chen M, Yan P, Zhang Y. Simulation Modelling Practice and Theory
Numerical simulation of the complete rock blasting response by SPH — DAM — FEM
approach. 2015;56:55-68. https://doi.org/10.1016/j.simpat.2015.04.001.
Baranowski P, Kucewicz M, Gieleta R, et al. Fracture and fragmentation of dolomite
rock using the JH-2 constitutive model : parameter determination , experiments and
simulations. Int J Impact Eng. 2020;140. https://doi.org/10.1016/j.
ijimpeng.2020.103543.

Zhu Z, Mohanty B, Xie H. Numerical investigation of blasting-induced crack
initiation and propagation in rocks. Int J Rock Mech Min Sci. 2007;44:412-424.
https://doi.org/10.1016/j.ijrmms.2006.09.002.

Bendezu M, Romanel C, Roehl D. Finite element analysis of blast-induced fracture
propagation in hard rocks. Comput Struct. 2017;182:1-13. https://doi.org/10.1016/].
compstruc.2016.11.006.

Kedzierski P, Morka A, Stanistawek S, Surma Z. Numerical modeling of the large
strain problem in the case of mushrooming projectiles. Int J Impact Eng. 2019;135:
103403. https://doi.org/10.1016/j.ijimpeng.2019.103403.

Dehghan Banadaki MM, Mohanty B. Numerical simulation of stress wave induced
fractures in rock. Int J Impact Eng. 2012;40-41:16-25. https://doi.org/10.1016/j.
ijimpeng.2011.08.010.

Baranowski P, Damaziak K, Mazurkiewicz £, et al. Destress blasting of rock mass:
multiscale modelling and simulation. Shock Vib. 2019:1-11. https://doi.org/
10.1155/2019/2878969, 2019.

Fakhimi A, Lanari M. DEM-SPH simulation of rock blasting. Comput Geotech. 2014;
55:158-164. https://doi.org/10.1016/j.compgeo.2013.08.008.

Gui YL, Bui HH, Kodikara J, Zhang QB, Zhao J, Rabczuk T. Modelling the dynamic
failure of brittle rocks using a hybrid continuum-discrete element method with a
mixed-mode cohesive fracture model. Int J Impact Eng. 2016;87:146-155. https://
doi.org/10.1016/j.ijimpeng.2015.04.010.

Hu Y, Lu W, Chen M, Yan P, Zhang Y. Numerical simulation of the complete rock
blasting response by SPH-DAM-FEM approach. Simulat Model Pract Theor. 2015;56:
55-68. https://doi.org/10.1016/j.simpat.2015.04.001.

Gharehdash S, Shen L, Gan Y. Numerical investigation of blast-induced fractures
using smoothed particle hydrodynamics. In: Liu GR, Han X, Li Z, eds. Proc. Int. Conf.
Comput. Methods , 8th ICCM, Guilin, Guangxi, China,. 2017:1373-1386.

Gharehdash S, Barzegar M, Palymskiy IB, Fomin PA. Blast induced fracture
modelling using smoothed particle hydrodynamics. Int J Impact Eng. 2020;135:
103235. https://doi.org/10.1016/j.ijimpeng.2019.02.001.

Chang L, Konietzky H. Application of the Mohr-Coulomb yield criterion for rocks
with multiple joint sets using fast Lagrangian analysis of continua 2D (FLAC2D)
software. Energies. 2018;11. https://doi.org/10.3390/en11030614.

Hackston A, Rutter E. The Mohr-Coulomb criterion for intact rock strength and
friction - a re-evaluation and consideration of failure under polyaxial stresses. Solid
Earth. 2016;7:493-508. https://doi.org/10.5194/se-7-493-2016.

Hoek E, Brown ET. The Hoek-Brown failure criterion and GSI — 2018 edition. J Rock
Mech Geotech Eng. 2019;11:445-463. https://doi.org/10.1016/j.jrmge.2018.08.001.
Holmquist TJ, Johnson GR. Modeling prestressed ceramic and its effect on ballistic
performance. 2003. https://doi.org/10.1016/].ijimpeng.2003.11.002.

Johnson GR, Holmquist TJ. Response of boron carbide subjected to large strains,
high strain rates, and high pressures. J Appl Phys. 1999;85:8060-8073. https://doi.
org/10.1063/1.370643.

Holmquist TJ, Johnson GR, Cook WH. A computational constitutive model for
concrete subjected to large strains, high strain rates, and high pressures. In: 14th Int.
Symp. Ballist. Quebec, Canada, Quebec. 1993:591-600.

Ding YQ, Tang WH, Zhang RQ, Ran XW. Determination and validation of parameters
for Riedel-Hiermaier-Thoma concrete model. Defence Sci J. 2013;63:524-530.
https://doi.org/10.14429/dsj.63.3866.

Borrvall T. The RHT Concrete Model in LS-DYNA. 2011.

Sjoberg J, Schill M, Hilding D, Johansson D. Computer simulations of blasting with
precise initiation. In: Eurock 2012 — 2012 ISRM Int. Symp. 2012:28-30.

Sandier IS, DiMaggio FL, Baladi GY. Generalized cap model for geological materials.
J. Geotech. Eng. Div. 1976;102(7):683-699.

Schwer LE, Murray YD. Continuous surface cap model for geomaterial modeling: a
new LS-DYNA material type. In: 7th Int. LSDYNA Users Conf.. 2002:35-50.

Jiang H, Zhao J. Calibration of the continuous surface cap model for concrete 2015;
97:1-19.

Malvar LJ, Crawford JE, Wesevich JW, Simons D. A plasticity concrete material
model for DYNA3D. Int J Impact Eng. 1997;19:847-873. https://doi.org/10.1016/
S0734-743X(97)00023-7.

Wu Y, Crawford JE. Numerical modeling of concrete using a partially associative
plasticity model. J Eng Mech. 2015;141:1-24. https://doi.org/10.1061/(ASCE)
EM.1943-7889.0000952.

Markovich N, Kochavi E, Ben-Dor G. Calibration of a Concrete Damage Material Model
in LS-Dyna for a Wide Range of Concrete Strengths, IWSRIB_2009_Haifa. 2009. https://
doi.org/10.13140/RG.2.1.3503.4723.

Mardalizad A, Manes A, Giglio M. The numerical modelling of a middle strength rock
material under Flexural test by Finite Element method-coupled to-SPH modeling of a
high pressure airplane gas turbine engine. Procedia Struct Integr. 2017;3:395-401.
https://doi.org/10.1016/j.prostr.2017.04.050.

Numerical Simulation of Small-

12

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54
55

56

57

58

59

60

61

62

63

64

65

66

67

International Journal of Rock Mechanics and Mining Sciences 129 (2020) 104302

Kong X, Fang Q, Wu H, Peng Y. Numerical predictions of cratering and scabbing in
concrete slabs subjected to projectile impact using a modified version of HIC
material model. Int J Impact Eng. 2016;95:61-71. https://doi.org/10.1016/j.
ijimpeng.2016.04.014.

Jaime MC. Numerical Modeling of Rock Cutting and its Associated Fragmentation Process
Using the Finite Element Method. 2011.

Schwer LE, Malvar LJ. Simplified Cocrete Modeling with *MAT CONCRETE_DAMAGE_
REL3, Jri Ls-Dyna User Week. 2005:1-14.

Wang Z, Li Y, Wang JG. Numerical analysis of blast-induced wave propagation and
spalling damage in a rock plate. 2008;45:600-608. https://doi.org/10.1016/j.
ijrmms.2007.08.002.

Ma GW, An XM. Numerical simulation of blasting-induced rock fractures. Int J Rock
Mech Min Sci. 2008;45:966-975. https://doi.org/10.1016/j.ijrmms.2007.12.002.
Mardalizad A, Scazzosi R, Manes A, Giglio M. Testing and numerical simulation of a
medium strength rock material under unconfined compression loading. J Rock Mech
Geotech Eng. 2018;10:197-211. https://doi.org/10.1016/j.jrmge.2017.11.009.
Mardalizad A, Caruso M, Manes A, Giglio M. Investigation of mechanical behaviour
of a quasi-brittle material using Karagozian and Case concrete (KCC) model. J Rock
Mech Geotech Eng. 2019. https://doi.org/10.1016/j.jrmge.2019.01.005.

Zhao J, Feng XT, Zhang XW, Zhang Y, Zhou YY, Yang CX. Brittle-ductile transition
and failure mechanism of Jinping marble under true triaxial compression. Eng Geol.
2018;232:160-170. https://doi.org/10.1016/j.enggeo.2017.11.008.

Yi C. Improved blasting results with precise initiation-Numerical simulation of small-
scale tests and full-scale bench blasting. n.d www.Itu.se.

Kala J, Husek M. Improved element erosion function for concrete-like materials with
the SPH method. Shock Vib. 2016. https://doi.org/10.1155/2016/4593749, 2016.
Hallquist J. LS-DYNA® Theory Manual. 2006.

Ren GM, Wu H, Fang Q, Kong XZ. Parameters of Holmquist-Johnson-Cook model for
high-strength concrete-like materials under projectile impact. Int J Prot Struct. 2017,
8:352-367. https://doi.org/10.1177/2041419617721552.

Hatzor YH, Palchik V. A microstructure-based failure criterion for Aminadav
dolomites. Int J Rock Mech Min Sci. 1998;35:797-805. https://doi.org/10.1016/
50148-9062(98)00004-7.

Zhang J, Zhao QB. A review of dynamic experimental techniques and mechanical
behaviour of rock materials. Rock Mech Rock Eng. 2014;47:1411-1478. https://doi.
0rg/10.1007/s00603-013-0463-y.

Pawelus D. The assessment of the underground excavations stability with elastic-
plastic model of rock mass and Mohr-Coulomb criterion in region of the R-XI shaft.
CUPRUM. 2013;4:21-40.

Cieslik J. Onset of crack initiation in uniaxial and triaxial compression tests of
dolomite samples. Studia Geotechnica Mech. 2014;36:23-27. https://doi.org/
10.2478/sgem-2014-0003.

Palchik V, Hatzor YH. Crack damage stress as a composite function of porosity and
elastic matrix stiffness in dolomites and limestones. Eng Geol. 2002;63:233-245.
Hudson R, Ulusay JA. The ISRM Suggested Methods for Rock Characterization, Testing
and Monitoring. 2007-2014, 2007.

Kong X, Fang Q, Li QM, Wu H, Crawford JE. Modified K&C model for cratering and
scabbing of concrete slabs under projectile impact. Int J Impact Eng. 2017;108:
217-228. https://doi.org/10.1016/j.ijimpeng.2017.02.016.

Wang J, Yin Y, Luo C. Johnson-Holmquist-II(JH-2) constitutive model for rock
materials: parameter determination and application in tunnel smooth blasting. Appl
Sci. 2018;8:1675. https://doi.org/10.3390/app8091675.

Wiodarczyk E. Fundamentals of Explosion Mechanics. WN PWN; 1994. in Polish.
Cieslik J. Results of triaxial compression tests on LGOM sandstone and dolomite in
the context of the elastic-plastic constitutive model selection. Arch Min Sci. 2007;52:
437-451.

Handin J, Heard HC, Magouirk JN. Effects of the intermediate principal stress on the
failure of limestone, dolomite, and glass at different temperatures and strain rates.
J Geophys Res. 1967;72:611-640.

Bieniawski ZT. Mechanism of brittle fracture of rock. Part I-theory of the fracture
process. Int J Rock Mech Min Sci. 1967;4.

Pittet C, Lemaitre J. Mechanical characterization of brushite cements: a Mohr circles’
approach. J Biomed Mater Res. 2000;53:769-780. https://doi.org/10.1002/1097-
4636(2000)53:6<769::AID-JBM19>>3.0.CO;2-P.

Grady DE, Murri WJ, Mahrer KD. Schock compression of dolomite. J Geophys Res.
1976;81:889.

Grady DE, Hollenbach RE, Schuler KW, Callender JF. Strain rate dependence in
dolomite inferred from impact and static compression studies. J Geophys Res. 1977;
82:1325-1333. https://doi.org/10.1029/JB082i008p01325.

Petersen CF. Shock Wave Studies for Selected Rocks. Stanford: Stanford University
Libraries; 1969.

Stephens DR. The hydrostatic compression of eight rocks. J Geophys Res. 1964;69:
2967-2978. https://doi.org/10.1029/jz069i014p02967.

Stephens DR, Lilley EM, Louis H. Pressure-volume equation of state of consolidated
and fractured rocks to 40 kb. Int J Rock Mech Min Sci. 1970;7:257-296. https://doi.
0rg/10.1016/0148-9062(70)90042-2.

Mogi K. Effect of the intermediate principal stress on rock failure. J Geophys Res.
1967;72:5117-5131. https://doi.org/10.1029/jz072i020p05117.

You M. True-triaxial strength criteria for rock. Int J Rock Mech Min Sci. 2009;46:
115-127. https://doi.org/10.1016/j.ijrmms.2008.05.008.

Hatzor YH, Palchik V. Correlation between mechanical strength and microstructural
parameters of dolomites and limestones in the Judea Group - Israel. Isr J Earth Sci.
2004;49:65-79. https://doi.org/10.1560/Igvg-ha9e-p1x7-yrat.

Bukowska M, Sanetra U. Badania konwencjonalnego tréjosiowego sciskania granitu i
dolomitu w aspekcie ich wlasnosci mechanicznych. Gospod Surowcami Miner. 2008;
24:345-358. in polish.


http://refhub.elsevier.com/S1365-1609(19)31246-8/sref3
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref3
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref4
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref4
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref4
https://doi.org/10.1016/j.ijrmms.2009.02.007
https://doi.org/10.1016/j.ijrmms.2009.02.007
https://doi.org/10.1016/j.simpat.2015.04.001
https://doi.org/10.1016/j.ijimpeng.2020.103543
https://doi.org/10.1016/j.ijimpeng.2020.103543
https://doi.org/10.1016/j.ijrmms.2006.09.002
https://doi.org/10.1016/j.compstruc.2016.11.006
https://doi.org/10.1016/j.compstruc.2016.11.006
https://doi.org/10.1016/j.ijimpeng.2019.103403
https://doi.org/10.1016/j.ijimpeng.2011.08.010
https://doi.org/10.1016/j.ijimpeng.2011.08.010
https://doi.org/10.1155/2019/2878969
https://doi.org/10.1155/2019/2878969
https://doi.org/10.1016/j.compgeo.2013.08.008
https://doi.org/10.1016/j.ijimpeng.2015.04.010
https://doi.org/10.1016/j.ijimpeng.2015.04.010
https://doi.org/10.1016/j.simpat.2015.04.001
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref17
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref17
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref17
https://doi.org/10.1016/j.ijimpeng.2019.02.001
https://doi.org/10.3390/en11030614
https://doi.org/10.5194/se-7-493-2016
https://doi.org/10.1016/j.jrmge.2018.08.001
https://doi.org/10.1016/j.ijimpeng.2003.11.002
https://doi.org/10.1063/1.370643
https://doi.org/10.1063/1.370643
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref24
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref24
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref24
https://doi.org/10.14429/dsj.63.3866
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref27
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref28
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref28
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref29
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref29
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref30
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref30
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref31
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref31
https://doi.org/10.1016/S0734-743X(97)00023-7
https://doi.org/10.1016/S0734-743X(97)00023-7
https://doi.org/10.1061/(ASCE)EM.1943-7889.0000952
https://doi.org/10.1061/(ASCE)EM.1943-7889.0000952
https://doi.org/10.13140/RG.2.1.3503.4723
https://doi.org/10.13140/RG.2.1.3503.4723
https://doi.org/10.1016/j.prostr.2017.04.050
https://doi.org/10.1016/j.ijimpeng.2016.04.014
https://doi.org/10.1016/j.ijimpeng.2016.04.014
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref37
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref37
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref38
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref38
https://doi.org/10.1016/j.ijrmms.2007.08.002
https://doi.org/10.1016/j.ijrmms.2007.08.002
https://doi.org/10.1016/j.ijrmms.2007.12.002
https://doi.org/10.1016/j.jrmge.2017.11.009
https://doi.org/10.1016/j.jrmge.2019.01.005
https://doi.org/10.1016/j.enggeo.2017.11.008
http://www.ltu.se
https://doi.org/10.1155/2016/4593749
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref46
https://doi.org/10.1177/2041419617721552
https://doi.org/10.1016/S0148-9062(98)00004-7
https://doi.org/10.1016/S0148-9062(98)00004-7
https://doi.org/10.1007/s00603-013-0463-y
https://doi.org/10.1007/s00603-013-0463-y
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref50
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref50
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref50
https://doi.org/10.2478/sgem-2014-0003
https://doi.org/10.2478/sgem-2014-0003
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref52
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref52
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref53
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref53
https://doi.org/10.1016/j.ijimpeng.2017.02.016
https://doi.org/10.3390/app8091675
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref56
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref57
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref57
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref57
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref58
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref58
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref58
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref59
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref59
https://doi.org/10.1002/1097-4636(2000)53:6<769::AID-JBM19>3.0.CO;2-P
https://doi.org/10.1002/1097-4636(2000)53:6<769::AID-JBM19>3.0.CO;2-P
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref61
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref61
https://doi.org/10.1029/JB082i008p01325
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref63
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref63
https://doi.org/10.1029/jz069i014p02967
https://doi.org/10.1016/0148-9062(70)90042-2
https://doi.org/10.1016/0148-9062(70)90042-2
https://doi.org/10.1029/jz072i020p05117
https://doi.org/10.1016/j.ijrmms.2008.05.008
https://doi.org/10.1560/lgvq-ha9e-p1x7-yrat
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref69
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref69
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref69

M. Kucewicz et al.

68

69

70

71

72

73

74

75

76

77

M. Foroutan, E. Ghazanfari, K.C. Bijay, S.M. Asce, M. Asce, Analysis and Comparison
of Measured Static and Dynamic Moduli of a Dolostone Specimen, (n.d.). doi:
10.1061/9780784482124.

Liu K, Zhang QB, Zhao J. Dynamic Increase Factors of Rock Strength. 2018.

Arup Ove, Partners Ltd. Verification of the Karagozian and Case Material Model for
LSDYNA 971 R3. 2009.

Bartlett S, Burgess H, Damjanovi¢ B, Gowans R, Lattanzi C. Technical Report on the
Copper-Silver Production Operations of KGHM Polska Miedz S.A., Norfolk. 2013.
Weeks JD, Tullis TE. Frictional sliding of dolomite: a variation in constitutive
behavior. J Geophys Res. 1985;90:7821. https://doi.org/10.1029/jb090ib09p07821.
Hanssen AG, Hopperstad OS, Langseth M, Ilstad H. Validation of constitutive models
applicable to aluminium foams. Int J Mech Sci. 2002;44:359-406. https://doi.org/
10.1016/50020-7403(01)00091-1.

Kucewicz M, Baranowski P, Matachowski J. A method of failure modeling for 3D
printed cellular structures. Mater Des. 2019;174. https://doi.org/10.1016/j.
matdes.2019.107802.

Jamroziak K, Bocian M, Kulisiewicz M. Effect of the attachment of the ballistic
shields on modelling the piercing process. Mechanika. 2013;19:549-553. https://doi.
org/10.5755/j01.mech.19.5.5536.

Kedzierski P, Morka A, Stanistawek S, Surma Z. Numerical modeling of the large
strain problem in the case of mushrooming projectiles. Int J Impact Eng. 2019;135:
103403. https://doi.org/10.1016/j.ijimpeng.2019.103403.

Baranowski P, Janiszewski J, Malachowski J. Study on computational methods
applied to modeling of pulse shaper in split-Hopkinson bar. Arch Mech. 2014;66:
429-452.

13

78

79

80

81

82

83

84

85

86

International Journal of Rock Mechanics and Mining Sciences 129 (2020) 104302

Gasiorek D, Baranowski P, Malachowski J, Mazurkiewicz L, Wiercigroch M.
Modelling of guillotine cutting of multi-layered aluminum sheets. J Manuf Process.
2018;34:374-388. https://doi.org/10.1016/j.jmapro.2018.06.014.

Baranowski P, Platek P, Antolak-Dudka A, et al. Deformation of honeycomb cellular
structures manufactured with Laser Engineered Net Shaping (LENS) technology
under quasi-static loading: experimental testing and simulation. Addit Manuf. 2019;
25:307-316. https://doi.org/10.1016/j.addma.2018.11.018.

Pajak M, Janiszewski J, Kruszka L. Laboratory investigation on the influence of high
compressive strain rates on the hybrid fibre reinforced self-compacting concrete.
Construct Build Mater. 2019;227:116687. https://doi.org/10.1016/j.
conbuildmat.2019.116687.

Panowicz R, Janiszewski J, Kochanowski K. Influence of pulse shaper geometry on
wave pulses in SHPB experiments. J Theor Appl Mech. 2018;56:1217-1221. https://
doi.org/10.15632/jtam-pl.56.4.1217.

Nurkowski J. The application of coreless inductors for displacement measurements in
laboratory investigations of rock properties. Arch Min Sci. 2014;59:1033-1050.
https://doi.org/10.2478/amsc-2014-0071.

Li D, Wong LNY. The brazilian disc test for rock mechanics applications: review and
new insights. Rock Mech Rock Eng. 2013;46:269-287. https://doi.org/10.1007/
s00603-012-0257-7.

Fairhurst C. On the validity of the “Brazilian” test for brittle materials. Int J Rock
Mech Min Sci. 1964;1:535-546. https://doi.org/10.1016/0148-9062(64)90060-9.
Report T, Kotronis P, Centrale E. Implementation of Path Following Techniques into the
Finite Element Code LAGAMINE. 2009.

Jin L, Xu C, Han Y, Du X. Effect of end friction on the dynamic compressive
mechanical behavior of concrete under medium and low strain rates. Shock Vib.
2016. https://doi.org/10.1155/2016/6309073, 2016.


http://refhub.elsevier.com/S1365-1609(19)31246-8/sref71
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref72
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref72
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref73
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref73
https://doi.org/10.1029/jb090ib09p07821
https://doi.org/10.1016/S0020-7403(01)00091-1
https://doi.org/10.1016/S0020-7403(01)00091-1
https://doi.org/10.1016/j.matdes.2019.107802
https://doi.org/10.1016/j.matdes.2019.107802
https://doi.org/10.5755/j01.mech.19.5.5536
https://doi.org/10.5755/j01.mech.19.5.5536
https://doi.org/10.1016/j.ijimpeng.2019.103403
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref79
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref79
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref79
https://doi.org/10.1016/j.jmapro.2018.06.014
https://doi.org/10.1016/j.addma.2018.11.018
https://doi.org/10.1016/j.conbuildmat.2019.116687
https://doi.org/10.1016/j.conbuildmat.2019.116687
https://doi.org/10.15632/jtam-pl.56.4.1217
https://doi.org/10.15632/jtam-pl.56.4.1217
https://doi.org/10.2478/amsc-2014-0071
https://doi.org/10.1007/s00603-012-0257-7
https://doi.org/10.1007/s00603-012-0257-7
https://doi.org/10.1016/0148-9062(64)90060-9
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref87
http://refhub.elsevier.com/S1365-1609(19)31246-8/sref87
https://doi.org/10.1155/2016/6309073

International Journal of Mechanical Sciences 221 (2022) 107197

Contents lists available at ScienceDirect .
ANICAL
SC IENCES

International Journal of Mechanical Sciences

journal homepage: www.elsevier.com/locate/ijmecsci

ELSEVIER

L)

Check for

Investigation of dolomite’ rock brittle fracture using fully calibrated e
Karagozian Case Concrete model

Michat Kucewicz , Pawel Baranowski, Roman Gieleta, Jerzy Matachowski

Military University of Technology, Faculty of Mechanical Engineering, Institute of Mechanics and Computational Engineering, 2 Gen. S. Kaliskiego Street, 00-908
Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords: This paper presents a procedure to compute the parameters of the Karagozian and Case Concrete (KCC)
Dolomite constitutive model for brittle materials based on dolomite rock. First, the fracture energy and fracture toughness
Fracture

of the dolomite rock were determined from two experimental tests: the semicircular bending test (SCBT) and
Brazilian indirect tension test (BT). Next, the novel optimization-based strategy was developed for efficiently
calibrating the brittle damage parameters, and a broad parametric study was performed based on dolomite rock.
Finally, the optimal parameters were validated through three experimental tests: SCBT, BT and a drop-weight
fragmentation test. The results were compared with those obtained using three different sets of parameters for
dolomite rock that is the KCC model with automatically generated parameters, parameters that provides an
instable softening behavior, and the KCC model with parameters calibrated by the authors in a previous study. A
qualitative and quantitative comparison of the results confirmed that the approach presented here improves the

Numerical modeling

KCC calibration
Semicircular bending test
Brazilian test

efficiency of fracture reproduction.

1. Introduction

Rock failure under loading conditions in which tension is one of the
principal stresses is mainly due to tension exceeding the tensile strength
of the rock [1,2]. In blast mining, tension is responsible for the propa-
gation of cracks outside the immediate vicinity of the high explosive
(HE) [3-6]. The tendency toward crack propagation in fracture zone in
some distance (above 5 times of borehole radius) from the axis of HE
arises due to relatively low tensile strength of rock, which is subjected to
tension, due to rapid movement of transverse compressive wave in the
rock massif [7]. Evaluating the mechanical properties underlying the
initiation and growth of cracks in rock is crucial for understanding the
processes that occur during rock deformation, especially when the rock
is very brittle. The most important parameters in the first mode of
fracture are the tensile strength ﬁ, the fracture energy, Gy, and the stress
intensity factor, Kjc. These fracture properties can be determined from
relatively simple tests, such as the notched semicircular bending test
(SCBT) [8-111, three-point bending tests on single edge notched speci-
mens [12-15] or the Brazilian indirect tensile test (BT) [16,17], and the
data can be used to support numerical simulations that faithfully
reproduce the mechanisms observed during actual rock deformation.

* Corresponding author.
E-mail address: michal . kucewicz@wat.edu.pl (M. Kucewicz).

https://doi.org/10.1016/j.ijmecsci.2022.107197

The proper modeling of rock requires a constitutive model that takes
into consideration the pressure dependence of the material, strain rate
sensitivity, and evolution of damage with progressive degradation of
strength. These properties of rock are somewhat similar to those of
concrete, and therefore constitutive models used for concrete and other
quasi-brittle and brittle materials are often used for rock modeling, e.g.,
the Johnson Holmquist ceramics (JH-2) model [5,18-23], Johnson
Holmquist concrete (JHC) model [24-26], Riedel-Hiemaier-Thoma
(RHT) model [27-30], continuous surface cap model [31,32] and Kar-
agozian Case concrete (KCC) model [31,33-35].

This study adopts the KCC model, which is widely used to reproduce
brittle materials such as concrete/modified concrete [36-39], asphalt
[40], quartz [41], and middle-strength rock [34,42-44]. The advantages
of the KCC model include dependence on pressure, strain rate and
evolution of damage. Numerous studies have confirmed that the default
fit of KCC parameters is efficient for modeling concrete only when the
elements do not substantially differ in size from the 4-inch edge length.
As the various applications of the KCC model require several element
sizes, ranging from very small elements for detailed modeling of pene-
tration and laboratory tests to relatively large elements for simulating
full-scale field tests of the blast response of reinforced columns, a simple
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Painted face - to observe
crack propagation

Fig. 1. Experimental setups for the semicircular three-point bending test (a) and Brazilian test (b). Photos of an exemplary notched specimen and cylindrical disc are
shown with their most important microscopically measured dimensions. Both tests were recorded with a high-resolution camera.

method of determining damage parameters of the KCC is required.
Some researchers have focused on calibrating damage parameters for
the KCC model [45,46]. The KCC release III model implements a simple
normalization of fracture energy with localization width or element size
(described in detail in Section 3.4). Whether the crack is calculated in an
inter- or trans-element fashion depends on the mesh grid and applied
damage constants [47,48]. The rock of interest in this study, dolomite, is
characterized by brittle fracture, which involves rapid crack propaga-
tion. In the initially smooth strain field, the strain on the elements near
the localized bond increases rapidly, while the strain around the local-
ized bond decreases [48,49]. These changes lead to high mesh de-
pendency, which must be normalized by the KCC model using damage
parameters. At the same time, mesh dependency can generate unstable
behavior due to rapid unloading when brittle fracture occurs. All stra-
tegies for damage parameter calibration in the literature focus on ma-
terials characterized by slow softening. The authors of the original KCC
model implementation suggested, firstly, to choose the localization
width taking into account the size of the elements in the modelled
problem in such a way to match the fracture energy to the experimental
results for tension [45,50] and then changing the three damage power
parameters, by 3 3 (described in Section 3), to scale the modified effective
plastic strain for fine fitting with compressive and tensile stress-strain
curves, as these parameters slightly changes the shape of softening

curve. Kong et al.[51] proposed the application of a damage curve
defined as a monotonically decreasing function controlled by three pa-
rameters calibrated iteratively to match the fracture energy. The
response in the biaxial and triaxial tensile tests was fixed and better
softening is observed. However, this method requires a reimplementa-
tion of the constitutive model as it was performed with user-defined
material model subroutines. Zhao et al [43]. proposed a different
approach in which the damage curve is used directly for calibration
without using the localization width and other damage control param-
eters. Feng et al [36]. confirmed that the basic approach to fitting
fracture energy by changing b;, b, and bz is useful for reproducing
rubberized concrete characterized by high plasticity. Kong et al [52].
proposed a solution for mesh dependency that uses a nonlocal formu-
lation and modified KCC model and is capable of reproducing the RC
beam subjected to blasting. Yin et al [53]. used a KCC model to repro-
duce ultra-high performance concrete (UHPC) subjected to three-point
static bending and obtained a calibrated model by mixing the change
by and stiffness defined by the equation of state (EOS). Mardalizad et al
[42]. determined the damage curve from a triaxial compression test and
performed a short study of the effects of various parameters on the
response of sandstone. Limited quantitative crack pattern reproduction
from triaxial compression (TXC) and brazilian test was achieved.

No calibration method for very brittle materials is available in the
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literature. The main aims of this paper were to delineate the limitations
of the original implementation of the KCC model and to propose a novel
strategy for calibrating damage parameters to model highly brittle ma-
terials. This proposed approach, which is the main novel part of this
paper, does not require time-consuming and difficult reimplementation
of the constitutive model by independently improving the limitations of
the current constitutive equations, and focuses on the proper repro-
duction of a tensile damage. Simplified and detailed damage curves
were investigated, and a broad parametric study of damage parameters
with detailed descriptions was performed. The proposed calibration
strategy was validated through several experimental tests in which
tension played a significant role. Additionally, due to the lack of liter-
ature data, the fracture toughness and fracture energy of the dolomite
rock were determined under static loading conditions using two
different tests. Dolomite rock was investigated to develop improved
model parameters for simulating rock blasting in this rock, which will be
presented in further studies.

2. Materials and methods

The experimental tests presented in this paper were performed using
the dolomite rock described previously [44,54,55]. The results of uni-
axial and triaxial tests of a similar dolomite rock performed in [56-59]
are partially used in this article. The fracture of dolomite and other rocks
is mostly due to tensile or shear cracking [60]. The tensile strength of the
rock and the presence of pre-existing cracks and other imperfections in
its structure influence the stress intensity factor K., which is a measure of
the material’s resistance to fracture. The post-failure behavior in the
softening phase, in which accumulated elastic energy is released, shows
how quickly crack propagation occurs and how brittle the material is. To
evaluate these parameters, two simple but complementary tests of the
brittleness of dolomite rock were performed. The first, the BT, provides
the tensile strength, but a correction factor is required to obtain the
actual tensile strength. In the second, the SCBT, a notched sample is
subjected to a three-point bending load. The SCBT specifies the fracture
energy of the rock. The results of these two tests can be used to deter-
mine the critical stress intensity factor Kj¢ for the first mode of fracture
related to pure tension. When combined with inverse engineering using
numerical simulations, the SCBT may also be useful for determining
tensile strength.. An advantage of the SCBT over the BT is that the load
acting at the top of the notch in the localization zone is almost pure
tension. Consequently, the speed of crack propagation and energy
release after the maximum strength is reached, which influence the
post-critical load-bearing capacity, can be observed. A significant
disadvantage of the SCBT, however, is its high sensitivity to changes in
notch geometry.

2.1. Experimental setup

All specimens for the experimental tests were prepared from dolo-
mite cores according to ISRM standards [61]. The dolomite cores were
cut into 25-mm-thick slices using a 1.0-mm-thick diamond disc, and
50-mm-diameter discs were cut out with a diamond drill rig as samples
for the BT. For the SCBT, the discs were cut in half down the middle, and
10.0-mm-long notches were incised in the center of the straight face of
each half. The experimental scheme for SCBT with exact dimensions is
presented in Fig. 1. A description of the application of the Brazilian test
can be found in [44]. Due to the limited number of dolomite cores, 5 and
10 samples were used for the BT and SCBT tests, respectively. To
faithfully reproduce the notched specimens, microscopic measurements
of geometry were conducted. The average radius of the notched round
was 0.512 mm, and the width was 1.05 mm. The notch opening was
slightly wider at the base of the specimen, but this variation did not
affect the strength of the sample at the cross-section subjected to tensile
loading.

For both tests, a Zwick & Roell KAPPA 50 DS strength machine was
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used. For the SCBT, a 10.0-mm-diameter three-point support with the
supports spaced 40.0 mm apart was used. For the BT, the sample was
placed between two flat plates. Both force and load point displacement
(LPD) were recorded since crack-opening displacement could not be
recorded with existing equipment. The resulting LPD-force curves are
presented in Fig. 4. The tensile strength was calculated from the BT
according to the following formula [62]:

2P
_2F 1
o= @
where o, is the tensile strength from the indirect test, P is the maximum
loading, and D and t are the diameter and thickness of the sample,

respectively.
2.2. Description of the KCC constitutive model

The KCC model implemented in LS-Dyna code is briefly introduced in
this section. As the main scope of this paper is to verify the ability of the
KCC model to reproduce tensile damage, fundamental equations
defining this part of the model are described in more detail. The basic
idea of the KCC constitutive model is to treat the volumetric and
deviatoric responses of the material separately. The model limits the
strength of the material by three failure surfaces defined by eq. 2: the
yield, maximum, and residual surfaces [45,46]. First surface determines
the strength at which the plastic deformation begin to accumulate in the
material, the second surface determines the maximum compressive
strength for various confining pressures, and the last one provides data
about residual strength, when the model is fully damaged. The three
surfaces are described as follows:

Aoy, = ag, + —————, yield surface
: ap y + dayp
Ao, = apm + —r , maximum surface (2
aim + dompP
Ao, = ———— residual surface
ayr + axp

where p is pressure and agy, aiy, azy are the shape coefficients of the yield
surface, agm, aim, dzm are the shape coefficients of the maximum surface
and aj,, agr are the shape coefficients of the residual surface. The sur-
faces are fit to experimental test data using the least squares method by
changing these coefficients. However, the above equations are applied
only for pressures higher than p > f./3 (corresponding to uniaxial
strength in p — Ac space) and only under compression. For lower
pressures covering the range from — f; to f /3, the extension meridian is
generally limited by [32,38,45,63]:

3
Ao = 2 (p+£) 3)

where f; is the tensile strength of the material and  is the ratio between
the maximum compressive and tensile meridian and is described later.

The extension meridian passes two important points resulting from
uniaxial tension (— ﬂ /3,f:) and triaxial tension (— f;, 0). This defined
failure surface is interpreted as a straight line until pressure (f./3, £.)
[45,63]. The third segment of the maximum tensile surface at p > 0 and
A > Apis a linear interpolation between the pressure cutoff point (p, 0),
where p. = —nfpand point (0, 3f), which corresponds to the maximum
tensile strength. This results from the evaluation of the second maximum
tensile segment at p = O(for y = 1/2). In the formula for p, the coeffi-
cient n is a damage parameter that scales the maximum strength in
tension and when damage is equal to 2.0 (described later with eq.8) the
material completely loses the ability to withstand tensile loadings.

The compressive meridian under pressure less than —f, /3 is defined
using the coefficient y [63] as follows:
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Uniaxial compression
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Triaxial compression

<= Side pressure

4= Displacement

Fig. 2. Model and boundary conditions for single-element tests for uniaxial tension, uniaxial compression and triaxial compression. These models were used to
calibrate the damage parameters of the KCC model. The loading was applied as the prescribed motion of the top nodes (on the face with a blue arrow) with a velocity
corresponding to the experimental velocity (0.5 mm/min). For triaxial compression, additional side pressures corresponding to 62 and 63 were applied.

V=1 o 2af’ @
Sp=—%a=x1.15
2af, 3

0.753,p = 3f.
1.0,p > 8.45f.

v takes values between 0.5 and 1/2 4 3/2(f; /f.) at tension and in-
creases at the compression state. This approach is used because of the
unavailability of experimental data for this range. y is also used to
introduce the dependence of the material model on the third invariant to
distinguish the dependence between the triaxial compressive and tensile
meridians. This approach was first introduced in the William and
Warnke function, which considers the dependence on the lode angle
[64].

Damage is introduced in the model by the functional I, which
computes the current value of the failure surface and depends on pres-
sure, the strain rate, stress triaxiality and damage:

_ [ 10(J5)- [n(2)- (Ao (p) — Acy(p )'*A“V )]
(p. 5, 4,17) = {r;.g(JS)-[n(ﬂ)-(AUm(P) = B0,(p)) + Ac:(p)],

1<

NJa<a
()

where 1 is called the damage parameter. 4 reflects the amount of plastic
flow calculated by the KCC model and is a function of the effective
plastic strain. ry is a rate enhancement factor, and 6(J3) is the William
and Warnke coefficient [64], which depends on the third invariant of the
stress tensor J3. The calculation of damage is controlled by the damage
function n — A, defined by the user as a 13-point piecewise curve [45,
46].

The increment of the hardening parameter d/ is related to the plastic
strain rate increment according to the following equation:

di = h(o)de? = hlo)\[2dité, ©)

where es is the increment of the plastic strain rate. h(c) is a damage
evolution factor defined as

1

1+ () =] (1+ 2
W [T
P <0

14 (25 - )] (Hrfﬁ) “

where b; and by are input parameters used to normalize the plastic strain
to be independent of element size and s is a stretch factor set in full input
mode.

The volumetric response is controlled by the equation of state (EOS),
which is defined as a piecewise nonlinear relationship among the
volumetric strain, pressure and unloading bulk modulus [46].

The damage model represented in the LS-Dyna code as an effective
plastic strain measurement is calculated as a scalar value according to
the following equation:

o
Y

P =0

(8)

§ takes values from O to 1.0 when the failure surface mitigates be-
tween the yield and maximum surfaces and takes values from 1.0 to 2.0
when the strength is interpolated between the maximum and residual
surfaces.

A detailed description of the damage function is provided in Section
4. A detailed calibration procedure for strength surfaces can be found in
references [45-47,65,66].

2.3. Description of the numerical models

Following the experimental tests numerical simulations were con-
ducted. For all analyses, an explicit integration procedure with
massively parallel processing (MPP) LS-Dyna code was adopted. Para-
metric study was conducted in two stages. In the first stage, basic tests
were considered: uniaxial and triaxial compression at 0, 10.0 and 25.0
MPa confining pressure, as well as uniaxial tension. Tensile tests are a
generalization of the BT. Single-element models with the boundary
conditions shown in Fig. 2 were adopted in this study. To cover the
conditions of the normalizing equations, the sizes of the elements were
scaled. Loading in both tension and compression was defined with a
prescribed displacement and a constant loading rate of 0.5 mm/min. In
triaxial tests, the confining pressure was applied during the dynamic
relaxation phase. Therefore, the displacement was applied to a stably
preloaded model.
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Disol Displacement
Isplacement Moving Rigid Body
(a) @ /‘ 0.5 mm/min (b)
Symmetry Condition

Initial velocity
V=1524m/s
mass = 13.6 kg

\ Fixed Rigid Body A

(d)

Element size = 0.04 mm

Element size = 0.4 mm

Element size = 1.0 mm

Fig. 3. Models and boundary conditions for the static and dynamic tests used to validate the numerical models: a) semicircular three-point bending test (SCBT), b)
Brazilian test, and c) drop weight test [55]. A detailed visualization of the adopted mesh grid is also shown (d). The basic element size was 0.4 mm, and for the SCBT,

a region near the notch tip was 10x densified.

In the second stage, three small-scale tests were numerically repro-
duced: the static SCBT, the BT and the dynamic drop-weight test using a
ball bearing. All tests were preceded by the determination of the proper
modeling methodology, including the verification of the numerical
models. Numerical models for SCBT and BT were prepared according to
the measured sample dimensions. The dimensions of the notch in the
semicircular specimen were reproduced from microscopic observations,
as the accuracy of these dimensions can affect the results. For the BT
model, 1-integration-point solid elements (constant stress solid element
[67]) with a characteristic length of 0.4 mm were used, while in the
SCBT model, a gradually densified mesh was used in which the smallest
element was 0.04 mm (Fig. 4d). The boundary conditions were the same
as in the experimental tests described in Section 2. The models for the
SCBT and BT are presented in Fig. 3a and b, respectively. Loading was
applied with movement of a rigid part at a constant velocity of 0.5
mm/min. This allowed us to verify the actual rate of crack propagation.
Fixed rigid parts were used as supports. The interaction between the
sample and the loading components was defined with a penalty-based
contact algorithm. For the SCBT, a static friction coefficient of u=0.74

was determined from the change in the distance between two points
marked on the sample close to the supports, which was measured with a
video-extensometer. The friction coefficient was determined iteratively
to fit the displacement from the simulation and experiment. The same
friction was used in the BT simulations. To reduce the computational
time, a % slice of the sample with applied symmetry boundary condi-
tions was adopted. In preliminary studies, this approach had no effect on
the quality of the results. All prescribed loadings were applied as a
time-displacement of loading bodies, to reproduce the actual strain rate
of investigated experiments.

The third test was the drop-weight test (Fig. 4c) proposed by Bar-
anowski et al [55].. In this test, a tensile fracture was induced in a cy-
lindrical sample by squeezing a steel ball bearing with a drop-weight
hammer. The diameter and height of the sample were both equal to 50.0
mm. The displacement and force were measured in the experiment. The
mass of the impactor was 13.6 kg, and the force was transferred point-
wise by a ¥5.5-mm-diameter ball bearing placed on the upper surface of
the sample. The equivalent energy of impact was ~14 J. The experi-
mental setup was numerically reproduced as a specimen inserted
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Fig. 4. Force-load point displacement curves from the experimental tests: (a)
Brazilian test and (b) semicircular bending test (SCBT). The maximum variation
of the maximum registered force for samples prepared from the same rock core
was ~30%.

between two rigid walls representing the impactor and the force sensor
base. To reproduce the loading conditions of the actual tests, a corre-
sponding mass of 13.6 kg and an initial velocity of 1.524 m/s were
specified for the moving rigid wall. Both the ball and the specimen were
modeled with solid elements of 1 integration point with a characteristic
length of 1.0 mm. The same contact algorithm described above was used
for the interaction of the ball and sample. The ball was not plastically
deformed after impact, so an elastic material model with the following
steel properties was used for modeling: Egpe;=210.0 GPa, pstee=7850
kg/m3, v=0.3. The results of finite element analysis (FEA) and the ex-
periments were compared quantitatively and qualitatively using
force-displacement curves and fracture patterns, respectively. The
model for the drop-weight test is presented in Fig. 3c.

To ensure the numerical stability of the solution, a Courant-Levy
time step criterion was used for explicit time integration, and the time

Table 1
Results from the experimental tests.
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step scale factor was 0.8. The Flanagan-Belytschko viscous form with
exact volume integration for solid elements was used as a hourglass
control parameter.

3. Experimental results and description of the improved KCC
calibration strategy

The paper extends the KCC model calibration procedure [35] by
improving the determination of damage function parameters and pre-
sents an extensive parametric analysis. The aim was to verify the limi-
tations and applicability of the KCC model to reproduce the brittle
fracture process, especially for rock samples under tensile loading.

3.1. Results and discussion of the BT and SCBT tests

The maximum strength from the BT ranged from 4 to 6 MPa, with an
average value of 5.2 MPa (Fig. 4a). The slope of the elastic range varied
by as much as 35%. The flattening observed at the beginning of the
curves is due to the initiation of contact between the sample and loading
plates. The discrepancies among the curves may also reflect the effects of
inclusions and bedding planes in the rock [54]. When imperfections
were present near the contact points, premature initiation of cracking
was observed. However, in 3 of 5 samples, the rupture initiated in the
center of the specimen at the point of maximum tensile stress as inten-
ded [68]. The post-failure response of the sample was not recorded in
the tests due to insufficient sampling frequency, the division of the
sample into two pieces, and the prompt nature of the fracture process,
which did not provide any information about the softening of the sam-
ple. After reaching the maximum strength, instantaneous macroscopic
fracture occurred in all samples [69].

The results of the SCBT (Fig. 4b) were characterized by better
repeatability compared with the results of the BT (Fig. 4a). The results
confirmed that dolomite is a brittle material; when the critical force was
reached, the crack immediately propagated throughout the cross-
section, causing a rapid decrease in the force to zero and loss of conti-
nuity of the specimen. Softening behavior was not observed. The vari-
ance of the experimental results was approximately 15% from the mean
value, and the maximum force was 1980 N. The stiffness of the material,
expressed as the slope of the LPD-force curve, was nearly the same for
each sample, thus permitting the verification of the elastic modulus
under tension using numerical simulations and backward modeling. In
addition, the responses of two specimens were significantly different
from those of the others in the BT and SCBT tests.

3.2. Determination of fracture parameters

Based on the experimental tests, the stress intensity factor K¢ for the
first mode of deformation and the fracture energy were determined. For
the BT, the following equation was used [16]:

SCBT test
Fracture Energy [J]

Sample number
KicMPa.m®®

Brazilian test
Toughness [mJ/mm?]

Sample number
KicMPaem®®

1 1.600 0.239
2 1.599 0.251
3 1.621 0.265
4 1.898 0.354
5 1.791 0.318
6 1.272 0.312
7 1.610 0.271
8 1.776 0.310
9 1.547 0.254
10 2.009 0.405
Average 1.674 0.304

1 1.288 0.853
2 0.881 0.399
3 1.185 0.722
4 1.362 0.955
5 0.861 0.382
Average 1.115 0.662

Average K¢ from literature [70,71]: 1.75 MPa«m®>.
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Fig. 5. Comparison of the results of experiments and preliminary simulations in
which the previously calibrated KCC model parameters for dolomite rock were
used for the a) Brazilian test and b) semicircular bending test. The parameters
result in overestimation of the stiffness of the response of the rock under tensile
loading and underestimation of the maximum strength, illustrating the need for
additional calibration of the damage parameters.

K. = BP® (%) ©)

where B is calculated as follows [16]:

2

B= PPRR 210

10$)
The dimensionless stress intensity factor for a diametral crack, ®(c/
R), was assumed to be equal to 0.112, as the angle 2a on which the
pressure is radially distributed is equal to ~10° [16].
For the SCBT, the following equation including the maximum force
Ppax was used to calculate K. [61]:
 Prax\/ma

K=Y 11
e RE an

Y = —1.297+9.516(52) — (047 + 16457 () )8 + (1071 + 34401 (5) )

where p = a/R, a is the notch length, R is the sample radius, and s is the
distance between supports.

All results are listed in Table 1. The average K. was 1.674 MPa.m®>
in the SBCT and 1.115 MPa«-m®?® in the BT. This discrepancy is due to the
possibly wrong assumption of angle, at which the stress state is assumed
to be radially distributed. The small decrease of this angle results in high
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Fig. 6. Comparison of previously determined and currently adopted tensile
curve. The blue line is the tensile curve from the single-element tension simu-
lation using the previously determined KCC parameters. The red line is the
tensile curve from preliminary tensile simulations in which the stiffness and
strength of the material in the Brazilian and semicircular bending tests were in
good agreement with the experimentally determined values.

increase of results. For 8° the results better with SCBT outcomes.
However, the determination of this angle strongly depends on loading
setup, and will be verified in further studies with digital image corre-
lation (DIC) method. The results from SCBT test is in good agreement
with the literature data (~ 1.75 MPa.m®>).

3.3. Preliminary studies of previously determined parameters

The parametric study was preceded by preliminary simulations of
the BT and SCBT to verify the ability of the previously determined KCC
parameters to reproduce these experiments (Table 3). For both tests, the
slopes of the load-displacement curves were approximately 20-30%
higher than in the experiment (Fig. 5) due to the asymmetry between the
tensile modulus and compressive bulk modulus. The bulk modulus is
lower when determined by a direct tension test [62,72]. For dolomite,
the ratio of the tensile modulus to the compressive bulk modulus is
0.5-0.8. Another reason for the higher slopes of the load-displacement
curves is that the bulk modulus was averaged from uniaxial compres-
sion (UC) and TXC to take into account the effect of pressure in complex
loading scenarios, which slightly overestimates the stiffness under un-
confined loading conditions. The maximum error in the peak forces
compared with the average experimental results was within 30% for
both tests and was corrected in this study.

The fracture energy calculated from a single-element tension test
using the previous KCC parameters was overestimated by several fold, as
no brittle fracture was observed. Instead, very slow softening occurred.
Direct tension test results for dolomite are not available in the literature,
and therefore it was impossible to compare the results with the experi-
mentally determined direct tensile response. To overcome this lack of
data, the BT results were adopted to obtain a generalized stress-strain

12)

curve under uniaxial tension. The tensile strength measured in the BT
was f’;=5.2 MPa, and increasing this to a value of 7.0 MPa resulted in a
perfect match of the maximum force in both tests. Since the dolomite
fractured immediately after reaching the maximum strength in both the
BT and SCBT tests, a reference curve representing the result of the
uniaxial tension test was designed and used for comparison in further
parametric studies. The tensile bulk modulus was reduced as previously
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Table 2
Applications of the KCC model.
Ref Year Material Element size Application
[40] 2017  Asphalt concrete 10.0 mm Impact/blast
structure
[36] 2021  Rubberized concrete 10.0 mm Blast loading
[42] 2019 Sandstone 5.0 mm Quasi-static
[73] 2016 Reinforced concrete 25.4 mm Blast loading
member
[74] 2015  reinforced concrete 50.0 mm Blast loading
columns
[35] 2020 Sandstone 1.5 mm Quasi-static
penetration test
[75] 1996 Concrete 2 inch = 54 Blast loading
mm
[31] 2014  Concrete 0.2-0.8m Random-field Analysis
[47] 2010 Concrete 25.0 - 100.0 SHPB tests
mm
[32] 2020 Concrete 1.0 mm Blast loading
[76] 2017  Reinforced concrete 6.25 - 50.0 Blast loading
column mm
[77] 2021 Concrete 0.8 mm SHPB tests
[39] 2020  Coral aggregate 2.0 mm UC compression
concrete
[78] 2021 Concrete 1.0 mm Perforation test
[79] 2021 Concrete 1.0 mm SHPB tests

described. The reference curve is presented in Fig. 6. It was assumed that
the post-peak response was reproduced as a linear stress drop, and the
softening energy was less than 5% of the total fracture energy.

The previous studies indicated that good agreement of the results of
the indirect tensile test (BT) performed for a particular element size does
not guarantee proper calibration of the constitutive model. The direct
tension response of a single element revealed that the ductile behavior of
the constitutive model is too high, resulting in conversion of the accu-
mulated energy into a crack too slowly. This is the main reason why an
improved calibration method is necessary. The agreement between the
previous numerical results and experimental results is due to the sudden
propagation of the failure plane across the whole sample and the
decrease in force due to the splitting of the sample into 2 parts. In a
single-element test, a pure response of the constitutive model is
registered.

3.4. Damage parameters — case study

In addition to b;, bz and bs, the main regularization parameter
applied in the KCC model is the localization width wy,., which is denoted
as LOCWIDTH in LS-Dyna. wy,, is related to the element volume and
ensures that the energy absorbed due to softening remains objective
[38]. The value of wy, is specified by the user and is used directly to
calculate the scaling parameter [, according to the following equations
[63]:

loc
lipe = (2_5)1.05
(W/(m/4)1.057

13 1.05
(V /4) ’ for leoc S V]Dc S 62.5

for Vipe > 62.5 as)

3
for Vipe < wj,.

where V. is the element volume. Ultimately, [j,c normalizes the modi-
fied effective plastic strain A but only for >4, when the material
strength is interpolated between the maximum and residual surfaces
(see eq. 14). There is no normalization in the hardening phase, when the
strength is interpolated between yield and maximum surface. The
normalized effective plastic strain A, is calculated as follows [63]:

A, for 4y < A, orI <5

A’:{/lm-&-(/l—/lm)/llw,for/1,>ﬂm or5>1>13 as

As indicated, wy,, is used to scale the damage function only when the
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Table 3
KCC model parameters used in previous work [44] that were not changed for
damage calibration.

Symbol Unit Description Value
RO [kg/m’] Density 2840.0
Ay [MPa] Maximum surface constant 1 79.0

Ay [-] Maximum surface constant 2 0.542

A, [1/MPa] Maximum surface constant 3 1.5.107*
Aoy [MPa] Yield surface constant 1 77.0

Ary [-] Yield surface constant 2 0.513
Aoy [1/MPa] Yield surface constant 3 7.7+107*
Omega, ® [-1 Shear-dilatancy factor 0.5

PR [] Poisson Ratio 0.25

Asr [-] Failure surface constant 1 0.47

Aor [1/MPa] Failure surface constant 2 2.0.107*
ERDOP [-] Post peak dilatancy decay 1

RSIZE [-] Unit conversion factor for mm 0.03937
UCF [-] Unit conversion factor for MPa 145.0
SLAMBDA [-] Stretch factor 100.0

fe [MPa] Tensile Strength 7.0

volume of the largest element in the model is smaller than the value of
w’oc i.e., when the length of the square element is less than wjy,.
Otherwise, the function of element volume Vj,. controls the softening
phase. The above equation uses a value of volume Vj,. = 62.5, but as will
be further demonstrated, this equation is not considered by the model
for any element size. The authors of the KCC model recommend that "the
localization width wy,. should be set smaller than the smallest element
edge length in the FEM mesh" [38]. Under this assumption, wy,. does not
affect the results, and the localization zone is calculated internally in the
element. When wy,. exceeds the element edge length, the localization
width covers a multi-element area and is normalized by [y,.

In this section, the influence of the damage parameters on the
resulting strength of the KCC model calibrated for dolomite is investi-
gated. All tests were automated and performed with LS-OPT. The single-
element model subjected to 4 types of loading described in Section 2.3
was used. Various element sizes were investigated to cover all conditions
from eq. 13. A review of KCC applications in the literature (Table 2)
shows that elements with edges greater than 50 mm are the exception in
modeling concrete and concrete-like structures. The most commonly
used element size range is 10.0-15.0 mm for both static and dynamic
problems. Simulations with elements smaller than 1.0 mm are mainly
performed in studies of meso-scale materials in which a detailed
composition is considered (e.g., concrete with isolated mortar, interface
transition zone (ITZ), aggregate fractions). Small elements are applied to
investigate phenomena accompanying failure at different strain rates
and are not practically applicable in modeling full-scale structures. This
is important, because in many materials modeled with KCC, the crack
width wy,, is wider than 1.0 mm, and the actual crack pattern might not
proceed properly due to inter-element damage calculation [45]. This
study will cover all listed element sizes. The main application of the KCC
model is strongly dynamic/blast simulations.

The other important constant that strongly affects crack propagation
is the dilation factor w. @ depends on the confinement of the problem
and defines the associativity of a flow: a value of 1 implies full asso-
ciativity, while a value of 0 implies non-associative plastic flow. The
value of @ strongly affects the volumetric expansion of plasticized ma-
terial [80], as it is used to calculate the plastic potential function and is
given by the following equations [46,47]:

1
LAV >0
2cosh {rw <ln<1 + ﬂ) - s”)}
w= Vo Y (15)

1
- A
> V<0

where € is the volumetric plastic strain and r,, is a user-defined decay
factor that takes values from 0.0 to 1.0. For positive volumetric strain, r,,
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Fig. 7. Visualization of the damage curves adopted in the KCC model in the
present study. These functions define the evolution of the accumulated damage
as a function of modified effective plastic strain. The gray line is the default data
provided by Malvar et al [45]., while the blue and red lines were determined
from the triaxial compression test and from linearization of the triaxial
response, respectively.

Table 4
Modified equation of state used for improved calibration.

No.  Log. Volumetric Strain Pressure Unloading Bulk Modulus
[-] [MPa] [MPa]

1 0.006062 -35.49 5855.0

2 -8.54.107* 5.0 5855.0

3 -0.006062 70.98 11710.0

4 -0.007375 92.5 16979.16

5 -0.008687 122.63 23536.63

6 -0.01 164.80 32717.08

7 -0.0119 253.69 92380.2

8 -0.0340 2245 108708.6

9 -0.0561 4597 125037.0

10 -0.0782 7310 141365.4

scales w from 0.0 to 0.5 (eq. 15). For negative volumetric expansion, o is
equal to 0.5 and is not scaled by r, (eq. 15.2). The authors of the KCC
model recommend a value range of 0.5-0.9 in user-input mode.
Although ® influences the lateral deformation of the sample and,
consequently, the quantitative characteristics of damage, it does not
affect the maximum strength of the modeled material. In a simple test in
which both @ and r,, were changed within the full application range, no
effect on the axial strain-stress curve was observed. Therefore, variation
of @ was not investigated in the 1-element parametric study.

The parameters of the KCC model for determining the strength of
dolomite are listed in Table 3. Minor changes were made to the EOS to
extend its range to tension. The current bulk modulus under tension
Kiensile defined by the EOS was reduced by half and was equal to 5.5 GPa.
This change was applied by replacing the first point (0.0, 0.0) of the
previous EOS with (0.00165, -33.5 MPa). To extend the parametric
study, the simplified linear damage function drawn in Fig. 7 was used
instead of the previously determined one. The ability of the definition of
the damage function A, with only 2 points for A > A, to reduce the in-
stabilities of the model tests was verified in BT, UC and TXC tests. For the
drop-weight test, the dynamic increase factor function was adopted from
paper [35]. Complete sets of the KCC model parameters are listed in
Tables 3 and 4.

The localization zone (or damage zone) has a physical interpretation
in quasi-brittle materials such as concrete or rock. It defines the volume
of sample in which microcracks begin to coalesce and localize. When the
stress reaches the tensile strength, a single crack forms in this zone and
begins to grow. As the crack propagates, the localization zone grows and
moves, while the other part of the sample becomes unloaded. In the KCC
model, the localization zone is controlled by wj,., which is usually three
times the aggregate size. Unlike concrete, dolomite rock has a homo-
geneous structure, and thus determining wy, using the above assump-
tion is impossible. Instead, the generalized width of the cracks formed in
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Table 5
Cases for the parametric study.
No. Element size Bl B2 B3 LLOC A-n factor
test [mm]
1 0.1 -150.0 1.0 1.0 1.0 0.2/ 1.0
1.5
2 0.1 -150.0 1.0 1.0 1.0 25.4 1.0
3 04/1.0 1.0 1.0 1.0 0.2 0.001 -
0.1
4 04/1.0 1.0 1.0 1.0 0.2 - 1.0
25.4
5 1.0 0.1- 0.1- 0.1 - 1.5 1.0
50 50 50
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Fig. 8. The response in single-element simulations of uniaxial tension (a) and
uniaxial/triaxial compression (b). An effect of element size on the stress-strain
response is observed such that instability occurs when the element size exceeds
39.5 mm for wy, less than the element size, resulting in instant evolution of
damage. This leads to unphysical reproduction of the softening phase by the
KCC model in all three tests.

the experimental tests was measured, and wj, was set to <1.5 mm. To
comply with the recommendation that wy,. be smaller than the element
length, wj,,=0.2 mm was investigated, as the numerical models used in
the simulations were reproduced with elements with a length of 0.4 mm
(BT/SCBT) or 0.8 mm (drop-weight test) in the crack area. Nonetheless,
Wioc~1.5 mm was studied in the second step of the study. Under dynamic
loadings, the shape of the localization can change during simulation due
to damping effects.

All studies were carried out for metric and imperial sets of units:
MPa/N/s/mm and psi/lbf/s/inch. This was done to verify that the unit
recalculation implemented in the model worked properly, which was
questionable due to the instability problem described below. The sizes of
the models in the corresponding studies were the same for both sets of
units. As the results of the two models were the same, only the metric
outcomes are discussed and shown below. The analyzed cases are
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Fig. 9. The response in single-element simulation of uniaxial tension (a) and uniaxial/triaxial compression (b) when w;,.=25.4, which corresponds to the default
value proposed by Malvar et al [45].. The responses confirm that the response is stable when the element size is smaller than wloc but the intensity of strain softening
is insufficient to reproduce brittle fracture. When wloc exceeds 39.5 mm, instability of damage evolution occurs. This instability is evident as a sudden increase in the
damage index after reaching a value of 1.0, which corresponds to the initiation of strain softening (c). The influence of changes in wloc for a model with an element
size of 1.0 (c¢) confirmed that enhancing the softening rate by increasing wloc results in model instability and inability to reproduce brittle fracture.

summarized in Table 5. Due to the significant number of curves, which
exceeded 1000 for each case, only representative and characteristic
curves are shown in the figures below. No curves are shown for cases in
which nothing extraordinary was observed on the UC and TXC curves.
The target fracture energy of the generalized tensile test is shaded in
yellow. The generalized flowchart of improved damage calibration is:

1 Set of localization width value based on the target element size of
simulation (value smaller than the element size)

2 Linearize the damage function based on first and the last points of
damage curve determined from triaxial tests.

3 Make a fine-correlation with damage parameters by by bs for
various loading scenarios, and select the values which minimize the
energy while maintaining model stability under all load conditions

The first test verified the application of [j,.. For parameters covering
the first equation Wg;c < Vioe < 62.5, constant values of wy,, of 0.2 mm
and 1.5 mm were adopted. The element size varied from 0.1 mm to
150.0 mm. No information was provided about the units of the value
62.5, and thus the investigated element size covered this condition for
both millimeters and inches. For units of millimeters, the limiting vol-
ume 62.5 mm? is reached for element lengths greater than ~4.0 mm,
while the corresponding measurement for units of inches is greater than
~108 mm. When the model exceeded both sizes, the stress-strain
response in the softening phase still scaled with increasing element
size according to Eq. 13. These results confirmed that the value of 62.5 is
not considered by the model and that the second equation with constant
ljoc is not used. For element lengths exceeding 39.54 mm, which corre-
sponds to 100 times the mm/inch scaling factor used in the KCC model, a

10

gap in the results appeared in the stress-strain curve. This gap is marked
by the red shaded area in Fig. 8a. Further increases in the element size
resulted in instability of the model, represented by a sudden drop in
stress in the stress-strain curve. This sudden drop in stress was observed
as an instant increase in the damage index n due to premature failure. As
shown in the strain-damage accumulation index graph, an instant in-
crease in 7 occurred just after crossing n=1.0, when the strain softening
phase began (Fig. 9d). This effect is the main limitation of the KCC model
for very brittle materials. As a result, it is not possible to obtain a tensile
curve like that in Fig. 5, in which a rapid energy release rate is observed.
This problem was observed for both w;,.=0.2 and wi,c=1.5. When the
element size exceeded 39.54 mm, breakdown was observed just after
crossing the maximum tensile strength f. For large elements charac-
terized by an edge length >100 mm, this effect resembled brittle frac-
ture; however, unstable growth of 5 in a single-element model resulted
in model collapse in full-scale models as described later. Thus, the model
behaved stably beyond the described gap. For uniaxial and triaxial
compression, no instability was observed for such cases (Fig. 8b).

Next, simulations with parameters covering the third range of Eq. 13
for Vi, < wﬁ)c were conducted. A default value of wj,.=25.4 mm was
used. This value, which is ~25 times greater than the largest element
size used in the simulation, verified the ability to scale the softening
response for a wide range of elements. Under the above conditions, no
effect of scaling was observed for elements shorter than 25.4 mm. When
the element volume exceeded w3 , the damage function was scaled as
described in the previous paragraph using equation 13.1. When the
element length exceeded 39.54 mm, the same instability of stress-strain
visualized as the red-shaded gap in Fig. 9a occurred. The results for an
element length < 39.0 mm (above the mentioned gap) are not shown but
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Fig. 10. The influence of scaling the width of the non-linearized (a) and linearized (b) damage functions (Fig. 7) on the reproduction of brittle damage in the uniaxial
tension (a, b) and uniaxial/triaxial compression tests (c). When the nonlinear softening curve was used, instability prevented fitting of the fracture energy from the

KCC model and from the experiment.

were distributed evenly and scaled predictably. For this case, a value of
he=39.54 decoupled the stable and unstable model behavior. The UC
and TXC results became unstable for elements longer than 39.6 mm
(Fig. 9b).

A second study was performed for two element sizes: 0.4 mm and 1.0
mm. Instead of changing the element size, wj,. was varied from 0.1 to
50.0 mm, while b; 5 3 = 1.0 remained unchanged. This case verified that
the behavior of the KCC model is stable with changing wy,, for small
elements. No effect of changing wy,. was observed in the Ac-¢ curve for
W< hep; however, at higher values of wy,, the intensity of softening
increased, and again a gap was visible in the strength curve for wj,. >
57.0 mm in the 0.4 mm edge length model and wy,; > 64 in the 1.0 mm
model. The stability zone of the KCC model for various wy, is shown in
Fig. 9d, which shows the evolution of the damage index in elements
subjected to uniaxial tension. The instability for values above wj,.=57.0
mm is visible as vertical segments in which unstable deformation occurs.

Subsequent studies were carried out using fixed wi,c=0.2 and b; 3 3 =
1.0. Two element sizes were investigated: 0.4 mm and 1.0 mm. In this
study, an ordinate (1) from the user-defined damage function was scaled
for A>Am according to the following equation:

Ayisn) = (A = An)-Sp 4 Ays) for 5> i > 13 (16)

The goal was to match the fracture energy from the simulation and
experiment by narrowing the damage function without changing its
shape according to Eq. 16. This approach is justified because the user-
defined damage parameter b; is directly used to determine the dam-
age function and is included in the formula for modified effective plastic
strain A, which is used to calculate the damage evolution factor h(p) from
eq. 11. In other words, the damage curve strongly depends on the value
of b; specified by the user. In the recalculation of the damage function
from the hardening and softening part of the stress-strain curve from a
triaxial test, b; directly impacts 4 and consequently the ordinate of the

11

determined function [42]. Thus, changing b; during the calibration of
the damage curve scales the ordinate axis of the 1- 5 function but does
not change its overall shape. In this parametric case, the damage func-
tion was scaled by Sy = 0.001-1.0. The results of uniaxial and triaxial
tests were fit by changing b; after selecting the smallest scale factor that
provided stable deformation Fig. 10. presents the uniaxial tension re-
sults for an element size of 1.0 mm. The method had partial efficiency;
discontinuity was still observed for the 13-pt damage function. Again, a
shaded gap was observed for Sy < 0.0075, as further reduction of Sy
resulted in unstable deformation. An unstable softening phase was
observed in TXC tests using the same limiting scale factor, which
simplified the choice of its limiting value.

The scaling of the A-  function directly affected the softening phase,
even when wj,, was not considered in normalization (Eq. 13). This
method seems to be most promising to control post-peak behavior and is
universal for any element size after determining the limiting scale factor
that guarantees stable deformation as a function of element volume.
Repeating the parametric study for the linearized damage function
(Fig. 7) showed that when the damage curve did not have any inter-
mediate points between # =1 and 5 =0 at >4, the fracture energy was
reduced compared with the 13-pt curve without strongly influencing the
results. Simplifying the failure curve to a straight line defined by two
points greatly increased the stability of the softening behavior, and for
an element size of 0.4 mm, it was possible to match the experimental
results (Fig. 10b). Minor changes in the post-peak stress-strain shape
under triaxial compression did not significantly affect the results under
various loading conditions, providing a better representation of brittle
fracture. The stress difference Ac between the maximum and residual
surfaces decreased in the softening phase in the uniaxial and 10.0 MPa
TXC compression tests but was sufficiently larger than in the 25.0 MPa
TXC compression test, which indicates that shortening the damage curve
may influence instability under these loading conditions. To obtain
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Fig. 11. The effects of changes in the damage parameters bl and b2 on stress-strain under tension for the previous non-linearized (a) and linearized (b) damage
functions (Fig. 7). The responses under uniaxial and triaxial compression (c) when the optimal value of the damage function scale factor of 0.0037 was used. When
the non-linear curve was used, the exponents bl and b2 changed the shape of the softening portion of the stress-strain curve and prevented the reduction of the

fracture energy released in this phase.

stable deformation, a scale factor that provides smooth evolution of the
damage index should be chosen for application in the full-scale model.
The effect of the scale factor is shown in Fig. 10c, which compares the
first unstable value of Sy in all tests.

When wy,< he as recommended by the developers of the KCC model,
the fracture energy Gy can only be normalized by changing by 53 or the
shape and scale of the damage function. When this condition is not met,
wiec normalizes the modified effective plastic strain.

In the next case, bj 5 3 were changed, while the element size hy=1.0

mm and wy,=0.5 mm (half of the element size) were invariable. The
scale factor described above was set to 1.0. The results showed that
changing b; and by, in addition to scaling the softening intensity, slightly
changed the shape of the post-peak curve because both parameters are a
power of pressure. At negative pressures under tension, the function
became “bulged” when by<1 but became concave when by>1. The
opposite response was observed for b; at negative pressures under
compression. The results of the tension test are presented in Fig. 11.
When the parameters of the KCC model calibrated in the previous paper
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Fig. 12. Comparison of fracture represented as the damage index from simulations (a-d) and the experiment (e) for the semicircular three point bending test for: a)
automatically generated KCC input data, b) set of parameters characterized by unstable softening behavior, ¢) input data from [35], and d) optimized input pa-
rameters obtained with the improved calibration strategy proposed in the present study.
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Fig. 13. Comparison of load point displacement-force curves from simulations
and experiments for the semicircular bending test (a) and Brazilian test (b) for
all 4 investigated input data sets. The yellow-shaded area represents the range
between the minimum and maximum experimental results.

were used, strain softening was too slow when b; 33 =1.0. Using
Wioc=25.4 with the previously determined damage parameters scaled
the softening behavior [44]. Here, different values of [;,. were used when
Wi Was set to 0.5 mm. As a result, changing b;, bz and b at this value of
wioc had almost no effect on the increase in the softening intensity. This is
a drawback of the previous calibration method. In the improved cali-
bration procedure, which includes a narrowing of the damage function
with the scaling factor, b, does not play a very important role. However,
because the scaled 1-; strongly intensifies the softening under triaxial
compression, this test must be recalibrated by increasing b; (Fig. 11c).

Based on the above studies, an optimal method of determining the
damage parameters to use the KCC model with brittle materials such as
dolomite rock was determined. The broad parametric study demon-
strated how changes in the damage control parameters for the user-
calibrated KCC model affect the strength and failure of the material.
The optimal calibration strategy includes the following steps: First, the
value of the localization width is set based on the element size (the
largest element in the model) and experimental results. Next, the dam-
age function is linearized and scaled to the smallest value at which
damage evolution is still stable under all loading conditions (UT/UC/
TXC). Usually, the smallest possible value of the scale factor under
uniaxial tension results in unstable deformation under UC and TXC with
low confining pressure. This is the greatest limitation of the KCC model
in reproducing brittle fracture. Finally, the values of by, by and bs should
be set to minimize the energy under UT and to fit the results obtained
under UT and TXC by comparison of the stress-strain response.

3.5. Laboratory test validation of the method for determining damage
parameters

Finally, the small-scale laboratory experiments for determining rock
properties described in Section 4.1 were modeled. In contrast to single-
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Table 6
Summary of the results of the validation tests.
Test FEA Experiment Error Qualitative
reproduction
SCBT Kic [MPa mm®®] / [%]
Fracture Energy [mJ]
(@) 2.31 0.089 1.674 38.0 70.42 Good
(b) 1.53 0.314 / 8.6 3.47 Poor
() 1.86 0.14 0.304 111 53.9 Good
(d 1.75 0.276 4.54 9.31 Good
BT Force [kN] [%] -
(a) 19.84 ~ 8.8 125.5 Medium
(b) 9.24 5.02 Poor
(© 5.53 37.2 Good
(d) 9.20 4.54 Good
Drop Force [kN] [%] -
test
(a) 35.1 ~20.1 74.6 Poor
(b) 16.4 18.4 Poor
(c) 16.2 19.4 Poor
(d 20.5 2.0 Good

element tests, the applied models could qualitatively predict the crack
pattern. The optimized damage parameters were adopted depending on
the element size in the corresponding models. Because elements close to
the notch in the model of the semicircular notched specimen are small,
normalization was performed with wy,. instead of the scale factor. For
these elements, wj,. was larger than the element size and was set to a
constant value of 0.4 (corresponding to the size of the finite element
used for normalization) to provide unchanged strength of the KCC
model. All three tests were performed for the following 4 sets of pa-
rameters, the results of which are presented in Fig. 12(a)-(d),
respectively:

(a) data from the automatically generated KCC model data for f’. =
212.0 MPa;

(b) parameters characterized by an unstable tensile softening phase;
(c) data from the previous calibration [44];

(d) optimal parameters of the present calibration.

Fig. 12(a) presents and compares fractures from the SCBT simula-
tions with experimental cracks. The computations satisfactorily repro-
duced the fracture as a single crack beginning at the center of the notch.
Due to local densification of the mesh size at the notch tip, the width of
the fully damaged area (y=2.0) exceeded the size of a single element.
This satisfies the condition wy,. > he when wy,, is used for normalization.
The advantage is that, under this condition, the stress-strain response of
each element remains unchanged regardless of the element size. The
width of the observed cracks in the whole model is restricted by the
applied wy, or the largest element size (for large elements), depending
on which normalization equation is used. The exception is case (a), in
which the default wy,. was 25.4 mm but an increase in crack thickness
was apparent. Interpolation between the yield and maximum surfaces
revealed additional damage with values of 0.0 to 1.0 around the fully
damaged crack. The region in which cracking initiated increased, but
the final crack pattern was not affected (not shown). In case (b), unstable
and rapid softening resulted in the accumulation of full damage around
the tip of the notch just after exceeding the tensile strength, and a large
volume of elements instantly became fully damaged. This simple test
emphasizes the importance of calibrating the damage parameters care-
fully and reliably. For all stable SBCT models, the qualitative repro-
duction of the final crack after dolomite failure is in good agreement.
The LPD-force curves are compared in Fig. 13a. The modification of the
EOS in cases (b, d) improved the reproduction of strength and stiffness to
match the experimental results. This confirmed that the generalized
tensile curve of dolomite used for this study faithfully reproduces the
actual behavior of dolomite. In case (a), in which the strength data were
based on concrete with f’.=212 MPa, the parameter set overestimated



M. Kucewicz et al.

(a)

Additiong; g, -

Single element
width

Shear damage - -
— ]

=)

—
W

International Journal of Mechanical Sciences 221 (2022) 107197

Unstable damage

(e)

Experiments

—

— — —_— — [SS]
- n [=)) ~ o (=]

O S s e —— |

Fig. 14. Comparison of experimentally obtained fractures registered in the Brazilian test and crack distribution from simulations shown as the damage
index for: a) automatically generated KCC input data, b) the set of parameters characterized by unstable softening behavior, c) input data from [44], and
d) optimized input parameters obtained with the improved calibration strategy proposed in the present study. Only data set (d) provided fracture with no

additional damage except tensile fracture.

the stiffness of the material by fourfold and the strength by nearly
twofold. This simple approach may be useful for verifying the modeling
methodology, but the results do not properly reproduce the response of
the brittle rock. Both the Kj¢ and fracture energy were calculated and are
compared in Table 6. for all data sets.

Fig. 14 presents a similar comparison for the BT. Like the SCBT, the
unstable parameter set (b) resulted in uncontrolled damage expansion
after the tensile strength was exceeded, and half of the sample became
fully damaged instantly. In all other cases, a central crack of varying
width developed; the transverse dimension of this crack increased with
decreasing softening rate. Damage accumulation was slowest in case (a),
and additional cracks localized within 5.0 mm of the main crack were
visible on both sides of the damage zone. For cases (b) and (c), the crack
width was close to the experimental value, while for case (d) with fully
calibrated parameters, only a single-element-thick crack was present. In
all experiments, one or two cracks propagated through the center of the
sample, but some additional cracks were observed near the contact zone
with the supporting plate, where the complex stress state induced shear
damage. The same phenomena were observed in the simulations. In
cases (a, ¢, d), propagation of the vertical crack initiated in the center of
the sample according to the Griffith theorem [68]. The registered force
(Fig. 13b) agreed with the experimental range for the cases in which the
EOS was improved, i.e., cases (b) and (d), whereas the parameters used
in cases (a) and (c¢) resulted in overestimation of the stiffness. After crack
propagation, an immediate drop in force was observed due to fracture.

Fig. 15 presents the crack distribution from the ball bearing impact
test. In models for which the softening behavior was overestimated
(cases (a), (c)), no radial tensile cracks were propagated through the
sample. The damage was localized close to the contact area, where the
ball induced mainly compressive damage. A single short radial crack
band was observed but did not cross half of the sample diameter. The
total strain required to induce fracture and full loss of the load capacity
of the sample was similar to that in the original paper [55]; however, the
insufficient energy release rate calculated with the KCC model

14

prevented crack propagation. On the other hand, when the set of pa-
rameters resulted in an immediate stress drop due to material instability
in the single-element tests, (case (b)), full damage arose in the whole
model when the tensile cracks began to propagate due to movement of
the pressure wave. Instability was highest when the elements subjected
to tension were placed on the free edge of the sample and free movement
of the accelerated elements caused a drastic increase in their volume.
The fracture observed in case (d), in which the optimized parameters
provided quick and stable softening, was in good agreement with the
experimentally observed fracture. Three tensile cracks were observed in
the model, whereas two were observed in the experiment. This
discrepancy could be due to mesh irregularities, so the simulation results
are assumed to be in good correlation with the experiment. The
force-displacement curves are presented in Fig. 16. For case (a), the
automatically generated parameters overestimated the stiffness and
maximum strength of the material by ~75%. All other parameters
predicted the maximum splitting force with a maximum error of 15%.
Slightly lower unloading, understood as the rate of force drop after
fracture initiation, was observed in the simulations. In summary, opti-
mizing the damage parameters improved the quality of the simulations.

Qualitative and quantitative summaries of the tests performed are
presented in

Table 6. For the SCBT, K¢ and fracture energy were compared,
whereas for the BT and drop-weight test, only the force-displacement
curve was investigated, with a focus on the maximum value of the force.

4. Conclusions

In this paper, three simple laboratory experiments, i.e., SCBT, BT and
drop-weight tests, were performed to determine the tensile strength,
fracture toughness, fracture energy and crack propagation of dolomite
rock. The test data were used to verify the KCC parameters for dolomite
and identify aspects improved by the proposed damage parameter
calibration strategy compared with the original implementation of the
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Fig. 15. Comparison of fracture represented as the damage index from the simulations (a-d) and experiment (e) for the drop-weight test for a) default KCC pa-
rameters, b) the set of unstable parameters, c) the parameters from [44] and d) the damage parameters calibrated in the present study for which a proper propagation

of the tensile cracks that divided the sample into two main fragments.
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Fig. 16. Comparison of force-displacement curves for the drop-weight test for
all 4 sets of KCC model damage parameters: a) automatically generated KCC
input data, b) set of parameters characterized by unstable softening behavior, c)
input data from [35], and d) optimized input parameters obtained with the
improved calibration strategy proposed in the present study.
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KCC model. A broad parametric study showed how the damage pa-
rameters impact the damage calculation, and the instabilities of the KCC
model were described in detail.

As a very brittle rock, dolomite releases elastic energy immediately
due to crack propagation after exceeding the maximum strength. In
unconfined tensile states (UT, SCBT), samples fully lose their continuity.
Post-peak behavior is nearly absent, thus, the softening in unconfined
tensile states is almost not observed. This makes the modeling of such
behavior more difficult, since in triaxial stress states this phase is very
important. The total fracture energy Gy and fracture toughness Kjc re-
sults solely from linear deformation and varied depending on experi-
mental test.

A wide parametric study about KCC model damage parameters
confirmed that when the value of wloc is smaller than the element size,
the element size is used for normalization. This makes a model strongly
mesh dependent. Otherwise, a constant value of wloc is used for
normalization and the crack width expands through multiple elements.
This may lead to overestimation of transverse crack measurement. It is
highly recommended to carefully use a wloc. The main limitation of the
KCC model original implementation is that instability occurs when a
high energy release rate, which is understood as a brittle fracture, must
be reproduced. This results in an immediate growth of damage and
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dissolution of the damaged elements, especially at the free edges of the
model. The KCC model is very sensitive to damage parameters, and its
implementation in LS-Dyna code has a major drawback with respect to
Vloc. This may be improved using the calibration strategy proposed in
the present paper, which leads to find the optimal way to reproduce the
brittle tensile damage. This method was found to be effective in simu-
lation of static and dynamic fracture with use of FEM and KCC model.
The proposed methodology allowed for numerical reproduction of crack
propagation (fracture pattern), as it was observed in experimental tests.
The qualitative response understood as a load-displacement curves were
also characterized with better correlation. Maximum error in fracture
energy was observed in SCBT and was less than 10.0 %. For other tests
the error did not exceed 5.0%.
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In this paper, the Johnson-Holmquist concrete (JHC) constitutive model is adopted for modeling and
simulating the fracture of dolomite. A detailed step-by-step procedure for determining all required pa-
rameters, based on a series of experiments under quasi-static and dynamic regimes, is proposed. Strain
rate coefficients, failure surfaces, equations of state and damage/failure constants are acquired based on
the experimental data and finite element analyses. The JHC model with the obtained parameters for
dolomite is subsequently validated using quasi-static uniaxial and triaxial compression tests as well as
dynamic split Hopkinson pressure bar (SHPB) tests. The influence of mesh size is also analyzed. It shows
that the simulated fracture behavior and waveform data are in good agreement with the experimental
data for all tests under both quasi-static and dynamic loading conditions. Future studies will implement
the validated JHC model in small- and large-scale blasting simulations.

© 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

Fracture
Triaxial compression

licenses/by-nc-nd/4.0/).

1. Introduction

Knowledge of the mechanics of rock fracture is widely used in
mining and civil engineering to improve the effectiveness and
safety of underground drilling or rock excavation (Phang et al.,
1983; Kulatilake et al., 2013; Kuili and Sastry, 2018; Baranowski
et al., 2019). Depending on the processes that specify the loading
conditions, various fracture mechanisms of rock are proposed from
the micro- and macro-scopic points of view. Most rocks undergo
brittle fracture, which is sensitive to the stress state under which
deformation occurs (Bieniawski, 1967; Sun et al., 2014; Peng et al.,
2018). Microcrack propagation decreases the mechanical resistance
of the material to external loading, and irreversible deformation
occurs as a result of dislocation motion (Jaeger et al., 2007; Zhang
and Yu, 2017). In uniaxial compression, the major cracking mech-
anism is longitudinal splitting or initiation of multiple cracking
induced by boundary effects such as friction with machine cross-
heads (Bahat et al., 2001; Basu et al., 2013). By contrast, in triaxial
tests, cracking is induced by shearing and is inclined at a small
fracture angle (20°—30°) relative to the axial direction (Bahat et al.,

* Corresponding author.
E-mail address: michal.kucewicz@wat.edu.pl (M. Kucewicz).
Peer review under responsibility of Institute of Rock and Soil Mechanics, Chi-
nese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2020.09.007

2001; Chakraborty et al., 2019). Increasing the radial pressure in-
duces well-defined shear failure, and further increases in pressure
will cause failure along several planes. When a high confining
pressure acts laterally on a sample, a brittle-to-ductile transition
can be observed (Aadngy and Looyeh, 2019).

The fracture mechanism is also often related to the micro-
structure of the sample and the presence of imperfections. The
strength and elastic properties of rock are mainly affected by in-
clusions of different materials characterized by lower strength,
trans- or inter-granular cracks, pores, voids, etc (Rajabzadeh et al.,
2012; Geng et al., 2018). It is shown that tensile strength is the
only important factor in the fracture gradient of rock masses
(Aadney and Looyeh, 2019). While the tensile strength is significant
for samples with small dimensions and affects the anisotropy of
mechanical properties, as the tested volume increases, the influ-
ence of inclusions decreases, and a large rock massif can be treated
as almost quasi-isotropic (Borovikov and Vanyagin, 1995; Soga
et al., 2014). Furthermore, different mechanisms of rock fracture
are observed under static, dynamic and shock loading conditions
(Grady et al., 1976; Mishra et al., 2017; Wang et al., 20193, b).

The growing research interest in rock mechanics has focused on
appropriate numerical modeling of rock deformation with special
consideration of fracture mechanisms. Among modeling methods,
the finite element method (FEM) remains the most commonly used
due to its universality and simplicity of implementation (Podgorski,
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NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:michal.kucewicz@wat.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2020.09.007&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.jrmge.cn
https://doi.org/10.1016/j.jrmge.2020.09.007
https://doi.org/10.1016/j.jrmge.2020.09.007
https://doi.org/10.1016/j.jrmge.2020.09.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
mkucewicz
Pływające pole tekstowe
P3


336 M. Kucewicz et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 335—350

2017; Chroéscielewski et al., 2019; Kedzierski et al., 2019; Mayer
et al.,, 2019; Migueis et al., 2019; Kurzawa et al., 2020). FEM de-
scribes a solid body in a discrete way without any imperfections
while incorporating constitutive relationships. Damage and frac-
ture are characterized by a damage index calculated based on
damage constants and mathematical functions. Several constitutive
models describing the behavior of brittle materials with different
levels of complexity are available in commercial finite element (FE)
codes. The most popular ones are the Mohr-Coulomb (M-C)
(Hackston and Rutter, 2016; Chang and Konietzky, 2018; Geng et al.,
2018), Johnson-Holmquist ceramics (JH-2) (Ai and Ahrens, 2006;
Jaime, 2011; Banadaki and Mohanty, 2012; Wang et al., 2018;
Baranowski et al.,, 2020), Karagozian and Case concrete (KCC)
(Mardalizad et al., 2017, 2019; Huang et al., 2020), Cap (Sandier
et al., 1974; Schwer and Murray, 2002; Jiang and Zhao, 2015), and
Johnson-Holmquist concrete (JHC) (Holmquist et al., 1993; Meyer,
2011; Ren et al., 2017) models.

The present paper is the part of a wider project aiming at
simulation and optimization of parallel cut-hole blasting and
fragmentation. Recently, the authors have tested two different
constitutive models capable of representing the rock subjected to
high-strain rate loads (Baranowski et al., 2020; Kucewicz et al.,
2020). However, other material models were also considered. The
present study adopts the JHC model, which is described briefly in
Section 3, for modeling dolomite. The main benefits of this
constitutive model are the three-range equation of state (EOS) and
the inclusion of both volumetric and equivalent plastic strains in
the damage assessment. However, many authors have noted a
significant deficiency of the JHC model in the reproduction of
tensile damage (Holmquist et al., 1993; Polanco-Loria et al., 2008;
Lu et al., 2012; Islam et al., 2013; Kong et al., 2016; Li and Shi, 2016;
Ren et al., 2017). Fortunately, available hydrocodes include two
solutions to deal with this limitation: modification of the original
failure surface with a user-defined interface (Polanco-Loria et al.,
2008; Kong et al., 2016; Li and Shi, 2016) and application of FEs
allowing for erosion (finite element deletion) (Wang et al., 2007;
Kala and Husek, 2016). The first requires high-level programming
skills and access to source codes, while the second unphysically
reduces the mass of the material based on previously calibrated
erosion parameters, which are dependent on the sizes of the mesh,
the modeled problem and the damage parameters.

Although rock characterization and its constitutive modeling
have been extensively studied, few works have covered the
experimental testing, constitutive description and numerical
simulation of dolomite. In the present paper, a detailed character-
ization of the mechanical properties of dolomite, including micro-
and macro-scopic studies, is presented, and two leading mecha-
nisms of cracking are analyzed. Next, a calibration procedure for
JHC constitutive model parameters based on dolomite test results is
described. Static, dynamic and shock data are applied to faithfully
reproduce the strength of dolomite under various loading condi-
tions. JHC constants for static and dynamic simulations are deter-
mined separately, and M—C theory is adopted to calculate the
cohesion. The damage parameters representing fracture and
cracking during deformation are calibrated numerically, and a
broad sensitivity study is performed to minimize the influence of
mesh size on the simulation results. The evaluated and correlated
JHC parameters are validated in triaxial and uniaxial compression
tests under static and dynamic strain rates with the commercial
FEM hydrocode LS-DYNA (Hallquist, 2006), and satisfactory quan-
titative and qualitative agreements are obtained. Finally, an erosion
criterion is applied in the FE model to reproduce the loss of con-
tinuity in the sample. In future investigations, the JHC model will be
implemented in small-scale blasting simulations and compared
with the KCC and JH-2 constitutive models.

2. Characterization of dolomite
2.1. Microstructure characterization

Dolomite, also known as calcium magnesium carbonate, is a
sedimentary mineral with the chemical composition CaMg(CO3)s.
The term dolomite also refers to sedimentary carbonate rock
composed mostly of dolomite mineral. Dolomite is not widely
distributed worldwide due to the relatively strict requirements for
its formation. The most common process is dolomitization, in
which the calcium ions in calcite are replaced by magnesium ions.
This process is strongly dependent on the Ca/Mg ratio (Machel and
Mountjoy, 1986; Maricic et al., 2018). The conditions under which
dolomite is formed impact its microstructure, composition and
hence mechanical properties (Maricic et al., 2018). As dolomite is
formed via long-term processes, its structure is heterogeneous and
includes many imperfections, such as voids, pores, veins, cracks,
and inclusions. Some examples of tested samples are presented in
Fig. 1. The material used in the investigations was excavated in
Lover Silesia, Poland. In general, dolomite is a very fragile rock, and
extreme caution was taken in the preparation process to obtain
cylinders that were intact as possible for the tests.

The chemical composition of the dolomite was analyzed by
scanning electron microscopy (SEM), and the percentage content of
each element is presented in Fig. 2. In the fractured sample, the
failure mechanism of the components was highly visible. Two main
components with different geometrical dimensions of grains were
recognized. The largest grains were formed from anhydrite, which
contributed the highest fraction of the microstructure (spectrum 4).
The average measured size of these grains was greater than 500 pm.
The failure of anhydrite resulted from the formation of a sliding
plane (gliding) through the grains, which corresponds to the mode
II/111 of cracking. The second component was dolomite mineral with
an average grain size of 40 um. Its failure mechanism was deduced
as dimpling from the SEM images. In dimpling, the connections
between grains are strong enough to resist the load, but the grains
themselves split. In addition to these two main components, large
inclusions of calcite were observed in the samples. In general,
calcite is more brittle and less durable than the other mineral
components of dolomite. In the tests, the fracture surfaces, corre-
sponding to the weakest sections of the samples, usually criss-
crossed these inclusions. Computed tomography (CT) of the
samples showed that for the tested cores, the calcite volume
reached 10%, and the inclusion size varied from 1 mm to greater
than 10 mm. Fig. 3 presents the microscopic view of fractured
surfaces.

2.2. Assessment and identification of mechanical properties

Numerical simulations were preceded by material tests to
determine material strength properties. These results were then
applied directly or indirectly in constitutive model calibration,
which is one of the most important steps in the numerical model
preparation process. Therefore, in the present paper, the following
tests were conducted to characterize the material: static and dy-
namic uniaxial compression tests, triaxial compression tests at
confining pressures of 10 MPa, 17.5 MPa and 25 MPa, static (SBT)
and dynamic Brazilian (DBT) tests for indirect tensile strength
determination, and cyclic uniaxial compression tests.

All the tests were performed according to the standards sug-
gested by the International Society for Rock Mechanics and Rock
Engineering (ISRM) (Hudson and Ulusay, 2007). The samples for the
uniaxial, triaxial and cyclic compression tests were cylinders with a
2:1 height/diameter ratio (100 mm/50 mm). The discs for the
Brazilian test had a 2:1 diameter/depth ratio (50 mm/25 mm).
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Fig. 2. Chemical composition of the investigated dolomite samples.

Static tests were performed at a strain rate of 0.0024 s~!, using an
INSTRON 8802 universal testing machine. The range of confining
pressures in the triaxial test was limited by the pressure chamber
specification, which was limited to 30 MPa. For triaxial compres-
sion, loading was applied in two steps. Hydrostatic pressure was
first applied by pressurized oil acting on all faces of the sample until
reaching a value of 10 MPa, 17.5 MPa or 25 MPa. In the second step,
the load was applied by the machine crosshead with force-
controlled movement. The test ended when the immediate force
drop after crossing the maximum strength stopped the axial
displacement of the crosshead; thus, the residual strength could
not be measured. For calibration purposes, all experimental data of

each representative sample were averaged (samples with de-
viations over 25% were ignored), as listed in Table 1.

Dynamic tests were performed with a split Hopkinson pressure
bar (SHPB) system (Jankowiak et al., 2020). Samples with a 1:1
height/diameter ratio were used to fulfill the force equilibrium
condition during the entire deformation process. For assessing
tensile strength, the same disc dimensions used in the static tests
were adopted. To smooth the signal in the loading phase, a copper
pulse shaper with a radius of 8 mm was used. The incident and
transmission bar strains were measured using a full-bridge strain-
gage circuit. The deformation was captured using a high-speed
camera at 95,000 frames per second (fps).
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Fig. 3. Microscopic view of dolomite microstructure at the fracture surface.

Table 1

Experimental results of dolomite.
Property Unit Value
Density, p kg/m®> 2840
Poisson’s ratio, » 0.25
Young’s modulus, E GPa 173
Uniaxial compressive strength (UCS), f{ MPa 2123
Static tensile strength, ft’(smic) MPa 4.5

Triaxial compressive strength g3 = 10 MPa MPa 235.6
g3 = 17.5 MPa MPa 284.2

o3 = 25 MPa MPa 297.5

Dynamic tensile strength i=2415" MPa 37.6
é=332s""1 MPa 424
Dynamic compressive strength £=665"" MPa 277
i=78s71 MPa 286
i=945s71 MPa 295
e=124s""1 MPa 321

Note: g3 is the confining pressure, and ¢ is the strain rate.

3. Description of the JHC constitutive model

The JHC model was initially developed to reproduce the
behavior of concrete subjected to large strains, high pressures and
high strain rates (Holmquist et al., 1993). Concrete and rock are both
quasi-brittle materials with similar fracture mechanisms, but there
are two major differences. First, rock is created via natural pro-
cesses, and samples are obtained from the in situ rock fragment/
mass using mechanical processes such as cutting. By contrast,
concrete is a material created under laboratory conditions from
several components (water, aggregate and cement). Second, rock
has bedding planes that affect the anisotropy of its mechanical
properties, and these planes are not included in many common
constitutive models for brittle materials (Shah et al., 1995).

In general, the JHC model distinguishes unsymmetrical strength
properties of material under tensile and compressive loadings. The
model relates the internal pressure and differential stress in the
deformed material state to determine the actual strength. The
normalized equivalent stress (¢*) resulting from differential stresses

is referred to as the quasi-static uniaxial compressive strength (UCS)
(f{) and is calculated as follows (Holmquist et al., 1993):

7 =a/fl (1)

where ¢ is the actual equivalent stress. The full specific expression
for the yield surface is given by the following equation, which is
called the constitutive model (Holmquist et al., 1993):

*

o= [A(1 -D) +BP*N] (1+Cln&") 2)

where A is the normalized cohesion, i.e. a theoretical stress that
causes material fracture due to shearing; B is the normalized
pressure hardening coefficient; N is the pressure hardening expo-
nent; C is the strain rate coefficient; P” is the normalized pressure
and is given by P* = P/f/, in which P = (¢1+02+03)/3 is the hy-
drostatic part of the stress tensor; ¢* is the normalized strain rate of
the material and is given by ¢* = &/¢p, in which ¢y is the reference
strain rate (mostly assumed as 1 s~!); and D is the accumulated
damage coefficient and takes a value ranging from 0 for unconfined
material to 1 for fully damaged material. In the above definitions,
normalization is performed by dividing the value of a parameter by
£

A graphical representation of Eq. (2) is presented in Fig. 4. In the
JHC model, the damage of the material is understood as a pro-
gressive decrease in its stiffness until the critical fracture surface
specifying the residual strength is reached. Fully damaged material
can only transfer compressive loads. The model reproduces the
state at which the material has the form of an aggregate with no
tensile strength. The damage parameter D is an extension of the
Johnson—Cook (JC) model, and the plastic strain is supplemented
with the volumetric strain increment (to consider hydrostatic
compressibility) according to the following equation (Holmquist
et al,, 1993):

A€p+Aﬂ
D= —_b 7P 3
D ©)

where Aep and Ay, are the equivalent plastic strain and volumetric
plastic strain increments in each integration cycle, respectively;
and elf, + u{, is the total plastic strain to fracture under constant
pressure P and is expressed as follows (Holmquist et al., 1993):

el +ul, = Dy (P" + TP > EFMIN (4)

where D; and D, are the damage constants, T" is the maximum
tensile hydrostatic strength, and EFMIN is the minimum plastic
strain before fracture.

The JHC model treats deviatoric and spherical quantities of
stress separately; therefore, an EOS can be implemented. The EOS
describes the relationship between pressure and volumetric strain
and is described by three characteristic ranges, as shown in Fig. 5.
The behavior of rocks under triaxial loading conditions is similar to
that of concrete, and three corresponding ranges during deforma-
tion can be highlighted. These observations confirm that the JHC
model is reliable for rock simulation. The first phase (OA) represents
a fully reversible linear elastic response of the material. It covers the
pressure from the negative cutoff for tensile loads —T"(1—D) to the
elastic limit Pcrysh (pressure at UCS) under compression and is
expressed by (Holmquist et al., 1993):

P=Ku (5)
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Fig. 4. Visualization of failure surfaces and the damage evolution function in the JHC model.
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Fig. 5. Relationship between pressure and volumetric strain implemented in EOS.

K =E/[3(1-2v) (6)

where K is the elastic bulk modulus; and x = p/po—1, in which p and
po are the current and initial densities of the material, respectively.
A simplified expression for K is given by K=Pcrysh/tcrush, Where
Uerush 1S the volumetric strain at the elastic limit.

The second range (AB) is a transitional region. The decrease in
stiffness is caused by a gradual collapse of air void pores. Under
actual deformation, the movement of the grain boundaries related
to microcracking phenomena is locked even though the material
strength increases (until locking pressure Pjocx is reached). This
range is expressed by (Holmquist et al., 1993):

P = Perysh + Kiock (% — Berush) (7)

where Kok is the bulk modulus of the material during the
described irreversible deformation. In fact, the range AB is a linear
interpolation between the first range (OA) and the third range (BC)
and cannot be controlled directly by the user. Testing has confirmed
that the slope of this interpolating line (which corresponds to the
bulk modulus) should be less than the slope of OA (Holmquist et al.,
1993).

The third range (BC) describes the strength of the material with
no pores in the structure. It is characterized by a nonlinear rela-
tionship and may be described by the following 3rd-order
expression (Holmquist et al., 1993):

P = Ko + Ko + K573 (8)

B = (1~ tock) / (1 + Hiock) (9)

where 1 is the modified volumetric strain. This range describes the
pressure-volumetric strain relation for the significantly high pres-
sures that are within the main scope of this paper.

4. JHC parameter determination

To calibrate the JHC constitutive model, 21 constants were deter-
mined. Most were obtained based on the tests, while some are strictly
numerical parameters. The main aim of the present paper is to pro-
vide a detailed description of the calibration methodology for the JHC
model to be used in various computational problems. This method-
ology may be adopted for simulations of middle/high-strength rocks
and rock-like materials regardless of the loading conditions. The
procedure was implemented with dolomite as an example.

4.1. Strain rate sensitivity

The tests under static and dynamic loading conditions confirmed
that the dolomite was sensitive to strain-rate effects. In the JHC model,
strain rate hardening is controlled by the factor C, which is a multi-
plicator of the strain rate logarithmic function in Eq. (2) and scales both
intact and damaged material strengths. Rocks generally exhibit a bi-
linear dynamic increase factor (DIF), which should be separated for
lower and higher strain rates. Moreover, the strain rate sensitivity of
granular materials such as rock or concrete is non-symmetrical, and
significant differences are observed between hardening under tension
and under compression. These differences arise from the change from
the intergranular to transgranular cracking mechanism, which leads to
faster crack propagation and crack shapes that reflect the decreased
area of the planes (Mahanta et al., 2017). The applied linear approach is
not adequate to reproduce the kinematic hardening under a wide range
of loading rates. As a result, the coefficient C must be calibrated sepa-
rately for the two ranges of strain rates. Literature data for dolomite
strength at various strain rates are limited; thus, the calibration in the
present study was based mostly on data from the authors’ laboratory. In
addition, the dynamic response of limestone, which is the mother rock
of dolomite, was assumed to be similar to that of dolomite, and the
corresponding strain rate sensitivity regions were assumed (Liu et al.,
2018). The limiting strain rate above which the strengthening of dolo-
mite should be considered was assumed to be 1 s~ For these loading
conditions, the first “quasi-static range” is valid. The second “dynamic
range” is reliable up to 125 s~ due to the lack of data for higher strain
rates. The authors’ initial simulations confirmed that the JHC model
does not scale the tensile strength with respect to the strain rate, but
the value of T" does impact the damage calculation (see Eq. (4)).
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Therefore, a proper value of this parameter should be adopted
depending on the predicted strain rates at which the model will be
applied. Again, two different values were used for static and dynamic
loadings: ft/istan'c) = 5.2 MPa and ft/(dymmic) = 42.4 MPa. The measured
static tensile strength was equal to 4.5 MPa; however, this indirect
method underestimates the results, and a correction factor of 1.15 from
the literature was used (Pittet and Lemaitre, 2000). For dynamic results,
underestimation has not been described in the literature, and thus the
dynamic tensile strength remained unchanged.

The parameter C for compressive loadings is determined from
SHPB tests, at which the dominant observed failure mechanism in
brittle material is multiple axial cracking (Kong et al., 2018). The
coefficient C is introduced to take into consideration a viscous
behavior of material, while other important effects are inertia ef-
fects at micro- and macro-scale. All of described effects are time-
dependent which causes an experiment-dependent behavior on
the loading history. However, to simplify the model and due to a
high conciseness of dolomite, the maximum strengths calculated
from well-known basic SHPB equations at constant strain rate
plateau were used for calibration.

The strain rate sensitivity of a material can be directly measured
from uniaxial tests performed at different strain rates as the in-
crease in its maximum strength. In the first step, all test results
from dynamic compression tests were normalized using
f{ =213 MPa (Fig. 6a). These points were connected by straight lines
to the normalized tensile strength T* in the P*-¢* system. The
average maximum tensile hydrostatic pressure from the tests,
which was 1/3 of the measured tensile strength, was
Taynamic = 14.4 MPa and Tatic = 1.73 MPa. In the second step, to
unify the strength increase, points at a pressure of P= 71 MPa (f//3)
were determined for each line. This value of P is the pressure at f!
from the quasi-static compression test (Fig. 6a). The obtained
points and the corresponding strain rates are shown in Fig. 6b and
were interpolated with a logarithmic linear function with slope C.
Separate hardening coefficients were determined for lower and
higher strain rates than 1 s~'. Eventually, Csatic = 0.00553 and
Cdynamic = 0.0307 were adopted for static and dynamic simulations,
respectively. The main disadvantage of this method is the difficulty
of precisely scaling the strength for a wide range of strain rates, and
thus low and high strain rates should be investigated separately.
Additionally, the value of C is strongly dependent on the number of
experimental points used for calibration.

4.2. Calibration of the failure surface

In the next step, the failure surface was determined based on
uniaxial and triaxial static compression tests. Experimental data
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(Handin et al., 1967; Mogi, 1971; Cieslik, 2014) were also adopted to
increase the pressure range (up to 600 MPa) at which the model
could be reliably applied. The strengths in uniaxial and triaxial
compression tests of the materials presented in these previous
studies were similar to those of the dolomite described in the
present paper. In many researches adopting the JHC model, the
material’s normalized cohesion A is calculated by simple fitting of
the failure surface equation to experimental points rather than
using the actual data and theoretical considerations. Usually, the
value of normalized A ranges from 0.3 to 0.8 (Holmquist et al., 1993;
Islam et al., 2013). In the present paper, the M—C linear model was
applied to determine A as an intersection point of circular envelope
and shear strength axis. The cohesion indirectly affects the residual
strength of the material, because it takes a value of O for fully
damaged material while the other parameters remain unchanged.
Thus, a higher value of cohesion increases the difference between
the maximum and residual strengths.

The shear strength of the material in the M—C model is given by
(Hackston and Rutter, 2016):

0s = optan g +a (10)
where o, is the stress in the normal direction, ¢ is the slope of the
envelope, and a is the determined cohesion of the material.

When fitting the M—C envelope to quasi-static uniaxial and
triaxial compression test data, our test results for confining pres-
sures up to 25 MPa were more reliable than the literature data and
had a higher priority in determination of the dolomite’s cohesion.
The values of ¢ and o3 were determined as the maximum regis-
tered strength and radial confining pressure from each uniaxial and
triaxial compression test, respectively, for all applied results. The
diameter of each circle is a difference between those values. Points
representing the critical shear stress were approximated with
linear function, and the cross point of this function and ordinate
corresponding to shear stress after normalization was assumed as
normalized cohesion A (Fig. 7a). Finally, we have a = 63 MPa and
¢ = 38°; thus, the normalized value of A = 0.296 was used for the
static strain rate range.

Different approaches of cohesion determination were used for
dynamic range of strain rates. As there is a lack of triaxial
compression test results for dynamic conditions, the fitting of M—C
envelope to static outcomes may result in a significant error in
dolomite stiffness. Thus, the value of A was determined using the
least square method to best fit the constitutive equation to static
and dynamic uniaxial test results considering determined values of
coefficient C. The value of A = 0.12 was used for dynamic strain
rates.
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Fig. 6. Procedure for determining the strain rate hardening coefficient for dynamic tests.
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Next, to determine the failure surface, the experimental results
were converted into data in P*-¢* space according to Egs. (3) and
(11) (Islam et al., 2013):

o= f::jfz (11)

where J, is the second invariant of the deviatoric stress tensor. The
calculated points were normalized by the UCS f (Fig. 7). The
discrepancy in the results confirms that for organic materials such
as rocks, the concurrence of test results is limited, and homogeni-
zation of the model must be performed. The failure surface applied
in the JHC model is strain rate dependent, thus separate sets of
parameters were determined for strain rates in the range of
bgtatic <1 s71< &dynamic- The strain rate of 1 s~! was set as the
reference strain rate £y. EXxperimental points were approximated by
the constitutive equation (Eq. (2)) with iterative changes in Band N
to minimize the error. To determine the failure surface shape for
static loadings, triaxial tests were crucial because all the tests were
performed at a strain rate of 0.0024 s~ 1 and Cstatic was used. On the
other hand, for dynamic loading tests, it was more important to fit
the failure surface so that it crossed the points from the dynamic
uniaxial compression tests, as shown in Fig. 7 for strain rate ¢ = 94
s~ 1. This point is directly crossed by the failure surface scaled by the
previously determined coefficient Cgynamic. Triaxial tests have
limited validity in dynamic failure surface calibration due to the

static conditions under which they are performed. Data for dy-
namic confined compression tests on dolomite are not available. In
Fig. 7, additional points are presented and they represent the re-
sidual strength from tests at which the post-failure behavior is
predicted, as described by Kucewicz et al. (2020). The static failure
surface was determined in such a way that these points were
crossed when D = 1 in order to ensure that the model reproduced
the residual response of the actual material. Ultimately, B = 1.751
and N = 0.865 were obtained for lower strain rates, whereas dy-
namic B = 2.286 and N = 0.95 were fit to the SHPB data, similar to
the normalized cohesion. The value of SFMAX = 5 resulted from the
limited increase in rock strength when the deviatoric stress
exceeded ¢ = 5, as shown in Fig. 7b.

The maximum tensile hydrostatic pressure T has an influence on
damage calculation (Eq. (4)). It was determined separately from
static and dynamic Brazilian tests for ésagc and éqynamic ranges of
strain rates. This experimental method for measurement of tensile
strength is burdened with an error related to uneven distribution of
tensile strength in the sample. To reduce this error, the averaged
tensile strength was increased by 15%, as suggested by Pittet and
Lemaitre (2000). The hydrostatic pressure was 1/3 of calculated
tensile strength. Finally, Tstatic = 1.73 MPa and Tgynamic = 14.4 MPa
were used for numerical simulations.

4.3. Equation of state determination

The EOS applied in the JHC model controlling the hydrostatic
behavior of the material is divided into three parts and should be
determined from hydrostatic or uniaxial strain compression tests
(Holmquist et al., 1993). Due to the lack of such data, a different
approach that is often used for the JH-2 ceramic model was adopted
to determine the EOS parameters. This method is based on uniaxial
shock data from flyer impact tests and is described below (Wang
et al., 2018; Baranowski et al., 2020).

The first range, which describes a reversible static range, was
obtained from the results of uniaxial compression tests. The dolo-
mite bulk modulus k was calculated using Eq. (6). In JHC model, the
increase of material stiffness due to lateral confinement is not
supported by default. The elastic modulus E, which in this equation
is assumed as the slope of the stress—strain curve, was taken as the
average from the uniaxial and triaxial tests. This approach
compensated for the effect of increasing dolomite stiffness when
the additional radial confining pressure was present. In the triaxial
tests, the bulk modulus increased significantly until reaching values
of 6 = g3 = 60 MPa. The volumetric strain was not directly
measured during uniaxial compression tests, but calculated from
Eq. (5) using an abovementioned averaged E. A more detailed
description of this procedure was reported by Kucewicz et al.
(2020). Eventually, Peysh = 71.3 MPa, equivalent to 1/3 of the
UCS, and ucrush = 0.00602 were calculated from Eq. (6). The
resulting average bulk modulus was K = 11,709 MPa. This range of
EOS is crucial from the dolomite stiffness point of view. The in-
crease of P over the value corresponding to f! with maintaining the
constant bulk modulus has a limited effect for response of JHC
model, until the failure surface is correctly determined (directly
crosses the point corresponding to f).

In the next step, the third range of the EOS was determined. Its
implementation is similar to that for the JH-2 constitutive model,
thus a similar approach for its determination using shock Hugoniot
data was adopted (Shang et al.,, 2000; Islam et al., 2013). Experi-
mental points giving pressure as a function of volume change
determined from flyer impact test results (Heard et al., 1973; Grady
et al.,, 1976; Larson, 1980) were calculated and approximated by Eq.
(2) with acceptable accuracy. For the investigated dolomite, this
range was valid for pressures up to 8 GPa. The modified volumetric
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strain was used as a function variable for fitting the pressure
equation to the experimental data. The value of K7 corresponds to
the unloading modulus of dolomite. The following constants for the
polynomial equation were obtained: K; =31 GPa, K> = 134.996 GPa
and K3 = 28,600 GPa (Fig. 8).

Finally, the second range was determined by interpolation be-
tween the first and third ranges. The second range is limited by the
locking volumetric strain, which was determined as an average
value for different dolomites in hydrostatic compression tests
performed previously (Handin et al., 1967; Heard et al., 1973). The
second range is limited by the value of pressure at which all pores
in dolomite are closed and the densification of the material is
impeded. The tests showed that for dolomite, which is character-
ized by low porosity, this region can be neglected. To provide
continuity of all three regions of the EQS, the slope of this range was
decreased by 5% of the initial dolomite stiffness K, and was equal to
Kond range = 11.123 GPa. The locking pressure Pjock and volumetric
strain ujock Were determined by calculation of the cross point of
second and third EOS ranges. The linear function crossed the shock
stage at point given by Pjock = 116.1 MPa and ujock = 0.00626. It is
crucial to remember that ujock is @ point at P = 0 calculated with
linear projection of pjock to p axis by the linear function charac-
terized by slope Kj. The full determined EOS is presented in Fig. 8.
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Fig. 8. Graphical presentation of the EOS for dolomite.
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4.4. Damage and failure calibration

The damage function implemented in the JHC model is
controlled by three constants, i.e. Dy, D, and EFMIN, which should
be determined from cyclic uniaxial compression tests. However,
most researches adopt the values of D; = 0.04 and D, = 1 initially
proposed by Johnson and Holmquist (Holmquist et al., 1993). These
values determined for concrete are constant regardless of the
application of the model and other simulation configurations such
as mesh size. The tests showed that dolomite is a very brittle rock. It
instantly released the internal elastic energy accumulated during
deformation after reaching the maximum strength, and then the
sample split into several pieces. In this study, a coupled
experimental-numerical approach for obtaining the fracture and
post-failure strengths similar to that used for the uniaxial and
triaxial compression tests is proposed. In many commonly used
constitutive models, the fracture of brittle materials is represented
by the damage index 0 < D < 1, in which D = 1 is used for fully
fractured material. In the JHC material model, the damage is
described by Eq. (3). In addition, the stress—strain curves were
compared with the actual test results. For materials in which
fracture plays a significant role, the influence of mesh size on the
results should not be neglected. Thus, in the present study, the
values of the damage parameters were normalized depending on
the mesh size.

The adopted method of dolomite modeling and representation
using the JHC model and FEM employs a homogenization of the
actual material and does not include any imperfections and dis-
continuities. Thus, the fracture pattern results directly from the
loading conditions and strength of the calibrated constitutive
model. The results of simulations may reproduce the stiffness of
dolomite and its generalized mode of failure; however, calibration
of D1 and D, could be insufficient to qualitatively reproduce the
actual rock fracture patterns, which are mainly predefined by
existing pre-cracks.

Initially, numerical simulations were performed on a single
cubic element for three different loading conditions: uniaxial strain
compression, uniaxial compression and triaxial compression with a
confining pressure of 25 MPa. Boundary conditions for each case
are presented in Fig. 9. The tests were performed under static
loading conditions as described in the experimental setup. The
trial-and-error approach was used, and the parameters D1 and D,

(c) Triaxial compression

E

=) Pressure Displacement

Fig. 9. Boundary conditions for single-element tests: (a) Uniaxial strain test (hydrostatic compression), (b) Uniaxial compression, and (c) Triaxial compression. DOF means the

degree of freedom at mentioned direction.
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were iteratively changed until the best reproduction of the actual
post-peak behavior was observed.

First, the results of uniaxial strain tests in which hydrostatic
loading conditions were reproduced are presented in Fig. 10a as a
volumetric strain-pressure relationship. The stress state in this case
resulted from the volume decrease only, and the strength of the
material was calculated directly from the EOS. No shear-induced
damage was observed. The resultant curve perfectly agreed with
the input data and confirmed that the EOS was correctly deter-
mined. In this case, the values of D and D, did not have any impact
on the test results.

Next, the results from uniaxial compression tests were analyzed
as a stress—strain relationship. Implementation of the JHC failure
surface did not provide residual strength under uniaxial loading
conditions, which was in agreement with the actual dolomite
response. However, the rate at which material softening occurred
depended on Dy and D,. A significant impact of EFMIN, which cor-
responds to the minimum amount of plastic strain before damage
occurs, was observed. The default value of 0.01 proposed in
Holmquist et al. (1993) was determined by cyclic progressive
compression tests on concrete. Different from dolomite, which
instantly fractures and splits into pieces, concrete maintains re-
sidual continuity after exceeding the maximum strength in uniaxial
compression tests. Thus, for dolomite, EFMIN should be smaller
than the default value. A study of EFMIN for assumed constants
D1 =0.06 and D, = 1.1 is shown in Fig. 10b. Values of EFMIN larger
than 0.005 resulted in incorrect damage accumulation. The value of
D remained constant before D = 1 was reached, despite the
increasing effective plastic strain in the elements. As a result, the
model behaved as if the residual strength was present; while for
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uniaxial loading conditions, this value should be zero. No impact of
EFMIN on maximum strength was observed in either uniaxial or
triaxial compression. Ultimately, a value of EFMIN = 0.005 was
applied for further tests.

The parameters Dy and D, for selected EFMIN = 0.005 under
uniaxial loading conditions are presented in Fig. 11. Table 2 lists the
values of the parameters for each test. As expected, increasing D,
decreased the energy dissipation rate (damage accumulated
slowly). The same effect was observed for decreasing D, which is
an exponent in Eq. (4). In Fig. 11a—c, evolution of the stress—strain
curves depending on the damage constants is presented. In each
figure, the legend is replaced with arrows representing the in-
creases in D1 and D; to clearly show the results. As the intensity of
material softening decreased, the maximum strength increased
slightly (up to 3%). However, this change was not significant and
was neglected; it was caused by the accumulation of plastic volu-
metric strain after reaching Pysh. The same parameter sets were
tested under triaxial compression for EFMIN = 0.005, and the re-
sults are shown in Fig. 12a—c. The outcomes were similar to those of
the uniaxial tests. The only difference was the change in the
maximum strength of the material, which decreased up to 10% as
D1 and D, decreased. The final parameters were set as follows:
D1 =0.045, D, = 1.08 and EFMIN = 0.005. The two complete sets of
parameters used for static and dynamic simulations are listed in
Table 3 together with all of the required data or tests.

5. Validation of the JHC model for dolomite

To confirm the reliability and validity of the proposed calibration
procedure, the capability of the JHC model for simulation of
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Fig. 10. (a) Volumetric response of the material in the uniaxial strain test and (b) EFMIN study under uniaxial loading conditions from a single-element test.
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Fig. 11. Damage parameters for uniaxial single-element compression tests.
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Table 2
Values of the parameters for uniaxial and triaxial single-element tests. (a), (b) and (c)
refer to corresponding curves in Figs. 11 and 12.

Test D D, EFMIN

UcC (a) 0.06 0.7-12 0.005/0.01
Uc (b) 0.1 0.7-12 0.005

Uc (c) 0.04—0.14 1 0.005

TXC (a) 0.06 0.7-12 0.005

TXC (b) 0.1 0.7-12 0.005

TXC (c) 0.04—0.14 1 0.005

dolomite is demonstrated. Quasi-static uniaxial and triaxial
compression tests were considered. Moreover, the dynamic uni-
axial compression test with use of the SHPB was investigated for
different strain rates corresponding to experimental values (see
Table 1). The JHC parameters obtained for the dolomite are sum-
marized in Table 3.

5.1. Quasi-static tests

The evaluated damage parameters were applied to the full-scale
model in more detail to reproduce the uniaxial and triaxial tests.
The aim of this test was to validate the stiffness and fracture pattern
from the calibrated JHC model. A mesh size sensitivity study was
also performed. Cylindrical samples with a radius of 50 mm and a
height of 100 mm were located between two rigid walls. The first
wall was constrained, while the second was moved with the pre-
scribed velocity of a rigid wall given by (Hanssen et al., 2002;
Kucewicz et al., 2018):

5 [ (o)
t)y=—-—= 1—cos|=—+—-t 12
U( ) T2 Tload 2Tload ( )

where Tjpaq is the total duration of loading and dpax is the final
displacement of the rigid wall.

This approach permits the use of an explicit integration
scheme, which is more efficient for simulating phenomena in
which material damage occurs compared with the implicit
method (Kucewicz et al.,, 2018). Simultaneously, gradually
increasing the speed reduces the excitation of stress wave ef-
fects, prevents an increase in kinetic energy, and maintains the
simplicity of modeling fracture and post-peak material soft-
ening. The kinetic energy is less than 0.5% of total energy from
simulation. To ensure that low-magnitude stress waves did not
affect early fracture, an additional part-stiffness damping
method was adopted. Different from uniaxial compression
tests, in the triaxial tests, an additional confining pressure was
applied to the side walls of the cylindrical sample, and a two-

Table 3
Summary of JHC constants and data required for their determination.
Parameter Unit Value Data/test
Normalized cohesion, A 0.296%, UC, TXC
0.12%*
Pressure hardening coefficient, B 1.751%, UC, TXC
2.286%*
Strain rate coefficient, C 0.005%, UC, SHPB
0.031**
Pressure hardening exponent, N 0.865%, UC, TXC
0.95%*
Maximum tensile hydrostatic MPa 1.73%, SBT, DBT
pressure, T 14.4**
Shear modulus, G MPa 7025.9 uc
ucs, f; MPa 213 uc
Quasi-static reference strain rate, s 1
EPS,
Minimum plastic strain before 0.005 FEA: Uniaxial strain
fracture, EFMIN test, UC, TXC
Normalized maximum strength, Smax 5 TXC
Crushing pressure, Pecrysh MPa 71 ucC
Crushing volumetric strain, gcrush 0.00602 ucC
Locking pressure, Pjock MPa 116.1 Shock data
Locking volumetric strain, pock 0.00626 Shock data
Damage coefficient, D, 0.0045 FEA: UC, TXC
Damage coefficient, D, 1.08 FEA: UC, TXC

MPa 31,000 UG, shock data
MPa 135,000 UC, shock data
MPa 28,600,000 UC, shock data

Unloading bulk modulus, K;
Pressure constant, K,
Pressure constant, K3

Note: Determined for strain rates: * <1 s~!, and ** >1 s~!. FEA - finite element
analysis.

step analysis was performed. In the first step, dynamic relaxa-
tion of the model was implemented to reproduce the hydro-
static compression phase until g1, g3, or g3 reached a preset
value. In the second step, axial loading was performed with
moving rigid wall in the same way as in the uniaxial compres-
sion test. Cylindrical samples were reproduced with cubic ele-
ments, and the investigated sizes were based on application of
the calibrated material model to medium- and large-scale
modeling. To ensure reliable transmission of the determined
parameters from laboratory-to “field”-scale simulations, five
mesh sizes, i.e. 0.625 mm, 1.25 mm, 1.75 mm, 2.5 mm and 5 mm,
were tested. The results were compared with the experimental
outputs qualitatively and quantitatively.

Fig. 13 compares the strength curves from the uniaxial and
triaxial tests with the experimental results for all investigated mesh
sizes. No significant impact of element counts was observed for
maximum strength and post-peak softening. An immediate drop in
strength was registered under uniaxial compression, and material
softening was less intense compared with the single-element tests
due to fracture of multiple elements on planes affected by shearing.
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Fig. 12. Damage parameters for triaxial single-element compression tests.
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This shearing was an effect of friction between the sample and the
testing machine. In Fig. 133, the corresponding damage patterns are
presented (D = 1). The densification of the FE model clarified that
the failure mechanism was multiple shearing of the sample (Basu
et al., 2013), and the constant angle of the shear plane was pre-
served for each mesh size. For an FE size of 0.625 mm, the number
of fractured planes was overestimated due to the idealized geom-
etry, mesh symmetry and immediate release of elastic energy when
the fracture was initiated. This relaxation of the sample generated
some weak tensile waves that increased the calculated damage. As
the mesh size increased, the effect of material model idealization
and homogenization became more apparent; despite increase in
the fully damaged volume, the material strength remained almost
insensitive to mesh size.

By comparison, the results of the triaxial compression tests
indicated greater sensitivity of the model to mesh size. The element
size affected the material softening phase that became smoother
with increasing mesh size. In this test, no significant difference in
maximum strength was observed. The presence of 25 MPa
confining pressure increased the maximum strength by approxi-
mately 25% compared with the uniaxial test results. The residual
strength was approximately 60% of the maximum value, which was
assumed to be correct for confining pressures up to 100 MPa (Heard
etal., 1973; Cieslik, 2007). The JHC model does not support a change
in failure mechanism from brittle to ductile with increasing radial
pressure, thus adopting a value of 60% is a compromise that permits
relatively reliable reproduction of the dolomite strength response
under a wide range of confining pressures.

The general fracture patterns shown in Fig. 14 were in accept-
able agreement for small mesh sizes. However, for coarser mesh
sizes above the element size of 1.75—2 mm, large differences were
observed. The number of main shear surfaces through the whole
sample varied, potentially due to the applied explicit integration
scheme, but the angle of the shear surfaces remained constant in all
simulations. Because the implicit method does not support the JHC
material model, the results cannot be verified by this method.
Above an element size of 2.5 mm, the shear plane cannot be

a b
@), (b)
— Experiment ) £
2004 —0.625 mm A =
= —1.25mm Y 5
% — 1.75 mm g ﬂ
‘6’150 T 2.5 mm 7 2
s —5.0mm f g
£ 100 1 g <
a S
A

50 £

w2

0 L 1
0 0.005 0.01 0.015
Strain ¢
0.625 mm 1.25 mm

300 A

—_ [\*) [3e)
W (=) wn
(=1 (=} (=)
1 1 1

100

W
(=]
Il

0 T T
0 0.005 0.01

1.75 mm

recognized. The volume of fractured material increased with
increasing element size. The failure mechanism is multiple cracking
(Basu et al., 2013). As in uniaxial compression tests, the results of
the triaxial compression tests showed satisfactory agreement with
the experimental outputs; therefore, it can be assumed that the JHC
parameters were properly determined and calibrated for static
loading conditions.

5.2. SHPB dynamic tests

Other researchers have confirmed that during deformation at
high strain rates, a leading failure mechanism is an increase in the
volume of crushed material, followed by propagation of a large
number of short fractures in the sample (e.g. Donzé et al., 1997). To
reproduce the experimental setup, a whole SHPB stand was
modeled, as shown in Fig. 15. The dolomite sample was placed
between two bars with a length of 3190 mm made of C45 high-
strength steel. The interaction process between all components
was numerically defined using the penalty-based contact algo-
rithm. Due to the use of lubricant in the actual tests, friction was
neglected in finite element analysis (FEA). As contact plays a sig-
nificant role in such simulations, the stiffness factor of contact was
increased to minimize penetration. Additional effect presented in
dynamic compression that partially results from friction and iner-
tial forces is lateral confinement of sample. To reduce the compu-
tational time, both the incident and transmission bars were meshed
with cubic elements of 1 mm in size near the gages and contact
zones; for the other parts of the bars, 10 mm elements were used.
The striker was omitted, and the load was applied to the front face
of the incident bar to register pressure vs. time relationship in the
tests.

Stress uniformity should be preserved in samples during dy-
namic tests to ensure the validity of the results. Based on one-
dimensional wave theory of SHPB tests, the sample is in equilib-
rium when the criterion given by Eq. (13) is met (Hudson and
Ulusay, 2007):

— Experiment
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— 1.25 mm

— 1.75 mm
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0.015  0.02
Strain ¢

0.025
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Fig. 13. Mesh patterns for the sensitivity study of damage parameters: (a) Uniaxial compression and (b) Triaxial compression at a confining pressure of 25 MPa.
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Ao
G'Z(f) = —Eoé‘t(f) (14)
&(t) = ec(t) — er(t) (13) As
where ¢, & and &; are the signals of incident, reflected and trans- 2¢o
mitted waves, respectively. The force balance was verified for all the &(t) = L—Sr(f ) (15)
tests, and the results for three modeled strain rates, i.e. 66 s, 94 s
s~! and 124 s~!, were calculated from Eq. (13) and are shown in
Fig. 16. Good agreement of the force balance was recorded at strain 2¢o ¢
rates of 66 s~ and 94 s~ !, while the stress history at the front of the e(t) = T / er(t)dt (16)
sample overlapped slightly at 124 s~ In addition, the force equi- s 0

librium at the constant stress stage of deformation was in good
agreement, thus the test results were assumed to be correct. The
fracture of the cylindrical samples is presented later with the FEA
results.

The results from the tests and numerical simulations were
calculated in the same way according to Egs. (14)—(16) (Hudson
and Ulusay, 2007; Baranowski and Matachowski, 2018):

where ¢; is the stress in the sample; &, is the strain rate; ¢, is the
axial strain; Ag and As are the cross-sections of the bars and the
sample, respectively; Eg is the elastic modulus of the transmission
bar; cg is the speed of sound in the bar; and L is the sample length.

The strain rate in each test using the SHPB was calculated as the
average strain rate within the range starting at 75% of the
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Fig. 16. Stress equilibrium in dynamic tests for three different strain rates.

maximum stress and ending at the maximum stress. An identical
approach was implemented by Pajak et al. (2019). In FEA, the strain
rate is computed in each element at every time step separately. The
strain rate depends on the material strength, its impedance and the
shape of the incident wave, and thus local strain rates within the
sample may vary up to a dozen percent from the experimental
values. The most reliable range at which the calibrated model is
applicable depends on the data used for calibration. When the
actual strain rate from the simulation was higher than the
maximum experimental data used for calibration, the strength of
the material was extrapolated and scaled by the JHC strain rate
hardening model. This approach limits rapid growth in stiffness by
use of the natural logarithm when a small change in the strain rate
occurs but may be responsible for the difference between the
maximum strength and the fracture pattern described below.

The relationships between stress and strain from the dynamic
compression tests are presented in Fig. 17 for each investigated
strain rate. The maximum strength obtained from FEA was in good
agreement with the experimental outcomes. The results are sum-
marized in Table 4. The maximum calculated relative error did not
exceed 5%, confirming that the application of two separate material
parameter sets for static and dynamic loadings can reproduce the
strengthening of dolomite. Slight disagreement in the shape of the
compared strength curves was observed at a strain rate of 66 s~1;
the material lost its stiffness and continuity distinctly faster than
that in the experiment. The fracture, which is represented by the
fully damaged material, tended to be noisier in FEA due to the lower
slope and maximum value of the incident wave compared with
higher strain rates. Local strain rates were measured in this test at
three positions of the sample: the two ends and the middle. The
results varied from 51 s~! to 115 s~ As these differences influenced
the hardening intensity, the range of maximum strength can vary
locally by up to 50 MPa. In other tests, this difference was signifi-
cantly smaller.

Fig. 17 compares the FEA results with the fracture of the samples
registered with a fast camera during the experiment. The crack
propagation and failure mechanisms were in good agreement.
Brittle deformation began near the faces of the sample that were in
contact with the steel bars. Subsequently, propagation of longitu-
dinal cracks was observed. The experimental records clearly show
that the fracture of the samples was specified by pre-existing
microcracks. In addition, as mentioned in Section 2, calcite in-
clusions in the dolomite structure (visible on the boundary surface
in Fig. 17 as grey patches) were crushed despite the lack of pre-
existing cracks in the neighboring area. Thus, calcite inclusions
significantly impact the material strength. To reproduce the phys-
ical fracture and loss of continuity, erosion based on principal strain
was applied. Elements were deleted when 10% of the strain value
was reached. As the erosion occurred in fully damaged material,

there was no impact of erosion on the results. The discrepancies
between the experimental and FEA results are due to the simpli-
fication of the discrete model, which, unlike actual samples, con-
tains no imperfections. After taking this homogenization into
consideration, satisfactory correlation was reached.

The effect of inertial forces presented in dynamic uniaxial
compression tests is strongly associated with inertial lateral
confinement of rock. The stress triaxiality through the sample is
uneven, thus the highest stress value was measured close to the
sample axis, and decreased in radial direction. When the strain rate
is low, the stress variation along the radial direction is less prom-
inent and increases with growing of strain rate. In future studies,
the amount of strength increase due to described effect will be
considered.

6. Conclusions

This paper presents a detailed procedure of parameter deter-
mination for the JHC constitutive model to simulate the dolomite.
Experimental results and additional literature data from tests per-
formed under quasi-static and dynamic loading conditions at
different states of stress were used. Due to the strain rate sensitivity
of dolomite, which can be divided into quasi-static and dynamic
ranges, two separate sets of parameters were proposed for strain
rates below and above 1 s~ L. The model was validated under static
uniaxial and triaxial compression as well as under uniaxial dynamic
compression. Based on the results, the following conclusions can be
drawn:

(1) Reliable calibration of the JHC model requires a series of
experiments performed under different stress states and
strain rates to fully describe the hydrostatic and deviatoric
deformation of the rock.

(2) The linear logarithmic strain rate hardening rule applied in
the JHC model must be oversimplified to reproduce the
response of dolomite rock and its fracture under static and
dynamic conditions. Applying the bi-linear model as two
separate sets of material constants improved the accuracy of
the results from static and dynamic tests.

(3) The calibration of damage parameters is crucial to reasonably
reproduce sample fracture. The proposed set of parameters
D1, D, and EFMIN provided satisfactory reproduction of
damage under quasi-static and dynamic loading conditions.

(4) A strong impact of element mesh size was observed for the
qualitative reproduction of dolomite deformation. When
large elements over 2.5 mm were used, the volume of the
fractured material began to be overestimated. However,
there was no significant impact of mesh size on the quanti-
tative results.
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Fig. 17. Comparison of fracture (damage) and stress—strain histories from the experiment and FEA studies for three different strain rates.

Table 4
Summary of FEA and experimental (EXP) results from uniaxial dynamic compres-
sion tests.

Strain rate (s—') Omax (MPa) Error (%)

FEA Experiment

66 274 277 1.08

94 281 295 4.74

124 317 321 1.24

Further investigations will include the development of a
modeling method that addresses the inability to reliably reproduce
the tensile damage in the JHC material model, which has also been
reported by other authors (e.g. Holmquist et al., 1993; Polanco-Loria
et al., 2008; Lu et al., 2012; Islam et al., 2013; Kong et al., 2016; Li
and Shi, 2016; Ren et al., 2017), and application of the model to

small- and large-scale blasting simulations.
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List of symbols

*

£ Normalized strain rate

&0, EPSy Quasi-static reference strain rate

&7 Strain rate in sample from SHPB tests

& Strain rate

& Signal of incident wave

el Plastic strain at failure

er Signal of reflected wave

et Signal of transmitted wave

& Strain in sample from SHPB tests

I Modified volumetric strain

Merush  Crushing volumetric strain

Hiock Locking volumetric strain

Kplock Volumetric strain under which the material is fully
compacted

,u{) Volumetric strain at failure

Po Initial density of material

On Stress in normal direction

o Shear stress

0z Stress in sample from SHPB tests

o, 0 Equivalent stress, normalized equivalent stress

Aep Equivalent plastic strain increment

Ap, Equivalent volumetric strain increment

v Poisson’s ratio
Slope of the Mohr-Coulomb envelope

p Current density of material

Ao Cross-section of SHPB bars

As Cross-section of SHPB sample

A Normalized cohesion

B Pressure hardening coefficient

Co Sound velocity in the SHPB bars

Cstatic/dynamic Strain rate coefficient (for static and dynamic strain

rates)

D Accumulated damage coefficient

D¢, D, Damage coefficients

Eqy Elastic modulus of SHPB bars

E Young’s modulus (elastic modulus)

EFMIN  Minimum plastic strain before fracture

f ucs

f Uniaxial tensile strength

G Shear modulus

b Second invariant of deviatoric stress tensor

K Elastic bulk modulus

K; Unloading bulk modulus

Ky, K3 Pressure constants for EOS

Ls Length of SHPB sample

N Pressure hardening exponent

Poysn  Crushing pressure

Piock Locking pressure

P, P* Pressure, normalized pressure

Smax Maximum displacement in explicit simulation

Tyel Duration of explicit simulation

Tstatic/dynamic Maximum tensile hydrostatic pressure (for static and
dynamic strain rates)
t Time
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ARTICLE INFO ABSTRACT

Keywords: The paper presents a procedure for determining Johnson-Holmquist II (JH-2) model parameters for dolomite
JH-2 constitutive model rock. The constants were determined based on experiments supplemented with literature data. The parameters
ROCk' responsible for damage and fracture were iteratively obtained based on a proposed drop-weight impact la-
Blasting . boratory stand method and numerical simulations. The results demonstrated that some material parameters are
gr;izl;:tatwn dependent on the element dimensions and should be adjusted depending on the problem scale and geometry. In

the next step, a numerical blast loading simulation was conducted to analyze the influence of mesh properties.

Finally, the JH-2 model for the dolomite rock was verified, and the corresponding parameters were implemented
to simulate rock fragmentation. Comparisons with actual tests proved that the model is efficient and accurate for
simulating blasting followed by fracture and fragmentation of dolomite rock.

1. Introduction

Upon detonation of a high explosive (HE) material, the solid ex-
plosive material is transformed into a highly compressed gaseous
medium. This transformation is accompanied by the rapid generation of
pressure, with pressure values reaching a few GPas and velocity within
the range of 1000-10,000 m/s [1]. This explosion phenomenon is
useful in civil engineering or mining for controlled rock removal or
fragmentation. In the Polish mining industry, blasting techniques are
commonly used to excavate copper ore from rock materials, especially
dolomite, depending on the mine location. The process of copper ac-
quisition (extraction) starts with drilling holes in the mining face. Then,
an emulsion HE is placed inside selected holes. Finally, the blasting
procedure starts with the chosen detonation sequence, causing propa-
gation of the shock wave in the mining face and fracturing and frag-
mentation of the rock. The effectiveness of this process is influenced by
several key factors, including the number and position of the drilled
blast holes, the delay intervals, the amount of HE used and the behavior
and response of the rock itself. Because field data are very limited and
primarily focus on rock fragmentation, optimization of the blasting
process is extremely difficult. Therefore, the use of numerical methods

* Corresponding author.

and hydrocodes to simulate and predict rock behavior under fracture
and fragmentation is fully justified.

The problem of rock blasting modeling and simulation has been
investigated by many scientists [2-6]. Problems ranging in scale from
small-scale blasting testing [3,4,7-12] to bench and cutting blasting
[2,6,9,13] and large-scale modeling and simulation, including mines
[9,14-16], have been taken into consideration. However, regardless of
the scale of the problem, in all studies, rock behavior needs to be re-
produced. Thus, a proper and efficient constitutive model that captures
as many physical and mechanical properties of the material as possible
is required.

Among available constitutive models, the Johnson-Holmquist II
(JH-2) model was developed to reproduce the behavior of mainly brittle
materials under dynamic or impact loading conditions. The JH-2 con-
stitutive model considers pressure, volume and strain rate dependency.
Moreover, softening can be applied. This model is very effective and is
widely used in studies of blasting, fragmentation and other strongly
dynamic phenomena [7,12,17-22]. JH-2 constitutive model parameters
have been determined for rocks (mainly granite) [7,21,23], ceramics
[18,24] and glass [19,25], but parameters have not been estimated for
dolomite, which is the main aim of the present study.
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The determination of JH-2 parameters is not an easy and straight-
forward task and requires several experimental tests for calibration, as
noted by many researchers [18,19,21,26]. Some parameters are either
impossible or difficult to obtain empirically. The aim of this paper is to
present a procedure based mainly on experimental data without too
many assumptions or approximations. However, neither the fracture
nor damage parameters could be obtained explicitly, and therefore a
laboratory test was proposed to determine these parameters easily using
experimental results and numerical simulations. Additionally, the in-
fluence of mesh size was analyzed, which demonstrated that some
material parameters are strongly dependent on the element dimensions
and should be adjusted depending on the problem scale and geometry.
In the next step, the influence of mesh size was analyzed in a numerical
test of blast loading simulations using a cylindrical model of a rock with
a central hole filled with HE. Ultimately, the JH-2 model for dolomite
was verified by comparing the results of simulations of rock fragmen-
tation with actual outcomes. The proposed methodology and experi-
mental set-up may also be effective for determining JH-2 parameters of
other brittle materials.

The remainder of this paper is structured as follows. Section 2
provides a brief description of the investigated dolomite rock. In
Section 3, the JH-2 constitutive model is described, and in Section 4 the
procedure for JH-2 parameter determination is presented and dis-
cussed. Calibration and verification of the JH-2 model for dolomite are
detailed in Section 5, and the final section provides the conclusions.

2. Dolomite characterization

The main aim of the paper is to investigate the possibility of mod-
eling and simulating dolomite fracture and fragmentation. The ex-
amined dolomite is located in Polish underground mines owned by the
company KGHM. Dolomite is generally formed as a result of direct
crystallization of dolomite minerals in highly saline water reservoirs in
the presence of CO, and organic matter. Dolomite can also result from
dolomitization, a process that involves replacing calcium with magne-
sium in limescale deposits. The dolomite consists of more than 21%
MgO, 30% CaO and more than 47% CO,. Based on these proportions,
the dolomite is a monomineralic rock [27]. To obtain basic physical and
mechanical data of the investigated dolomite, a series of different ex-
perimental tests ranging from quasi-static to dynamic under both ten-
sion and compression conditions were carried out using a universal
strength machine and split Hopkinson pressure bar (SHPB). The ex-
periments are not described in detail, but the evaluated mechanical
properties are summarized in Table 1.
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Fig. 1. Intact, damaged and fractured surfaces described by the JH-2 con-
stitutive model.

3. JH-2 constitutive model characterization
3.1. Material strength description

The JH-2 model is based on the relation between normalized values
of equivalent stress and pressure. The model is described by three
surfaces representing intact, damaged and fractured states of the ma-
terial (Fig. 1). The normalized intact strength of the material presented
in Fig. 1 is described using the following formula [17-19,28]:

o*; = A(P*+T*N(1 + C-Ine*) B

whereo*; = o;/ay;, is the normalized intact strength (o; is the current
equivalent stress, and oyg; is the equivalent stress at the Hugoniot
elastic limit (HEL)); A, N are intact material constants; C is the strain
rate coefficient; P*=P/Pyg is the normalized hydrostatic pressure (P is
the current hydrostatic pressure, and Pyg; is the pressure at HEL);
T*=T/Pyg, is the normalized maximum tensile hydrostatic pressure;
andé*=é/¢, is the dimensionless strain rate (¢ is the current equivalent
strain rate, andé, = 1.0s™! is a reference strain rate).

The damaged material is represented by the dashed line in Fig. 1,
and its normalized strength is given by the following [17-19,28]:

o*p = 0% — D(c* — 0*F) (3.2)

where D is a damage factor with a value between 0.0 and 1.0. The
normalized fractured strength of the material is represented by o*r and
is described using the following formula [17-19,28]:

o*p = B(P)M(1 + C:Iné¥) (3.3)

where B, M are fractured material constants.

In Fig. 1, 0*pyax, Which represents the maximum value of o, is
given. This parameter gives the possibility of controlling the upper limit
of the fractured strength. The abovementioned formulas characterize
the behavior of the material described by the JH-2 constitutive model.
When the current value of equivalent stress is larger than o*;, the

Table 1

Physical and mechanical properties of dolomite.
Experimental test Parameter Value Unit
- Density, p 2840.0 kg/m3
- Poisson's ratio, v 0.24 -
- Bulk modulus, K; 30,834.0 MPa
- Shear modulus, G 19,059.0 MPa
Uniaxial compression test Elastic modulus*, E 47,410.0 MPa

Static uniaxial compressive strength*, UCSs 215.6 MPa

Brazilian static test Static uniaxial tensile strength*, UTSs 4.4 MPa
Brazilian dynamic test Dynamic uniaxial tensile strength*, UTSp, 44.6 MPa
Triaxial test, 0,=03=10.0 MPa Triaxial compressive strength*, TCS; 225.6 MPa
Triaxial test, 0,=03=17.5 MPa Triaxial compressive strength*, TCS> 266.7 MPa
Triaxial test, 0,=03=25.0 MPa Triaxial compressive strength*, TCS3 258.5 MPa
SHPB test Dynamic uniaxial compressive strength*, UCSp 260.8 MPa

+ averaged values from a series of specimens
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Fig. 2. Description of a) damage and b) equation of state in the JH-2 con-
stitutive model.

material starts to deform plastically (Eq. (3.1)). As the damage in the
material accumulates, its strength decreases until it reaches damage
surface 0*p (Eq. (3.2)). In this state, the material is partially damaged
(0.0 = D = 1.0). The softening continues until the material is fully
damaged, which means that the value of damage parameter D equals
1.0 and the material is characterized by a fractured surface (Eq. (3.3)).

3.2. Material damage description

The curve representing the nonlinear increase in damage of the
material described by the JH-2 model is presented in Fig. 2a. As de-
scribed above, the status of the material changes from intact to frac-
tured due to plastic deformation, which depends on pressure. In this
case, the equivalent fracture plastic strain &/is given by the following
[17-19,28]:

& = Dy (P*+T*)"2 (3.4)

where D; D, are damage constants.
As the plastic deformation increases, damage accumulates in the
material. The damage value can be calculated as follows [17-19,28]:

A
D:ZA—;};

where Aep is the increment of the equivalent plastic strain during a
calculation cycle.

(3.5)

3.3. Material equation of state (EOS) description

In the JH-2 constitutive model, the polynomial EOS defining the
relationship between hydrostatic pressure P and volumetric strain g is
implemented (Fig. 2b). For the intact material, the polynomial equation
is given by the following [17-19,28]:

P= Klﬂ + KZIMZ + K3[13 (3.6)

As the level of damage in the material increases, incremental pres-
sure AP is added to the EOS. The value of this additional pressure
changes from AP = 0 when D = 0 to AP = AR,,x when D = 1. The in-
crease in AP is due to the conversion of the decrease in the incremental
elastic internal energy to potential internal energy. The fraction of
elastic energy loss converted to potential internal energy is controlled
by bulk factor § with a value between 0.0 and 1.0. The polynomial EOS
with the added incremental pressure is as follows [17-19,28]:

P =Ku+ Ku? + Ku® + AP 3.7)
When tensile pressure occurs, the polynomial EOS changes to
P=Ku (3.8)

where K;, Ky, K3 are EOS constants (K; is the bulk modulus of the
material) and
u = p/p, — 1is the volumetric strain (p is the current density, and po
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is the reference density).

4. JH-2 parameters determination
4.1. Determination of pressure parameters

According to the original papers by Johnson and Holmquist
[17-19,28], a pressure-volume relationship should be determined using
data obtained from experimental tests in which a one-dimensional state
occurs. Additionally, high-pressure data are acquired from planar plate
impact tests, e.g. a flyer plate impact test [29-32]. The corresponding
testing procedures are complicated and difficult due to the sophisti-
cated conditions and the need to determine the pressure and deviator
components of the net stress [20]. Therefore, one of several approaches
is usually adopted to determine the constants in the polynomial EOS.
Wang et al. proposed an analytical method based on fundamental ex-
perimental data [12,23]. Alternatively, an incremental approach using
coupling between the experimental and numerical data can be im-
plemented until similar values of the measured pressure are obtained in
both cases [7,8]. Finally, the constants K5, K3 and u are fit to planar
impact experimental data [18,19,21,33].

In the present paper, the latter approach was adopted based on the
availability of high-pressure data for dolomite [29,34-37]. The fitted
constants of the EOS for a given series of data are presented in Fig. 3.
The model provides a satisfactory fit to the data, with the following
constants: K; = 31.0 GPa, K, = 700.0 GPa, K3 = 5650.0 GPa.

4.2. Determination of the HEL

The HEL is one of the most critical experimental data. It comprises
pressure and deviatoric components and represents the point at which a
shock wave exceeds the elastic limit of the material in the one-dimen-
sional state. The HEL is determined through the abovementioned planar
impact test. Such a test was not conducted in the present study; instead,
literature data were used, and an HEL value of 2.75 GPa was taken as
the average of the data reported by Petersen [37] and Grady [29,38] for
Blair dolomite. In addition, the components of pressure Py and de-
viatoric stress oyg were determined according to the following equa-
tion:

_ 2
HEL = PHEL + EUHEL. (4.1)

The values of Py and opgywere obtained using the procedure de-

scribed in several papers for JH-2 parameter determination

[7,18,23,33]. In the first step, the volumetric strain at the HEL was
determined using the following equation:

4 HygL
HEL = Kju + Koy + Kaply® + —G—————.
HEL HEL HEL 377 . 4.2)

By substituting HEL, K;, K, and G into Eq. (4.2), the volumetric
strain at HEL, uyz = 0.0326, was obtained and substituted into

5 120 1 ® Grady (1976)
,\& @ Petersen (1969)
g 1001 @ Stephens, et al. (1969) ®
=3
A 80 I @ Heard, etal. (1973)
~ @ Stephens (1964) o
60 = Model fit \
40 o ° P = 31.04+700.04+5650.04
[}
20 F ®
[¢]
O L L L L L Il
0 0.02 0.04 0.06 0.08 0.10 0.12

Volumetric strain, # [-]

Fig. 3. Fitted curve of EOS and test data for dolomite.
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Eq. (3.6) to obtain Pyg, = 1.95 GPa. Eventually, the deviatoric stress
component, oy, = 1.21 GPa, was obtained by solving Eq. (4.1).

4.3. Determination of the strain rate parameters

The first step in determining the strain rate constant C is to calculate
the maximum hydrostatic tensile pressure T. The value of T cannot be
determined directly from experimental tests. However, according to
previous work [18,20,23], T can be calculated based on the spall
strength in planar impact tests. As noted above, such tests were not
performed in this study, and a spall strength of Tye = 47.0 MPa
measured for Blair dolomite was taken from the paper by Grady and
Hollenbach [39]. This value of Ty, is close to the dynamic uniaxial
tensile strength obtained for the investigated dolomite using the dy-
namic Brazilian test (UTSp, = 44.6 MPa). Using the equations of elas-
ticity for one-dimensional strain, the pressure Pg,q; and 0gpq; can sub-
sequently be obtained [20,23] using the known constants (Tga V):

P _ T;'pall (1 + V)
vl = 3 \1—y (4.3)
1-2v
Ospall = Tspall(ﬁ) (4.4)
Thus, the normalized values can easily be calculated:

P = Bpan/Pupr = 0.0133 and 03 = Gypan/ O, = 0.0088. The normal-
ized hydrostatic tensile pressure T* was then obtained based on the
methodology of Johnson and Holmquist [20]. This technique uses
Eq. (3.1), which describes the intact strength of the material. The initial
constants A, N and T* were fit so that the curve crossed the HEL and the
points representing the dynamic uniaxial compressive strength and the
spall strength components determined earlier. Ultimately, the normal-
ized hydrostatic tensile pressure was determined as T* = 0.015 and
T = T*Pyg;, = 29.2 MPa.

Using these data, the strain rate constant C, which influences both
the intact and fracture states of the material, can be determined.
Although for brittle materials increased strength is mainly due to the
pressure effect [18,23,40], the strain rate effect should be also included
when dealing with strongly dynamic phenomena, e.g., high-velocity
impact or blasting and fragmentation. According to some papers
[17-19,25,28], the strain rate constant C can be directly calculated
from uniaxial-compression experimental data taken from stress mea-
surements at different strain rates. The accuracy of the strain rate effect
obtained increases with the amount of experimental data [25]. There-
fore, in the present paper, dolomite strengths at different strain rates
taken from experimental tests were used (Table 2), and five re-
presentative tests were considered.

In Fig. 4, five strengths of dolomite are presented with the corre-
sponding strain rates. The maximum hydrostatic tensile pressure,
T = 29.2 MPa, is also included. Straight lines are drawn from T through
each point representing the material strength at a different strain rate.
Each line has a different slope, which represents the strain rate effect on
the material. Additionally, the line corresponding to a stress-to-pressure
ratio of 1:3 is shown, and by definition, the experimental data must fall
on the line.

To remove the influence of pressure, the plotted data were nor-
malized to a constant pressure P.,,;; = 71.8 MPa, which corresponds to

Table 2
Uniaxial compressive results for dolomite.

Test no. Uniaxial compressive strength [MPa] True strain rate [1/s]
1 216.0 0.00024

2 277.0 65.0

3 286.0 78.0

4 295.0 94.0

5 321.0 124.0
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Fig. 5. Strain rate constant determination.

the point of intersection of the 1:3 curve with the line that starts at T
and crosses the uniaxial compressive strength (UCS) taken from the
quasi-static test. The obtained normalized data including the corre-
sponding strain rates are presented in Fig. 5. To find the strain rate
parameter C, a straight line was drawn through the data. As a result,
C = 0.02 was obtained and used in further steps of JH-2 parameter
determination.

4.4. Determination of intact strength

Similar to polynomial EOS determination, the constant required for
describing the intact strength of the material can be obtained using two
approaches. The first method uses normalized experimental data cov-
ering tension and compression tests within quasi-static and dynamic
regimes [17-19,25,28]. The second procedure for fitting the intact
strength model is to implement the Hoek-Brown criterion, which was
originally developed for estimating strengths of hard rock masses [41].
This latter approach has been adopted in several papers on rock mod-
eling employing the JH-2 constitutive model [7,8,23,25,33]. In the
present paper, the intact strength model representation was obtained by
using the parameters obtained earlier, i.e., T* and C, and fitting the A
and N constants from Eq. (3.1) to the experimental data for dolomite
presented in Tables 1 and 2. The intact strength curve should cross the
HEL and representative strength data [19,20]. Using this procedure,
constants A = 0.78 and N = 0.45 were obtained. The JH-2 model in the
intact state is presented in Fig. 6 for three different strain rates: quasi-
static (0.00024 1/s), the SHPB test (124.0 1/s), and the flyer-impact test
from which the HEL was determined (10° 1/s). The fractured state is
also included, and the procedure for determining the constants required
for describing both the fracture and damage is discussed in further
sections of the paper.
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Fig. 6. Fitted JH-2 model and test data of dolomite.

4.5. Determination of fracture strength and damage

It is difficult to determine the damage and fracture material con-
stants. Some experimental tests for granite [42], marble [43], soda-lime
glass [44] or B4C ceramics [45,46] can be found in the literature.
However, interpretation of the results is questionable, and evaluating
the constants directly from the testing data is problematic. Therefore, a
laboratory test is proposed to easily determine the constants responsible
for fracture strength and damage. Additionally, numerical simulations
of the actual tests were carried out, and the abovementioned constants
were determined (see Section 5).

5. Calibration and verification of the JH-2 model

Future studies will include implementation of the JH-2 constitutive
model of dolomite in further numerical simulations of parallel hole cut
blasting, where a proper representation of fracture, cracking and frag-
mentation is crucial. Therefore, the authors assumed that the JH-2
material model incorporating the constants derived based on the tests
described below would take into account these elements.

Three tests were carried out: a dynamic drop-weight impact test, a
blast loading test and a fragmentation test. The JH-2 parameters ob-
tained for the dolomite are summarized in Table 3. To calibrate the
fracture and damage constants, i.e., B, M, SFMAX, D; and D,, dynamic
drop-weight impact tests using a ball bearing were performed with the
use of a laboratory stand. This stand makes it relatively easy to in-
vestigate the global material response due to compression loading as

Table 3
Material properties for the JH-2 constitutive model for dolomite.

Parameter Value Unit
Density, p 2840.0 kg/m3
Poisson's ratio, v 0.24 -
Bulk modulus, K; 30,834.5 MPa
Shear modulus, G 19,059.6 MPa
Elastic modulus, E 47,410.3 MPa
Hugoniot elastic limit, HEL 2750.0 MPa
HEL pressure, Pyg; 1945.0 MPa
Maximum tensile strength*, T 29.2 MPa
Intact strength coefficient, A 0.78 -
Fractured strength coefficient, B 0.65 -
Strain rate coefficient, C 0.02 -
Intact strength exponent, N 0.45 -
Fractured strength exponent, M 0.45 -
Bulk factor, f8 1.0 -
Damage coefficient, D; 0.001 -
Damage coefficient, D, 1.15 -
Pressure coefficient 2, K5 700,000.0 MPa
Pressure coefficient 3, K3 5,650,000.0 MPa
Maximum normalized fracture strength, 0" ax 0.35 -

s value should be adjusted based on mesh size
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well as fracture and fragmentation resulting from the tensile wave
generated by the impact. The proposed experimental approach is si-
milar to those presented in the literature [19-21,26]; however, both the
fracture characteristics and the force response of the material are
compared with finite element analysis (FEA). Next, the influence of the
mesh size was numerically analyzed in the blast loading test using a
cylindrical rock in which the central hole was filled with HE. Finally,
fragmentation tests were conducted and simulated to verify the JH-2
model for dolomite.

5.1. Drop-weight impact test: fracture strength and damage

5.1.1. Experimental procedure

The dynamic drop-weight impact tests using a ball bearing were
performed with the use of a laboratory stand as illustrated in Fig. 7. A
series of five specimens with a diameter and height equal to 50.0 mm
were tested. The force measurement was carried out with a Piezotronics
M200C50 piezoelectric force sensor installed directly above the cy-
lindrical impactor striking the sample and connected to a Vibamp PA-
16000D signal conditioner from EC Electronics. Displacement was
measured with a Keyence LKG-502 laser displacement sensor. The test
stand was equipped with an automatic system for both measuring and
setting the drop height. The data from the sensors were collected,
synchronized and saved using a laptop computer with dedicated control
software and a NI USB 6361 data acquisition device from National In-
struments. The test stand design permitted the installation of impactors
with various types of tips. In the present research, a tip fabricated from
maraging steel with a diameter of 25.0 mm and a height of 51.0 mm
was used. The mass of the impactor was 13.6 kg, and the impact force
was transferred pointwise to the test sample by a 5.5 mm ball bearing
set on the upper surface of the sample. Based on the preliminary ex-
perimental tests, various heights were tested in order to find an energy
value at which fracture of the specimens was observed. Based on these
tests, an energy of 14.0 J was considered, and additional tests were
conducted at 18.7 J. The conditions of each test are presented in
Table 4.

5.1.2. Numerical modeling

The abovementioned tests were simulated using an explicit LS-Dyna
commercial hydrocode with Multi Parallel Processing (MPP)
[47-50,65,66]. The specimen was inserted between two rigid walls
representing the surfaces of the crosshead and the impactor (Fig. 8).
The ball bearing was placed between the moving non-deformable wall
and the specimen. To reproduce the loading conditions of the actual
tests, a corresponding mass and an initial velocity were specified for the
moving rigid wall. Because the behavior of the specimen did not differ
significantly between the two energies in the experimental tests, an
average value of the drop energy was considered, resulting in a rigid-
wall mass and velocity equal to 13.6 kg and 1.524 m/s, respectively.

Both the specimen and the ball bearing were modeled using brick
FEs with one and eight integration points. The interaction between the
parts was defined using a penalty function approach without any fric-
tion [47]. The specimen was modeled using the JH-2 constitutive model
in which the constants responsible for fracture strength (B, M) and
damage (D;, D;) were correlated in order to reproduce the material
behavior as closely to the actual outcomes as possible. A sensitivity
study was also performed using mesh densities from 0.3 mm to 1.0 mm.
Thus, eight different cases were considered (Fig. 8). After the actual
tests, the ball bearings remained intact. Therefore, during the numerical
simulations, fully isotropic elastic properties were considered for a ball
bearing with the following properties:  Eg,q = 210.0 GPa,
Pyteer = 7850.0 kg/m?, and v = 0.3.

5.2. Blast loading test

To simulate the blast loading test, the same MPP LS-Dyna hydrocode
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high-speed camera

Fig. 7. Experimental set-up of the drop-weight impact for testing the dolomite specimen.

Table 4
Parameters of the experimental drop-weight tests.

Specimen no. Impactor mass [kg] Drop height [mm] Drop energy [J]

1 13.6 105.0 14.0
2 13.6 105.0 14.0
3 13.6 105.0 14.0
4 13.6 140.0 18.7
5 13.6 140.0 18.7
Average 13.6 122.5 13.4

used for the correlation analyses was adopted. The main purpose of this
test was to assess the influence of mesh size on the damage and fracture
of a dolomite rock subjected to blast loading. A quasi 2D model com-
prising a 2.0-mm section of a cylindrical specimen with a diameter of
1600.0 mm and a central blast hole with a diameter of 30.0 mm was
considered. Other researchers have reported similar tests at smaller
scales [3,7,8,12]. The dimensions were selected to reflect a similar scale
of the fragmentation test described in Section 5.3; however, the FE
model of the rock sample was developed using one layer of hexagonal
elements that were triangular- and square-shaped in plane, which
drastically reduced the computational time. The finest mesh, which was
the maximum mesh in the FEA of the actual drop-weight impact test,
had an average element size of 1.0 mm. The coarsest mesh size was
9.0 mm. The main assumption in developing the models was to reflect
identical initial and boundary conditions for each case; i.e., the area
within the blast hole and the HE were unchanged in each case. The HE
was described with a regular grid of smooth particle hydrodynamics
(SPH) particles. A penalty-based node-to-surface contact was in-
troduced to simulate the interaction between the SPH part and the FEM
rock sample [47]. Generation of a blast wave was modeled using the

___ initial velocity

ball bearing

oS
oS

Jones-Wilkins-Lee (JWL) equation of state and MAT HIGH_EXPLOS-
IVE_BURN (HEB). The equation describing the behavior of detonation
products has the following form [47]:
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where V=py /p; po is the initial density of the HE; p is the actual density
of the HE;

E, is the detonation energy per unit volume and the initial value of E
of the HE; and Ayr, Bur, Ri, R2, and @ are empirical constants de-
termined for a specific type of explosive material based on experiments
[51] using the Gurney energy, detonation pressure and explosion heat.

All required parameters of the HE used in the mining industry were
defined based on the results of a so-called cylindrical test (Table 5). A
detailed description of the test procedure can be found in [51].

The FEM-SPH model for the blasting test is presented in Fig. 9. To
reflect symmetrical conditions (slice of the whole cylindrical rock
sample), the Z-displacement was fixed on the external walls of the FE,
and a non-reflecting boundary condition was applied for the SPH par-
ticles.

5.3. Fragmentation test

5.3.1. Experimental procedure

During the validation stage of the JH-2 constitutive model of do-
lomite, a blast fragmentation test was carried out. For this purpose, a
blast hole with a diameter of 30.0 mm and depth of 430.0 mm was
drilled in a selected piece of dolomite. In the bottom of the hole, an
emulsion HE with a mass of 10.0 g was inserted. Then, the blast hole
was filled with stemming. Some of the physical properties of the HE are
presented in Table 5. The rock had a volume of approximately 0.472 m>

e
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Fig. 8. Specimen with a ball bearing for FEA with applied initial boundary conditions;
different finite solid element densities were considered in the modeling of the specimen.
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Table 5

Material properties for HE with EOS [51].
Parameter Value Unit
Initial density, po 1130.0 kg/m®
Detonation velocity, D 4805.0 m/s
Chapman-Jouguet pressure, pcy 7400.0 MPa
Apg 252,000.0 MPa
Bug 15,570.0 MPa
R; 6.08 -
R> 2.05 -
[} 0.25 -
Detonation energy per unit volume, E, 3700.0 MPa

and a mass of ~1240.0 kg. During testing, the blasting process was
recorded using a camera, and the obtained fragments were scanned
using a 3D laser scanner to compare the results with the FEA outcomes.
The tested rock with a visible blast hole and characteristic dimensions is
presented in Fig. 10.

5.3.2. Numerical modeling

To simulate the fragmentation test, MPP LS-Dyna hydrocode was
adopted as in the previous FEA. The dolomite rock geometry was ob-
tained based on the 3D laser scanning process from which the point
cloud was obtained. The outer surfaces were then generated, and a
discrete model was developed using mainly 1-point nodal tetrahedron
elements [47]. However, brick elements with one integration point
were also used in the area within the blast hole. The HE and stemming
were described with a regular grid of SPH particles. Penalty-based
node-to-node and node-to-surface contacts were introduced to simulate
the interaction between two SPH parts as well as between SPH parts
and FEM parts, respectively [47]. Although the Arbitrary Lagrangian-
Eulerian formulation (ALE) has been found to be effective for analyzing
the blast wave interaction with different types of structures [52-54],
the SPH-FEM coupled model was introduced here based on parallel
studies showing that this method gives nearly identical results with a
significantly shorter computational time. The HE was described iden-
tically as in the blasting test using the same parameters for EOS and HE.
However, in this case, modeling of the stemming was also required.
Thus, the MAT_FHWA _SOIL model was used with parameters of un-
saturated sand (Table 6) taken from the literature [55] and supple-
mented with values from [56,57]. The model was found to be efficient
for modeling the behavior of soil or/and sand considering strain soft-
ening, strain rate effects, moisture content and kinematic hardening
[56,57]. Moreover, the FHWA material model is stable even if un-
confined conditions occur.

Based on the results obtained from the previous numerical simula-
tions of the drop-weight impact test and blasting test, the constants of
the JH-2 constitutive model were adjusted considering the size of the
adopted mesh. For rock discretization, an average mesh size of 5.0 mm

blast hole

Dy,
-
0 1o,
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was assumed for brick elements and tetragonal elements. Thus, the
maximum hydrostatic tensile pressure was taken as T = 27.0 MPa for
the corresponding mesh size based on outcomes from the blasting test
(see Fig. 17). Ultimately, 21,350,000 elements were used to represent
the dolomite rock. A complete model with the initial boundary condi-
tions is presented in Fig. 11.

5.4. Results and discussion

5.4.1. Drop-weight impact test

The relationship between force and impactor displacements was
obtained from the actual drop-weight impact tests (Fig. 12). Compar-
able force histories were obtained for all specimens; however, slight
differences were observed in the maximum force and displacement at
which fracture begins. Nevertheless, overall repeatability of the mate-
rial stiffness was achieved, and a similar brittle-like response of the
dolomite was observed for each specimen. After reaching the maximum
strength of the material, the fracture responsible for fragmentation
started. In all cases, fragmentation had a similar character: the speci-
mens broke in half into two pieces. An exemplary specimen after the
test is shown in Fig. 13. It can be observed that the cracking was due to
tensile and shearing damage.

As mentioned previously, the JH-2 material model parameters were
correlated through an iterative approach using numerical simulations of
the drop-weight impact test. The constants of the fracture strength and
damage were iterated until the FEA results matched the actual results
for the force vs. displacement curve and fracture behavior. Ultimately,
the following fracture and damage constants were obtained: B = 0.65,
M = 0.45 and D; = 0.001, D, = 1.15 (see Egs. (3.3) and (3.4)).

First, the force characteristics were compared with the average ex-
perimental force vs. displacement curve (Fig. 14). A strong mesh de-
pendence of the peak force was observed: the smaller the mesh size, the
lower the maximum force. Increasing the element size resulted in
higher values of the peak force. In the JH-2 model, damage is re-
presented by a variable that corresponds to the average damage within
a volume of the FE [58]. Thus, when the FE is smaller, less damage is
needed to change the material state from intact to damaged and,
eventually, fractured. In all cases, a similar stiffness of the material was
observed.

Fragmentation of the specimen was mainly due to tensile fracture.
In the JH-2 constitutive model, tensile fracture is directly connected to
the maximum tensile hydrostatic pressure determined in Section 4.3, as
T = 29.2 MPa. Although the values of T were the same in each case
(various element sizes), different tensile strengths were observed, and
thus the value of T was adjusted based on the discretization level. Other
researchers have demonstrated a significant influence of the hydrostatic
tensile strength on mesh dependency [59-61]. Regularization of the
solution can be obtained by adding a modification consisting of a vis-
cous rate dependency on the hydrostatic tensile strength [59-61].

identical mesh

d = 30 mm all cases

@b

simulated Tmm
section

HE described
using SPH

symmetry conditions
(non-reflecting boundary for SPH)

Fig. 9. FEM-SPH model of the cylindrical rock used in the blasting test with a close-up view of the blast hole region.
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Fig. 10. Experimental set-up for the fragmentation test: a) piece of the dolomite with a blast hole; b) point cloud of the rock with characteristic dimensions.

Table 6
Material properties for stemming described using MAT FHWA _SOIL [55-57].

Parameter Value Unit

Density, ps 2350.0  kg/m®

Specific gravity, SPGRAV 2.65 -
Density of water, pyq 1000.0  kg/m?
Viscoplasticity parameter, V, 1.1 -
Viscoplasticity parameter, vy, 0.0 -
Max. number of plasticity iterations, ITER 10.0 -
Shear modulus, Gy 19.5 MPa
Bulk modulus, Ky, 15.3 MPa
Peak shear strength angle, @max 0.42 radians
Cohesion, COH 0.011 MPa
Eccentricity parameter, ECCEN 0.7 -
Strain hardening% of ¢mq, where nonlinear effects start, A, 0.0 -
Strain hardening amount of non-linear effects, E, 10.0 -
Moisture content, MCONT 6.2 %
Parameter for pore water effects on bulk modulus, PWD; 0.0 -
Skeleton bulk modulus, PWKSK 0.153 MPa
Parameter for pore water effects on confinement pressure, 0.0 -
PWD,
Residual friction angle, @, 0.063 radians
Volumetric strain at initial damage threshold, D;,, 0.001 -
Void formation (fracture) energy, Vgsm 10.0 -
Level of damage causing element deletion, DAM, 0.0 -
Maximum principal failure strain, EPSqx 0.0 -

Nevertheless, in the present study, the original JH-2 material model was
adopted with the adjusted parameters depending on the mesh size.

In Fig. 15, the force vs. displacement curves are presented for se-
lected mesh sizes, i.e., 0.3 mm, 0.6 mm, 0.8 mm and 1.0 mm, each with
a different value of the maximum tensile hydrostatic pressure, i.e.,
90.0 MPa, 72.0 MPa, 43.0 MPa and 31.0 MPa, respectively. The value
of T for each case was iterated until good agreement with the actual

d,,.= 30 mm

100 mm

rock (FE tetra)

25.0 —_

Specimen no. 1

— Specimen no. 2

20.0 — Specimen no. 3
Specimen no. 4

15.0 Specimen no. 5

5.0

0.0
0.0

Fig. 12. Force vs. displacement curves obtained from experimental tests.

curve was obtained. The peak force as well as the maximum displace-
ment at fracture were reproduced well compared with the actual tests.
However, the mesh size slightly affects the stiffness of the material or,
more precisely, the fracture stiffness: the smaller the FE element, the
lower the slope of the curve. Moreover, changing T influences other
parameters of the JH-2 constitutive model (Eq. (3.1)), which therefore
should be readjusted depending on the value of T. Nevertheless, in the
present study, these parameters in all cases were identical to those
obtained using the determination procedure described in Section 4.
Visible differences between the meshes also resulted from the geo-
metry and scale of the problem. In this particular case, damage is due
directly to the impact of the ball; therefore, the mesh size within the
ball is significant. However, in the blast loading test, which employed
larger-scale models with different geometries than those used in the
drop-weight tests (discussed in Section 5.4.2), the crack patterns were
similar despite the adopted element size, although the value of T
needed to be slightly reduced for a coarser mesh in order to correlate

stemming

(SPH)

HE (SPH) rock (FE hex)

Fig. 11. Numerical model of the dolomite rock with a close-up view of the blast hole with stemming and HE.



P. Baranowski, et al.

International Journal of Impact Engineering 140 (2020) 103543

Fig. 13. Exemplary specimen after testing: visible crater and tensile cracks.
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Fig. 14. Force vs. displacements curves obtained from experiments and FEA
with different mesh sizes.

= 250 — 0.3 mm, T = 90.0 MPa
= 0.6 mm, T = 72.0 MPa Speci f /j
> pecimen fracture
£ ol — 08mm T=430MPa =
= — 1.0mm, T = 31.0 MPa
— Average exp.
15.0

Peak force: 16.2 kN
Peak force: 18.3 kN

®
o
@ Peak force: 19.7 kN
o
[ ]

Peak force: 19.9 kN I
Peak force: 20.6 kN

0 0.3 0.6 0.9 12 1.5

Displacement [mm]

Fig. 15. Force vs. displacements curves obtained from experiments and FEA
with different mesh sizes and iterated constant T.

the outcomes with the reference model.

The satisfactory reproduction of the force vs. displacement curve in
the JH-2 constitutive model was also confirmed in the fracture char-
acteristics of the specimen. Fig. 16 illustrates the damage distribution
over the specimen in the selected stages of simulation. Since the frac-
ture and damage characteristics were similar for all mesh sizes, only the
results from the FE model with 0.8 mm mesh are presented. The same
moments of time from the actual tests are also included to compare the
FEA and experimental results. In the first stages of impact, damage
starts to accumulate due to compression. In the subsequent stages, the
tensile failure starts to initiate, with the formation of a tensile crack that
then propagates from the center of the specimen to its edge. Ultimately,
propagation of the tensile crack causes the specimen to split into two
similar pieces. Regardless of the adopted mesh size, the same damage
behavior was obtained.

5.4.2. Blasting test
The drop-weight impact test revealed that strength parameters
(Eq. (3.1)), especially T, need to be adjusted depending on the adopted

element size. In the blasting test, the influence of the mesh on the
fracture and damage of the dolomite was analyzed. A comparison of the
crack patterns (damage index) obtained for the different element sizes
is presented in Fig. 17. The reference case is the model with an element
size of 1.0 mm; for this model, the JH-2 parameters were correlated
during the FEA of drop-weight impact testing. In each case, a similar
crack pattern was obtained, although the area of compression damage
near the blast hole and the number of cracks differed slightly depending
on the element size. The results indicate that the blast loading caused
propagation of shock waves in the rock and formation of a compressive
crush zone near the blast hole. Further travel of the shock wave in the
rock resulted in tensile failure, represented by the radial crack pattern.
This pattern occurred because the tensile stresses were larger than the
tensile strength of the dolomite in the area outside the compressive
failure zone. Although no actual tests were considered in this study, the
outcomes are similar to those presented in the literature [3,7,8,12].

Based on these observations, the maximum hydrostatic tensile
pressure value was reduced slightly to T = 27.0 MPa, resulting in a
better correlation with the reference model for the given average ele-
ment dimension of 5.00 mm. In further simulations, a mesh size of
5.00 mm was used as a compromise between accuracy and efficiency,
considering the scale of the fragmentation tests.

5.4.3. Fragmentation tests

In the last stage of the study, numerical simulations of fragmenta-
tion caused by the blast were performed using the JH-2 constitutive
model with the correlated constants. Fig. 18 shows the detonation
process in the selected time moments of simulation. To more clearly
visualize the results, the model was cut to permit accurate analysis of
the interaction of the SPH particles with the FE representing the rock in
the vicinity of the hole. In the first stages, the shock wave travels into
the rock mass, resulting in the accumulation of compressive damage
near the blast hole. Cracks are subsequently generated as the tensile
strength value of the dolomite is exceeded. In all stages, the stemming is
pushed out of the blast hole due to HE expansion.

The characteristics of the cracks and damage are shown in Fig. 19.
The damage index fringe for 0.01 s of simulation shows that the rock
was fragmented into two main pieces of unequal size. The elements in
which the damage index is 1.0 are characterized by larger deformation
compared to the initial time moments. This increase in deformation is
due to a decrease in stiffness in these elements, and the fragments
created by blast loading separate in the radial direction of the blast
hole. In the real-world case, the formation of cracks causes a loss of
material continuity. To reflect this phenomenon in numerical simula-
tions, an additional erosion criterion can be introduced to remove a FE
in which a critical value of a given parameter, e.g., strain, is achieved.
However, an erosion criterion was not considered in the present study.
Further study is needed to select a proper erosion value for deleting
elements that will not affect the material response.

After the experimental tests, the fragments were 3D scanned to
compare their geometries with the numerical results. The volumes of
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Fig. 16. Comparison of the specimen fracture process between FEA and the experiment:

a) 2.0 ms, b) 3.0 ms and c¢) 5.0 ms.
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5

tensile
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Fig. 17. Comparison of specimen crack patterns obtained from numerical simulations using different mesh sizes; a) 1.0 mm, T = 31.0 MPa, b) 2.0 mm,

T = 30.0 MPa, c¢) 3.0 mm, T = 29.0 MPa,

d) 5.0 mm, T = 27.0 MPa, e) 7.0 mm, T = 26.0 MPa, f) 9.0 mm, T = 25.0 MPa.

the actual and discrete fragments were also calculated. Fig. 20 com-
pares the numerical simulations and fields tests of the dolomite rock
after blasting. Elements with a damage index equal to 1.0 were blanked
in order to analyze the geometry and volume of both fragments. In
addition, fragment No. 2 was manually positioned similar to the final
position of the actual fragment to better visualize the results. Satisfying
similarity in terms of the fracture and cracking pattern as well as the
resulting geometries of the created rock fragments is observed.

In Table 7, the calculated volumes of both fragments are presented
for the numerical model and the actual rock. Based on the data, the
volume of fragment No. 1 is nearly identical to that of its actual
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representative. A higher error was obtained for the larger fragment. It
should be noted that the small fragments visible in Fig. 20 were not
measured. The fully damaged elements in FEA, which were blanked for
volume calculations, were also not taken into consideration. Ad-
ditionally, the fragments within the area under the HE (Fig. 19) were
treated as parts of fragments No. 1 and No. 2.

6. Conclusions

In the paper, the parameters for a JH-2 constitutive model for do-
lomite were determined on the basis of experiments and literature data.
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stemming is
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Fig. 18. Section view of a crack pattern obtained from numerical simulations of the blasting fragmentation test: a) 0.0002 s, b) 0.0005 s, c) 0.0018 s, d) 0.0058 s.

The methodology for the estimation of the parameters was discussed in
detail and thus can be effectively extended to the determination of JH-2
parameters for other brittle materials. The material model was corre-
lated and verified based on three tests. In the first test, a drop-weight
impact test was carried out, and FEA was conducted to correlate the
constants responsible for the damage and fracture of the material. It
was found that some of the JH-2 parameters are dependent on the
adopted mesh size and the size of the modeled problem. To further
investigate the mesh influence and analyze the capability of the JH-2
model to simulate shock-induced fracture and damage in a rock, blast
loading simulations were carried out. The JH-2 model properly re-
presented the behavior of the dolomite rock. Moreover, similar out-
comes in the form of a crack pattern were obtained for all mesh sizes,
although the maximum hydrostatic tensile pressure was slightly mod-
ified in each case. In the last validation test, the JH-2 constitutive model
was used to model the rock fragment subjected to blast loading.
Relatively small discrepancies between the field and numerical results
were obtained, and satisfactory reproduction of the fragmentation
characteristics was observed. The literature data for stemming were
adopted, which could affect the modeling efficiency.

In summary, implementation of the JH-2 constitutive model with
parameters determined for dolomite proved to be efficient and accurate
for simulating blasting followed by fracture and fragmentation of the
rock. Nevertheless, the outcomes demonstrated that the JH-2 model
suffers from mesh dependency, which is a drawback of softening plas-
ticity models as indicated in [62,63]. The material model should be
used with caution bearing the above limitation in mind. The influence
of the mesh should always be studied when simulating dynamic

a)

area

under HE

b)

problems, or some modifications should be implemented by adding,
e.g., viscous terms to the constitutive model [60,61,64].

Further studies are planned to verify the model in penetration and
small-scale tests. The mesh influence will be also analyzed in these
investigations. Ultimately, the JH-2 model will be implemented in
further numerical simulations of parallel hole cut blasting, for which a
proper representation of fracture, cracking and fragmentation is crucial.
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Fig. 20. Comparison of rock fragments obtained from the numerical simulation and experiment.

Table 7
Comparison of the obtained fragments.

Fragment FEA/Exp. Volume % of the % of whole
[mm?] experiment volume

No. 1 FEA 0.171 98.85 36.23
Experiment 0.173 100.00 36.66

No. 2 FEA 0.286 109.16 60.59
Experiment 0.262 100.00 55.51

Whole FEA/ 0.472 100.00 100.00
Experiment
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