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Wykaz skrotéw oraz definicje pojeé stosowanych w przewodniku:

ANFO - (ang. Ammonium Nitrate Fuel Oil) materiat wybuchowy na bazie azotanu(V) amonu

i oleju.
MW — material wybuchowy.
MWE — material wybuchowy emulsyjny.

MUP — modutowe urzadzenie pompujace. System umozliwiajacy mechaniczny zatadunek

MWE luzem.

VoD - (ang. Velocity of Detonation) predkos¢ detonacji.

Calizna skalna — nienaruszony poktad ztoza.
Frakcja urobku — rozktad rozdrobnienia okruchéw skalnych po zakonczeniu prac strzatlowych.

Hot spots — (gorgce punkty) — zarodniki detonacji w postaci drobnych pecherzykow gazu

badz mikrosfer szklanych, zawieszone w matrycy emulsji.

Matryca — nieuczulona, wysokoskoncentrowana emulsja typu w/o. Faz¢ wodna stanowi

azotan(V) amonu a faza organiczna sktada si¢ z olejow mineralnych i emulgatoréw.

Nadgabaryty — bryly skalne posiadajace rozmiar wigkszy od zalozonego na etapie

projektowania prac strzatowych.

Stopien uczulenia — stopien i rownomiernos¢ wypetnienia danej objetosci matrycy emulsji

gorgcymi punktami.

Uczulacz — komponent MWE luzem, ktdry po zmieszaniu z matrycg, zmniejsza jej gestos$é

I generuje drobne pecherzyki gazu.

Zdolno$¢ urabiajgca — efektywnos¢ danego MW w kruszeniu calizny skalnej

I przemieszczaniu powstatych okruchow skalnych.
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1. Wstep

1.1.0go6lne informacje o materialach wybuchowych i materialach

wybuchowych emulsyjnych.

Materiaty wybuchowe emulsyjne (MWE) stanowig najnowsza grupe materiatlow
wybuchowych (MW) przeznaczonych do uzytku cywilnego. Zostaty opracowane ponad 50 lat
temu [1], a technologia ich produkcji jest stale rozwijana [2, 3]. Obecnie sg powszechnie
stosowane do wydobycia skat, zar6bwno w kopalniach podziemnych, jak i odkrywkowych,
atakze w budowie tuneli, rozbidrkach i innych obszarach inzynierii ladowej [4, 5]. MWE
wytwarzane s3 w dwoch podstawowych grupach produktowych, tzn. jako MWE nabojowane
I MWE luzem. MWE nabojowane sg gotowa formg uzytkowa, majacg posta¢ foliowych
nabojow o okreslonej masie, S$rednicy 1 dlugosci. MWE ,luzem” ma posta¢ dwoch
niewybuchowych sktadnikow. Wlasciwy material wybuchowy powstaje dopiero po ich

zmieszaniu i uptywie czasu.

MWE stanowig nowoczesng alternatywe dla klasycznych MW przeznaczonych do uzytku
cywilnego (np. MW amonowo-saletrzane, dynamity). MWE nie zawieraja sktadnikow
wybuchowych, przez co ich produkcja jest znacznie bezpieczniejsza niz klasycznych MW.
W przeciwienstwic do MW nitroestrowych (dynamitow), MWE nie zawierajg substancji
toksycznych lub ucigzliwych dla personelu czy to podczas produkcji czy podczas
uzytkowania [6]. MWE zawierajg stosunkowo duzg ilos¢ wody, co sprawia, ze podczas
transportu, przechowywania czy uzytkowania istnieje mniejsze ryzyko ich przypadkowego
wybuchu niz ma to miejsce w przypadku klasycznych MW, a w szczegdlnosci w przypadku
MW nitroestrowych. W zwigzku z wysokim stopniem przereagowania podczas detonacji,
sktad gazoéw postrzalowych jest takze bardziej korzystny (mniejsza emisja tlenkéw azotu
z jednostkowej masy), niz w przypadku tradycyjnych MW [7]. Wykazuja zdecydowanie
bardziej przyjazne S$rodowisku naturalnemu wilasciwosci w poréwnaniu do MW
zawierajacych w sktadzie estry kwasu azotowego czy nitrozwiagzki, ktore moga przenikac¢ do

gleby czy wod gruntowych [8].

Podstawowym sktadnikiem MWE jest emulsja typu woda w oleju w/o. Faze¢ wodna
stanowi nasycony roztwor azotanu(V) amonu, zawierajacy rowniez substancje pomocnicze.
Fazg¢ organiczng stanowi olej i emulgator. Emulsja, tzw. ,,matryca” stanowi uktad teoretycznie

zdolny do wybuchu, lecz z uwagi na praktyczng niewrazliwo$¢ na bodzce inicjujace,



traktowana jest jako utleniacz w klasyfikacji transportowej 5.1 migdzynarodowej konwencji

dotyczacej drogowego przewozu towarow i tadunkoéw niebezpiecznych [9].

Matryca MWE musi zosta¢ poddana procesowi uczulania, aby sta¢ si¢ wlasciwym
materiatem wybuchowym. Uczulanie polega na wprowadzeniu niejednorodnosci, w postaci
drobnych wtracen pecherzykow powietrza, badz innego gazu w calej objgtosci emuls;ji.
Podczas przejscia fali detonacyjnej, wytworzone pecherzyki gazu ulegaja sprezeniu
adiabatycznemu, w wyniku ktérego rozgrzewaja si¢ do bardzo wysokich temperatur, ktore
indukujag gwattowny rozktad azotanu(V) amonu z wydzieleniem tlenu. Zawarte w emulsji
paliwa pochodzace z fazy organicznej, ulegajg gwaltownemu spalaniu z wydzieleniem
znacznych ilosci ciepta oraz gazowych produktéw spalania, powodujac podtrzymanie procesu
detonacji. Niejednorodno$ci w postaci pgcherzykow gazu znaczgco zmniejszajg gestosé

osrodka, co utatwia rozchodzenie si¢ i propagacje fali detonujacej [10].

Znane i obecnie stosowane sg dwie metody uczulania: fizyczna i chemiczna [11].
Fizyczna polega na dodatku tzw. mikrosfer szklanych o bardzo matej gestosci rzedu 0,1 —
0,2g/cm®. Realizowane jest to na etapie mieszania matrycy emulsji ze sktadnikami
modyfikujacymi. Ta forma uczulania najczgsciej wykorzystywana jest do MWE
nabojowanych czyli gotowej formy uzytkowej materialu wybuchowego. Metoda chemiczna
stosowana jest glownie w przypadku MWE luzem. Polega na reakcji uczulacza z faza
utleniaczy z matrycy, w wyniku ktorej wydziela si¢ gaz w postaci drobnych pecherzykow

wypelniajacych catg objetos¢ matrycy emulsji [P1].

1.2.Uzasadnienie podjecia problematyki badawczej

Pierwsze przemyslowe zastosowanie MWE luzem w podziemnych polskich kopalniach
miedzi nalezacych do KGHM Polska MiedZ przeprowadzono w 1997 roku w kopalni
»Rudna”. W 2004r. juz prawie 10% materiatdw wybuchowych uzytych w kopalni ,,Rudna”
stanowily MWE luzem [12]. W kolejnych latach wykorzystanie materialdw wybuchowych
luzem stale wzrastalo. W ostatnim czasie ponad 80% uzywanych w KGHM materialow

wybuchowych stanowiag MWE luzem. Co roku notowane jest coraz wigksze zuzycie MWE.

W latach 2020/2021 wzrosto ono o ok. 10% wzgledem lat 2019/2020.

Rosngcy udziat MWE luzem w rynku MW przeznaczonych do uzytku cywilnego jest
efektem szeregu zalet (mniejsza wrazliwo$¢ na bodZce proste, bezpieczniejsze dla srodowiska
1 nietoksyczne skfadniki) tych materiatow na tle konkurencyjnych rozwigzan opartych

0 klasyczne MW. Najwazniejszg zaleta MWE jest podwyzszone bezpieczenstwo podczas
9



transportu 1 uzytkowania tego typu materiatdw wybuchowych. MWE luzem sg produkowane
I dostarczane do miejsca przeznaczenia w postaci dwoch niewybuchowych sktadnikow.
Do zatadunku otworéw strzalowych uzywa si¢ specjalnych modulowych uktadow
pompujaco-zatadowczych MUP (Rysunek 1), zabudowanych na samojezdnych wozach
strzalowych SWS. Oprogramowanie sterujace wraz z odpowiednio dobranymi pompami
1 mieszalnikiem statycznym zapewnia doktadne, zgodne z recepturg wymieszanie matrycy
emulsji oraz uczulacza [13]. Mieszanina wttaczana jest do otwordéw strzatowych za pomoca
weza zaladowczego. Dopiero po uptywie okreslonego czasu, pod wplywem reakcji
chemicznych, staje si¢ materialem wybuchowym wrazliwym na bodzce inicjujace. Dzigki
temu nie ma mozliwos$ci kontaktu personelu z MW (przeciwdzialanie kradziezom oraz brak

narazenia na potencjalnie szkodliwe substancje).

vl
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Rysunek 1. Wyglad zewngtrzny oraz schemat ideowy MUP.
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Oprocz bezpieczenstwa nalezy roOwniez wspomnie¢ o usprawnieniu robot strzatowych.
Tradycyjny zatadunek jakichkolwiek materiatow wybuchowych w postaci nabojow jest

czasochtonny 1 ucigzliwy, ze wzgledu na warunki panujagce w kopalni. Zatadunek
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mechaniczny pozwala na znaczne skrocenie robot strzalowych, dzigki czemu goérnicy kroce;j
przebywaja w ciezkich i niebezpiecznych warunkach, a postep robot jest duzo szybszy, co

bezposrednio wplywa na aspekt ekonomiczny wydobycia.

1.3.Problematyka rozwoju MWE i jej praktyczne znaczenie

1.3.1. Produkcja i rozwoj MWE w NITROERG S.A

Poczatek produkcji MWE w NITROERG S.A. w Bieruniu to rok 1997. Pierwsze lata
produkcji opieraly si¢ na dostarczonych wraz z instalacjg formutach na wtoskiej licencji Dott.
Mariano Pravisani & C. srl i produkowane byly wylacznie asortymenty w formie nabojow.
Dziesig¢ lat pozniej zostaly opracowane w zakladzie formuty MWE luzem oraz MWE
bezpieczne wobec metanu 1 pylu weglowego. Materiaty te byly przedmiotem badan, ktére
prowadzitem w ramach pracy dyplomowej w ramach studiéw podyplomowych Technologia
Materiatébw Wybuchowych na Politechnice Slaskiej w Gliwicach. Badania te byty poczatkiem
mojej aktywnos$ci naukowej, a opracowane wowcezas formulacje MWE niezmiennie

produkowane sg przez NITROERG S.A. do dnia dzisiejszego.

1.3.2. Problemy zwiazane ze stosowaniem MWE luzem

MWE luzem, cho¢ znaczaco ulatwiaja prace strzalowe i sg znacznie bezpieczniejsze
w stosowaniu niz klasyczne MW, maja rowniez wady, a najwicksza z nich sg nizsze niz
w przypadku MWE nabojowanych i klasycznych MW parametry detonacyjne (Tabela 1).

Tabela 1. Poréwnanie $rednich wartosci predkosci detonacji dla MWE luzem, nabojowanych
i dynamitow [14].

Material wybuchowy Predkos¢ detonacji [m/s]
MWE luzem 3800
MWE nabojowane 4700
Dynamity 5500

MWE luzem, z uwagi na zachodzacy proces uczulania, charakteryzujg si¢ roéwniez
zmienno$cig parametrow strzatlowych w zalezno$ci od interwalu czasowego pomiedzy
zatadunkiem MWE do otworu strzalowego, a jego zainicjowaniem. Interwatl ten jest $cisle
uzalezniony od procedur obowigzujacych w danym miejscu uzytkowania, przez co utrudniona
jest precyzyjna kontrola uzyskiwanych frakcji urobku [15]. Odpowiednie rozdrobnienie jest
czynnikiem wptywajacym na bezposrednie koszty wydobycia, gdyz np. w przypadku

nadgabarytow nalezy prowadzi¢ dodatkowe rozdrabnianie urobku.
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Przemyst stara si¢ odpowiedzie¢ na zapotrzebowanie na MWE luzem o zwigkszonej
energetyce 1 stabilno$ci parametrow, ale jak dotad nie udalo si¢ tego zrealizowa¢ w sposob
bezpieczny i efektywny [16]. Najczgsciej spotykanym sposobem poprawy parametrow
strzalowych MWE jest dodatek aluminium, ale takie rozwigzanie moze komplikowaé
produkcj¢, znaczaco zwigksza¢ koszty oraz mie¢ bezposredni wplyw na trwato$¢
i bezpieczenstwo stosowania tak zmodyfikowanych MWE [E2]. Istnieja takze inne
alternatywne metody modyfikacji MWE (np. dodatek prochow nitrocelulozowych [17]),
majace postuzy¢ podwyzszeniu parametréw ich detonacji, jednakze nie sg one pozbawione
istotnych wad, zaréwno podczas produkcji jak i uzytkowania. Problematyka ta zostala szerzej

opisana w publikacji [P1] oraz w punkcie 3.3.

1.3.3. Potrzeby rynkowe modyfikacji I usprawniania

dotychczasowych rozwiazan

Najwigksza czg¢$¢ produkowanych przez NITROERG S.A. asortymentow to MWE luzem,
z czego az ponad 80% zuzywane jest w podziemnych kopalniach KGHM. Postep wydobycia
wymusza coraz glebszg eksploatacj¢, z czego wynika zmienno$¢ warunkéw geologicznych,
w ktorych prowadzone sa prace strzalowe. Zmienia si¢ przede wszystkim temperatura
panujaca w przodkach wydobywczych — nierzadko spotykane sg temperatury skat rzedu
nawet do 40-50°C. Z powodu znaczacego wplywu temperatury na szybko$¢ procesu
uczulania, aw szczegdlnosci na szybko$¢ reakcji, w wyniku ktorych powstaja pecherzyki
gazu, MWE luzem s3 bardzo wrazliwe na zmiany temperatur. Na rys. 2 przedstawiono wptyw
temperatury na zmiany gestoSci wywolane procesem uczulania dla stosowanego obecnie
MWE luzem, Emulinitu 8L. Obserwowane roznice w zmianach ggstosci, pokazuja ze
stosowana receptura wraz ze wzrostem temperatury moze wykazywac obniZzone parametry

detonacyjne z powodu zbyt dalekiego postepu reakcji uczulania.
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Rysunek 2. Wplyw temperatury na zmiany gestosci rynkowo dostepnego MWE luzem

(Emulinit 8L)

wywolane postepem procesu uczulania.

Innymi obszarami zastosowan MWE luzem sg prace strzalowe prowadzone w kopalniach

odkrywkowych oraz przy budowie tuneli [18]. W przypadku tych zastosowan, MWE musi

zachowaé niezmienno$¢ parametrow w szerokim zakresie temperatur, poniewaz nawet

w jednej kopalni, temperatury mogg znaczaco si¢ r6zni¢ w zalezno$ci od rejonu wydobycia.

Wysoka twardo$¢ 1 zwigzlos¢ skal wymaga réwniez, aby stosowany MW cechowat

si¢ mozliwie wysokimi parametrami detonacyjnymi. Obecnie produkowane MWE luzem

charakteryzuja si¢ nizsza zdolno$cig urabiajagca w porownaniu z MWE nabojowanymi czy

MW nitroestrowymi (dynamitami). Wynika stad bezposrednia potrzeba opracowywania

nowych formut o poprawionych parametrach strzalowych.
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2. Cel i zakres pracy
Celem pracy bylo opracowanie nowej receptury MWE luzem o poprawionych

parametrach detonacyjnych i lepszej stabilno$ci chemicznej wzgledem obecnie

produkowanego w NITROERG S.A. Emulinitu 8L.

Zasadnos$¢ opracowania nowej formuty MWE, bedacej przedmiotem pracy, podaza za dwoma

aktualnie podstawowymi wyzwaniami rynku, tj.:

e Optymalizacja parametrow prac strzalowych zwlaszcza przy eksploatacji twardych skat
I zmiennych temperatur calizny skalnej w ktorej prowadzone sg prace strzatowe,
e Obnizenie emisji gazoéw postrzalowych, co jest obecnie podstawowym kierunkiem zmian

legislacyjnych w UE dotyczacych stosowania materiatow wybuchowych [19].

Zakres prac prowadzacych do osiagnigcia zalozonego celu obejmowat nastepujace zadania

badawecze:

e Zbadanie standardowej (produkowanej w skali przemystowej) formulacji MWE luzem
pod katem zmian parametrow strzatowych w czasie [E1],

e Okreslenie mozliwo$ci podwyzszenia parametrow strzatowych standardowej formulacji
MWE luzem poprzez dotowanie jej aluminium granulowanym [E2],

e Zbadanie kinetyki uczulania MWE zaré6wno w laboratorium jak i w docelowych
warunkach uzytkowania, w celu rozpoznania mozliwosci wplynigcia na te procesy, tak
aby dopasowac ich przebieg do oczekiwan uzytkownika [E3],

e Opracowanie sktadu nowego komponentu uczulajacego, dzigki ktoremu otrzymywany
MWE bedzie uczula¢ si¢ szybko 1 stabilnie, posiada¢ wyzsze od obecnej formuty
parametry detonacyjne oraz pozwoli na obnizenie zawartosci toksycznych gazow
postrzatowych. Zbadanie w warunkach laboratoryjnych nowej formuty MWE luzem [E4],

e Ocena mozliwo$ci aplikacji oraz zbadanie parametrow uzytkowych w nowej formutly

MWE luzem w docelowych warunkach uzytkowania [E5].
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3. Obecny stan wiedzy w zakresie MWE

3.1.Parametry opisujace uzytkowe cechy MWE

Parametrem najcze$ciej uzywanym do opisu materiatdow wybuchowych jest predkos¢
detonacji (VoD). Jest to maksymalna predko$¢ propagacji, z jaka fala detonacyjna moze
rozchodzi¢ si¢ w danym materiale wysokoenergetycznym. Warto$¢ VoD jest funkcjg zarowno
wilasciwosci fizykochemicznych materialu wysokoenergetycznego (np. sktad chemiczny,

gestosc), jak i cech badanego tadunku (np. $rednica tadunku) [20].

MWE charakteryzuja si¢ wysoce rozwini¢ta powierzchnig kontaktu pomiedzy
utleniaczem a paliwem, przekraczajgca limit dla mieszanin czy zawiesin [P1]. Ta wtasciwosé
pozwala na uzyskanie doskonatych parametréw detonacyjnych [21], w przeciwienstwie do
tradycyjnych MW w postaci mieszanin wykorzystujacych azotan(V) amonu (np. ANFO).
Roéznice widac¢ glownie w predkosci detonacji. Podczas gdy tradycyjne materiaty typu ANFO
zwykle cechujg si¢ wartosciami VoD nieprzekraczajacymi 3000 m/s, MWE zazwyczaj

osiggaja wartosci predkosci detonacji przekraczajgce 4500 m/s [22].

W przypadku MWE nabojowanych predko$¢ detonacji nie zmienia si¢ w czasie, poniewaz

forma fizycznego uczulania mikrosferami jest bardzo stabilna.

W przeciwienstwie do MWE uczulanych fizycznie (za pomocg mikrosfer szklanych badz
tworzywowych) [23], zastosowanie chemicznego uczulania w MWE luzem zapewnia nizsza
stabilno$¢ parametrow, poniewaz reakcji lezacej u podstaw uczulenia nie mozna zatrzymac
w dowolnym momencie. W konsekwencji, w przypadku MWE luzem czas, jaki uptynat
mig¢dzy uczuleniem matrycy zatadowanej do odwiertu a zainicjowaniem fadunku, ktory jest
czesto okreslany jako ,,czas u$pienia”, powoduje zmiany w gestosci 1 predkosci detonacji
[E1]. Ponadto wielko$¢ itempo zmian wlasciwosci MWE w czasie zalezy od czynnikow

srodowiskowych, przede wszystkim temperatury.

Gestos¢ w przypadku MWE ma nieco odmienny wpltyw na VoD niz w przypadku
klasycznych MW, gdzie wyzsza gestos¢ pozwala na uzyskanie wigkszych wartosci predkosci

detonacji. W przypadku MWE gestos¢ jest $cisle powigzana ze stopniem uczulenia.

Krzywa opisujaca zaleznos¢ predkosci detonacji od gestosci MWE ma charakterystyczny
ksztatt dzwonu: najpierw wraz ze wzrostem gestosci VoD ros$nie liniowo, nastgpnie powoli
maleje, przy okres$lonej gestosci MWE predko$¢ detonacji osigga najwickszg warto$¢, a wraz

z dalszym wzrostem gestosci VoD maleje. Wreszcie, gdy gestos¢ MWE osiagnie okreslong
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warto$¢ graniczng, zdolnos¢ MWE do detonacji zanika. Jednocze$nie wraz ze wzrostem
srednicy tadunku MWE wzrasta warto$¢ gestosci, przy ktorej VoD osigga swoja maksymalng
wartos¢. Warto$¢ maksymalnej predkosci detonacji réwniez wzrasta (w porOwnaniu

do najwyzszej VoD dla mniejszej $rednicy tadunku).

3.2.Proces uczulania MWE luzem i jego wplyw na ich wlasciwosci

energetyczne
Uczulanie MWE polega na reakcji azotanu(lll) sodu znajdujacego si¢ w uczulaczu
z azotanem(V) amonu, bedagcym gtéwnym sktadnikiem matrycy emulsji [E3]. Na docelowe
parametry strzalowe najwickszy wpltyw wywiera stopien uczulenia i koncowa gestosc.
Czynnikiem decydujagcym o powyzszych aspektach jest stopien wymieszania ze soba
komponentow (matryca MWE oraz uczulacz) a tym samym rownomierne rozmieszczenie w

catej masie pgcherzykow gazu.

W warunkach laboratoryjnych, z uwagi na pracg w rezimie okresowym i brak istotnych
ograniczen dotyczacych np. czasu mieszania, mozliwe jest osiggnigcie bardzo wysokiego

stopnia wymieszania sktadnikow MWE.

W warunkach uzytkowych, prace z MWE luzem oparte sa3 o wykorzystanie uktadéow
przeptywowych, przez ktore przettaczane sa znaczne strumienie masowe skladnikdw,
a mieszanie, z uwagi na ograniczenia techniczne, realizowane jest za pomocg mieszalnikow
statycznych, moze dochodzi¢ do fluktuacji i zaburzen sktadu MWE, co bezposrednio
przektada si¢ na parametry tych MW. Podczas wytwarzania MWE in-situ nalezy wiec
zwraca¢ szczegOlna uwage na stan urzadzen pompujacych i mieszajacych oraz stale
kontrolowac jakos$¢ uzyskiwanego materialu wybuchowego poprzez wykonywanie pomiarow

gestosci [E3].

3.3.Wplyw dodatkéw na wilasciwosci uzytkowe MWE i ich stabilnos¢

oraz stabilno$¢ procesu uczulania
MWE skladajg si¢ gltownie z nasyconego wodnego roztworu azotanu(V) amonu
zemulgowanego z olejami mineralnymi. W takim uktadzie nie ma dodatkéw majacych
wlasciwosci wybuchowe, dzigki czemu produkcja MWE jest stosunkowo bezpieczna [P1].
Mozliwe jest wytwarzanie MWE o zwigkszonej energetyce, lecz istniejace rozwigzania
wymuszaja ingerencje w roztwory utleniaczy, co moze stwarza¢ dodatkowe zagrozenia

na etapie produkcji, z uwagi na przetwarzanie goracych i stezonych roztworéow azotanu(V)
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amonu. Znane s3 przypadki niekontrolowanego rozktadu takich roztworéw prowadzace nawet

do wybuchu [24].

Spotykane s3 réwniez rozwigzania w postaci dodatku granulowanego aluminium
do gotowej emulsji, ale z uwagi na technologi¢ dozowania, wymuszone jest stosowanie
aluminium gruboziarnistego, ktore, co prawda, podnosi temperature¢ wybuchu, ale spowalnia
przemian¢ wybuchowa, a to z kolei w rejonach twardej calizny skalnej daje gorsze efekty

urabiania [EZ2].

Najwiekszym jednak problemem w przypadku MWE luzem, jest wplyw jakichkolwiek
dodatkow do matrycy emulsji na jej trwatos¢. Przyczynia si¢ do tego konieczno$¢ czgsto
kilkukrotnego przepompowania matrycy na drodze od producenta do miejsca uzytkowania.
Matryca, jako wysokoskoncentrowana emulsja typu woda w oleju juz w stanie czystym jest
uktadem niestabilnym [25], wrazliwym na czynniki zewnetrzne (zmienne temperatury czy
sity $cinajace), dodatki w postaci statej znacznie przyspieszajg procesy krystalizacji, a tym
samym niszczenia struktury emulsji. Pogorszeniu ulegaja parametry detonacyjne,
a w skrajnych przypadkach moze nastapi¢ zanik zdolnosci do detonacji — czyli efekt

odwrotny do zamierzonego.

Biorac pod uwage powyzsze aspekty, zaproponowane w niniejszej pracy rozwigzanie nie
ingeruje bezposrednio w matryce emulsji, a opiera si¢ na zmianie sktadu komponentu
uczulajacego. Tylko taki sposob gwarantowat zachowanie bezpieczenstwa podczas produkeji,

transportu oraz uzytkowania MWE luzem 1 nie wplywal na trwalo$¢ matrycy.
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4. Metodyka badawcza

Gestos¢ i Kkinetyka uczulania. Naczynie o znanej objetosci (115 cm3) napeiniano
zmieszanymi w odpowiednich proporcjach komponentami, starajac si¢ aby nie powstawaly
kawerny. Podczas uczulania mieszanina zwigksza swoja objeto$§¢ i nadmiar byt Scinany
za pomoca liniatu do krawedzi naczynia (Rysunek 3). Cato$¢ byla wazona w okreSlonych
odstgpach czasu i1 z ilorazu masy i1 objgtosci wyliczana byta gestos¢. Postep 1 szybkos¢
procesu uczulania badano na podstawie zmian gestosci MWE w funkcji czasu, a uzyskane

warto$ci nanoszono na wykres. Szczegdtowa procedura badania zostata opisana w publikacji
[E3].

Rysunek 3. Schemat oznaczania gestosci MWE luzem.

Predkos¢ detonacji badano metoda ciagla w oparciu o zmiang rezystancji elektrycznej
sondy zwarciowej potaczonej z miernikiem MicroTrap (MREL, Kingston, ON, Kanada) [26].
Sondy umieszczane byly osiowo w probce MW z przeciwlegtego konca tadunku wzgledem
punktu inicjowania (Rysunek 4). Fala detonacyjna przebiegajaca wzdtuz kolumny tadunku
zgniata koncentryczny uklad sondy powodujac zwarcie. Szybko$¢ zwierania poszczegolnych
warstw przewodnika koncentrycznego a tym samym zmian oporu elektrycznego, jest rowna
predkosci fali detonacyjnej, co zostaje zarejesrtowane przez miernik w formie wykresu
przebiegu fali detonacyjnej wzdluz catego tadunku. Z wykresu mozna odczyta¢ z dowolnego
punktu odcinkowg warto$¢ predkosci detonacji, a takze mozna usredni¢ wynik dla catego

tadunku. Szczegotowa procedura badania zostata opisana w publikacjach [E1] i [E4].
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Rysunek 4. Schemat uktadu pomiarowego predkosci detonacji metoda ciagta [E4].

Pomiar fali ciSnieniowej przeprowadzono za pomocag piezoelektrycznych czujnikow
ci$nienia typu 137B23B firmy PCB PIEZOTRONICS o czasie narastania <6,5 ps i zakresie
pomiarowym wynoszacym 345 kPa, umieszczonych Im nad ziemig i w odleglosciach
odpowiednio 2m i 2,5m od badanego tadunku MW (Rysunek 5). Dane rejestrowano przy
uzyciu wzmacniacza DEWESoft SIRIUS o czestotliwosci probkowania 1MHz sprzezonego

z komputerem. Szczegotowa procedura badania zostata opisana w publikacjach [E2] i [E4].
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Rysunek 5. Schemat stanowiska do pomiaru fali i impulsu ci$nienia detonacji [E4].
Badanie skladu gazéw postrzalowych. Badania wykonano w warunkach
laboratoryjnych zgodnie z normg PN-EN 13631-16:2006. Do okreslania ilosci toksycznych

tlenkow w gazach postrzalowych zastosowano analizatory do pomiaru ciaglego:

chemiluminescencyjny (TOPAZE 32M dla tlenkow azotu) oraz absorpcyjny promieniowania
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w podczerwieni (MIR 25 dla tlenkow wegla). Badany material ok. 500g umieszczano
w szklanych rurach zakonczonych z jednej strony przybitka z gliny. Ladunki w takiej postaci
detonowane byly w specjalnej komorze o objetosci 15m® (Rysunek 6). Po detonacji gazy
z komory, przepompowywane byly przez ww. analizatory. Szczegotowa procedura badania

zostata opisana w publikacji [E4].
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Rysunek 6. Schemat stanowiska badawczego gazéw postrzatowych [7][E4].

Oznaczanie wzglednej zdolnosci do wykonania pracy wykonano zgodnie z norma
PN-C-86035:2022-04. Wykorzystane zostalo znormalizowane stanowisko wahadta
balistycznego, ktorego cz¢s¢ ruchoma stanowi mozdzierz w ktorym umieszcza si¢ probke 10g
badanego MW (Rysunek 7). Detonacja probki powoduje wychylenie si¢ ramienia, co zostaje
zarejestrowane na skali wycechowanej w stopniach. Jako material odniesienia zastosowany
byt 1,3,5-trinitro-1,3,5-triazacykloheksan (RDX). Szczegdétowa procedura badania zostala
opisana w publikacji [E4].
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Rysunek 7. Wyglad stanowiska do oznaczania wzgl¢dnej zdolnosci wykonania pracy.

Ocene kruszno$ci wykonano metoda Hessa na podstawie normy PN-C-86033:2000.
Metoda polega na zdetonowaniu probki 50g MW na walcu otowianym o wysoko$ci 60mm
I Srednicy 40mm (Rysunek 8). Po zdetonowaniu badanego materialu mierzy si¢ wielkos¢
odksztalcenia walca. Warto$¢ zgniotu AH w mm jest miarg kruszno$ci. Im bardziej walec
ulegnie zgnieceniu tym wigksza jest kruszno$¢ badanego MW. Z uwagi na wielkos¢ 1 $rednice
probki metoda ta w przypadku MWE daje powtarzalne wyniki 1 moze by¢ z powodzeniem
stosowana w celu pordwnania kruszno$ci tego typu MW. Szczegdlowa procedura badania

zostata opisana w publikacji [E4].

f - 9 — uchwyt z zapalnikiem

probka MW

65 mm

J krazek stalowy (D=41 mm)

cylinder otowiany

10, mm

60 mm

#
ptyta stalowa

40 mm

Rysunek 8. Schemat uktadu do badania kruszno$ci metodg Hessa [E4]. Z prawej strony
widoczny zgniot walca otowianego na skutek detonacji probki.
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Oznaczenie zdolno$ci wykonania pracy w bloku olowianym wykonano metoda Trauzla
wg normy PN-C-86037:2000. W cylindrycznym walcu otowianym o $rednicy 200mm
I wysokosci 200mm z wydragzonym otworem o $rednicy 25mm (Rysunek 9), umieszcza
si¢ probke 10g badanego MW. Pod wptywem detonacji, walec otowiany ulega rozdgciu.
Miarg zdolno$ci wykonania pracy jest zmiana objetosci spowodowana rozdgciem. Jako
material odniesienia zastosowany zostal 2,4,6-trinitrofenol. Szczegétowa procedura badania

zostala opisana w publikacji [E2].

Rysunek 9. Przekroj bloku otowianego przed detonacja (z lewej) i po detonacji (z prawej)
[E2].

Badanie struktury emulsji oraz uczulonego MWE przeprowadzono pod mikroskopem

ZEISS Primotech przy powigkszeniu 10x w §wietle spolaryzowanym. Szczegdtowa procedura

badania zostala opisana w publikacji [E4].

Badanie wrazliwosci na tarcie wykonano wg normy PN-EN 13631-3:2005 na aparacie
tarciowym Petersa (Rysunek 10). Szczegétowa procedura badania zostala opisana
w publikacji [E5].
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Rysunek 10. Aparat do badania wrazliwo$ci MW na tarcie.

Badanie wrazliwosci na uderzenie wykonano wg normy PN-EN 13631-4:2004

na kafarze BAM (Rysunek 11). Szczegotowa procedura badania zostata opisana w publikacji
[E5].

opuszczany cigezarek

drazki prowadzace

skala pomiarowa
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stalowy blok
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Rysunek 11. Kafar do badania wrazliwo$sci MW na uderzenie.
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5. Przedstawienie i omowienie wynikow badan

5.1.Badania wstepne

W pierwszym etapie badan, prowadzonych w ramach pracy doktorskiej, byto doktadne
rozpoznanie charakterystyki uczulania oraz wplywu czasu uczulania na predkos$¢ detonacji
dla standardowo produkowanego przez NITROERG S.A. Emulinitu 8L. Produkt ten sktada
si¢ z dwoch komponentdw: matrycy (bazujacej na azotanie(V) amonu, azotanie wapnia,
wodzie, oleju i emulgatorze) i uczulacza, ktory jest rozcienczonym wodnym roztworem

azotanu(l11) sodu.

Zbadano doktadnie kinetyke uczulania w zalezno$ci od ilosci uczulacza dla standardowej
formuty Emulinitu 8L zardowno w warunkach laboratoryjnych jak i uzytkowych w KGHM
[E3]. Bardzo waznym aspektem uzytkowania MWE luzem, jest ich pewne, odpowiednio
szybkie i stabilne uczulanie po zmieszaniu matrycy oraz uczulacza. Prawidtowy proces

uczulania jest kluczowy dla uzyskania zadanych i powtarzalnych parametréw strzatowych.

W skali laboratoryjnej, proces uczulania zalezny jest efektywnie tylko od jakosci
komponentow oraz warunkéw zewnetrznych. Przej$cie do badan MWE w wigkszej skali
wymaga uwzglednienia réwniez istniejacych ograniczen technicznych (np. sprawnosé
modutowych urzadzen pompujacych) i ich wplywu na proces uczulania. Reakcje zachodzace
podczas procesu uczulania powinny mozliwie szybko wygasa¢ tak, aby gesto$¢ nie zmieniata
si¢ po okreslonym czasie. Zmiana gegstoSci 1 stopnia uczulenia wplywa na wrazliwo$é¢

do inicjacji oraz na parametry termodynamiczne wytwarzanego MWE [E1].

W obu przypadkach zauwazono, ze nawet niewielkie zmiany w dozowaniu sktadnikow
maja istotny wpltyw na warto$¢ gestosci badanego MWE luzem. Dodatkowo, w przypadku
uzycia standardowego komponentu uczulajacego, reakcja uczulania biegnie powoli i nie jest
mozliwe kontrolowanie, aby zatrzymac jej przebieg po uzyskaniu docelowej gestosci.
Powyzsze aspekty moga doprowadza¢ do obnizania parametréw detonacyjnych w przypadku
nieprawidtlowego dziatania MUP, badz tez zbyt dlugiego czasu przebywania materiatu

w otworze strzalowym.

5.2.Badania walidacyjne
Bazujac na wcezesniejszych wynikach badan, oraz zatozeniach sprecyzowanych w punkcie
3.3., przebadano szereg mozliwosci zmian sktadu uczulacza w celu modyfikacji zdolnosci

nagazowujacych oraz energetyki koncowego materialu wybuchowego. Nalezalo przy tym
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wzig¢ pod uwage szereg aspektow tak, aby ewentualne wdrozenie nie bylo zrodiem
problemoéw podczas produkcji, transportu czy tez uzytkowania [E2]. Nie mogly to by¢
substancje toksyczne czy wybuchowe, ktére zmienityby sposob pakowania czy klasyfikacje
transportowg czy w sposob bezposredni zagrazalyby gornikom podczas operacji zwigzanych
z tankowaniem komponentow czy zatadunkiem przodkow. Ostatecznie udato si¢ uzyskac
dwie formuly zgodne z powyzszymi zalozeniami. Zmiana sktadu uczulacza polegala przede
wszystkim na obnizeniu zawarto$ci wody, dodatku chloranu(VII) sodu, obnizeniu zawartosci

azotanu(l11) sodu oraz obnizeniu pH. Sktad matrycy pozostal bez zmian.

Uczulanie standardowego Emulinitu 8L to powolny proces dyfuzyjny i dla zapewnienia
odpowiedniej szybkos$ci reakcji wymagana jest podwyzszona temperatura komponentow.
W proponowanym rozwigzaniu jakim jest modyfikacja skladu uczulacza, oprocz gltownej
reakcji migdzyfazowej, wystepuje reakcja wewnatrzfazowa komponentu uczulajacego, co
wybitnie przyspiesza uczulanie [E3]. Dodatkowo oprocz reakcji w wyniku ktorych wydziela
si¢ gaz, zachodzi reakcja tworzenia chloranu(VI1l) amonu, co dodatkowo uczula i poprawia

parametry strzatowe. Badania kinetyki uczulania prowadzono w temperaturze 25°C.
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Rysunek 12. Wykres zmian gesto$ci w czasie dla Emulinitu 8L oraz dla dwoch nowych
kompozycji BK1 i BK2.

25



Na rysunku 12 przedstawiono zalezno$¢ szybko$ci uczulania Emulinitu 8L oraz dwoch
nowych formut BK1 i BK2 od czasu. Standardowy produkt uczula si¢ powoli, natomiast
nowe zaproponowane sktady komponentu uczulajgcego, znacznie przyspieszaja proces
uczulania a gesto$¢ szybko si¢ stabilizuje i juz po ok. 30 min. tylko nieznacznie si¢ zmienia,
w przeciwienstwie do standardowego sktadu, gdzie reakcja biegnie jeszcze nawet

po 24 godzinach [E4].

Na podstawie powyzszych badan wytypowano dwa sklady komponentu uczulajacego
BK1 i BK2, ktére nastepnie poddano szczegdtowej charakterystyce w warunkach

laboratoryjnych oraz w warunkach uzytkowych.

5.3.Laboratoryjne badania parametrow energetycznych

Nowe kompozycje uczulacza, zostaly przebadane poczatkowo w NITROERG S.A.
w Bieruniu. Pozytywne wyniki badan pozwolily na rozszerzenie prac i1 dalsze prace
wykonane zostaly w Jednostce Oceny Zgodnos$ci Glownego Instytutu Gornictwa

we wspotpracy z Centrum Badawczo-Rozwojowym KGHM Cuprum.

Badania opieraly si¢ na badaniu sktadu gazéw postrzalowych, pomiarze predkosci
detonacji, badaniu ci$nienia fali podmuchowej, ocenie kruszno$ci wg proéby Hessa

oraz oznaczeniu wzglednej zdolnosci do wykonania pracy.

5.3.1. Badanie skladu gazow postrzalowych
Po wstepnym ustaleniu sktadu mieszanki uczulacza przystapiono do badania sktadu
gazOW postrzalowych na aparaturze pomiarowej Glownego Instytutu Gornictwa [7].
Ze wzgledu na wyeliminowanie wplywu materiatu otoczki na sklad gazow postrzalowych,
badane MWE umieszczono w rurach szklanych z przybitka wykonang z gliny (Rysunek 13).

Szczegolowa procedura badania zostata opisana w publikacji [E4].
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Rysunek 13. Przygotowane tadunki badanych MWE w rurach szklanych.

Tabela 2. Ilosci gazoéw postrzatlowych powstajacych z jednego kilograma badanych MWE.

Ilo§¢ wydzielonych tlenkow [dm®/kg]
Emulinit 8L BK1 BK2
CO; 118,1 120,3 118,3
CO 10,35 8,70 9,62
NO 0,52 0,30 0,29
NO, 0,04 0,04 0,03
NOy 0,55 0,34 0,32

Ze wzgledu na mniejszg zawartos¢ wody, dokladniejsze rozmieszczenie gorgcych
punktow i pewng zawarto$¢ chloranu(VIl) amonu w postaci mikrokrysztatlow, kompozycje
BK1 1 BK2 charakteryzuja si¢ pelniejsza detonacja 1 lepsza konwersja reagentow.
Gwaltowniejsza detonacja powoduje, ze reakcja utleniania paliwa biegnie w kierunku
tworzenia dwutlenku wegla 1 wody, przez co ilo$¢ szkodliwych gazow w postaci NOx 1 CO

ulegta zmniejszeniu (Tabela 2).

5.3.2. Pomiary predkosci detonacji
Wyniki pomiarow predkosci detonacji (Tabela 3) wyraznie wskazujg na zauwazalnie
wyzsze parametry nowych formut wzgledem wzorcowego MWE, szczegélnie w przypadku

BK2. Wartosci takie sa spotykane w grupie MWE nabojowanych, co moze oznaczac,
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ze istnieje mozliwo$¢ zastosowania takiej formuty luzem w pracach strzalowych, gdzie do tej

pory stosowane byty jedynie mocniejsze MW.

Tabela 3. Wartosci predkosci detonacji badanych MWE.

Predkos¢ detonacji [m/s]
Badany MWE Emulinit 8L BK1 BK2
Warto$¢ Srednia 4233 +/- 32 4647 +/- 6 5033 +/- 6

Dodatkowo wykonano jedno badanie VoD formuty BKI1 po 24 godzinach
od wymieszania. Wartos¢ 4660m/s tylko w nieznacznym stopniu odbiega od probek
inicjowanych po trzech godzinach od zatadunku.

5.3.3. Pomiary ci$nienia fali podmuchowej

Zaobserwowano tylko nieznaczne roznice w cisnieniach fali podmuchowej (Rysunek 14).
Probki zachowywaty si¢ bardzo podobnie ze wzgledu na brak dodatkéw

wysokoenergetycznych w postaci proszkoéw metali czy mocniejszych MW.

150

Cisnienie (kPa)

Impuls cisnienia (Pa*s)

Rysunek 14. Przebiegi ci$nienia maksymalnego i impulsu ci$nienia detonacji badanych
probach.
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5.3.4. Ocena krusznosci metoda Hessa

Badanie wykonywane bylo zgodnie z normg PN-C-86033:2000. Powyzsza norma jest
aktualizacja normy branzowej pochodzacej z 1990r., ktora przewidywata zastosowanie
starych, trudnych do odtworzenia rozwigzan (np. wykonanie ostonek z papieru asfaltowego),
ktore czgsciowo nie byly mozliwe do zastosowania, z uwagi na m.in. potptynng konsystencje
badanych MWE. W zwigzku z powyzszym, opracowano modyfikacje ww. metody, zastepujac
ostonki z papieru asfaltowego ostonkami z tworzywa sztucznego PET-G ($rednica 40mm,
wysokos¢ 65mm, grubos¢ Scianki 0,4 mm), wykonanymi technikg druku 3D. Szczegdtowa

procedura badania zostata opisana w publikacji [E4].

204

Krusznosc (mm)

8L BK1 BK2

Rysunek 15. Wartosci kruszno$ci dla badanych MWE.

Dzigki modyfikacji metody, otrzymane wyniki byty bardzo powtarzalne. W przypadku
kompozycji BK2 krusznos¢ jest 0 ok. 20% wyzsza niz w przypadku Emulinitu 8L (Rysunek
15), przy czym wspotczynnik krusznosci wykazywat wzrost az o 31,91%. Jako, ze krusznos¢
zalezna jest $cisle od predkosci detonacji, badania te sa spojne z wynikami wczesniejszych

pomiaréw VoD.

5.3.5. Oznaczanie wzglednej zdolnosci do wykonania pracy
Wg normy PN-C-86035:2022-04, probke badanego MW umieszcza si¢ w cylindrze
wykonanym z folii cynowej, ktory bardzo tatwo ulega zdeformowaniu, co przy poiptynnych
substancjach jak MWE luzem, stanowi problem w zachowaniu geometrii badanego tadunku.
Podobnie jak w przypadku badan krusznos$ci, wykorzystano tutaj druk 3D. Probki badanych

MWE luzem umieszczono w ostonkach z tworzywa sztucznego i zamknig¢to pokrywkami
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z otworem centrujacym zapalnik. Szczegdétowa procedura badania zostala opisana

w publikacji [E4].

Rowniez w tym badaniu nowe formuty odznaczaty si¢ lepszymi 0 ok. 10% parametrami

wzgledem standardowej formulacji, nieco lepszymi nawet od trotylu (Tabela 4).

Tabela 4. Wyniki wzglednej zdolnosci do wykonania pracy.

Heksogen 8L BK1 BK2 TNT (tuskowany)

RWS [%0] 100 62,6 68,8 69,6 67,7

5.3.6. Wnioski z badan laboratoryjnych.
Na podstawie wynikow przeprowadzonych badan mozna stwierdzi¢, ze nowe formuty
BK1 i BK2 charakteryzuja si¢ lepszymi parametrami detonacyjnymi oraz stabilno$cig procesu

uczulania i stanowi¢ moga znaczace ulepszenie dotychczasowego rozwigzania.

Na poprawe parametrow detonacyjnych, na pewno ma wplyw mniejsza o ok. 2%
zawarto$¢ wody w wytworzonym MWE luzem. Dodatkowo w wyniku reakcji sktadnikow
uczulacza i matrycy emulsji, wydziela si¢ chloran(VII) amonu w postaci drobnokrystalicznej
(Rysunek 16). Chloran(VIl) amonu ma wiasciwosci wybuchowe i w przypadku obecnos$ci
nawet niewielkich ilosci tego zwigzku w MWE, stanowi dodatkowe zrdédlo tzw. goracych
punktoéw, przez co wzrasta wrazliwos¢ na bodzce detonujace oraz poprawie ulega propagacja

fali detonacyjne;j.

100 g1

Rysunek 16. Zdj¢cia mikroskopowe badanych MWE luzem. Emulinit 8L bez wtracen
krystalicznych (z lewej) oraz nowa formuta BK2 (z prawej) z wyraznymi krysztatami
chloranu(V1I) amonu.
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5.4.Badania uzytecznosci w warunkach gorniczych.

5.4.1. Wstepne badania wrazliwosci na bodzce proste.
Przed przystgpieniem do prob dotowych, ze wzgledow bezpieczenstwa, wykonane

zostaly badania wrazliwosci nowych formul na bodzce proste: tarcie i uderzenie.

W zadnej z 12 probek pod obcigzeniem 360N nie zaszta reakcja mogaca §wiadczy¢
orozktadzie wybuchowym. Wartos¢ ta odpowiada wynikom uzyskiwanym dla

standardowego Emulinitu 8L.

Sposréd 48 badanych probek w zakresach energii uderzenia 10 J do 50 J, zadna probka
nie wykazata inicjacji (brak dzwigku, brak efektu $wietlnego, brak dymu), co oznacza,
ze warto$¢ wrazliwosci na uderzenie nowych formut MWE przekroczyta 50 J, podobnie jak

w przypadku standardowego wyrobu.

5.4.2. Badania w warunkach uzytkowych

Weryfikacja uzyteczno$ci zostala przeprowadzona w rzeczywistych warunkach
gorniczych w KGHM i skladata si¢ z dwoch niezaleznych prob, w ktérych odpalano materiaty
wybuchowe w 4 $cianach. Wyniki urabiania przy uzyciu nowego materialu wybuchowego
emulsyjnego luzem o ulepszonych parametrach energetycznych BK2 poréwnano z wynikami
uzyskanymi przy uzyciu standardowego Emulinitu 8L. Badania wlasciwosci uzytkowych
sktadaty si¢ z dwoch podziemnych prob. Pierwsze testy zostaty przeprowadzone przy uzyciu
pojedynczego mieszalnika statycznego, a drugie z uzyciem mieszalnika podwdjnego. Odstep

czasu mi¢dzy obiema probami wynosit dwa tygodnie.

W pierwszym podej$ciu z uzyciem pojedynczego mieszalnika, juz na wstepie zauwazono
problemy z niejednorodnoscig wyplywajacej z weza zatadowczego mieszaniny sktadnikow
MWE. Potwierdzity to badania gesto$ci, w ktorych probki nie uczulaty si¢ rOwnomiernie
w danym czasie. Na uwage zwraca fakt, ze ostatni przodek tadowany byl nowa formuta,
a odpalenie nastgpito ok 20 minut po zaladowaniu ostatniego otworu. Pomimo tak
niesprzyjajagcych warunkow, 1 tak krotkiego czasu od zatadunku do odpalenia, nie bylo
zadnych niewypaléw, a uzyskany materiat wybuchowy byl parametrami zblizony
do Emulinitu 8L, ktéry uczulat si¢ o ponad 30 minut dtuzej. Moze to $wiadczy¢ o wysokim
stopniu tolerancji na problemy techniczne lub btedy podczas zatadunku. Badania zostaty

szerzej opisane w publikacji [E5].
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W drugiej probie wykonano zaladunek dwoch przodkéw z wykorzystaniem nowej
formuty uczulacza BK2 oraz dla poréwnania zatadowano dwa przodki standardowym
sktadem Emulinitu 8L (Rysunek 17). Wszystkie przodki znajdowaty si¢ w tym samym rejonie

kopalni i miaty zblizone parametry geologiczne. Temperatura powietrza wynosila 29,5 °C.

Rysunek 17. Zatadunek otwordéw strzalowych w kopalni.

Podczas zatadunku z MUP pobierane byly probki MWE w celu oznaczenia gestosci
oraz zbadania kruszno$ci metoda Hessa. W tym przypadku, wszystkie pobrane probki
uczulaty si¢ rownomiernie, a w przypadku formuty BK2 uzyskane gestosci juz po prawie 40
minutach warto$¢ docelowa, podczas gdy Emulinit 8L uczulat si¢ dalej nawet po trzech

godzinach (rysunek 18).
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Rysunek 18. Zalezno$¢ gestosci od czasu probek MWE zatadowanych w otworach
strzalowych.

Zmierzona kruszno$¢ formulacji BK2 byta o ok. 8% wyzsza wzgledem Emulinitu 8L
(Rysunek 19). Wynik ten znacznie odbiega od wartosci otrzymanych w warunkach
laboratoryjnych. Rozrzut wynikow zarowno dla pomiaréw gestosci i kruszno$ci, wskazuje
na niewystarczajace wymieszanie komponentow nowej formuty BK2 podczas zatadunku

MWE luzem do otworow strzatowych.
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Rysunek 19. Kruszno$¢ pobranych probek MWE zatadowanych w otworach strzatowych.

Na podstawie przeprowadzonych badan wykazano, ze bardzo duze znaczenie na jakos¢
koncowg MWE luzem ma bardzo doktadne wymieszanie komponentow MWE luzem. MUP
wyposazone sa w mieszalniki statyczne, w ktorych osiagalny stopien wymieszania
sktadnikéw jest funkcja m.in. lepko$ci dynamicznej mieszanych sktadnikow. Poniewaz nowy
komponent uczulajacy charakteryzuje si¢ wyzsza lepkoscia od standardowego, uzycie nawet
podwojnego mieszalnika statystycznego przy ladowaniu otworow strzalowych za pomoca
MUP nie gwarantuje osiggnigcia wystarczajaco wysokiego stopnia wymieszania
komponentow. Przeklada si¢ to na niemozno$¢ osiagniecia w warunkach uzytkowych
parametrow MWE doréwnujacych parametrom obserwowanym we wczesniejszych probach
w warunkach laboratoryjnych.

Zaobserwowano natomiast znaczaca poprawe w zakresie szybkosci i Stabilno$ci uczulania
wzgledem standardowej formuly. Materiat o wiele szybciej uzyskiwal gestosci docelowe, co
jest szczegolnie wazne w przypadku odpalania kilku przodkow zaladowanych
w réznym czasie. Dzigki temu, znaczgco mozna przyspieszy¢ i roboty strzatowe, co ma

ogromny wpltyw na efektywno$¢ i moze mie¢ duze znaczenie ekonomiczne w procesach

wydobywczych.
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6. Podsumowanie i wnioski

W ramach pracy doktorskiej opracowano nowe formulacje MWE luzem, wyrdzniajgce si¢
od istniejacego stanu wiedzy zmiang skladu komponentu uczulajacego. Dzigki temu
zmniejszyta si¢ zawartos¢ wody w MWE luzem o ok. 2,5%, pojawit si¢ zwigzek o silnie
zaznaczonych wiasciwosciach wybuchowych oraz uzyskano korzystniejszy wzgledem
wymagan praktycznych (roboty strzalowe) profil zmian ggstosci uczulanego MWE luzem w
czasie, cechujacy sie szybkimi zmianami gestosci bezposrednio po zmieszaniu sktadnikow
formulacji 1 wystegpowaniem wzglednie niewielkich zmian gesto$ci w kolejnych interwatach

czasowych.

Wyniki badan laboratoryjnych wskazuja na wyzsze pod kazdym wzgledem parametry
detonacyjne nowych formut BK1 i BK2 w poréwnaniu do Emulinitu 8L. W przypadku BK2
znaczacej poprawie ulegty: predkos¢ detonacji (wzrost 0 18,9%), zdolno$¢ wykonania pracy
(wzrost 0 10%), krusznos¢ (wzrost o ponad 20%) oraz sktad gazow postrzalowych

w zwigzku z czym, zostaly spetnione wszystkie zatozenia tematu pracy.

Przeprowadozno badania poréwnawcze istniejacej formulacji (EMULINIT 8L) MWE
luzem oraz formulacji opracowanej w ramach niniejszej pracy (BK2) w warunkach
analogicznych do docelowych warunkow uzytkowych. W pierwszym etapie prob z uzyciem
pojedynczego mieszalnika, niedoktadne wymieszanie nowej formuty skutkowato niepelnym
uczuleniem, wiec nie osiggnigto zamierzonego celu i nie udato si¢ uzyskaé parametrow

zmierzonych w warunkach laboratoryjnych.

Dzigki zastosowaniu podwdjnego mieszalnika w drugim etapie badan, uzyskano lepszy
stopien wymieszania komponentow, ale nadal nie byto to w petlni rOwnomierne wymieszanie

gdyz uktad mieszalnika MUP zostal zaprojektowany dla standardowej fromuty MWE.

Pomimo nadal wystgpujacych probleméw z pelnym wymieszaniem, zachowana byla
zaleznos¢ gestosci od czasu. Uzyskano réwniez wyzsze wartosci krusznosci w pordwnaniu do
standardowego Emulinitu 8L, ale nie udato si¢ uzyska¢ wartoSci parametrow z testow

laboratoryjnych i nie przetozylo si¢ to bezposrednio na fragmentacje urobku.

Opracowany material spelnia wszystkie wymagania bezpieczenstwa i techniczne
dotyczace zatadunku mechanicznego a po dopracowaniu systemu mieszania, tak aby
zapewni¢ wystarczajaco wysoki stopien wymieszania komponentéw tadowanych do otwordéw

strzatlowych, z powodzeniem moze zastapi¢ dotychczasowg formutle.
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7. Znaczenie pracy i wplyw jej wynikéw na rozwoj nauki i techniki

Opracowanie nowej formulacji MWE luzem nakierowane jest na poprawienie
efektywnos$ci urabiania skat oraz minimalizacj¢ emisji toksycznych gazow. Osiagnigcie
powyzszych zatozen, stwarza mozliwos¢ szerokiego stosowania nowego materiatu, zwlaszcza
w obszarach gornictwa podziemnego po wprowadzeniu nowych norm srodowiskowych oraz
mozliwo$¢ rozszerzenia zastosowania na nowe obszary np. przy eksploatacji twardych,
zwigzlych calizn skalnych, poprzez zastapienie innych materialow wybuchowych (np.

dynamitow) stosowanych do urabiania tych skat.

Dodatkowo, niniejsza praca dostarcza pierwszych informacji o procesie hybrydowego
uczulania MWE luzem, polegajacego z jednej strony na klasycznym uktadzie wydzielania
drobnych pecherzykdéw gazu, a z drugiej na tworzeniu si¢ drobnokrystalicznej formy
chloranu(VII) amonu, co dodatkowo uwrazliwia na bodzce detonacyjne i pozytywnie wptywa
na proces uwalniania energii z MWE na drodze detonacji [E4].
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8. Wdrozeniowy potencjal uzyskanych wynikow

Przedstawione i opracowane w ramach pracy doktorskiej nowe rozwigzanie polega
na zmianie tylko jednego komponentu w produkowanym obecnie MWE luzem i nie ingeruje
w sktad matrycy emulsji. W zwigzku z tym, nie ma konieczno$ci wprowadzania zmian
technologicznych naistniejgcej instalacji  produkcyjnej. Konieczne jest natomiast
opracowanie 1 wykonanie niezaleznego stanowiska do wytwarzania nowego komponentu
uczulajagcego. Wymagana bedzie rowniez modyfikacja 1 dopasowanie mieszalnika

statycznego na MUP w celu zoptymalizowania procesu mieszania komponentow.

Dzigki wdrozeniu do produkcji nowo opracowanej formuty, mozliwe bedzie zwigkszenie
obszaréw zastosowan produkowanych MWE luzem, ktére z pewnosciag wplynie na wzrost
sprzedazy a w konsekwencji zwigkszy wykorzystanie zdolnosci produkcyjnych instalacji
do produkcji MWE 1 obnizy koszty eksploatacji linii, zakupu surowcoOw, mediow poprzez

wykorzystanie efektu skali.

Powyzsze przetozy si¢ zarowno na korzysci finansowe jak i wizerunkowe, wynikajgce
z uzyskania przewagi konkurencyjnej NITROERG S.A. z uwagi na innowacyjnos¢ tego

rozwigzania.

Szacuje si¢, ze w przypadku osiggnigcia pozytywnych efektéw pracy, sprzedaz tylko
do KGHM moze si¢ zwigkszy¢ o okoto 15% masowo ze wzgledu na obszary wymagajace

zastosowania materiatow wybuchowych o zmodyfikowanych parametrach strzatowych.
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Abstract: Emulsion explosives (EE) have been commercially available in various forms for over
50 years. Over this period, the popularity and production technology of this class of energetic materi-
als have been developing constantly. Despite this rapid rise to prominence and, in some applications,
prevalence over traditional energetic materials, remarkably little information is available on the
physicochemical and energetic properties of these materials and factors affecting those properties.
This work is dedicated to presenting the fundamental information relevant to the features, properties
and applications of EEs, while highlighting the most significant recent progress pertaining to those
materials. Particular emphasis has been given to providing information about the types, composition,
modifications and detonation parameters of EEs, as well as to highlighting the less obvious, emerging
applications of EEs.

Keywords: emulsion explosive; energetic material; ammonium nitrate; detonation; ANFO

1. Introduction

Emulsion explosives (EE) are one of the most recently developed classes of energetic
materials [1-5] and can be perceived as a step forward from the traditional energetic
materials based on ammonium nitrate (AN), such as amatols, ammonals and ANFO
(ammonium nitrate-fuel oil). EEs are obtained by physically or chemically sensitising an
“EE matrix”, which is a water-in-oil emulsion, containing at the very least ammonium
nitrate, water, oils and a surfactant [6].

The unique feature of EE matrices is that they are insensitive to initiation and cannot
sustain detonation without being sensitised. This feature resulted in them being classed as
oxidising agents, specifically with no. UN 3375, being assigned to class 5.1 as per ADR/RID
regulations [7]. Due to this classification, the requirements for transporting EE matrices are
much less stringent than the requirements for transporting traditional energetic materials
(which are assigned to ADR/RID class 1).

The facile transportation of EE matrices was the key factor underlying the develop-
ment of bulk emulsion explosives. Bulk EEs, which are a novel form of energetic materials,
can be produced directly within boreholes. This is achieved via loading the boreholes
with a mixture of the EE matrix and a chemical sensitising agent. This approach elim-
inates the need for transporting and handling explosive materials prior to the blasting
operation, while allowing remote loading of boreholes. The key advantages of bulk EEs in
comparison with traditional cartridged energetic materials are increased safety and facile
borehole loading.

Recent years have also brought about a significant improvement in the performance
of bulk EEs [8], resulting in their increasingly popular use, particularly in comparison with
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cartridged EEs (Figure 1), as their usage share in the total usage of EEs has exceeded 85%
in 2018 and is expected to have risen even further in the last several years. The primary
application of EEs is in blasting operations oriented towards open pit and underground
mining. The development and commercialisation of coal dust- and methane-permitted EEs
has also contributed to area of application, allowing bulk EEs to compete with traditional
energetic materials in this area as well. Considering the scale, on which bulk EEs are utilised
annually, even seemingly minor, incremental improvements of their performance are
expected to have significant economic impact and improvements to the safety parameters
of bulk EEs are of even greater importance. Consequently, developing new EE formulations
exhibiting improved properties is highly desirable from a number of viewpoints.
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Figure 1. Usage of bulk and cartridged EEs and share of bulk EEs in the total usage of EEs in Europe
(EU member states, Norway and Switzerland) over recent years. Data provided courtesy of the
Federation of European Explosives Manufacturers

The rational development of EEs requires a thorough understanding of the processes
occurring in the manufacture and handling of EE matrices, as well as those associated
with chemically sensitising EEs. Despite the increasing popularity of EEs, however, no
comprehensive source of the above information is available in the scientific and technical
literature. The sole recent review of advances in the rheology of EEs [9] is a valuable work,
but does not facilitate access to the subject as it focuses on a highly-specialised subject
area. This work is supplemented by a more dated summary of the issues of the stability
and rheology of EE matrices [10]. Even so, the available literature results in high entry
requirements for the subject, translating into its limited accessibility, significantly hindering
the development of EEs.

In light of the above, this tutorial review was intended to comprehensively collect the
essential and fundamental information about various aspects of EEs for the first time, so as
to facilitate access to the subject of EEs by non-specialists. The collated account of recent
developments relevant to EEs can both serve as examples of current issues and means of
highlighting the most significant developments in the subject area.

2. Stability of EE Matrices

Emulsions are thermodynamically unstable dispersion systems that are susceptible to
aging via, e.g., Ostwald ripening, flocculation, creaming and coalescence, resulting in phase
separation and a gradual deviation from the properties of the initial emulsion [11]. Due to
the high volume fraction of the dispersed phase in the EE matrices, they are highly resistant
to flocculation and creaming [12]. Instead, the most relevant mode of EE matrix aging is
that of emulsion-to-suspension transition, due to the gradual crystallisation of ammonium
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nitrate [9]. Studies of this crystallisation process have revealed that it takes place in the EE
matrix droplets oversaturated with ammonium nitrate, resulting in the formation of pure
ammonium nitrate crystals and droplets of unsaturated ammonium nitrate solutions [13].

The choice of emulsifying agent used to produce the EE matrices is highly relevant
to the stability of the EE formulation. In the case of poly(isobutylene)-succinic anhydride
(PIBSA) modified with either diethanolamine or with poly(ethylene glycol) oligomers, the
choice of emulsifying agent was found to have a significant impact on the stability and
rheological properties of EE matrices [14]. Interestingly, even though two compounds
exhibiting high performance (preventing phase separation and resulting in a minimal
loss of ammonium nitrate from the EE matrix during aging studies) were identified, the
hydrophile-lipophile balance of the emulsifying agents was found to have little correlation
on their efficacy.

In a further study, a more diverse choice of emulsifying agents, as well as their mixtures
has been tested [15], revealing that polymeric emulsifying agents were in general more
effective in maintaining the EE matrix than low-molecular agents, despite them affording
higher interfacial tension values than those afforded by low-molecular agents. Interestingly,
among the tested emulsifying agents, polypropylene (denoted as H036) was found to be
more effective than agents bearing various functional groups.

3. Approaches to Sensitising EEs

The production safety philosophy of EEs is that non-explosive components are mixed
together to form an emulsion, which is referred to as the “EE matrix”. The matrix is not
an explosive, as its density and homogeneity do not allow for supporting the detonation
processes. To achieve the transition from this non-explosive state to an explosive state,
in which the EE is capable of sustained detonation, the EE matrix must be sensitised.
Sensitising consists of supplementing the matrix with substances that lower the density
and introduce homogeneity “defects”, such as small gas-filled spheres, which constitute
hot-spots. Upon detonation, the gas bubbles (hot-spots) absorb energy, heating up to high
temperatures, allowing the detonation to be sustained. Physical and chemical sensitisation
methods are employed, with the choice of method being strongly correlated with the type
of EE (cartridged or bulk) being sensitised.

Physical sensitisation consists of supplementing the EE matrix with glass microspheres
(tiny glass beads of very low density) and is the prevalent form of sensitisation for produc-
ing cartridged EEs. Chemical sensitisation, on the other hand, is mainly employed for bulk
EEs. It relies on the reaction of the sensitising agent with oxidising agents constituting the
EE muatrix, as this reaction results in the evolution of gas that produces small bubbles across
the entire volume of the sensitised matrix. In both cases, sensitisation results in the density
of the EE matrix decreasing.

An important consideration for sensitised EEs is that of the optimal size and population
of the low-density (microspheres or gas bubbles) defects—"pores” in the EE volume. It has
been found that the diameter of the pores in sensitised EEs strongly impacts their detonation
velocity and critical diameter [16]. Consequently, this aspect of sensitisation should also
be taken into account during the development of EEs, with control over the dimensions
and distribution of pores likely being the key aspects of developing new EE sensitisation
methods. In the case of physical sensitisation, there is no problem with maintaining uniform
pore size. Microspheres can readily be manufactured to have a narrow size distribution. In
the case of chemical sensitisation, however, the size of the gas bubbles depends primarily
on the type of sensitising agent, sensitisation time, temperature and EE matrix viscosity.
Nitrogen released in the reaction of sodium nitrite with ammonium nitrate in the initial
phase of sensitisation generates very small bubbles. as the reaction proceeds, they begin to
increase in volume until all the sodium nitrite has been reacted. The bubbles should be as
small as possible and perfectly distributed throughout the mass of the emulsion.
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3.1. Physical Sensitising

Physical sensitisation relies on adding solid spheres that are filled with gas to the
EE matrix. Glass and polymer microspheres are most commonly used for the purpose
of physical sensitisation, but perlite is sometimes used as well [17,18]. The amount of
sensitising agent in the final EE formulation is typically in the range of 1-4 wt.%, depending
on the type of microspheres and the desired density of the final EE. Polymer microspheres
are more effective in reducing density than glass ones [19]. It should be noted, however,
that the comparison between the two types of microspheres was conducted based on the
density of the sensitised EEs rather than on their weight share in the formulation and the
nearly twofold difference in microsphere diameters is likely a highly significant factor.
Despite this potential unresolved issue, polymer microspheres have a significant advantage
in their facile processing, enabling their fabrication directly on-site. The use of perlite is
currently declining, due to the rapidly developing technology for the production of glass
microspheres.

In terms of the physical sensitisation of EEs, cenospheres appear to be a viable alterna-
tive to glass and polymer microspheres [20], as velocity of detonation (VoD) reported for
cenosphere-based EEs are comparable to those reported for glass microsphere-based EEs.
The added value of cenospheres in comparison with other types of physical sensitising
agents is that they are a waste material and as such require no significant energy or material
investments to be obtained.

3.2. Chemical Sensitising

Chemical sensitisation is mainly used for bulk EE. In some cases this type of sensitisa-
tion is also used for the cartridges. It involves a chemical reaction between the sensitising
solution and the oxidising agent phase of the EE matrix. Aqueous solutions of sodium
nitrite are primarily used as chemical sensitising agents. The use of sodium nitrite is based
on a reaction between sodium nitrite and acidified ammonium nitrate in the presence of
thiourea. This reaction produces nitrogen which, in the form of micro bubbles, fills the
entire volume of the emulsion, reducing the density and creating hot spots. The rate of
this reaction is strictly dependent on the temperature of the components and the reaction
continues until one of the reagents is depleted. Chemical sensitisation can be problematic
in cold environments, sometimes necessitating additional acidification, in order to achieve
the desirable rate of the sensitisation reaction [21].

The reaction underlying chemical sensitisation, i.e., the reaction of nitrite anions and
ammonia cations, exhibits relatively slow kinetics. Such kinetics translate into the properties
of the EE being strongly dependent on the time elapsed between the sensitisation and
initiation (“sleep time”) of the EE charge. A strong dependence of properties on time is sub-
optimal, as in order to achieve the planned performance of the EE, a precise timing would
be required. Instead, it is more favourable for the majority of changes in the properties of
the EE to take place nigh-immediately upon sensitisation and to be followed by a period of
noticeably lesser changes.

Due to the above, methods of improving the kinetics of the sensitisation reaction were
investigated, resulting in the introduction of thiourea as a substance reacting more readily
with nitrite anions than the ammonia cations present in the system [22]. The kinetics of the
sensitisation reaction can also be augmented with the use of calcium and strontium cations.
These additives have also been found to promote the nitrite-ammonium reaction [23].
Although no mechanism underlying this process was proposed, the introduction of such
cations was found to increase the rate of sensitisation, generate smaller and more uniformly
dispersed gas bubbles and increase the stability of the sensitised EE.

More recent work on the subject of chemical sensitisation has been dedicated to
supplementing the fuel phase with cocoa fat and stearic acid [24]. Supposedly, this addition
stabilises the sensitisation process, resulting in an EE exhibiting a homogeneous distribution
of nitrogen gas bubbles that is stable for no less than 96 h. Although no material evidence
has been given to support these claims, the postulated additives are used in significant
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amounts and in light of them being noticeably more expensive than the other components
of EEs, there may be little economic justification for including them in the EE formulation.

An alternative route to chemically sensitising EEs relies on a reaction between ammo-
nium nitrate and hypochlorites [25]. Although the reaction is described as less hazardous
than chemical sensitising with the use of thiourea, this may be debatable, as the reaction
yields chloramine as an intermediate product, which may be transformed into highly
toxic hydrazine, depending on the reaction conditions [26]. Another potential issue of this
invention is that the rate of sensitisation is difficult to control, even with the use of a variety
of surfactants, due to the high reactivity of the reagents.

Although much less prominent than the composition of post-detonation gases and
threats arising therefrom, the emission of hazardous gases from boreholes containing EE
undergoing sensitisation is also a significant risk to personnel. In the case of the nitrite-
ammonium reaction, both the inert nitrogen and the hazardous nitric oxide (NO) are
produced. It has recently been found that the emission of the latter can be mitigated with
the use of nitrosoaromatic sulfonates, such as 5-dimethyl-4-nitrosobenzene sulfonate [27].
Even an addition of 1% wt. of this compound was found to reduce NO emissions from the
EE by approx. 70%. That said, it is unclear how the inclusion of such a compound and the
retention of NO within the EE may affect its energetic performance or the composition of
post-detonation gases, making the usefulness of this novel approach an open question.

4. Additives to EEs

Emulsion explosives (EEs) typically exhibit moderately high energetic parameters,
such as an ability to perform mechanical work on the order of 80-85% of that exhibited by
RDX [8] and a velocity of detonation on the order of up to 40004500 m/s. While these
parameters are adequate for most civilian applications, they may be insufficient for blasting
operations in hard rocks, where the use of nitroester-based energetic materials is prevalent.
In order to allow EEs to compete against traditional energetic materials in such areas of
applications, it is necessary to improve their energetic performance. The most common
approach to augmenting the energetic parameters of EEs involves supplementing them
with a variety of additives.

The most commonly employed additives are metal powders, particularly low density
metals, such as aluminium and titanium, however more sophisticated as well as simple
inorganic compounds of metals, such as their hydrides. The exothermic combustion of
metals not only increases the detonation temperature and the positive blast phase duration,
but also helps reduce the amount of nitrogen oxides in the post-detonation gases, via
promoting dissociation and disintegration of their precursor radicals [28]. The addition of
aluminium powder to bulk EE appears to promote its sensitisation, as increasing the Al
content in the formulation has lead to decreased EE density 60 min after sensitisation [8].
Although this lowered EE density translates into lower detonation velocity, the overall
explosive strength and Trauzl expansion parameters are also increased by approx. 5% and
17% respectively, when compared to the formulation that was not supplemented with Al
Supplementing EEs with titanium powder has a similar effect, as the addition of Ti was
found [29] to result in increased brisance, explosion impulse and shock wave energy. In
contrast to the use of Al and boron as additives, Ti has the advantage of having a less
adverse impact on the thermal stability of the formulation.

An interesting and environmentally-friendly modification to physically sensitised EEs
is to replace hollow or air-filled microballoons with ones filled with hydrogen [30]. Two
types of microballoons were studied, with hydrogen filling slightly increasing brisance,
detonation velocity and shock impulse (Figure 2). A similar approach to introducing hy-
drogen into EE formulations relies not on including it within microballoons, but chemically
bound, in the form of titanium hydride, which appears to combine the advantages of
supplementing EEs with titanium with those achieved by supplementing them with hydro-
gen [31]. The supplementation resulted in a significant improvement in explosion strength
and detonation velocity (increased Trauzl test result by 30% and detonation velocity by 3%
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in comparison with the unsupplemented EE formulation). The performance was found to
also be improved in comparison with a formulation supplemented only with Ti powder,
possibly indicating a new direction for EE formulation optimisations.

u Comp by GMs-A Comprassed by hydrogen- Compressed by GMs-B Compressed by hydrogen-
sensitized axplosives storage GMs-A itized explosi storage GMs-B sensitized
explosives explosives

Figure 2. Hess test (lead column compression) results for EEs sensitised with various types of
microspheres. Reprinted with the permission of Wiley from [30]. Copyright 2018.

Modifying the bulk EE sensitising agent solution intended to fine-tune the changes
taking place during sensitisation is a novel approach [32], bringing about an improvement
to the energetic parameters achievable for EEs. An important advantage of this approach is
that it does not require any modification of the EE matrix formulation, making it compatible
with existing EE manufacturing and loading solutions. In terms of EE performance, this
approach was found to afford increased brisance (by up to 32%) and detonation velocity
(by up to 19%), while limiting the emission of carbon monoxide during detonation, com-
pared to a standard commercial EE formulation. An added value of this approach is an
improvement to the kinetics of sensitising process, with the density of the modified formu-
lations decreasing more rapidly than the commercial EE formulations and maintaining a
more stable density after this initial change, making for a more user-friendly explosive for
blasting operations.

5. Energetic Properties of EEs
5.1. Velocity of Detonation

Velocity of detonation (VoD) is among the parameters that are most commonly used
for describing the performance of energetic materials. It is the maximum velocity at which
a detonation wave can propagate in a given energetic material. The VoD value is a function
of both the physicochemical properties of the energetic material formulation (e.g., chemical
composition, density) and the features of the investigated charge (e.g., charge diameter).

Of the aforementioned parameters, the influence of density on the VoD of EEs has
been studied in greatest detail. In general, the VoD of EEs increases with density to a certain
critical point, at which a maximum VoD value is observed. Increasing EE density beyond
this results in a rapid decrease of VoD, followed by the inability of the EE to undergo
detonation (Figure 3). It should be noted, however, that the measured density of the EE is
a function of both the population of pores and their size distribution, therefore the same
charge density may result from different combinations of these two parameters. Conse-
quently, the shape of the VoD vs density curve may vary, depending on the sensitisation
method (with physical sensitisation being expected to afford higher pore size distribution
repeatability than chemical sensitisation methods).

EEs are considered to exhibit a relatively high contact between the oxidising agent
and the fuel, due to their highly dispersed phase volume concentration, exceeding the
limit achieved for suspensions. This property allows excellent detonation parameters to be
obtained for EEs, unlike what is seen for the more traditional energetic materials utilising
ammonoium nitrate (e.g., ANFO). The differences can be seen mainly in the velocity of
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detonation. While traditional ANFO-type materials can barely achieve a VoD on the order
of 3000 m/s, EEs typically achieve VoD values in excess of 4500 m/s.

5000
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Figure 3. Dependence of VoD on the density of a chemically sensitised EE. Reprinted with permission
of Springer Nature from [33]. Copyright 2017.

In the case of cartridged EE, the velocity of detonation is constant over time, as physical
sensitisation is typically highly stable, due to the use of microballoons. Despite being
stable over time, cartridged EEs are susceptible to elevated temperature, a fairly frequent
circumstance in blasting operations, with rock strata temperatures in underground mines
often having a temperature in excess of 40-50 °C. At such temperatures, the EE is partially
or completely liquefied, which significantly changes its performance. Simultaneously,
elevated temperature can promote phase separation phenomena, particularly crystallisation
of ammonium nitrate. It has been found that conditioning cartridged EEs at elevated
temperatures even for 2-3 h was sufficient to result in a noticeable decline in VoD in regards
to the initial VoD value [34].

In contrast to cartridged EEs, the use of chemical sensitising for bulk EEs offers lower
stability, as the reaction underlying the sensitisation of the EE cannot be stopped at will.
Consequently, for bulk EEs, the time elapsed between sensitising the EE matrix loaded into
a borehole and initiating the charge, which is often referred to as “sleep time”, results in
changes in the density and VoD of the EE. Moreover, the magnitude and pace of the change
in the properties of the EE during the sleep time is dependent on environmental factors,
primarily temperature [34].

An interesting observation is that during the gradual decrease in bulk EE density,
the VoD does not continuously decrease but initially increases, likely due to the growing
population of hot spots within the EE. The sleep time interval and EE density corresponding
to peak VoD are not constant, even for a single EE formulation, as changing the speed of
the pump used for loading the EE into the borehole was found to influence the occurrence
of this VoD peak, likely due to achieving different degrees of mixing between the EE matrix
and sensitising agent [35].

In another study, for an EE at room temperature, a sleep time of 15 days was found to
result in VoD declining by approximately 10%, with a greater decline being observed for
EE in boreholes than for unconfined EE samples [36] (Table 1).

Such changes to the VoD value of the EE formulation are highly undesirable, par-
ticularly when blasting is conducted under a variety of external conditions, as the rates
of EE sensitisation and, therefore, the performance of the energetic material will vary
significantly.
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An obvious question, related to the issue of loss of EE energetic performance during
sleep time, is that of the limit of this loss in the long term. Although the loss of performance,
including the decline of VoD, was found to gradually decelerate, it has been observed to
continue taking place even after 6 months have elapsed since loading the sensitised EE into
plastic tubes [37]. Interestingly, even though the commercially available Emulinit 8L EE
required the use of a booster charge to be initiated after 6 months, it still achieved approx.
70% of the original VoD value.

Table 1. Effect of sleep time on the VoD of EEs [36,37].

Density [kg/m®] Sleep Time VoD [m/s]
Unconfined EE
1120 0 days 4130
1100 3 days 4200
1090 6 days 4100
1110 9 days 4000
1120 12 days 3840
1100 15 days 3780
EE in Borehole
1120 1 day 4920
1130 7 days 4706
1160 15 days 4359
EE in Plastic Tubes
- 30 min 4230 £ 105
- 60 min 4005 £ 40
- 180 min 3732 £ 20
- 24 h 3543 +27.5
- 48 h min 3420 + 32.5
- 7 days 3330 + 40
- 14 days 3153 £ 25
- 31 days 3100 £ 12.5
- 4 months 3017 £ 15
- 6 months 2930 £ 25

It is important to note that multiple factors can simultaneously affect the performance
of EEs. It has been recently found that, despite the density and viscosity of a EE formulation
being monitored, the velocity of detonation (VoD) was found to vary significantly for
charges in boreholes across different blasting sites [38]. The occurrence of such changes
were attributed to differing external conditions: the presence or lack of water in the
boreholes, the hardness and brittleness of the rock strata and the presence of cracks and
voids within these strata.

An interesting approach to optimising the performance of EEs in softer rocks is to
employ air gaps within the explosive column loaded into the boreholes. It has been shown
that with careful choice of the dimensions and distribution of such air gaps, the velocity of
detonation is only slightly reduced, while allowing a noticeable reduction in the amount of
EE loaded into the borehole [39]. That said, no information was presented as to whether the
amount of mechanical work (i.e., volume of rock mined and the degree of fragmentation in
the mined rock) has been adversely affected by the introduction of those air gaps and, if so,
what the magnitude of the decline of the performance is.

The concept of critical diameter, that is, the lowest diameter of an energetic material
charge that allows detonation to be sustained along its length, is well-known for energetic
materials, including EEs [40]. Increasing the charge diameter above the critical diameter,
however, can lead to increasing the performance of non-ideal energetic materials, such as
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ammonium nitrate-based energetic materials and EEs. In the case of EEs, it was shown that
their VoD is strongly dependent on charge diameter, particularly when the charge diameter
is only slightly larger than the critical diameter for that EE formulation (Table 2) [41].

Table 2. Effect of charge diameter on the VoD of EEs [41]. Average VoD (n = 3) values are reported.

Charge Diameter [mm] VoD [m/s]
Emulinit 7L
32 -
40 3700 £ 40
50 3910 £+ 30
Emulinit 8L
32 3310 £ 170
40 3630 £ 30
50 3990 £ 55

5.2. Post-Detonation Gases

Energetic decomposition of EEs yields significant amounts of gaseous products, i.e.,
water vapour, carbon monoxide, carbon dioxide, nitrogen and nitrogen oxides. Among
those, the emission of carbon monoxide and nitrogen oxides is seen as problematic, partic-
ularly in the case of underground blasting operations, due to the toxicity of those gases.
The composition of post-detonation gases is a function of both the composition of the EE
(as the oxidising agent to fuel ratio influences the carbon monoxide to carbon dioxide and
nitrogen to nitrogen oxides ratios) as well as external circumstances (as cracks in the walls
of the borehole or the presence of water within can lead to the occurrence of incomplete
detonation) [39].

The composition of post-detonation gases can be altered by supplementing the EE
formulation with additives intended to modify the energetic decomposition process. Such
additives tend to be extremely varied in the existing literature, as they can fulfil the role of
auxiliary oxidising agent, auxiliary fuel or act as catalysts.

The addition of aluminium and of ammonium nitrate to an EE formulation has recently
been investigated in the context of their impact on the composition of post-detonation
gases [42]. The interpretation of the results of this work, however, can be considered
controversial, as the composition of the EE formulation was heavily modified to achieve a
constant oxygen balance and those changes were not taken into account when reporting the
amounts of post-detonation gases produced. This leads to obviously flawed conclusions,
such as that supplementing the EE with an oxidising agent (ammonium nitrate prills)
leads to an increased emission of carbon monoxide by a factor of 1.6-1.9, even though the
ammonium-nitrate supplemented formulation contains a much greater share of carbon-
based fuel than the initial EE formulation.

More recent research shows results contrary to the above, as supplementing the EE
with a combination of ammonium nitrate and sodium perchlorate was found to decrease
the amounts of carbon monoxide and nitrogen oxide present in the post-detonation gases
(Table 3) [32]. Although supplementing EEs with oxidising agents did not resolve the issue
of NO; emission, the lowered CO emission significantly decreases the risk associated with
utilising such modified EE formulations in underground blasting operations.

In order to provide context for the above, it should be noted that exposure to 50 ppm
of CO for approximately 30 min is considered non-threatening, whereas exposure to 200
ppm of CO concentration induces the first symptoms of carbon monoxide poisoning [43].
Although their toxicity is not as acute as in the case of CO, both nitric oxide (NO) and
nitrogen dioxide (NO;) are also highly toxic and corrosive gases [44].
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Table 3. Summary of the average composition of post-detonation gases for a commercial EE (Emulinit
8L) and EEs supplemented with additional oxidising agents (BK-1, BK-2). Reprinted from [32] under
a CC BY license.

Emulinit 8L CO, CcO NO, NO
Concentration [ppm] 4583 + 45 162 £ 11 14402 200+£74
Unit mass emission [dm3/kg] 1148 +£1.1 4114028 0.04 £0.01 0.51 +0.19
BK-1 CO; co NO; NO
Concentration [ppm] 4664 £ 6 100 + 4 1.5+£02 11.6 £2.8
Unit mass emission [dm3/kg] 1171 +09 2514012 0.044+0.01 0.29 +0.07
BK-2 CO; co NO; NO
Concentration [ppm] 4553 £ 24 136 + 18 12£02 11.0 £5.3

Unit mass emission [dm3/kg] 1153+ 04 3454046 0.034+0.01 0284+0.13

Predicting the properties of energetic materials based on their composition is an
extremely difficult but worthwhile task, as it helps to minimise the exposure of personnel to
those materials by reducing the number of experiments required to determine and fine-tune
the properties of energetic materials being developed. Recently, a model for predicting the
amount of post-detonation gases produced upon the detonation of ANFO- and EE-type
energetic materials has been proposed [45]. Despite being an early model, an acceptable
match to data reported in the literature was achieved.

6. Applications of EEs

EEs are commonly utilised in civilian blasting operations, particularly in mining. In
this application, the use of bulk EEs is continuously increasing its market share (Figure 1)
due to the increased safety parameters of those materials, as well as due to the ability to
minimise the exposure of personnel to the threat of explosion than in the case of using
traditional energetic materials [46].

The use of EEs in blasting operations associated with mining often encounters practical
issues arising from the conditions existing in boreholes, both natural (e.g., temperature of
the rock) and produced during the drilling of boreholes (e.g., presence of rock fragments
in the borehole, cracking of borehole walls). In this regard, both the loading of boreholes
and the reliability of detonation taking place across the entire length of the borehole are
significant and common issues. The issue of loading boreholes is largely technical and
requires careful control over the pressure and flow rate of the loaded EE.

Conversely, the reliability of detonation may easily be compromised, particularly in
deep boreholes, due to the hydrostatic pressure exerted by the pillar of the EE. Depending
on borehole depth, this pressure can be large enough to induce gas bubble compression
in the bottom section of the borehole. This can be avoided by limiting borehole depth or
resolved to some extent, by utilising a higher initiating stimulus. Another phenomenon
that needs to be taken into account in regards to the reliability of detonation is the timing of
detonations in neighbouring boreholes. When the blast wave caused by nearby detonation
travels through a borehole containing EE, momentary compression of the gas bubbles
present in the EE takes place, causing it to temporarily lose sensitivity to initiation. If this
issue is not taken into account during the planning of blasting operations, it can even lead
to misfires.

The use of EEs for testing the mechanical properties of construction materials is a
non-obvious application that is of particular importance, both due to the relevance of data
that can be acquired and due to the ever-present threat of bomb terrorism. In a recent work,
the experimental testing of reinforced concrete was combined with a theoretical work-up,
in order to yield a methodology for testing and modelling the fracture and resistance of
brittle materials to blast loads [47]. In the given experimental case, the model was used to
explain the role of the reinforcing material in limiting the propagation of cracks in the bulk
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of the concrete, but other types of reinforced concrete materials have also been recently
studied [48], providing an interesting insight for developing blast-resistant constructions.
In this aspect, EEs have also been used to investigate the ability of pipelines to withstand
blast loads [49].

Another non-straightforward application of EEs is in explosive welding. Compared to
traditional welding methods, explosive welding allows a broader range of metals and alloys
to be combined. In this approach, the use of EEs instead of traditional, high-performance
energetic materials was found to allow welding even highly dissimilar materials (Figure 4),
due to the lesser strain induced by the detonation of EEs [50,51], enabling the fabrication of
a broader variety of composite materials.

Figure 4. Cross-sections of (a) copper-steel and (b) copper-aluminium bonding zones produced via
explosive welding with the use of EEs. Reprinted with the permission of Springer Nature from [51].
Copyright 2018.

The issue of water bodies, through which marine transport takes place, being covered
with ice is important from an economical standpoint, particularly so in sub-polar and
polar locations. One of the methods of removing such ice coverage is to employ energetic
materials, due to their significant brisance. In the reported case, EEs were used for this
purpose and a model of the behaviour of ice under blast loading was developed, potentially
opening up a new avenue of application for these energetic materials [52].

Powder metallurgy is a relatively young field, dealing with the processing of metals
from powders. In this field, energetic materials are frequently used as sources of mechanical
work for compressing the processed powders into solid elements. The use of EEs for this
purpose has been recently reported and even though metal powder solidification was
readily achieved, the amount of used EE is relatively large, in the range of 500-1000 g for
compressing approx. 60 g batches of iron powder [53]. Even though the method appears to
be inefficient, it was found that the amount of EE used can be altered in order to tailor the
hardness of the resultant solid elements, which is of some practical significance.

Safety Considerations

An important risk associated with conducting blasting operations is the occurrence
of ground vibrations, often referred to as para-seismic oscillations. Such vibrations can
propagate over long distances, damage and even topple buildings. Recently, a dynamic
finite element model has been utilised to model these vibrations [54]. Although the pro-
posed model predicted higher vibration magnitude than was experimentally observed, the
predictions were fairly accurate over shorter distances. The observed inaccuracies were
primarily attributed to the model not taking into consideration the occurrence of various
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rock strata across the vibration propagation distance [55]. Even though the model needs to
be refined significantly, it is a promising step forward in terms of predicting risks associated
with conducting blasting operations.

An important consideration in terms of EE safety is their possible contamination.
Among commonly encountered contaminants, Fe?* ions have been found to lower the
thermal decomposition temperature of EEs from approximately 280 °C to approximately
271 °C and to promote crystallisation in EE matrices [56].

7. Conclusions

Despite high entry requirements into the subject of EEs, the development of this class
of energetic materials continues and appears to be attracting increasing research interest
over recent years. This is due to both the significant improvements to the performance
and the safety features of these materials, making them an increasingly more favourable
alternative for traditional energetic materials in general and for nitroester-based energetic
materials in particular.

The issues of the rheology and stability of both the EE matrices and the sensitised
EEs have been a particular focus among recent works due to the practical considerations
associated with the instruments and processes of sensitising and loading the EEs into
boreholes. This aspect of EE development is also more readily available, as testing the
rheology of even sensitised EEs does not necessitate conducting blasting operations and
can be safely conducted in a specialised laboratory setting.

It should be noted, however, that the rheology of EEs ties in with the issue of the
population and size distribution of pores in the sensitised EE. Despite multiple studies, the
subject remains controversial and requires further experimental exploration. A particu-
larly important question in this regard is that of the nature of the impact of the porosity
parameters on the energetic performance and sensitivity of the EEs.

In contrast, the works dedicated to improving the energetic performance of EEs are
significantly fewer, due to the extremely significant need to perform blasting repeatedly in a
variety of experimental configurations, while ensuring the safety of both personnel and the
utilised instruments. Even so, such works are highly valuable, both scientifically—pushing
forward our understanding of the processes occurring in those energetic materials and
the myriad factors influencing these processes—as well as economically, due to the fact
that even a minute improvement in the performance of EEs translates into more efficient
blasting operations, allowing more rock to be mined with a lesser total amount of energetic
material utilised.

Among the above, particular attention should be paid to emerging additives to EE
formulations, as the inclusion of even relatively common substances as additives was
proven to significantly improve various properties of the EEs. This trend is expected to
bring even further improvements to the properties and performance of EEs in the future,
helping promote new, higher standards in the development and use of energetic materials.

The implementation of increasing standards for EEs inevitably involves discussion
of the personnel health and environmental impacts of such materials. In this regard, the
composition and amount of gases produced during the energetic decomposition of EEs is
an essential, but under-explored issue. Although some strides have been made in limiting
the emissions for EEs, the subject remains a significant issue, as current EE formulations
produce carbon monoxide and nitrogen oxides in the post-detonation gases. Reducing
these emissions remains an important, unresolved issue that needs to be overcome, in order
to achieve “green” EEs.
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The Impact of Time on the Detonation Capacity of Bulk
Emulsion Explosives based on Emulinit 8L

Piotr Mertuszka* and Barttomiej Kramarczyk™

Abstract: One of the elements of enhanced safety of me-
chanically loaded emulsion explosives is the loss of its ex-
plosive properties after a certain period of time, without
reference to the particular research. The manufacturer de-
scribed this time for approximately 48 hours from the time
of its charging to the blasting holes with a gas sensitized
product. Under regular conditions of mining works, this
time is absolutely sufficient for safe mining operations. In
practice, some unforeseeable situations may occur that the
charged explosive is not fired within the prescribed period

of time. The aim of the study was to verify the knowledge
regarding the behavior of mechanically loaded emulsion
explosives used in Polish underground copper mines by
tracking the changes of detonation velocity over time. The
subject of research was Emulinit 8L emulsion explosive
manufactured by NITROERG from Bierun, Poland. The meas-
urements were provided using a MicroTrap™ VOD/Data Re-
corder, which allows for continuous measurement of the
detonation velocity of explosives.

Keywords: blasting works - emulsion explosives - velocity of detonation - VOD

1 Introduction

Years of research work on more efficient and safer ex-
plosives led to the creation of emulsion explosives which
offer a good alternative to ANFO and dynamites. Their ad-
vantage lies, among others, in excellent resistance to water
and low gas emissions [1]. Charging of the blast holes with
emulsion is almost completely automated, which increases
effectiveness, comfort and security of blasting works. The
very first industrial application of bulk emulsion explosives
in underground Polish copper mines belonging to KGHM
were conducted in 1997 in “Rudna” mine. However, the
method was abandoned due to excessive explosive density
and restarted again at the end of 2002. In 2004, almost 10%
of explosives used in the “Rudna” mine was charged by the
use of prototype of a blasting utility vehicle with an integral
bulk emulsion module [2]. In the following years, an in-
crease in the use of bulk explosives in terms of the total
kilograms of explosives used, which is shown in Figure 1. In
previous years, as much as 80% of all explosives used in
KGHM's mines have been bulk emulsion explosives.

One of the basic parameters describing the explosives
properties in the classic Chapman-Jouguet theory is deto-
nation velocity, which can be defined as the speed of prop-
agation of the chemical reaction zone and the related shock
wave through a detonated explosive [3,4]. During the prac-
tical use of the bulk emulsion explosives, a number of ques-
tions appeared concerning the variability of its parameters
over the time from loading of the blast holes until the time
of firing [5]. Bearing in mind that the addition of “hot spots”
enhance the rapid explosive combustion of the emulsion. It
was assumed that the bulk emulsion explosives loses deto-
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Figure 1. Percentage of the bulk emulsion explosives in relation to
total explosives used in “Rudna” mine between 2004 and 2017.

nation capacity after a period of time [6]. The sleep time for
emulsion explosive is approximately 48 hours, while full
detonation capacity is being reached approximately 30 mi-
nutes after being into the blast holes [7]. This means that an
explosive should be initiated in a specified time period to
achieve proper detonation in the blasting works. In practice,
manufacturers do not specify the period in which bulk ex-
plosives should be fired, but only a range of optimal den-
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Figure 2. Scheme of installation of the ProbeRod and detonator in polypropylene pipe.

sities. To achieve a high quality of product for the blasting
works when using the Emulinit 8L, its density should be be-
tween 0.80 g/cm® and 1.25 g/cm’. The following paper pres-
ents the results revealing the impact of time on the deto-
nation velocity based on Emulinit 8L bulk emulsion
explosive.

2 Materials and Methods

The research consisted of firing of previously prepared
emulsion explosive samples in specified intervals of time
and measuring their detonation velocity. The explosive sam-
ples were prepared by filling polypropylene sewage pipes
with an external diameter of 50 mm, length of 1,000 mm
with a wall thickness of 1.8 mm with the explosive (Fig-
ure 2). This is typical diameter of the blast holes used in un-
derground Polish copper mines. Samples were equipped
with MREL's VOD ProbeRod with a unit resistance of
331.7 ohm/m and fired using an instantaneous electrical
detonator. Measurements were conducted using a Micro-
Trap™ VOD/Data Recorder allowing for the continuous
measurement of the detonation velocity of explosives with
a high resolution at up to 2 MHz [8].

The pipes were filled with the gas sensitized emulsion
explosive and allowed to expand. The excess amount to
overflow the pipe was removed. The aim was to make the
explosive as homogeneous as possible by removing the
voids that were created while charging of the samples. Af-
ter the pipes where filled with sensitized emulsion, they
were plugged and transported to the firing site in a hori-
zontal position. The remaining samples were stored hori-
zontally in explosives depot with a constant ambient tem-
perature of approximately 15 degrees Celsius. The average
weight of each prepared sample was approximately 2.2 kg.
Prior to the detonation of each sample they were covered
with a 50 cm layer of sand for noise requirements.

The research was conducted in the NITROERG company
test site in Bierun, Poland. The subject of research was Emuli-
nit 8L bulk emulsion explosive, which was loaded from the
blasting utility vehicle equipped with pumping module. Se-
lected parameters of tested explosive are shown in Table 1.

The VOD ProbeRod is inserted axially in the sample of
explosive from the opposite end of the detonator. Then the
ProbeRod is connected to the coaxial cable to transmit the

2  www.pep.wiley-vch.de
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Table 1. Selected parameters of Emulinit 8L explosive (based on
manufacturer’s data).

Critical diameter 34 mm
Minimal diameter of the blast holes 34 mm
Velocity of detonation 3,800 m/s
Oxygen balance 0.05%
Sensitivity to friction >360 N
Sensitivity to impact >30J

Heat of explosion 3,084 kl/kg
Concentration of energy 3,456 kJ/dm’?
Specific energy 788 ki/kg
Specific volume of gaseous products of explosion 870 dm®/kg

signal to a MicroTrap™ VOD/Data Recorder. Once the con-
nection was checked, the instrument was placed in a safe
distance away from the detonation area and left in monitor-
ing mode.

3 Experimental Section

The detonation velocity of the prepared explosive charges
is measured in 14 selected intervals after loading. Table 2
shows the intervals values and the results as they range
from 30 minutes to 6 months. Figure 3 is a graphical repre-
sentation of the data shown in Table 2. To obtain the aver-
age results, each series of the test consisted of three sam-
ples. The time interval of each test series did not exceed
5 minutes.

The VOD measurements have proven that the deto-
nation parameters of the considered explosive changed
over time. The highest detonation velocity was observed for
the first explosive sample fired 30 minutes after loading into
the plastic pipe. The other samples in the first series has a
slight decrease in detonation velocity (2 to 5%) in respect
to the first sample was noted. The drop in detonation veloc-
ity within first series was due to operational break between
individual samples that was required to prepare the next
samples. This includes the inserting of the ProbeRod and
detonator, placing of the samples in the firing pit and cov-
ering with sand. The consecutive measurement series show
an exponential decrease in detonation velocity in relation to
the first tests.

Examples of VOD graphs (distance versus time) for se-
lected tests are shown in Figures 4 and 5. The slope of the

Propellants Explos. Pyrotech. 2018, 43, 1-7
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Table 2. Results of VOD tests of Emulinit 8L bulk emulsion ex-
plosive.

Velocity of detonation [m/s]

Series Time Sample  Sample  Sample  Average
No. #1 #2 #3

1 30 min. 4,345 4,210 4,135 4,230+105
2 60 min. 3,958 3,975 4,055 4,005 +40

3 90 min. 3,910 3,905 3,895 3,903+7.5
4 180 min. 3,745 3,745 3,705 3,732+20

5 240 min. 3,670 3,665 3,650 3,662+ 10
6 300 min. 3,590 3,620 3,580 3,597 +£20
7 24 hrs. 3,510 3,565 3,555 3,543+£27.5
8 48 hrs. 3,450 3,385 3,425 3,420+£325
9 7days 3,370 3,290 3,330 3,330+£40
10 14 days 3,180 3,130 3,150 3,153+25
1 31days 3,085 3,105 3,110 3,100£12.5
12 72 days 3,060 3,045 3,055 3,053+75
13 4 months 3,000 3,030 3,020 3,017£15
14 6 months 2,905 2,905% 2,955 2,9304+25

[a] Detonation with booster.

graphs at any position is the detonation velocity of the ex-
plosive at that particular position. As shown in the following
graphs, the measurement of detonation velocity was re-
corded along the entire length of the explosive charges.
The considered explosive has reached the stable detonation
velocity a few centimeters away from the position of deto-
nator. Statistical dispersion of recorded VOD values within
given series did not exceed 1%, with the maximum devia-
tion for the first series of 2%.

The detonation capacity of bulk emulsion explosives de-
pends primarily on the proper sensitization of the matrix
[9]. As mentioned previously, formation of the “hot spots” is
closely linked to the density of emulsion explosives. In fact,
bulk emulsions below a certain density do not detonate. In-
creasing density leads to increasing detonation velocity up
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towards critical density at which the end product loses the
detonation capacity [10]. The density of bulk emulsion ex-
plosive may be measured in mining conditions in a simple
way by the operator of blasting utility vehicle. For the pur-
poses of the presented analysis, three samples for density
measurements were prepared at the same time as ex-
plosive’s charges to determine the correlation between the
detonation velocity of the bulk explosive and its density.
The density of explosive was measured with an electronic
scale with an accuracy of 1g and with disposable 500 cm?
cups. The cups were filled with explosive from pumping
module of blasting utility vehicle. The emulsion is leveled
with the top edge of the cup. The cup with explosive was
then weighed. While the gassing process occurred, at spe-
cific time intervals, excess of explosives was removed by
leveling and weighed (Figure 6).

The density was determined by dividing the weight of
the emulsion by volume of the cup. An empty cup weighed
9 grams. The results are shown in Table 3. To determine the
correlation between density and detonation velocity of bulk
emulsion, researchers applied the Pearson product-moment
correlation coefficient used to measure the strength of a lin-
ear association between two variables [11]. The strength of
the correlation influences to what degree the records be-
have as it is supposed to, that is assuming that r,, >0,
when density increases, detonation velocity is increasing
too. When r,, amounts to, for example 0.4, then it means,
that only some of data follows the dependence (the trend is
visible, however some deviations may appear). If r,, is close
to 1, then almost all records meet the assumptions and
trend is clearly visible. Variables used for analysis of the cor-
relation are shown in Table 4.

As the definition states, the correlation between varia-
bles X and Y is a strength measure of linear dependence be-
tween the variables. The Pearson product-moment correla-
tion coefficient is calculated as follows:
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Figure 3. Graph of detonation velocity changes of Emulinit 8L samples over time.
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Figure 5. VOD plot of Emulinit 8L sample tested 4 months after loading (test #2).
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ly Pearson product-moment correlation coefficient,
X;, Y; i-th values observed in the X and Y datasets,

X, Y the mean of X and Y datasets,

oy, 0, standard deviation of datasets X and Y,

n

number of observations (same for X and Y).

Figure 6. View of the cup after loading (left) and while gassing
process (right). Using the Pearson correlation coefficient calculator, the
coefficient r amounts to 0.998 (significance less than 0.001),
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Table 3. Results of density measurements of Emulinit 8L.

Time Density [g/cm’]
No. of test [min.] Sample #1 Sample #2 Sample #3 Average
1 0 1.34 1.35 1.33 1.34
2 10 1.30 1.29 1.29 1.29
3 20 1.26 1.27 1.26 1.26
4 30 1.23 1.24 1.22 1.23
5 50 1.19 1.19 1.19 1.19
6 60 1.19 1.17 117 1.18
7 70 1.17 1.17 1.15 1.17
8 90 117 1.15 1.14 1.15
9 140 1.13 1.13 1.12 1.12
10 180 1.12 1.12 1.12 1.12
1 240 1 1.10 1.09 1.10
12 300 1.09 1.09 1.07 1.08

Table 4. Variables used in correlation analysis.

No. of test Time [min.] Average density Average VOD
(variable X) (variable Y)
[g/cm?] [m/s]

1 30 1.23 4,230

2 60 1.18 4,005

3 920 1.15 3,903

4 180 1.12 3,732

5 240 1.10 3,662

6 300 1.08 3,597

which can be interpreted as a very strong and almost per-
fect correlation between density and detonation velocity of
explosive in a period from 30 minutes to 5 hours. The corre-
lation here is a positive one, i.e. when the density of bulk
emulsion explosive decreases, so does its detonation veloc-

ity.

4 Results and Discussion

Years of work on more efficient, safer and cheaper ex-
plosives led to the creation of so-called third generation ex-
plosives, i.e. bulk emulsion explosives, which are mechan-
ically loaded into the blast holes. In previous years, as much
as 80% of all explosives used in Polish copper mines be-
longing to KGHM (the biggest national consumer of ex-
plosives and blasting agents) were represented by bulk
emulsion explosives. They achieve full detonation capacity
approximately 30 minutes after being loaded into the blast
holes. For technological and organizational reasons, the
time elapsed between loading and firing of the mining
faces in KGHM'’s mines conditions varies between 30 mi-
nutes and 10 hours. In specific cases, however, this time
may be extended up to 48 hours. This situation might hap-
pen when the blasting works are focused on destressing
blasting that may release the seismic energy accumulated
in the rock-mass. This research has shown that the deto-
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nation velocity of Emulinit 8L reduces over a period of
24 hours after loading. This reflects that the brisance has
fallen every hour. To maximize the effectiveness of the used
explosives, mining faces should be fired as fast after loading
as possible. Table 2 shows that the detonation velocity of
the samples detonated 5 hours after loading (series 6) de-
creased by 15% in comparison with the first sample (ser-
ies 1). This issue should be further studied in detail as deto-
nation velocity is one of the main factors affecting the
efficient advance and progress of mining works. To maintain
the stability of the manufactured in situ bulk emulsion ex-
plosive, sensitizing parameters need to be selected so that
the obtained material reaches stable detonation velocity
within the specified time period. This would necessitate tak-
ing into consideration other factors influencing the changes
of density and detonation velocity such as the composition
of the emulsion matrix, the amount of added sensitizer or
temperature.

5 Conclusions

Research findings on the impact of time on detonation ve-
locity as a parameter describing the detonation process of
an explosive, developed within the framework of this paper
have proved that this parameter is highly variable over
time, especially within the first few hours after loading. It
affects directly the effectiveness of blasting works. Presum-
ably, not all of the mining faces are fired in an interval that
is optimal for this type of explosive, which may result in
smaller face advance. The issue is of major importance in
the case of destressing blasting of group of mining faces,
which are loaded by several consecutive crews and fired a
day or even two days after loading of the first mining face
was done. The detonation velocity of considered Emulinit
8L bulk emulsion explosive is stabilizing after about
48 hours and its detonation capacity is maintained for at
least 6 months.

It should be also noted that not only time influences the
behavior of the bulk emulsions in given mining conditions.
One may expect that other factors include the temperature
of the rock-mass, diameter of the blast hole, and the
amount of sensitizer used may influence the firing process
as well. Comprehensive knowledge on the influence of oth-
er factors on the detonation velocity of bulk emulsion ex-
plosives may allow to define the rules of optimal use of se-
lected explosive in given mining conditions. This may prove
that modification of gassing process of considered emulsion
would be required. It can be reached by changing the sensi-
tizer composition or dosing of this component. Additionally,
the results of research performed allow to reject the thesis,
that the considered bulk emulsion explosive loses its deto-
nation capacity after approximately 48 hours after loading.
Almost the same behavior has been observed for RP-T2
bulk emulsion manufactured by Maxam, which is also wide-
ly used in Polish underground copper mines conditions.
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Effect of aluminium additives on selected detonation
parameters of a bulk emulsion explosive
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Abstract: The article presents an assessment of the influence of aluminium granules content on selected
detonation parameters of a chemically sensitised bulk emulsion explosive. The analysis covered
determination of relative explosive strength using a ballistic mortar and Trauzl blocks, free field air
blast tests and detonation velocity measurements. Five types of emulsion explosives with differing
aluminium content were tested at loadings of 0, 1, 3, 5 and 7%.

Streszczenie: W artykule dokonano oceny wplywu zawartosci dodatku pytu aluminiowego
na wybrane parametry detonacyjne materiatu wybuchowego emulsyjnego Iluzem uczulanego
chemicznie. Analiza zawierata oznaczenie zdolnosci do wykonania pracy na wahadle balistycznym
i w blokach olowianych, pomiar cisnienia fali podmuchu oraz pomiar predkosci detonacji. Do badan
zastosowano pigé typow materiatu wybuchowego emulsyjnego réznigcych sig procentowq zawartosciq
aluminium, tj. 0, 1, 3, 5 i 7%.

Keywords: emulsion explosives, aluminium granules, detonation parameters
Stowa kluczowe: materialy wybuchowe emulsyjne, aluminium granulowane, parametry detonacyjne

1. Introduction

The discovery of emulsion explosives dates back to 1969, when Harold Frederick Bluhm from Atlas
Chemical Industries patented a water-in-oil emulsion explosive [1]. Today, over 50 years after his discovery,
emulsion explosives are commonly used for rock extraction in both underground and surface mines, as well as
in civil engineering, tunneling and demolition. According to a Future Market Insights research study [2],
the global sales volume of emulsion explosives is projected to reach 13 million tonnes by the end of the decade.
A water-in-oil emulsion matrix composition, comprising of an oxidiser and oil, is not capable of detonation.
The inorganic phase consists of supersaturated oxidiser solutions such as:

— ammonium nitrate(V),

—  calcium nitrate(V), or

— sodium nitrate(V),

whereas the organic phase consists of fuels, such as mineral oil with waxes added. The remaining components are:
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— water,

— emulsifiers,

— sensitisers, and

— physico-chemical property modifiers.

In order to enhance the heat of explosion and increase the pressure of the gaseous products, additional solid fuels
such as aluminium, are also utilised.

Aluminium is also widely used as an additive in other explosives, including high explosives, pyrotechnic products
and rocket propellants [3]. This is aimed at increasing the reaction temperature, and thereby the pressure of
the gaseous products. However, the addition of aluminium does not always lead to an improvement in all the
thermodynamic parameters. Depending on the type of explosives, the addition of aluminium can either improve
or worsen detonation parameters. In the case of ANFO, the addition of aluminium leads to a considerable
improvement in detonation parameters. Increasing the aluminium content is associated with an increase in reaction
temperature and detonation velocity with a simultaneous decrease in toxic detonation products. Furthermore, it
leads to an increased relative explosive strength and air blast pressure. It also increases the sensitivity of ANFO
to stimuli. Therefore, the addition of aluminium in this case is very beneficial [4-6].

In turn, addition of aluminium has a somewhat different effect on the detonation of high explosives of pure
chemical compounds such as nitro compounds, organic nitrates or nitroamines. Chemical compounds in the form
of molecules containing both fuel (primarily carbon) and oxygen, which react exothermically during detonation,
are mainly characterised by a negative or close to zero oxygen balance. During detonation, aluminium consumes
the oxygen required for combusting carbon originating from the decomposition of an explosive’s molecule.
The combustion process of aluminium is slower than elements originating from the molecular decomposition.
The reaction therefore has a two-stage path which extends the detonation process over time while decreasing its
rapidity. The addition of aluminium in the case of ideal explosives, leads to a decrease in detonation velocity,
which depends on both the size and the form of the aluminium particles [7]. The decrease in velocity results from
the chemical inertness of aluminium molecules in the chemical reaction zone behind the shock wave front [8].
Moreover, the added aluminium significantly enhances the heat of explosion of ideal explosives [9].

Emulsion explosives exhibit similar behaviour. Their structure is characterised by a large contact surface between
the oxidiser and the fuel. They can therefore be considered in a similar manner to chemically pure explosive
compounds. Detonation velocities of emulsions decrease with increase in aluminium content. However, other
detonation parameters, such as air blast pressure or energy of explosion, are improved [10-13]. The only exceptions
are some low density, micro-balloon sensitised, emulsions, for which the detonation velocity increases with increase
in aluminium content [14]. Unfortunately, such a high content of aluminium results in significant increases in
production costs. Moreover, it causes some transport and loading problems. The addition of nitrocellulose powder
extracted from expired ammunition was also analysed as an aluminium substitute in emulsion explosives [15].
It was assumed that this solution would be cost-effective and environmentally friendly as there is no toxic Al,O;
in the post-blast gases. However, there is no practical application of this method in mining, to date.

Aluminium is highly reactive, though it is protected by a surface layer of ALLO;, which is rapidly formed when
the metal is exposed to air. This provides excellent corrosion resistance. When adding aluminium to emulsion
explosives, its surface is subjected to contact with a concentrated ammonium nitrate(V) solution. Due to the
large contact surface, the addition of aluminium powder or flakes accelerates the oxidation process. In turn,
aluminium granules intended for emulsion explosives are characterised by completely different behaviour.
Thanks to a specific granulation process, the grain size undergoes an optimal selection for this purpose. Its
surface is coated with agents, which prevent oxidation. The coated granules also ensure that the activity of the
aluminium remains unchanged when the emulsion explosives are stored.

The article presents an assessment of the influence of aluminium content on the selected detonation parameters
of bulk emulsion explosive commonly used in the Polish copper mining industry. The analysis covers the
determination of relative explosive strength using ballistic mortar and Trauzl blocks, air blast pressure tests and
detonation velocity measurements. Five types of emulsion explosives, differing in aluminium content including
0, 1, 3, 5 and 7%, were tested.
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2. Material and methods

Studies were carried out at the Central Mining Institute’s test site in Mikotow and at the NITROERG company
test site in Krupski Mtyn. The research was based on the Emulinit bulk emulsion explosive matrix. The matrix
density was 1.42 g/cm® and consisted of:

—  55-60% ammonium nitrate(V),

—  15-20% calcium nitrate(V),

—  5-7% organic phase, and

- 12-15% water.

The sensitiser was based on sodium nitrate(III). The oxygen balance of the reference explosive (without aluminium)
was 0.05%.

The aluminium granules chosen for the experimental study were from Hoesch Granules. The average aluminium
content was 97% (approx) and the average particle size was 150 pum. Densities of emulsion explosives,
determined 60 min after mixing of the matrix with aluminium and sensitiser at 20 °C, were as follows:

- 1.03 g/em® (0% Al),

- 1.01 glem® (1% Al),

- 0.99 g/em® (3% Al),

- 0.99 g/em® (5% Al), and

- 0.98 g/em® (7% Al),

indicating a slight decrease with increasing aluminium content.

A total of 45 samples were prepared for the tests, including 15 samples for the ballistic mortar test, 15 samples
forthe Trauzl lead block test, and 15 for the simultaneous measurement of the free field air blast wave and detonation
velocity. Earlier studies of the time influence on the detonation velocity of tested explosive have shown that
this parameter is highly variable [16]. Thus, in order to obtain reliable results, the samples were prepared
separately and always tested after the same period of time following the beginning of the sensitisation reaction.

2.1. Ballistic mortar test

Determination of relative explosive strength is conducted using a standardised test facility. It consists
of a ballistic mortar mounted on a ballistic pendulum at the end of which a firing chamber is located. A projectile
in the form of a steel cylinder is inserted into the mortar. The sample is initiated using an 0.65 g PETN detonator.
Following initiation, the projectile is fired from the mortar. As a result of forces acting in the opposite
direction (recoil), the pendulum arm is propelled from the equilibrium position, and the maximum angle
of swing is registered using a movable cursor on a graduated scale. The result is recorded as the angle of swing
of the mortar. A view of the test facility and samples prepared for testing are presented in Figure 1.
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(b)

Figure 1. Ballistic mortar (a) and explosive samples (b)
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The angle of mortar swing is compared to that produced by the same mass of a reference charge of hexogen.
The mass of the cylindrical sample (25 mm diameter) made into a cartridge in a tin foil wrapper, is 10 g.
The test procedure is described in detail in Polish standard PN-C-86035:1999 [17]. Results are expressed
as a percentage of that obtained for hexogen. A total of 15 emulsion explosive samples were prepared for the tests,
differing in aluminium content (3 per each content) and 3 samples of the reference charge (hexogen).

2.2. Trauzl lead block test

This test is based on determining the expansion capacity produced by the detonation of 10 g of explosive
in a cylindrical lead block with a diameter of 200 mm and height of 200 mm. In the centre of a solid block,
a hole with a diameter of 25 mm and depth of 125 mm is located. The sample is initiated using an 0.65 g
PETN detonator. The resulting expansion is compared to that produced with 10 g of picric acid with detonator
(reference charge). Detonation of this charge at 15 °C results in a cavity of 310 cm’.

A total of 15 samples were prepared for the Trauzl test, including 3 samples for each aluminium content
and 3 reference samples of pure picric acid recrystallised from water, dried and pressed to a density of 0.85 g/cm?.
A view of the blocks prepared for the tests and the cross-section through a block before and after firing
is presented in Figure 2.

Copyright © 2020 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



104 B. Kramarczyk, M. Pytlik, P. Mertuszka

Figure 2. Blocks prepared for testing (a) and cross-section through a block before firing (b) and after firing (c)

Thedifferencebetweentheinitial volumeofaleadblockisthencomparedtothe expansionproduced by theexplosive.
Finally, the relative explosive strength is expressed as a percentage in relation to the reference charge. The test
procedure is described in detail in Polish standard PN-C-86037:2000 [18].

2.3. Detonation velocity measurement

Detonation velocity is the velocity at which a given shock wave front propagates through an explosive charge.
The technique is based on measuring the travel time of the shock front between two sensors. The procedure
is described in detail in standard PN-EN 13631-14:2005 [19]. However, in this paper, the continuous method
was applied using a MicroTrap VOD/Data Recorder. This method generates results complementary to those
obtained using the standard method [20].

Measurements using the MicroTrap recorder utilise the widely known wire resistance technique. A precise
probe of known linear resistance is placed axially along the direction of detonation inside the explosive sample.
As the shock wave front propagates, the explosive consumes the probe, and the resistance of the circuit decreases
in proportion to the decrease in the probe’s length. A recorder registers the probe resistance change as a function
of time.

Samples were prepared by filling clear glass tubes, length of 500 mm, internal diameter of 46.4 mm and
wall thickness of 1.8 mm, with the explosive. The explosive components were blended manually in a glass
beaker using a glass rod. Components were previously weighed using a laboratory balance (0.01 g resolution).
In the first step, the matrix was blended with the aluminium granules and then the sensitiser was added.
The net mass of a single sample was 500 g. A total of 15 samples were prepared, differing in aluminium content
the range of 0-7%. The probe was inserted axially inside the explosive charge. A view of selected samples
is presented in Figure 3.
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Figure 3. View of selected samples for detonation velocity tests

The samples were taped to a dedicated stand and fired in a vertical position in an explosive bunker. The bottom
of the charge was located 85 cm from the floor. An instantaneous 0.65 g PETN electric detonator was placed
at the top of the charge. A view of selected samples prior to firing is presented in Figure 4.
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Figure 4. Selected samples prepared for firing

The same time of 60 min, between the blending of emulsion components and the sample being fired,
was applied. As the components were blended manually, the interval between the firing of subsequent samples
was approximately 15 min.

2.4. Air blast testing

Measurements of the free field air blast pressure were conducted using PCB 137B23B integral-electronics
piezoelectric pressure sensors with a rise time of up to 6.5 us and a measuring range of 345 kPa. The tests
were carried out in parallel with the detonation velocity measurements (for the same explosive samples).
The sensors were placed 100 cm above the ground, at 2.0 and 2.5 m from the explosive sample. A diagram
of the measuring system is presented in Figure 5.
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Figure 5. Scheme of the air blast measurements

The data were recorded using a DEWESoft SIRIUS high-speed amplifier coupled with a computer. The sampling
frequency was 1 MHz. Measurements were performed for each explosive sample. Peak overpressure,
positive phase duration and positive phase impulse were determined from the data recorded on both sensors.
Numerical integration, based on the trapezoidal rule (1 ps time step size) was used to calculate the positive
phase impulse.

3. Results

3.1. Ballistic mortar

The results of explosive strength tests from the ballistic mortar, depending on aluminium content,
are presented in Table 1. A relative value was determined for each aluminium content as an average based
on 3 samples (same for samples of hexogen). Moreover, percentage values in relation to the samples without
aluminium are presented. The relative explosive strength (X) from the ballistic mortar was calculated using
the following equation:

X = Z—ix 100 [%] @)

where m, — arithmetic mean of (1 — cosa) for the tested explosive, m, — arithmetic mean of (1 — cosf)
for the reference explosive.
The arithmetic means for the reference charge (m,) and tested explosives (m,) were calculated according
to the following equations:

m, = (1-cos a1)+(1—c:)15 ay)+(1—cos ay) (2)
m, = (1-cos ﬁ1)+(1—c;)ls B2)+(1—cos ) 3)

where o, oz, a, — angles of the pendulum swing for the tested explosive, fi, £, fin — angles of the pendulum
swing for the reference explosive, n — number of tests.
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Table 1. Results of ballistic mortar tests

Aluminium content [%]
0 1 3 5 7
Relative explosive strength (X) [%] 80.4 81.3 82.5 83.1 84.4
Dependence of relative explosive strength in relation to
explosive without aluminium [%]

100.0 | 101.1 102.6 | 103.3 | 105.0

Results indicate a linear increase in relative explosive strength on a ballistic mortar with increase
in aluminium content. The linear correlation coefficient () of this relationship is 0.67 with a coefficient
of determination (R?) of 0.981. The maximum aluminium content of 7% resulted in a 5% increase in relative
explosive strength.

3.2. Trauzl lead block

Results of the Trauzl tests in relation to the aluminium content are presented in Table 2. The net expansion volume
was determined for each sample, and the average value was then calculated for a given aluminium content.
As above, the table also presents the percentage increase of lead block volume in relation to samples
without aluminium.

Table 2. Results of Trauzl tests

Parameter Sample Aluminium content [%]
No. 0 1 3 5 7
1 304.0 323.5 325.5 358.5 359.0
2 304.0 314.5 330.5 347.5 348.5
.. s
Net expansion in a lead block [cm?] 3 299 5 3205 3220 3200 3505
Average | 302.5 319.5 326.0 | 348.5 353.5

Dependence of net expansion in a lead block in relation

to explosive without aluminium [%] 100.0 105.6 107.8 1152 116.9

The results showed that the volume in lead blocks produced by the detonation of explosive samples increases
with increases in aluminium content. Within the considered ranges of added aluminium, the net expansion
values ranged from 5.0 to 22.5 cm® per 2% added. The linear correlation coefficient of this relationship is 2.4
at a coefficient of determination of 0.944. The maximum volume was nearly 360 c¢cm?®, which corresponds
to an increase of about 20%, compared to explosive samples without aluminium.

3.3. Detonation velocity

Detonation velocity was determined from the slope of the plotted curve based on any 2 points selected
on the graph. The results are presented in Table 3. The recorded velocity values were rounded to 10 m/s.
The table also shows the percentage change in detonation velocity compared to samples without aluminium.

Table 3. Results of detonation velocity tests

Parameter Sample Aluminium content [%]
No. 0 1 3 5 7
1 4410 | 4300 | 4350 | 4360 | 4270
2 4390 | 4320 | 4360 | 4370 | 4270
locity of i
Velocity of detonation [mys] 3 4400 | 4280 | 4340 | 4320 | 4300
average | 4400 | 4300 | 4350 | 4350 | 4280

Dependence of detonation velocity in relation to explosive

without aluminium [%] 100.0 97.7 98.9 98.9 97.3
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The obtained results do not indicate any significant influence of the added aluminium on the detonation
velocity value. A slight decrease in velocity with increase in aluminium content can be observed.
However, when considering average values, they do not exceed 120 m/s for 7% of aluminium. Bearing in mind
that the uncertainty in the MicroTrap system is £2% of the measured value, then at an average velocity
of 4400 m/s (without aluminium), the system generates an error close to 90 m/s.

3.4. Air blast

Results of the air blast tests recorded using the SIRIUS amplifier are presented in graphical form.
Based on the obtained waveforms of pressure as a function of time p = f(f), the positive phase impulse (/;)
was calculated using the trapezoidal rule of numerical integration according to the following formula [21, 22]:

I = f:lzp(t)dt [Pa-s] (4)

where ¢, — positive phase start and # — positive phase end.

Given the amount of data, peak overpressure values as well as the positive phase impulses and positive
phase durations were presented as average values determined on the basis of 3 test samples of explosive.
Results, in the form of average values and degree of uncertainty, are presented in Table 4.

Table 4. Results of air blast tests (average values)

Aluminium content [%]

Parameter

0 1 3 5 7
Peak overpressure P, [kPa] 101.1 +1.3 105.3+2.3 113.3+3.4 110.1 £1.0 114.1 £2.2
Peak overpressure Ps, s, [kPa] 58.3 £1.8 58.9 £1.9 63.5£1.7 62.9+1.4 63.5 £0.7

Positive phase duration #,, [ms] | 1.126 £0.068 | 1.206 £0.014 | 1.231 +£0.039 | 1.233 £0.034 | 1.244 £0.013
Positive phase duration &, s, [ms] | 1.443 +0.004 | 1.492 +£0.009 | 1.506 +0.002 | 1.537 +0.024 | 1.532 £0.002
Positive phase impulse /., [Pa's] | 45.4+0.7 46.7 £0.2 48.2 £0.2 49.0 £0.2 50.3 +0.1
Positive phase impulse /> sm [Pa-s] | 36.0 +£0.4 36.5 0.1 37.5+0.1 38.6 +£0.1 39.8 £0.1

The results indicate that peak overpressure, positive phase duration and positive phase impulse, increase
with increases in aluminium content. A comparison of the blast overpressure waveforms measured during
detonation of an explosive sample with 7% aluminium and without aluminium is presented in Figure 6 (values
averaged from 3 samples). The peak overpressure for the explosive without aluminium, at a distance of 2.0 m
from the detonated sample, was approximately 101 kPa, and 58 kPa at a distance of 2.5 m. In turn, the peak
overpressure measured for the sample with 7% of aluminium were 114 and 63 kPa, respectively. This indicates
an increase of nearly 13% in air blast pressure at a distance of 2.0 m and nearly 9% at a distance of 2.5 m
from the detonation. Furthermore, an increase in blast wave impulse duration was observed with increases
in aluminium content. This was 0.118 ms at the sensor located 2.0 m from the sample and 0.089 ms at 2.5 m,
which indicates an increase of 10.5 and 6.1% respectively compared to explosive samples without aluminium.
In order to determine the influence of added aluminium on these parameters, percentage increases of air
blast parameters were calculated with reference to an explosive without aluminium. Then, percentage
increases recorded by the sensors located 2.0 m and 2.5 m from the detonated sample were averaged.
Results are presented in Figure 7.
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Figure 7. Percentage increases of the air blast parameters depending on aluminium content

The results show that the relationship between aluminium content and peak overpressure and positive phase
impulse, is linear within the studied aluminium content range. The linear correlation coefficient of the peak
overpressure is 1.49 at a coefficient of determination of 0.748. The linear character of this relationship is disrupted
by the result obtained for the 3% content, for which the greatest dispersion of results around the average value
was observed. Therefore, positive phase impulse seems to be the more suitable parameter for comparison of air
blast characteristics. This allows any disturbances in the results to be filtered out. Thus, results are significantly
improved and a smaller dispersion around the average value is observed. The linear coefficient of the positive
phase impulse is 1.48, but at a much greater R? coefficient of 0.996. In turn, the relationship of positive phase
duration and aluminium content is not linear. For 1% of aluminium additive, the observed phase duration
increase was 5.2%, whereas a 7% addition resulted in an increase of 8.3%, compared to an emulsion explosive
without aluminium.
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4. Discussion

Based on the presented analysis, one may conclude that no significant improvement was found by adding
aluminium at an economically justified level and the detonation parameters of bulk emulsion explosives.
Admittedly, the free field air blast parameters may be enhanced, but this is more important in military technology
than mining. This is related to the influence of the blast pressure on a remote environment, which is not directly
associated with rock fragmentation.

Determination of explosive strength using both methods, revealed divergent results. However, a linear increase
in energetic parameters with an increase in aluminium in the range 0-7%, was observed. The least effect
of aluminium addition was noticed in the ballistic mortar test, in which the linear correlation coefficient was 0.67.
It can therefore be concluded that aluminium added to the tested emulsion explosive has a minor influence
on brisance. In turn, the linear coefficient of the explosive strength in the Trauzl test was 2.40, which is over 3.5
times greater than that obtained with the ballistic mortar. This may indicate that addition of aluminium affects
an improvement in the energetic properties of the analysed emulsion explosive, but that only a part of that energy
is directly related to brisance, which is significant from a rock excavation point of view.

It should be noted that samples used for determining relative explosive strength with the ballistic mortar
and Trauzl test are relatively small. When testing bulk emulsion explosives, some deviations and errors
may occur. This is because the detonation process in such small samples is not fully developed and the detonation
parameters do not achieve their optimal values. Furthermore, chemically sensitised emulsion explosives exhibit
limited stability compared to those sensitised by a physical method. The placing of a detonator in a charge
or handling such a small charge, can result in damage to the sensitised structure and migration of gas bubbles,
which are the key factors influencing the initiation and detonation parameters. Preparation of small samples
of sensitised explosive may also affect the accurate reproducibility of results.

The air blast test of a detonation of 500 g of bulk emulsion explosive, seems to be a more relevant approach.
Results indicate a linear relationship between the positive phase impulse and aluminium content.
In turn, the relationship between the aluminium content and positive phase duration demonstrates a significant
increase for 1% of aluminium additive. Further increases in aluminium content do not correspond to the increase
in positive phase duration. This is probably related to the fact that the addition of aluminium greater than 1%
in the analysed case, does not react with the oxygen originating from the oxidiser phase of the matrix.

Another major issue is the addition of aluminium at the matrix production stage, which is associated
with the use of additional dosing systems. The matrix of emulsion explosives is thermodynamically unstable,
and any additions or inclusions have a negative influence on their stability. Moreover, they may accelerate
the crystallisation process. The mixing-charging units used in Polish copper mining are equipped with static
mixing devices in the form of a cross-stream static mixer. The pumping of a crystalline matrix, apart from
the obvious influence on detonation parameters, results in the clogging of mixing devices. This in turn leads
to increases of pressure above permissible values, which will stop the loading.

It should also be noted that an explosive matrix is delivered from the production plant to mines in tanker trucks
or IBC tanks of 5.1 transport class (oxidising agents). An aluminium addition of 3% or greater may result
in sensitisation of the matrix, thus changing its transport class to a higher, more restrictive, classification.
It may also create an additional risks at the production stage. In most cases, infrastructure elements
such as pipelines or storage tanks are not bunded, and therefore they do not need to fulfil the strict requirements
concerning transport and storage of explosives, since a pure emulsion matrix is not capable of detonation.

The last issue which needs to be raised is the presence of toxic aluminium oxides in the post-blast gases.
This is particularly significant in underground mining. Explosives with added aluminium generate quantities
of aluminium oxide nanoparticles during detonation, which has a negative impact on a mine’s atmosphere,
but may also increase the exposure risk of mine workers to potentially pathogenic agents [23].
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5. Conclusions

The presented analysis concerning the influence of aluminium additives to selected detonation parameters
of bulk emulsion explosives, has confirmed certain relationships between these factors. With an increase
in aluminium content, the density of the analysed explosive initially decreases, and subsequently stabilises.
With increases in aluminium content, the amount of oxygen in the oxidiser phase of the matrix is insufficient
to burn the excess metal, which should result in a reduction of detonation velocity. However, within the considered
range of aluminium addition, no significant influence on the detonation velocity was found, though a minor
decrease with an increase in aluminium content was noted.

While the tests of relative explosive strength using ballistic mortar and Trauzl blocks may not reflect real
detonation parameters due to the size of the sample, comparison of results obtained for the same explosive
and under the same conditions, represents their character. The detonation velocity measurements and air blast
tests were performed using much bigger samples. Diameters of charges were much greater than the critical
diameter of the analysed explosive. This means that simulation of practical conditions was more realistic.
Thus, correlation of the results from all test types is not an appropriate approach. However, certain conclusions
can be drawn regarding the relationships between aluminium content and the strength and energy properties
of explosive under given conditions.

From the results obtained, it can be concluded that addition of aluminium in the case of the analysed
explosive affects the improvement of the detonation parameters (proportionally to the content),
except the detonation velocity, which slightly decreases with an increase in aluminium content. This means that
the general thermodynamic characteristic does not change significantly. The obtained results have proven that
further research on alternative solutions aimed at enhancing the detonation parameters of chemically sensitised
bulk emulsion explosives is justified.

Acknowledgements

This paper has been prepared under the statutory research of the Central Mining Institute, work number
11121010. The authors would like to thank the management of NITROERG company for providing necessary
facilities and assistance during the field investigations.

References

[1] Bluhm H.F. Ammonium Nitrate Emulsion Blasting Agent and Method of Preparing Same. Patent US
3447978, 1969.

[2] Bulk Emulsion Explosives Emerging as Replacement of Packaged Counterparts in Underground
Mining  Application. https://www.futuremarketinsights.com/press-release/emulsion-explosive-market
[retrieved 10.06.2020].

[3] Vadhe P.P., Pawar R.B., Sinha R.K., Asthana S.N., Subhananda Rao A. Cast Aluminized Explosives
(Review). Combust. Explos. Shock Waves 2008, 44(4): 461-477.

[4] Maranda A., Paszula J., Zawadzka-Matota 1., Kuczynska B., Witkowski W., Nikolczuk K., Wilk Z.
Aluminum Powder Influence on ANFO Detonation Parameters. Cent. Eur. J. Energ. Mater. 2011, 8(4):
279-292.

[5] Zygmunt B. Detonation Parameters of Mixtures Containing Ammonium Nitrate and Aluminum. Cent. Eur:
J. Energ. Mater. 2009, 6(1): 57-66.

[6] Maranda A., Paplinski A., Galgzowski D. Investigation on Detonation and Thermochemical Parameters
of Aluminized ANFO. J. Energ. Mater. 2003, 21(1): 1-13.

[7] Grishkin A.M., Dubnov L.V., Davidov V.Y., Levshina Y.A., Mikhailova T.N. Effect of Powdered
Aluminum Additives on the Detonation Parameters of High Explosives. Combust. Explos. Shock Waves
1993, 29(2): 239-241.

[8] Bednarczyk E., Maranda A., Paszula J., Paplinski A. Studies of Effect of Aluminium Powder on Selected

Copyright © 2020 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Effect of aluminium additives on selected detonation parameters of a bulk emulsion explosive 113

[9]
[10]
[11]
[12]
[13]

[14]

[13]
[16]
[17]

(18]
[19]

(20]
(21]
[22]

(23]

Parameters of Emulsion Explosive Sensitized with Microballoons. CHEMIK 2016, 70(1): 41-50.
Makhov M.N. Effect of Aluminum and Boron Additives on the Heat of Explosion and Acceleration
Ability of High Explosives. Russ J. Phys. Chem. B 2015, 9(1): 50-55.

Mishra A.K., Agrawal, H., Raut M. Effect of Aluminum Content on Detonation Velocity and Density of
Emulsion Explosives. J. Mol. Model. 2019, 25(3), 70: 1-5.

Qian H., Wu H.B., Xing H.D., Xia M.M. Effect of Aluminum Content and Particle Size on the Power of
Emulsion Explosives. Chin. J. Explos. Propell. 2017, 40(1): 40-44.

Mendes R., Ribeiro J.B., Plaksin I., Campos J. Non Ideal Detonation of Emulsion Explosives Mixed with
Metal Particles. AIP Conf. Proc. 2012, 1426(1): 267-270.

Paszula J., Trzcinski W., Sprzatczak K. Detonation Performance of Aluminum — Ammonium Nitrate
Explosives. Cent. Eur. J. Energ. Mater. 2008, 5(1): 3-11.

Satonkina N.P., Bordzilovsky S.A., Danilko D.A., Ershov A.P., Karakhanov S.M., Plastinin A.V.,
Rafeichik S.I., Yunoshev A.S. Influence of Aluminum on the Characteristics of Detonating Emulsion
Explosives. J. Phys. Conf. Series 2018, 1128(1): 012063.

Bieganska J. Using Nitrocellulose Powder in Emulsion Explosives. Combust. Explos. Shock Waves 2011,
47(3): 366-368.

Mertuszka P., Kramarczyk B. The Impact of Time on the Detonation Capacity of Bulk Emulsion
Explosives Based on Emulinit 8L. Propellants Explos. Pyrotech. 2018, 43(8): 799-804.
PN-C-86035:1999: Explosives — Determination of Relative Explosive Strength by Ballistic
Mortar. (in Polish) 1999.

PN-C-86037:2000: Explosives — Determination of Explosive Strength in a Lead Block. (in Polish) 2000.
PN-EN 13631-14:2005: Explosives for Civil Uses — High Explosives — Part 14.: Determination of Velocity
of Detonation. (in Polish) 2005.

Mertuszka P., Pytlik M. Analysis and Comparison of the Continuous Detonation Velocity Measurement
Method with the Standard Method. Mater. Wysokoenerg. (High Energy Mater.) 2019, 11(2): 63-72.
Steckiewicz A., Trzcinski W.A. Investigation of Blast Wave Characteristics Produced by Improvised
Explosive Charges. (in Polish) Biuletyn WAT 2009, 58(2): 217-230.

Ullah A., Ahmad F., Jang H., Kim S., Hong J. Review of Analytical and Empirical Estimations for Incident
Blast Pressure. KSCE J. Civ. Eng. 2017, 21: 2211-2225.

Krewski D., Yokel R.A., Nieboer E., Borchelt D., Cohen J., Harry J., Kacew S., Lindsay J., Mahfouz A.M.,
Rondeau V. Human Health Risk Assessment for Aluminum, Aluminum Oxide, and Aluminum Hydroxide.
J. Toxicol. Environ. Health Sci. B 2007, 10(1): 1-269.

Received: June 16, 2020
Revised: November 18, 2020
Published first time online: November 25, 2020

Copyright © 2020 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Central European Journal of Energetic Materials

W
%1 _f ISSN 1733-7178; e-ISSN 2353-1843
‘ CEJEM  Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland

Cent. Eur. J. Energ. Mater. 2021, 18(4): 429-447; DOI 10.22211/cejem/144498

Article is available in PDF-format, in colour, at:
https://ipo.lukasiewicz.gov.pl/wydawnictwa/cejem-woluminy/vol-18-nr-4/

@ @@@ Article is available under the Creative Commons Attribution-Noncommercial-NoDerivs
arry -0 license CC BY-NC-ND 3.0.

Research paper

Study of the Influence of Sensitizer Content
on the Density of a Bulk Emulsion Explosive Used
in Underground Operations

Bartlomiej Kramarczyk?, Piotr Mertuszka*

DNITROERG S.A., 1 Nobla square, 43-150 Bierun, Poland
2 KGHM Cuprum Ltd. Research & Development Centre,

2-8 Sikorskiego Street, 53-659 Wroctaw, Poland
*E-mail: piotr.mertuszka@kghmcuprum.com

ORCID information:
Kramarczyk B.: 0000-0003-0826-0002; Mertuszka P.: 0000-0002-2539-104X

Abstract: Emulsion matrix sensitization is typically performed by chemical reduction
of the density using different sensitization agents. Mixing of the components takes
place directly inside the loading hose, which is equipped with static mixing devices.
Precise dosing of the components, due to the multi-ingredient nature of the mixture,
has a significant impact on the detonation and operational parameters
of the end product. However, the operation and maintenance of the mixing-
charging units in underground mines is very difficult due to the local conditions.
As a consequence, different values for the detonation parameters may be expected
when charging the same explosive into blastholes using two different charging units.
The present article presents the results of laboratory testing of the influence
of the sensitizing agent content on the density of a bulk emulsion explosive.
Analysis confirmed that increasing the concentration of the sensitizing agent
by 30% and 50% led to density reductions by 4% and 7%, respectively. In turn,
reducing the sensitizer content by the same percentages resulted in an increase
in the final density by 7% and 8%, respectively.
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1 Introduction

1.1 Emulsion explosives

Already in 1964, intensive research on slurry explosives had led to the patenting of
the first composition of ammonium nitrate (AN)-containing emulsion sensitizers
by the American chemists Richard Egly and Albert Neckar [1]. The developed
water-in-oil emulsion explosive consisted primarily of an aqueous AN solution
and fuels, plus additions like AN prills that made the emulsion capable of
detonation. Later in 1969, Harold Frederick Bluhm [2], from Atlas Chemical
Industries, patented the water-in-oil emulsion explosive, in what is commonly
accepted as the date for the discovery of emulsion explosives. Currently,
this type of explosive is primarily used worldwide for hard rock extraction in
both underground and surface mining, but also in civil engineering, tunnelling
and demolition. According to the forecast by Future Market Insights [3],
the global sales of emulsion explosives is projected to reach 13 million tonnes
by the end of 2029.

In most cases, attempts at mechanizing the process of solid rock extraction
have not reached a successful level thus far [4]. In fact, certain solutions exist,
but their implementation on an industrial scale is not economically feasible [5].
It can therefore be predicted that the use of explosives, including emulsion
explosives, will remain at a comparable level in the coming years. A similar
trend can be observed in Polish underground copper mines, where the current
annual consumption of AN-based emulsion explosives varies between 16
and 18 thousand tonnes, of which over 70% are bulk emulsion explosives.
The blastholes in these mines are loaded using mixing-charging units installed
on blasting utility vehicles. Explosives are produced directly at the point of
loading using these mixing-charging units. These units mix the emulsion
with additives (gassing additives) which produce small bubbles in the final
products (and the density changes due to the increase in volume). These small
bubbles, which are known as “hot spots”, are able to change the detonation
properties of the emulsion. Further details on the physics of this hot spot process
can be found elsewhere [6]. The mixing of the emulsion and the gassing additives
takes place inside the loading hose, which is equipped with static mixing devices
in the form of cross-stream static mixers. Unfortunately, consistent delivery of
the explosives by the mixing-charging units and their operators is very difficult
due to the conditions present underground, of which the most important is a high
rock mass temperature (up to 55 °C locally), high air temperature (above 30 °C)
and extremely high humidity (above 95%). As a consequence, completely different
results for the velocity of detonation (VOD) and fragmentation may be observed
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when loading the same explosive into blastholes using two different units.
This problem is also associated with the operation of piston pumps, mainly
when the blasting vehicle is travelling between the faces and panels (stuck
and air locked pistons). In such cases, they do not dose the sensitizer properly.
This results in a discontinuity of the lubricating film, which increases the pressure
in the loading hose. Finally, smaller amounts of sensitizer result in a higher
final density.

The density of an emulsion explosive has a direct impact on its sensitivity
and explosion capability, as well as on the efficiency of blasting operations [7-9].
Due to the scale of the blasting operations in Polish copper mines,
explosives are detonated at almost 700 faces daily. This raises doubts
as to whether all of the blastholes are fired at densities that are optimal for
a given explosive. Operational matters are also important, since the explosives
may be fired from 30 min up to 48 h after loading. Such a long period of time
between the loading and firing of the explosives has a very negative influence
on their detonation performance [10, 11].

The idea for the investigations described herein arose from a study of the
influence of time on the density of a bulk emulsion explosive performed in 2018 in
an underground Polish operation. These tests confirmed a significant relationship
between these parameters [12]. In the framework of the research, 40 samples of
bulk emulsion were collected from 4 randomly selected mobile mixing-charging
units (10 samples from each unit). The tests were based on density measurements
at selected time intervals after loading. Analysis demonstrated that the initial
density values varied for samples collected from each unit. Moreover, the density
of samples collected from each unit decreased at a different rate. It was also found
that the final density was reached at different times. In one case, no change in the
density over time was observed for any of the samples from one of the mobile
mixing-charging units, which indicates incorrect mixing of the emulsion with
the gassing additives (also known as the “sensitisation process”). Therefore,
the present authors have attempted to assess the influence of the sensitizer content
on the density of a bulk emulsion explosive under laboratory conditions.

1.2 Sensitization of emulsion explosives

Emulsion explosives consist primarily of oxidisers, water, fuels, emulsifiers
as well as sensitizers and modifiers of their physicochemical properties [13].
The emulsion matrix itself, consisting of an oxidiser and fuel phase, is not capable
of detonation, and therefore needs to be sensitized. This can be achieved by
adding plastic microballoons or glass microspheres (physical sensitization)
or the appropriate chemical compounds (chemical sensitization). Chemical

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



432 B. Kramarczyk, P. Mertuszka

sensitization can be performed in many ways by means of chemical reactions
that generate gaseous products evenly distributed in the emulsion [14]. The most
popular method is based on the reaction of sodium nitrite with AN (present
in the emulsion). After mixing, the sodium nitrite and the matrix, the following
reaction occurs:

NH4NO3 + NaN02 b NH4N02 + NaN03 (Rl)

The ammonium nitrite formed is very unstable and decomposes in an
acidic environment, giving off nitrogen, as follows:

NH4N02 — 2H20 + N2 T (RZ)

Since the saturated AN solution is trapped in the organic continuous
phase and its contact with the sodium nitrite is hindered, the diffusion process
is very slow, and thus a high component temperature is required to ensure
proper kinetics of the system. To accelerate the reaction at lower temperatures,
the addition of a nucleophilic activator, in the form of thiourea, should be applied:

NaNO, + CH;COOH — HNO, + CH;COONa (R4)
HN02 + SC(NH2)2 — HSCN + 2H20 + NzT (RS)

This also leads to further reactions by the diffusion of the reagents, as well
as their intermediate forms, through a thin oil film [6]. Furthermore, the nitrous
acid molecule undergoes decomposition with the release of gas:

3HNO, — HNO; + H,0 + 2NO1 (R6)

Based on the above formulas, one may conclude that reaction in the
emulsion sensitization is a multi-stage process, and that each stage involving
emission of gaseous products affects the final density. The exact course of
these reactions is not fully known, and their order and rate are influenced
by numerous factors, such as the type and content of the emulsifier (the thickness
of the oil film determining the speed of the diffusion process), the degree of
dispersion (characteristics of the production plant), the acidification method,
the influence of salt additives in the oxidizing phase, the type and content of
the buffering agent, etc. Overall, it can be stated that the process of sensitization
using sodium nitrite for various emulsion matrix formulations is complex and
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strictly unique, depending on the ingredients used and the technical parameters
of the manufacturing plant.

In some cases, the abovementioned optimisation measures on the rate of the
sensitization process are insufficient. In open-pit mining, where the rock mass
temperature varies widely with the season, an additional acidifier, such as an
acetic acid solution during winter, should be utilised in order to accelerate the
sensitization reaction. Then, the reaction takes place outside the emulsion structure,
avoiding the diffusion processes, according to the following formulas:

NaNO, + CH;COOH — CH;COONa + HNO, (R7)
3HNO, — HNO; + H,0 + 2NO1 (R8)

The excess of nitrogen oxide is released outside the reaction zone,
where it forms nitrogen dioxide by reaction with oxygen from the air, visible
as brown smoke in the area of the blasthole, as per reaction R9:

2NO + 0, — 2NO, (R9)

In turn, additional acidification is avoided in underground mining in order
to decrease the toxic products (nitrogen oxides (NOy) released from the
gassing process). A single sensitizing agent is used, which is mixed into the
emulsion matrix using the mixing-charging unit. This reaction occurs in the
entire volume of the mass, and results in uniform gassing of the mixture and
activates the matrix [15]. The most important operational parameter in the case
of chemical sensitization is the rate of gas bubble production, and thus the time
required to achieve the required final density of the emulsion.

In practice, the kinetics of this reaction depend primarily on the pH
of the reagents, temperature and concentration of the active components.
Industrially, the pH is already regulated at the preparation of the oxidiser
solutions stage. The safety constraints for handling large amounts of acidified
AN allow for a slight and strictly controlled reduction of the pH, as there
have been cases of self-decomposition of hot acidified AN solutions
in the past [16].

The temperature of the reaction in mines depends primarily on the rock
mass temperature, as the reaction is initiated after mixing of the components and
loading into the blasthole. The change in rock mass temperature affects the speed
of sensitization. Moreover, in many cases the firing of the explosives is delayed
due to unpredictable situations related to the complex nature of mining operations.
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During that time, the density of the emulsion explosive forming in the blasthole
is changing, and leads to changes in VOD.

The concentrations of the reagents are strictly defined according to
the formula specified by the components manufacturer. The proportions of
the components may change during working due to the difficult operating
conditions of the dosing systems. The proportions, and thus the concentrations
of the reagents, affect the speed of the sensitization reaction, but their influence
on the final density is much greater. This is also a problem from a technical point
of view, as the flow of the sensitizer in the loading hose serves as a lubricant
coating of the inner surface of the hose in order to improve the flow of the matrix.
Feeding of insufficient amounts of the sensitizing agent may result in clogging
of the hose with the emulsion and blocking of the entire system. In such a case
calibration of the unit is required in order to verify whether the desired volumes
of matrix and sensitizer are dispensed at specific pump rotations.

Keeping the mixing-charging units in good working order is very difficult
due to the conditions present in the mine described earlier. This is particularly
true for underground mining. It may therefore lead to situations where
the components of the emulsion explosive are pumped into the blastholes in the
wrong proportions. This has a direct impact on the sensitization and the VOD (and
potentially the detonation pressure) of the end product [17].

2 Materials

The first part of the study was to verify the density values of bulk emulsion
explosives measured underground by shotfirers. According to the implemented
procedure, each loading of blastholes must be preceded by a sensitization test.
The density is determined by dividing the weight of the sample by the volume
of the cup. During this test, a plastic cup is filled with the mixture of the matrix
and sensitizer. While gassing, the emulsion is levelled with the top edge of the
cup and weighed. The result is the value of the density 30 min after loading,
which is noted in the form of a face charging report. The result is acceptable if the
density value lies within the defined range, according to the applicable instruction.
The present analysis covered results of the density measurements obtained
over a period of 4-5 months and included 4 randomly selected underground
mixing-charging units. The number of measurements for each unit was different,
as it was dependent on the frequency of the tests. Thus, the analysis included:
— 219 tests for unit #1,
— 184 for unit #2,
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— 212 for unit #3, and

— 232 tests for unit #4.

The results are shown in Figure 1, where the horizontal axis represents
the successive tests. The red dashed horizontal lines are the minimum and
maximum densities for the considered explosive, which should be within
the range of 0.95 to 1.25 g/cm?®.

Analysis confirmed a significant dispersion of the emulsion densities,
both when comparing the individual units, and in terms of the values obtained
for each unit during the period considered. In total, nearly 4% of the results
were outside the required range. Particularly unfavourable results were observed
for unit#1, for which as many as 22 values were outside the correct density range,
and means a deviation of 10%. The average densities were as follows:

— 1.11 g/em? for unit #1,

— 1.10 g/cm? for unit #2,

— 1.11 g/em? for unit #3, and

— 1.14 g/cm’ for unit #4,

which gives an average density of 1.12 g/cm? (for all tests and units). The standard
deviation of the results ranged from 0.06 g/cm? for unit #3 to 0.09 g/cm?
for units #1 and #4 (0.08 g/cm? for the overall data).
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Figure 1. Results of density measurements for the selected units #1 (a), #2 (b),
#3 (c) and #4 (d)

This indicates that sensitization under underground conditions is not
fully controlled. Consequently, different densities may be observed when
loading the same explosive into a blasthole using different units. This means
that completely different VODs may be expected. Moreover, this may have
a significant impact on the rock fragmentation. This can result from incorrect
blending of the components in the loading hose. Inappropriate component
dosing may also be an issue, since it can lead to the acceleration or deceleration
of the sensitization. In such cases, calibration of the mixing unit is required.

It should also be highlighted that an incorrect density of an emulsion
explosive may affect propagation of the detonation wave and cause other issues,
such as partial burn or misfire, as such an explosive does not contain the necessary
amount of reacting hot spots. Low-density emulsions are characterised by a high
initiation sensitivity. Such explosives are less energetic than high-density ones,
which in turn are characterised by lower sensitivity but higher detonation velocity
and concentration of energy [18].

Based on the above, the authors have attempted to pursue the study under
laboratory conditions, the purpose of which was to determine the influence of
sensitizer content on the density of a bulk emulsion explosive. Laboratory testing
has allowed other factors present at the firing site to be eliminated. It was
assumed that this type of research would verify whether sensitization of
an emulsion matrix, consisting in changes of density over time, is a fully
controllable process. The tests were based on the Emulinit bulk emulsion
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explosive manufactured by NITROERG S.A. (Poland), the same one as used for
the density tests from different units (presented earlier). Selected parameters of
the tested explosive, according to the EU-type examination certificate, are shown
in Table 1. All of these were obtained for densities in the range 0f 0.95-1.05 g/cm’.
Unfortunately, the authors did not have access to the formulation of the sensitizer
solution due to the manufacturer’s proprietary information.

Table 1.  Selected parameters of the tested explosive

Parameter Value
Critical diameter [mm)] 34
VOD [m/s] 3,800?
Oxygen balance [%] 0.05
Trauzl lead block test [cm?] 225
Friction sensitivity [N] 360
Impact sensitivity [J] >30
Energy [kJ/kg] 3,546

® for a diameter of 40 mm (unconfined VOD measurement),  for a density of 1 g/cm?

The explosive samples were prepared using matrixes differing in storage
times following their collection from the production line, including matrix M-1
collected 21 days before testing, matrix M-2 collected 7 days prior to testing
and matrix M-3 collected 1 day before testing. This allowed the influence of
matrix storage time on sensitization to be assessed. The matrix temperature
was stable at 24.5 °C. The samples were prepared in the plastic cups. The analysis
covered a standard dose of sensitizer for the tested explosive, as well as doses
reduced by 30% and 50%, and doses increased by 30% and 50%. Six samples
were prepared for each of the three matrixes and each sensitizer dose, giving
a total of 90 samples. The first step was to measure the required doses of matrix
and sensitizer. For this purpose, an electronic laboratory balance and plastic
cups were used (Figure 2). The components were blended manually in 500 mL
plastic cups using a glass rod. The blending time of a single sample was 30 s.
After that, the mixture was poured into a 115 mL plastic cup. The sensitization
time was controlled independently for each sample. As the volume of the
matrix mixed with the sensitizer increased as a result of the chemical reaction,
the excess of emulsion was scrapped off from the top of the cup and the samples
were weighed at 5-min intervals for 60 min using an electronic laboratory balance.
The samples were additionally weighed after 24 h. A view of the samples during
the sensitization is presented in Figure 3.
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e, e — =
Figure 2. Preparation of the emulsion components

Figure 3. Selected samples during sensitization

The relevant matrix/sensitizer ratio for the Emulinit explosive was 95.5%
to 4.5% (by mass). The modified sensitizer contents for the purposes
of the tests were:

- 2.25% (-50% in relation to the standard content),
3.15% (-30%),

5.85% (+30%), and

- 6.75% (+50%).

3 Method

The explosive density (p) was determined based on the ratio of the net sample
mass to the cup volume, according to the following formula:

p=7 law m

where: m — sample mass (without cup) [g], V' — cup volume [cm?].
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4 Test Results

Due to the large number of measurements and the repeatability of the results
for individual samples within a given series, the analysis involved the average
values for 6 samples (Table 2). The analysis showed that the density values
for the samples prepared from matrixes collected from the production line at
different time intervals are very similar. This indicates that the storage time of
the matrix does not affect the sensitization. However, this only applies to the
considered period of time, i.e. three weeks. An analysis of longer storage times
of matrix is not justified, as the average consumption of bulk emulsion explosives
in Polish copper mines is about 40 tonnes per day. Given such a high demand
for explosives, the time between the production of the matrix and underground
firing does not usually exceed 7 days.

The analysis confirmed the clear influence of the percentage content of
the sensitizer on the density of the bulk emulsion explosive and the changes in
density over time. Reducing the sensitizer content by 30% resulted in an average
increase in the density of the end product by 6-8% (0.07 g/cm?) after 60 min.
Further reduction of the sensitizer content to 2.25% led to an increase in density
to 1.10 g/cm?. In turn, increasing the percentage sensitizer content from 4.5%
to 5.85% resulted in a decrease in density by 0.04 g/cm?®. The clearest downward
trend can be observed for the highest sensitizer content (+50%), which resulted
in a decrease in density to 0.93-0.94 g/cm?’. In this case, sensitization is faster,
which caused that emulsion to become oversensitized.

The results of these measurements are also presented in graphical form
in Figures 4-6. In these cases, the density values were also averaged for samples
from the individual measurement series. The results indicated that sensitization in
each case progressed in a similar way. This confirmed that the manual blending
of components had no negative impact on the course of the chemical reaction.
The trend of the decrease in density over time was very similar for each
matrix tested. The same applied to the trend in density decrease between different
sensitizer contents.
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Table 2.  Average results of the density measurements
Density [g/cm?] for sensitizer content [%]
.| Time 2.25 3.15 4.50 5.85 6.75
Matrix [min] o o Nominal o o
(-50%) (-30%) value (+30%) (+50%)
5 1.31 1.33 1.31 1.29 1.28
10 1.26 1.27 1.24 1.22 1.21
15 1.23 1.23 1.19 1.17 1.16
20 1.22 1.20 1.17 1.14 1.11
M-1 25 1.20 1.19 1.14 1.11 1.09
30 1.18 1.18 1.12 1.09 1.06
35 1.17 1.17 1.10 1.07 1.04
60 1.11 1.09 1.02 0.98 0.94
1440 1.02 0.92 0.79 0.71 0.67
5 1.31 1.34 1.31 1.29 1.28
10 1.27 1.28 1.25 1.22 1.22
15 1.23 1.22 1.19 1.17 1.16
20 1.22 1.21 1.16 1.13 1.12
M-2 25 1.19 1.18 1.15 1.11 1.09
30 1.18 1.17 1.12 1.10 1.07
35 1.17 1.16 1.11 1.07 1.03
60 1.10 1.09 1.01 0.97 0.93
1440 1.01 0.91 0.80 0.70 0.65
5 1.31 1.33 1.30 1.29 1.29
10 1.27 1.27 1.24 1.22 1.22
15 1.23 1.23 1.19 1.17 1.16
20 1.22 1.21 1.16 1.13 1.12
M-3 25 1.20 1.19 1.14 1.12 1.10
30 1.18 1.17 1.12 1.09 1.07
35 1.17 1.16 1.10 1.06 1.04
60 1.10 1.08 1.02 0.98 0.94
1440 1.02 0.93 0.78 0.71 0.65

The explosive densities after 60 min ranged from 0.93 g/cm? for the increased
content of sensitizer to as much as 1.11 g/cm? for the lowest content. Particularly
important are the values of density obtained after 60 min from the beginning
of sensitization and with increased content of the sensitizer. This indicated
that the density was within the lower range of the value defined as correct
and may suggest that the explosive will be characterised by a lower VOD.
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Figure 4. Changes in density over time during sensitization (matrix M-1)
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Figure 5. Changes in density over time during sensitization (matrix M-2)
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Figure 6. Changes in density over time during sensitization (matrix M-3)

The analysis confirmed that incorrect dosing of components has a significant
impact on the density of the tested bulk emulsion explosive. In fact, a decrease
in density during the first 60 min will result in a VOD increase. However,
as shown on the last line of Table 2, a density below 0.8 g/cm? could translate
into lower VODs. Therefore, the periodic calibration of the mixing-charging units
is such an important factor, and has a direct impact on the detonation properties
of emulsion explosives, and thus on the effectiveness of the blasting operations.

5 Discussion of Results

This study has confirmed that the sensitizer content has a significant effect
on the density of a bulk emulsion explosive and that there are changes in
density over time from the moment of sensitization. According to the EU-type
examination certificate issued by a notified body, the density of the Emulinit
explosive should be between 0.80 and 1.25 g/cm’. However, according to the
universal instructions for sensitization process control for this type of explosive
at a nominal sensitizer content of 4.5%, the density after 30 min at 25 °C
should range from 0.95 to 1.25 g/cm?’. It should therefore be assumed that values
below 0.95 g/cm? are defined as incorrect. Furthermore, the certificate also states
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that this explosive may be stored in blastholes for up to 48 h. For technological
and organizational reasons, explosives in blastholes in Polish copper mines
can be fired from 30 min to 48 h after loading. It can, therefore, be assumed,
that not all of the charges are fired at optimal densities.

Consequently, the densities of all of the samples were measured again
after 24 h and then after 48 h. The samples were stored in a room with a stable
temperature of 25 °C. The results are presented only for the measurements
after 24 h, as no further changes in the volumes of the explosive samples
were observed after this time.

The density values measured after 24 h indicated that the considered
explosive is very sensitive to the passage of time. Reducing the sensitizer
dose by 50%, i.e. to 2.25% by mass, resulted in an average density increase
of 0.29 g/cm? (in relation to the initial value) to 1.02 g/cm?’. Such a density
should not affect the detonation parameters of the explosive. On the other hand,
increasing the sensitizer content led to a decrease in density to a value below
the acceptable level. The actual values were 0.71 g/cm? for 5.85% of sensitizer
and 0.65 g/cm? for 6.75%. In principle, such a low-density of a bulk emulsion
explosive is characterised by a very high sensitivity to initiation, but they
are less energetic than high-density ones. This is usually accompanied by
a lower VOD and low energetic content by volume. Furthermore, it should
be noted that an incorrect density was also observed for a standard sensitizer
dose after 24 h, which was 0.79 g/cm?. Certainly, such a low density can only
be achieved under laboratory conditions, when the blending of the components
is very precise. Mixing of components using charging units in mines is not
as precise as manual mixing, hence the nominal content of the sensitizer
will not effect such a significant decrease in density. This is because during
the mechanical charging, the flow of components in the loading hose is laminar
and mixing takes place using a cross-stream static mixer. Due to large differences
in the viscosity of both components, the fast flow and relatively short mixing
time limited by the length of the static mixer (optimized pressures in the
loading hose), complete mixing is not possible, compared with manual mixing
under laboratory conditions. Obviously, the density obtained does not have
to influence the detonation capacity of the explosive, but it may significantly
influence its detonation parameters.

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland
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6 Conclusions

¢ The results of this experimental research on the impact of sensitizer
content on the density of a bulk emulsion explosive, carried out under
laboratory conditions, have confirmed that there is a significant relationship
between these two parameters. The sensitizer content affects both the final
density value (complete conversion of components) and changes in density
over time from the moment of sensitization. Reducing the sensitizer content
below the recommended level results in a higher density, which is related to

a lower amount of lubricant coating on the inner surface of the loading hose.

From a mining perspective, this makes proper mixing of the components

and the pumping of explosives into the blastholes more difficult, and has

a negative impact on the operational parameters of emulsion explosives.

¢ Analysis confirmed that increasing the concentration of the sensitizing agent
by 30% and 50% led to density reductions of 4% and 7%, respectively.

In turn, reducing the sensitizer content by the same percentages resulted in

increases in the final density by 7% and 8%, respectively. Bulk emulsion

explosives with densities outside the recommended range may exhibit
different detonation parameters compared to the declared ones, which in turn
may affect the effectiveness of blasting operations.

¢ Retaining the optimal emulsion densities in mines until firing in blastholes
is a key factor directly influencing the efficiency of blasting.

¢ From the perspective of mining operations, the following significant factors
should therefore be taken into consideration:

— verifying the gassing reaction according to instructions before charging
of blastholes,

— controlling the sensitizer content in the explosive and maintaining it
at the recommended level,

—  firing of faces in the shortest possible time after charging (considering
the recommended 30 min) in order to ensure the maximum efficiency
of blasting,

— training and verification of knowledge and skill of the mixing-charging
units’ operators, which seems to be one of the most important factors.

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland
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Abstract: Bulk emulsion explosives, although they are very convenient and safe to use, also have
disadvantages, with the main one being the relatively low power in relation to cartridged emulsion
explosives or classic nitroesters (e.g., dynamites). Therefore, materials of this type currently have only
limited use. In addition, these materials are characterized by the variability of blasting parameters
over time from loading into the blasthole, which is closely dependent on the utilised mining method
of the mine, which makes it difficult to precisely control the fragmentation. The industry is trying to
respond to the demand for bulk emulsion explosives with increased energy and improved parameter
stability, but so far it has not been possible to do so in a safe and effective way. Methods of improving
blasting parameters mainly rely on additives to oxidant solutions during production, which creates
additional risks at the production stage, as it involves handling hot and concentrated ammonium ni-
trate solutions, for which there are known cases of uncontrolled decomposition of such solutions, even
leading to an explosion. This paper presents a method of improving the thermodynamic parameters
and the stability of the sensitization reaction without the need for changes in the oxidant solution.

Keywords: emulsion explosive; velocity of detonation; ability to perform mechanical work

1. Introduction

Emulsion explosives (EEs) are a fairly recently developed and constantly evolving
class of energetic materials [1-3] that feature high safety parameters and excellent per-
formance benchmarks, comparable in some cases to the performance of dynamites. EEs
are obtained by sensitizing an EE matrix—a water-in-oil emulsion of ammonium nitrate—
either physically (e.g., with the use of glass microspheres) or chemically (e.g., through
tractions, in which gas is released within the entire volume of the matrix), with the two
types of processes being used to produce cartridged and bulk EEs, respectively. Regardless
of their form of use, the development of EEs with continuously improving properties
is a highly-active and multidisciplinary field that attracts significant scientific interest,
focused on various aspects of those materials, be it their rheology [4,5], their energetic
properties [6,7] or their safety features [8]. Most of the recent developments in the field
focus on introducing a variety of additives into the EE formulations [9,10].

In the case of bulk EEs, which are produced in-situ using special mixing and loading
units, the possibility of supplementing the EE with powdered raw materials is very limited.
This results from the fact that static mixers, which are widely used in mixing-pumping
units, are not suited to mixing solid components, with any larger solid aggregates posing
the risk of blocking the mixer, making further loading impossible. Consequently, the sensi-
tizing agent must be employed in the form of a liquid, so as to provide lubrication of the
loading hose.
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In the case of cartridged EEs, the above limitations can be avoided and it is therefore
much easier to modify the detonation parameters of such blasting agents. Many studies
report the use of demilitarised high explosives, such as TNT [11], RDX [12], Composition
B, HMX and NC/NG-based smokeless powders [13], as supplements to EEs, allowing
disposal of those explosives and increasing the energetic parameters of such supplemented
EEs formulations [14], but those high explosives need not originate from reclamation efforts,
as pristine high explosives are reported to be used as EE sensitizing supplements [15]. It
should be noted, however, that emulsion explosives should, by design, consist of safe and
non-explosive components, supplementing them with high explosives does not comply
with this design and compromises the increased production, handling and usage safety of
emulsion explosives.

Among other potential additives to EEs, the use of concentrated hydrogen peroxide
was also investigated, as a possible method of minimising the amount of harmful gases
(i.e. carbon monoxide, nitrogen oxides) emitted upon detonation [16,17]. The drawback
to this approach is that concentrated hydrogen peroxide is highly reactive, with even
traces of contaminants or elevated temperatures inducing its decomposition. Consequently,
alternative methods of sensitizing EEs, without compromising their safety features, are
of significant research interest. Titanium and magnesium hydrides are examples of some
among the newly proposed sensitizing agents [18,19]. Although such supplements are
theoretically promising, they are not without drawbacks. To exemplify, in the case of
metal hydrides, which are highly reactive, the risk of hydrogen evolution and formation
of an explosive atmosphere needs to be considered (particularly so in conditions of poor
ventilation, such as is common in underground mining). Additionally, the price and
sophisticated storage requirements result in the use of metal hydrides as EE supplements
being impractical.

Additions of perchlorates to the solutions of the oxidising phase of emulsions are also
known [20], but due to the production process, where we are dealing with concentrated
solutions of ammonium nitrate at a temperature of about 90 °C, adding any reactive
ingredients may increase the risk of uncontrolled decomposition or even explosion. It has
been proven that aluminium additives do not give satisfactory results [21]. Additionally,
the presence of aluminium can cause problems during production because it requires the
use of additional dosing systems. Blasting fumes containing Al,O3 have a negative effect
on the health of employees. All of the above methods of improving parameters may pose a
safety risk. The main assumption of emulsion explosives is to achieve a high degree of safety
during production, transport, use and decontamination of waste. Therefore, including
high-energy additives directly in the emulsion matrix should be avoided, as it should
remain a safe system of primary oxidising agents and safe fuels. The sensitizer should
not be a hazardous substance, as well. High concentrations of sodium nitrite increase the
risk of poisoning. In the case of contamination, nitrogen oxides may be released. Such a
formulation of components allows them to remain classified into transport category 5.1
(oxidising agent). The assumption of the work was not to change the composition of the
emulsion matrix. The change in the formulation of the sensitizer was aimed at improving
the sensitization parameters (speed and stability) with an additional improvement of
detonation parameters and obtaining a more favorable and ecological composition of
blasting fumes.

The current reference composition of the sensitizing component is comprised by
approx. 4.5 wt.% of active ingredients and as much as 95.5 wt.% of water. Introducing
water into the mixed bulk EEs reduces its sensitivity to detonating stimuli, increases the
critical diameter and negatively affects the detonation parameters, lowering the velocity of
detonation and the explosion temperature. The presented research topic aims to develop
safe bulk EEs that exhibit increased energy. The most promising of the considered solutions
seems to be the replacement of a part of the water of the sensitizing component with
oxidizing, reducing and active sensitizing components. The mixture contained in the new
component during detonation would react in an explosive way, increasing the energy
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effect of the reaction, while active sensitization is to support the gas sensitization process,
the optimal form of which is nitrogen gasification.

Sensitizing the EE charges chemically results in the formation of gas bubbles in the
bulk of the charge. This process is a type of foaming and its progression is associated
with a gradual decrease in the density of the charge over time. The rate of the reaction,
through which gas is formed is dependent on temperature. This dependence is undesirable,
particularly when conducting blasting operations in rocks, whose temperature is either
particularly high or particularly low, as it can significantly accelerate or decelerate the pro-
gression of the EE sensitizing process. Unfortunately, within safe pH values of the oxidising
solution in the EE matrix, the sensitization rate is strictly dependent on the temperature of
the components. Typically, the EE charges become sensitive to initiation once their density
drops below 1.25 g/cm3, although the degree of mixing of the components is also a key
factor that needs to be taken into account. The performance of the charges is strongly
dependent on their density [22,23]. The instability of density over time is a significant issue
that limits the application of chemically sensitized bulk emulsion explosives. The key aims
of this work were to:

* Improve the detonation parameters of new bulk explosives,

e Improve the quality of the spoil fraction,

*  Increase the sensitivity of bulk explosives to shock and reduce their critical diameter,

¢ Improve the stability of bulk EE performance over time,

¢  Streamline and improve the reliability of existing loading systems in the context of
their application in underground and open pit mines,

* Increase the oxygen balance value and limit the amount of nitrogen oxides and carbon
monoxide produced during blasting,

*  Maintain the current transport classification (Class 5.1, as per the guidelines for the
transport of dangerous goods [24]) and the level of safety during production and
transport.

2. Materials and Methods
2.1. Materials
2.1.1. Components of the Emulsion Explosive Formulation

All tests were performed on the same batch of emulsion matrix (supplied by Nitroerg
S.A.) for underground bulk emulsion formula, containing ammonium nitrate, calcium
nitrate, water, oil, emulsifier and auxiliary components.

The main sensitizing component was an aqueous solution of sodium nitrite (>95%,
Standard Sp. z o.0., Lublin, Poland). This was used to sensitize the standard product
Emulinit 8L bulk emulsion explosive matrix. As a modification, sensitizing components
were made in which, in addition to sodium nitrite as a sensitizing agent, auxiliary com-
ponents such as ammonium nitrate (fertilizer grade, Zaktady Azotowe Putawy, Putawy,
Poland), sodium perchlorate (>95%, Arkema, Colombes, France), pH modifier and dye
were added. The inclusion of these components is what differentiates the BK-1 and BK-2
formulations from the previous Emulinit 8L bulk emulsion explosive formulation. The rele-
vant details of the composition of the EE matrix and tested EE formulations are given in
Table 1.
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Table 1. Summary of the components of the tested explosive formulations.

EE Matrix
Component Concentration (wt.%)
Ammonium nitrate 55-60
Calcium nitrate 15-20
Organic phase 5-7
Water 12-15

Tested sensitizing agent formulations !

Concentration (wt.%)

Component —

Emulinit 8L BK-1 BK-2
Ammonium nitrate - 30 47
Water 95.45 61.6 41
Sodium perchlorate - 4 8
Sodium nitrite 45 3 3.3
pH modifier and dye 0.05 1.5 0.7

! The Emulinit 8L formulation has been described in earlier works [21,25-28].

2.1.2. Auxiliary and Reference Materials

1,3,5-Trinitro-1,3,5-triazinane (RDX) and flaked 2,4,6-trinitrotoluene provided by Ni-
trochem (Bydgoszcz, Poland) were used as reference explosive materials for investigating
the ability of the samples to perform mechanical work and for investigating brisance via
the Hess method.

The probes used for velocity of detonation (VoD) measurements were produced by
MREL, model PROBEROD (electrical resistivity 331.7 {2/m) were used. The lead rods
(purity > 99.97%, ® = 40 mm) were used as received.

2.2. Experimental Procedures
2.2.1. Preparation of Emulsion Explosives and Experimental Samples

The explosive components were blended mechanically in a plastic vessel with a capac-
ity of 2 dm? using an electrically powered mechanical stirrer equipped with a propeller-
shaped stirring rod. The components were stabilized to a constant temperature of 25 de-
grees Celsius and the mixing took place each time at the same temperature. The material
prepared in this way was quickly elaborated into charges and conditioned at a constant
temperature for a period of 3 h at constant temperature. The large batches of each explosive
type were used as the reservoir, from which samples for the individual tests were taken.

Samples for microscopic observations were placed on the base microscope glass slide
in the form of thin layers.

Samples for the determination of the composition of post-detonation gases were
prepared in glass pipes, with one end sealed with clay, due to the fact that glass and clay
are inert materials that are known not to interfere with gas analysis.

The samples for the ballistic mortar test were produced by mixing the components
by hand, due to the sample amounts being insufficient for using the mechanical stirrer.
After mixing, 10 g samples were accurately weighed.

The fundamental properties and performance parameters of the tested EE formulations
were predicted using EXPLOS5 software provided by OZM Research s.r.o. and the most
relevant parameters were verified experimentally, as described in the following subsections.

2.2.2. Investigation of the Density of Charges over Time

Open vessels with a set volume of 115 cm?® were weighed and loaded with the EE
samples without leaving any voids or bubbles. Any excess of the EE was scraped off
from the top of the cup to maintain the set volume of the samples, followed by weighing
of the vessel. This was repeated every 5 min for the first hour, as well as after 180 and



Materials 2022, 15, 900

50f16

1440 min have elapsed, in order to establish a time-resolved density profile for each of the
investigated EE formulations.

2.2.3. Microscopic Observations

A ZEISS Primotech polarised light microscope was used to observe the structure of
samples. Both the pure EE matrix and complete EE formulations (Emulinit 8L, BK-1, BK-2)
were observed, at a magnification of 10 x.

2.2.4. Determination of the Ability to Perform Mechanical Work

The ability of the EE charges to perform mechanical work was evaluated using a
ballistic mortar. The detonation of a set mass (10 g charges were used, as is most common)
of an explosive propels the mortar, moving it out of equilibrium. The maximum angle,
to which the mortar was moved out of equilibrium, is recorded and used as the measure of
the ability of the sample to perform mechanical work. Due to the nature of this method,
it is most suitable for comparative trials. Therefore, a reference explosive is employed,
against which the samples are tested. In this work, 1,3,5-trinitro-1,3,5-triazinane (RDX)
was used as the reference material, with flaked 2,4,6-trinitrotoluene acting as a secondary
reference material. Consequently, the relative ability of a sample to perform mechanical
work (X) is given as a relative value (% of the ability of RDX to perform mechanical work),
calculated using Equation (1).

X =" 100% 1)
mR

where:

e m—arithmetic average of (1 — cos(«)) values for the tested explosive
e mpg—arithmetic average of (1 — cos(«)) values for the reference explosive

2.2.5. Determination of Air Blast Parameters

The parameters of the shock wave generated by the investigated EE charges were
determined using two pressure sensors—type 137B23B piezoelectric pressure sensors (PCB
PIEZOTRONICS) were used. In this test, the EE charge was hung vertically, 100 cm above
the ground. The pressure sensors were placed at different angles, at a distance of 200 and
250 cm, respectively, from the axis of the tested EE samples (Figure 1). Sensor data was
recorded using a DEWESoft SIRIUS high-speed amplifier coupled with a computer capable
of sampling data at a frequency of 1 MHz.

detonator

_———sample of explosive

-

——— pressure sensor B

100 cm
/“_ 3
/ _

100 cm

250 &

100 cm

- ¥ Y

Figure 1. Outline of the experimental set-up for determining shock wave parameters.
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2.2.6. Determination of Detonation Velocity

Detonation velocity values were investigated by the electrical method, based on the
change of electrical resistance of a conducting probe, using a MicroTrap (MREL, Kingston,
ON, Canada) velocity of detonation recorder. The VOD ProbeRod with a unit resistance
of 331.7 ohm/m was inserted axially into the EE sample from the opposite end of the
detonator. Then the ProbeRod was connected to the coaxial cable to transmit the signal
to a MicroTrap™ VOD/Data Recorder, as shown in Figure 2. The detonation velocity
experiments were conducted after the sensitised charges were left to stand in ambient
conditions for 3 h. Samples were prepared by filling clear glass tubes, length of 500 mm,
internal diameter of 46.4 mm and wall thickness of 1.8 mm, with the explosive. The VoD
value was determined from the slope of the distance vs. time curve recorded for the VoD
probe, as exemplified by the sample curve presented in Figure Al.

detonator

sample of explosive

direction
of detonation

VOD ProbeRod

blasting

/— machine VOD Recorder

-

Figure 2. Schematic depiction of the experimental set-up for measuring velocity of detonation.

2.2.7. Determination of the Composition of Post-Detonation Gases

The experiments were conducted in accordance with the EN 13631-16:2006 stan-
dard [29]. The EE charges of a set mass of 530 g were placed in glass tubes and stemmed
with clay. The load was placed in the mortar inside the blasting chamber with a volume of
15 m? (Figure 3). The tested explosive is initiated from the bottom by a secondary charge
of 650 mg pentaerythritol tetranitrate. After the detonation of the tested charge, a mixing
system is run for three minutes, in order to homogenize the gas mixture composition in
the entire volume of the test chamber. The amounts of toxic oxides in the post-detonation
gases were determined using continuous measurement chemiluminescent (TOPAZE 32M
using a dual chamber for NO, NOx and NO; determination) and infrared (MIR 25 for CO
and CO, determination) absorption analyzers. The concentration of each gas is recorded
20 min after the detonation of the test charge. Based on these values, the volume of each gas
generated per unit mass (1 kg) of the explosive is calculated. The tests are conducted for
three samples of each tested explosive and the final result is the average of the three values.

Interpretation of the results of the analysis is conducted based on the fact that the
concentrations of carbon monoxide (CO) and carbon dioxide (CO,) is constant after the
initial mixing period (homogenization of the post-detonation gas mixture). Due to the
occurrence of consecutive reactions between the detonation products, the initial concentra-
tions of nitrogen oxides (NO, NOx and NO,) are determined by plotting a dependence of
the concentration of each substance over time that has elapsed since detonation and extrap-
olating the experimental curve to the moment of detonation [30]. The initial concentrations
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of post-detonation gases (Cg) are used to calculate the quantity of each gas (Q¢) at normal
conditions (273 K, 760 mmyyz) via Equation (2):

0 V273 py dm3
o= N

T 105-m-760 T; G[kg] @

where:

. p1—measured pressure in the chamber after detonation [mmpg]
o T1—measured temperature in the chamber after detonation [K]
. V n—volume of the experimental chamber [dm?3]

* m—mass of the detonated explosive sample [kg]

temperature = ¢ gas sample
and pressure [ mixing system
measurement | ANALYZERS
FAN
steel tank —— h
| 7 concrete

ground
manhole ———

mortar explosive sample armoured plate

Figure 3. Blasting chamber for post-detonation gases analysis (based on [29]).

2.2.8. Determination of Brisance via the Hess Method

A lead cylinder (99.97% purity, diameter 40 £ 0.2 mm, height 60 &= 0.15 mm; face
surfaces were machined to 10 grade) was placed vertically on the ground. A cylindrical
steel disc (1.7035 steel, diameter 41 £ 0.2 mm, height 10 &+ 0.2 mm; face surfaces were
machined to 2.5 grade and hardened to 150-200 HB) was placed on top of this cylinder.
A set mass (50 g) of the tested sample, loaded into a 3D printed plastic (PET-G) testing cup
(inner diameter 40 mm, height 65 mm), was placed onto this plate and initiated, as depicted
in Figure 4. This resulted in axial compression of the lead cylinder, with the change in the
height of this cylinder being used as a measure of brisance. Similarly to other procedure for
the ballistic mortar test, RDX was used as the reference material. The sample was initiated
using a standard 0.65 g PETN detonator.
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L holder with detonator
SuiiE "... T
£ e— ——
= ) explosive sample
& Vit
E steel disc (D=41 mm)
S e
_ lead cylinder
= 4
—— steel plate

40 mm

Figure 4. Experimental setup for determining brisance using the Hess method.

3. Results
3.1. Projected Detonation Parameters

The properties of the EEs utilising the proposed sensitizing agent formulations were
predicted theoretically in comparison with the commonly used Emulinit 8L EE, using EX-
PLOS software. Although this software is an accurate tool for predicting the fundamental
properties and performance parameters of a variety of explosives, based on their compo-
sition, it is unable to take into account some physical processes taking place in emulsion
explosives, which are non-ideal explosives, such as the precipitation of microscopic grains
of ammonium perchlorate in the bulk of the EE.

Despite the above, the software was able to predict that both BK-1 and BK-2 will
outperform Emulinit 8L in terms of both velocity of detonation (VoD) and compression
energy (Table 2). It is worth noting that the volume of evolving gases for BK-2 is the lowest
out of the three EE formulations, despite it showing both the highest detonation pressure
and VoD, indicative that the energy contained within this formulation is used significantly
more efficiently in its case than in the case of the other two formulations.

Table 2. Summary of detonation parameters calculated using EXPLOS5 software.

Parameter/Sample Emulinit 8L BK-1 BK-2
Density (g/cm?) 0.85 0.90 0.92
Oxygen balance (%) 0.129 0.356 0.485
Detonation parameters at the C-J point
Heat of detonation (kJ/kg) 2865 2931 2987
Detonation pressure (GPa) 4.40 498 5.24
Velocity of detonation (m/s) 4400 4594 4678
Volume of evolved gases (dm?/kg) 992 987 983
Compression energy (kJ/kg) 691 725 741

3.2. Changes in Sample Density

The EE samples were sensitised chemically, through a reaction between ammonium
nitrate(V) and sodium nitrite(III) that resulted in the gradual evolution of nitrogen gas [31].
In the case of bulk explosives, loaded directly into boreholes, control over the course of
this reaction is virtually non-existent after the EE matrix and sensitizing agent are mixed.
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Simultaneously, however, the progress of this reaction results in a gradual decrease in EE
density, affecting its detonation parameters, which is a significant issue in the planning
of blasting operations. Consequently, bulk EEs, which show only a weak dependence
of density on time elapsed after loading the EE into boreholes, or whose density quickly
stabilises at a quasi-constant level, are highly desirable. The specific time period, in which
this density stabilisation should take place, is dependent on the particular application. In the
case of underground mining, 30 min are often given as the minimal time elapsed between
loading boreholes with bulk EE and carrying out the blasting operation. Hence, this time
period was used as a benchmark of comparison between the investigated EE formulations.

In the case of the investigated samples, the “traditional” 8L EE formulation shows an
almost linear dependence of density on time elapsed since the sensitizing process began
(Figure 5). Although the rate of density changes decreases slightly after approx. 20 min,
there is no evidence for the density of the samples stabilising in the investigated time period
and the density continues to change rapidly after the benchmark 30 min time period.
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lm ® BK1
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124 aw |
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—~ 1 as
5 ®a .i
o i .“|I
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Figure 5. Comparison of changes in the density of the EE samples over time.

The two new formulations, BK-1 and BK-2, initially show a much faster density
decrease than what is observed for 8L. Unlike 8L, the density of BK-1 and BK-2 formulations
quickly begins stabilising, with density changes after 30 min have elapsed being only minor,
particularly in the case of BK-1.

The postulated density stabilisation for BK-1 and BK-2 is supported by the fact that
the same density values (0.90 and 0.92 g/cm3, respectively) are observed after 180 and
1440 min have elapsed, unlike with the 8L sample, whose density continues to decrease
(0.85 and 0.79 g/cm?3, respectively, after 180 and 1440 min have elapsed).

3.3. Microscopic Observations

The EE matrix is largely amorphous (Figure 6), with only marginal amounts of crys-
talline species, originating from crystallisation of the EE matrix on impurities or defects.
A similar amount of crystallites is present for Emulinit 8L, with the centre of the micro-
graph showing a vertically-aligned region with an altered structure, indicating the on-going
formation of gas bubbles due to the reaction between the matrix and sensitizing agent used.

In the case of BK-1 and BK-2 (Figure 7), larger crystalline species are present. These
species are most likely crystals of ammonium perchlorate that precipitated in the reaction
of the highly soluble sodium perchlorate with the concentrated ammonium nitrate solution.
Because ammonium perchlorate is an explosive in itself, when the EEs are exposed to a
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shock wave, its crystals may promote the formation of additional hot spots. This phe-
nomenon will act in synergy with the evolution of gas bubbles in the EE matrix, further
sensitizing the EE sample and facilitating the evolution, propagation and maintaining the
detonation wave in the EE.

Figure 6. Polarised light micrograph of (a) Emulinit 8L; (b) Bulk EE matrix. The diagonal red lines
indicate the region, in which sensitizing is on-going.

Figure 7. Polarised light micrograph of (a) BK-1; (b) BK-2.

3.4. Ability to Perform Mechanical Work

In the case of the mechanical work ability test, slightly better results were obtained
for BK-1 and BK-2 compositions than for the reference material (Emulinit 8L) due to their
higher energy (Table 3). This is due to the fact that there is less water in the composition
in favor of the components reacting in an explosive way. A better conversion degree of
reaction at a higher detonation velocity gives a higher detonation pressure, which has an
impact on the projectile launch capacity.

Table 3. Summary of the ability of the tested explosive charges to perform mechanical work.

Explosive Mortar Inclination Relative Ability to Ref
Angle [deg] Perform Work ’
RDX (reference explosive) 17.20 100% -
Dynamite - 84% [32]
ANFO - 51% [32]
TNT (flaked) 14.13 67.7% -
Emulinit 8L 13.60 62.6% -
BK-1 14.23 68.8% -

BK-2 14.33 69.6% -
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3.5. Shock Wave Parameters

Very slight variations in the pressure of the blast wave were observed (Table 4). This
may be due to a small difference in the detonation temperature. There are no additives,
e.g., aluminium, which could increase the explosion temperature and extend the time of
impact of the blast wave pressure.

Table 4. Summary of the results of air blast parameter tests. Each value given is the of at least three
independent measurements.

Pmax [kPa] 2 Duration [ms] ? Impulse [Pa - s] €
Explosive
Psym ¢ Psy5m Psom Psz5m Psom Ps>5m
Emulinit 8L 123.73 +7.91 73.33+7.02 1.27 +£0.01 1.46 +0.02 57.20 +0.89 43.83 £ 0.60
BK-1 127.13 +5.67 74.30 +1.01 1.26 +0.01 1.49 +0.04 57.53 +0.86 44.37 +£0.67
BK-2 131.20 + 6.49 7593 +1.71 1.27 +£0.01 1.46 +0.03 58.60 + 1.04 44.80 +£0.26

@ Peak overpressure recorded during the experiment; b Ajr blast positive phase duration; ¢ Air blast total positive
phase impulse; ¢ Position of the sensor, with the subscript value denoting the distance of the sensor from the axis
of the EE sample.

3.6. Detonation Velocity

The lower water content in the new formulations causes the velocity of detonation
(VoD) to increase (Table 5). Additionally, there is some perchlorates content which improves
the propagation of the detonation wave.

Table 5. Summary of the results of velocity of detonation measurements.

Detonation Velocity [m/s]

Explosive Sample 1 Sample 2 Sample 3 Average
Emulinit 8L 4220 4270 4210 4233 £ 32
BK-1 4650 4650 4650 4647 £ 6
BK-2 5040 5030 5030 5033 £ 6

3.7. Composition of Post-Detonation Gases

Due to the better distribution of hot spots and a certain content of ammonium perchlo-
rate microcrystals, compositions BK-1 and BK-2 are characterized by better detonation and
better conversion of reagents. Especially in the case of the BK-1 composition, the conversion
rate causes the fuel oxidation reaction to trend towards the formation of carbon dioxide
and water. As a result, the amount of harmful gases is partially reduced (Table 6).

Table 6. Summary of the average composition of post-detonation gases for the tested explosives.

Emulinit 8L CO, CcoO NO, NO
Concentration [ppm] 4583 £ 45 162 £ 11 14+£02 200+74
Unit mass emission [dm3/kg] 1148 +1.1 4114028 0.04 +=0.01 0.51 +0.19
BK-1 CO, Cco NO; NO
Concentration [ppm] 4664 £ 6 100 + 4 1.5£02 11.6 £2.8
Unit mass emission [dma/kg] 1171 +09 2514012 0.04 +0.01 0.29 4+ 0.07
BK-2 CO, Cco NO; NO
Concentration [ppm] 4553 £+ 24 136 + 18 1.2+02 11.0£5.3

Unit mass emission [dm3/kg] 1153+ 04 3454046 0.03 +0.01 0.28 +0.13

3.8. Investigation of Brisance

Brisance is directly dependent on the velocity of detonation. It is a measure of the
effect of pressure on objects closest to the explosive. It is especially visible in the case of
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the BK-2 composition, because in a similar density range the detonation velocity is much
higher than for the reference material (Figure 8).
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Figure 8. Comparison of (a) brisance and (b) compression factors determined for the tested EE
samples and reference explosive (RDX) using the Hess test.

4. Discussion

The results of the research showed that the parameters of the new BK-1 and BK-2
formulas were better in every aspect compared to the standard, commercially used Emulinit
8L emulsion explosive. In addition, the performance of BK-1 and BK-2 exceeded theoretical
predictions collated with the use of EXPLO5 software. This is likely due to the precipitation
of ammonium perchlorate crystals (Figure 7) in the bulk of the BK-1 and BK-2 EEs that were
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not present in the case of Emulinit 8L (Figure 6). These crystals are hypothesised to act as
additional “hot spots”, further sensitizing the explosives and facilitating their detonation.

The inclusion of sodium perchlorate in the EE formulations (Table 1) is an interesting
matter in terms of material safety. Supplementing the EE matrix with perchlorates would
be a source of risk due to its processing at elevated temperatures [20]. Hence, we have
opted to include sodium perchlorate in the sensitising agent formulation, as it consists
primarily of water and even with the inclusion of sodium perchlorate, it remains classified
as an oxidising solution. Mixing the EE matrix with the sensitizing agent formulation,
upon loading the EE formulation into boreholes, results in the in situ precipitation of
ammonium perchlorate. Even though this process is expected to increase the sensitivity of
BK-1 and BK-2 formulations to initiating stimuli, it does not translate into any significant
increase of risk. This is due to the fact that once the EE is loaded into boreholes, it is
protected from virtually all sources of accidental initiation.

The sensitization of the tested formulations is much faster and more stable, so the
temperature of the components does not have such a significant influence on the reac-
tion rate. In standard conditions of underground mines (at temperatures in the range of
25-35 °C), it is capable of detonation after 5 min and the final density is obtained after
approx. 30 min, while the standard reference material in these conditions is capable of reli-
able detonation after 30 min at the very least and achieves its final density only after more
than 12 h. This aspect is very important in practice, because the temperature conditions
in underground mines can vary significantly between different locations. Simultaneously,
procedures employed in blasting may involve various time intervals between loading
the boreholes and initiation of the explosive charges. Consequently, an explosive, whose
performance changes only marginally with time or environment temperature, is both much
more predictable and desirable for use than one, whose performance varies significantly.

In terms of the relative ability to perform mechanical work (Table 3), the BK-1 and
BK-2 formulations achieved noticeably higher performance than Emulinit 8L and were
even comparable to the performance of TNT.

Despite the current research focus on supplementing EEs with a variety of additives,
the efficacy of such supplementation has its limitations, particularly since the additives are
introduced only in limited amounts. This is illustrated well by considering the blast wave
parameters that would be expected for the three types of EE formulation samples. The blast
wave parameters are strongly tied to the detonation temperature and volume of gases
evolving in the decomposition of a unit mass of the EE formulation. These parameters,
in turn, are determined to a much greater extent by the chemical composition of the EE
formulation rather than by its physical state. Consequently, even if the composition of
the sensitizing phase, which constitutes less than 5 wt. % of the formulation, is changed
significantly, as has been implemented for BK-1 and BK-2, in comparison with Emulinit 8L,
the composition of the entire formulation is changed only to a small extent. Consequently, it
is expected that those parameters will be similar for all three EE formulations, even though
a very slight elevation of those parameters was observed for BK-1 and BK-2 in comparison
with Emulinit 8L (Table 4).

Conversely, the brisance and velocity of detonation (VoD) are influenced to a much
greater degree by physical factors than blast wave parameters. In this aspect, the introduc-
tion of a modified sensitizing phase yields the most outstanding improvement, with the
brisance of BK-1 and BK-2 increasing by 20.67% and 31.91%, respectively, in comparison
with Emulinit 8L (Figure 8). Simultaneously, the VoD was observed as 9.8% and 18.9%
greater for BK-1 and BK-2, respectively, than for Emulinit 8L.

In the case of the BK-1 and BK-2 formulations, blasting fumes have a lower content
of toxic gases compared to the standard formula. This is due to a better conversion rate
and more perfect reaction during detonation. Summarizing the results new formulas of
explosives are characterized by a greater efficiency of the explosive transformation, a more
controlled and faster sensitization reaction and a more favorable composition of blasting
fumes. The first tests under operating conditions were also carried out. The resulting
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explosive is capable of working properly. The obtained results require confirmation in
subsequent tests carried out under operating conditions, the aim of which will be to improve
the performance of the formulations via optimising the process of mixing components,
which should confirm the results and conclusions obtained in laboratory conditions. In
fact, the price of the new explosive bulk emulsion will be higher, but it is expected to
allow carrying out blasting works in a wider range of conditions. The increased brisance
of the two formulations is also expected to facilitate the use of EEs in the exploitation of
hard rocks.

5. Conclusions

Based on the presented experimental results, we can conclude that the modified sensi-
tising agent formulations are an all-round improvement in comparison to the traditional
formulation used for Emulinit 8L. Although the performance of BK-1 was slightly inferior
to that of BK-2, the sensitizing agent formulation contains approx. 20 wt. % more water
than the one used for BK-2 (Table 1). This translates directly to BK-1 having a lesser unit
cost than BK-2, while affording better performance than Emulinit 8L. Consequently, we
envision BK-1 to serve as the general replacement for Emulinit 8L, while BK-2 may be
used for more specialised applications and with some further optimisation will have the
potential to serve as a replacement for nitroester-based explosives (e.g., dynamites) due
to its high relative ability to perform mechanical work (Table 3), velocity of detonation
(Table 5) and brisance (Figure 8).

The optimisation of the two formulations can also be targeted at fine-tuning the
sensitizing agent composition to further shorten the sensitising time of the explosives and
to further promote their ability to perform mechanical work. Regardless of optimisation
pathway, both types of the BK EE formulations are promising energetic materials with
broad future applications, possibly setting a new direction for development in the field of
modern emulsion explosives.
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Appendix A. Velocity of Detonation—Sample Experimental Plot
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Figure Al. Sample distance vs. time curve, from which the velocity of detonation for the BK2 EE
formulation was determined graphically.
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Abstract: Explosives are commonly used in the mining industry to extract minerals from hard rock
deposits. Therefore, an efficient explosive should ensure that the appropriate blast outcome is
achieved, taking into account the desired rock-breaking parameters and the costs of drilling and
blasting works. Depending on the type of deposit and follow-up processes, a proper blast result
may be characterized by fragmentation, muckpile shape, overbreaks, etc. Industry has struggled to
respond to the demand for bulk emulsion explosives with improved energetic parameters, having
so far been unable to do so safely, effectively, and cost-efficiently. Methods of improving blasting
parameters mainly rely on introducing a variety of additives to the emulsion explosive formulation
during production, which creates additional hazards at that stage. Alternative, safe methods of
achieving an improved energetic performance of emulsion explosives are, therefore, highly desir-
able. This paper is focused on one such proposed method as a continuation of previous research
works and the performance of a novel bulk emulsion formulation under real mining conditions
during the firing of mine faces is described. The tests included density measurements over time,
measurements of impact and friction sensitivity, measurements of the detonation velocity in
blastholes, determination of brisance via Hess test, and analysis of rock fragmentation. Results
were compared with those obtained with a commercially available bulk emulsion explosive, high-
lighting that the performance improvement achieved by the proposed emulsion modification
method is not limited to artificial test conditions, but translates well into actual application condi-
tions.

Keywords: underground mining; blasting; explosives; detonation velocity

1. Introduction

The growing demand for metals and minerals translates into the need for econom-
ically sound, effective, time- and material-efficient methods of mining. However, there
are still some technical constraints associated with underground mining. Over the last
few decades, the development of mining explosives has led to a continuous improve-
ment in their energetic parameters while maintaining the highest effectiveness and safety
of blasting operations. Emulsion explosives, frequently referred to as “the latest genera-
tion explosives”, are a prime example of this trend, even though they were invented
more than 50 years ago [1]. According to the data provided by the Federation of Explo-
sives Manufacturers, the share of bulk emulsion explosives in the total usage of emul-
sions in Europe is more than 85%, with this share expected to increase even further in the
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coming years. This is mainly because no alternative methods of solid rock extraction have
so far proven to be effective enough [2,3].

The mining industry is facing various challenges, such as the need for increased
production, reducing the time of the entire technological cycle, lowering deposit exploi-
tation costs and ensuring personnel safety, including the issue of the stability of under-
ground openings [4,5]. One such challenge, related to drilling and blasting operations, is
the general effectiveness of blasting, mainly in terms of explosive performance. The effect
of blasting is directly influenced by the working capacity of explosives—which, in a
much wider sense, may be defined as the quality of explosives. It should, however, be
noted that, apart from a number of manufacturing parameters which influence the
working capacity [6,7], the results of blasting are affected by many different technological
parameters. They are only observed in real mining conditions and cannot be evaluated
under laboratory conditions [8,9]. The most important factors from the adopted tech-
nology point of view are the diameter of the blastholes, method of initiation or time be-
tween charging of explosives, and firing.

According to recent studies [10], the detonation velocity increases with an increase
in blasthole diameter. Velocity of detonation (VOD) is used as a basic parameter in the
determination of the detonation pressure, which in turn represents the energy of the ex-
plosive [11,12]. The problem of the blasthole diameter is especially significant when high
rock pressures are observed. This may lead to a reduction in blasthole diameters, while
causing a reduction in the charge diameter, but may also cause some problems with
charging (when using bulk emulsions). The initiation method in turn is important for the
effectiveness of the production. When initiating with the detonator only, the distance
between the detonator position and the stable detonation velocity value is much greater
than when using proper boosters. However, according to previous research studies, this
does not affect the final detonation velocity value of bulk emulsions [13] but may affect
the VOD of ANFO explosives [14]. From a safety point of view, the time between charg-
ing the blastholes and firing seems to be the most important factor. This problem should
be considered from two perspectives. The first is associated with the density changes in
time, which means that detonation velocity decreases with reductions in density. Such an
explosive becomes less energetic over time [15,16]. The second problem is connected with
the sleep time of bulk emulsions [17]. The sleep time is the time after which the bulk
emulsion loses its detonation capacity. As shown during field investigations, the sleep
time may even reach 6 months after the charging [18], meaning that each undetonated
explosive should be treated with extreme caution.

Other important factors that may only be observed in underground mines are the
temperature of rock mass and ambient temperature. With the increase in depth, the
primary rock mass temperature increases. Under such conditions, lower thermodynamic
parameters of bulk emulsions may be expected and their efficiency, expressed as velocity
of detonation, may be much lower [19,20]. A very important issue in the field of blasting
effectiveness is also detailed identification of the interaction between the explosive and
the rock mass, i.e., propagation of blast-induced fractures around the blasthole [21,22].
This should be treated as the first step in the selection of relevant explosives for given
geologic and mining conditions. Therefore, it may be concluded that the determination of
relationships between the above parameters and their efficiency is critical in formulating
reliable and credible computational models describing the detonation process [23].

A recent study was conducted to develop and evaluate, under laboratory conditions,
a novel sensitizing agent formulation for bulk emulsion explosives with improved ener-
getic parameters [24]. The purpose of the study was to improve the effectiveness of
blasting by replacing the commonly used sensitizer by novel formulations. The results
proved that energetic parameters of new formulas were actually better in every aspect in
relation to the standard explosive, used commercially. The greatest advantage is that the
sensitization process is much faster and much more stable. Moreover, it was confirmed
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that new formulations are capable of detonation after 5 min and the final density remains
stable after 30 min.

Since the mixing of components using mixing—charging units in mines is not as
precise as manual mixing in laboratory conditions [25], the authors have made an at-
tempt to verify selected detonation parameters under real mining conditions. For this
purpose, one of the developed formulas was verified during regular faces firing and
compared with the standard bulk emulsion. Finally, the effectiveness evaluation of such
an emulsion was conducted. The tests included: density measurements over time,
measurements of the detonation velocity in blastholes, determination of brisance via
Hess test, and analysis of blasted rock fragmentation. In this paper, results of in situ trials
using the underground mixing—charging units are presented, which should be treated as
the continuation of work under development of a novel formulation of bulk emulsion
explosive with improved energetic parameters.

2. Materials and Methods

Evaluation of the blasting effect has been conducted under real mining conditions in
a deep mine in Poland and consisted of two rounds of trials, in each of which explosives
in four faces were fired. Each trial included the firing of two faces charged with BK-2 and
two with the commercially available ESL explosive for reference. The time interval be-
tween the two rounds of trials was two weeks.

2.1. Trial Site

A trial panel was located in a deep underground copper mine in Poland, in which
the room-and-pillar mining method with roof deflection and pillar softening is practiced.
The average depth of excavations is approximately 800 m below the surface. The orebody
thickness does not exceed 1.8 m and is almost flat. It is formed from sandstone (2.8 m)
and a thin shale stratum located near the roof (Figure 1).

7.0m

sandstone -

50m

Figure 1. Scheme of the mining face cross-section, depicting the geologic structure and dimensions
of the typical face over the considered panel.

Drifts are excavated using the drilling and blasting method. The shape of excava-
tions is in the form of an inverted trapezoid, with the average base of 5 m and an average
width of 7 m in the roof stratum. The height is approximately 3 m. Faces are fired using
bulk emulsion explosives charged by standardized mixing—charging units installed on
blasting utility vehicles. Explosives are initiated by non-electric detonators and explosive
boosters. No stemming is used in blastholes.

The same drilling and blasting pattern with the V-cut was used on each trial and
each face (same distribution of blastholes, same mass of explosives, same delays, etc.), as
presented in Figure 2. The blastholes had a length of 3 m, except those charged with 2.5
kg of explosives (central ones), which were slightly shorter, and a diameter of 48 mm;
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thus, 3 m was also the expected advance per blast. The total number of blastholes was 41
per face, total mass of explosives per face was 138.5 kg, and the total firing time was 5000
ms. The calculated powder factor was 2.40 kg/m?3.

5000 4500 4000 2000

e e o [ o
3500 2500 1500 1000 500
]

e o o !21— o
3500 2500 1500 088 —S[0—

4500 3000 2000

000 4000

2000 3000

500

o

O -

—t——-—-——

‘
|

2000

3000

o -9 o

1000 1500
I

= Tﬂuuu @00

3000

L ]
4000

o Mo
2500 350

.
2500 3504

e 35kg
® 25Kkg
0, 500, 1000 - delay time

30m

Figure 2. Drilling and blasting pattern used during underground trials: cross-section of the face
(upper), topside view of the drilled blastholes (lower).

2.2. Formulations of Explosives and Mixing—Charging Unit

All tests, except the impact and friction sensitivity tests, were performed on the same
batch of emulsion matrix (supplied by Nitroerg) for the underground bulk emulsion
formula. The matrix contains ammonium nitrate, calcium nitrate, water, oil, emulsifier,
and auxiliary components. The ESL emulsion was sensitized with a standard sensitizing
agent—an aqueous solution of sodium nitrite. For the modified BK-2 formulation, a more
comprehensive sensitizing agent formulation was utilized, as per the authors’ earlier
work [24], characterized by a lower water concentration (Table 1).

Table 1. Tested sensitizing agent formulations.

Concentration (wt.%)

Component ESL BK-2
Ammonium nitrate - 47
Water 95.45 41
Sodium perchlorate - 8
Sodium nitrate 45 3.3
ph modifier and dye 0.05 0.7
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The mixing—charging unit was installed on a blasting utility vehicle. It mainly con-
sists of the matrix and sensitizer tanks and pumps for the transfer of these components
(Figure 3). The production unit is controlled by a computer for accurate dosing of ingre-
dients. The mixing takes place in the middle of the loading hose, using a static mixer
(Figure 4). Former constructions were based on a single mixer, while new ones already
have a double static mixer.

-
Y Y
@ o [
’ [ static mixer
- ~—— |pading hose
] l Y —= flow direction
of components

— =
Figure 3. Simplified scheme of the mixing—charging units for bulk emulsions. Arrows indicate flow
direction of the components.

Figure 4. Photographs of the single (left) and double (right) static mixers.

The flow of components in the loading hose is laminar, thus, the mixing takes place
using a cross-stream static mixer. However, due to large differences in the viscosity of
components, the fast flow, and relatively short mixing time limited by the length of the
static mixer, complete mixing is not possible, compared with manual mixing under la-
boratory conditions. Thus, in order to investigate the significance of this aspect for the
first and second rounds of trials, a single mixer and a double mixer were employed, re-
spectively.

2.3. Auxiliary Materials and Software

The probes used for the determination of detonation velocity were manufactured by
MREL (Kingston, Canada). They were VOD ProbeCables green with a unit resistance of
10.80 QO/m. Dedicated software, DAS—Data Acquisition Suite, was used for data analysis
from the VOD recorder.

Fragmentation analysis was carried out using WipFrag software, version 3.2.11.1,
developed by WipWare (North Bay, ON, Canada). Photos of the muckpile after firing
were taken using an Olympus Tough TG-6 camera (resolution 12 megapixels, lens aper-
ture £/2.0) dedicated for extreme environments.

Statistical analyses were conducted using Statistica 13 software developed by
StatSoft (Krakéw, Poland).
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2.4. Preparation of Explosive Samples and Charging of Blastholes

The explosive components were blended mechanically via standardized mixing—
charging units used for charging blastholes in the mine hosting the study. In the case of
the BK-2 formulation, the dosing settings of the sensitizer have been reduced by 3.5% due
to much greater reaction activity.

Blastholes were loaded following a standard procedure, using the charging hose
with 3.5 kg of bulk emulsion, except the cut holes, into which 2.5 kg were loaded. Due to
the bottom initiation, the VOD in blastholes could be measured. The average length of
the explosive column was 130-140 cm.

During the blastholes charging, the samples for the density measurements and bri-
sance determination were loaded from the mixing—charging unit to the piping bag and
then were carefully elaborated into the relevant plastic cups. For this purpose, a precise
mobile digital balance was used.

The samples for the impact and friction sensitivity tests in turn were produced by
the manual mixing of components, due to the relatively small mass of the sample re-
quired for such tests—the sample volume was insufficient for the use of a mechanical
stirrer. After mixing, 10 mg samples were accurately weighed. The tests were conducted
after the density had stabilized.

2.5. Measurements of the Density over Time

Plastic cups with a set volume of 500 cm? were used for the determination of density
changes over time. They were weighed and filled with the mixture of the matrix and
sensitizer directly from the mixing—charging unit. Due to the chemical reaction (sensiti-
zation), the mixture increased in volume, thus, the excess was removed from the top edge
of the cup to maintain the set volume of the samples, followed by weighing of the cup.
Each sample was weighed using an electronic balance, first at 5 min intervals for 60 min
and then once each after 180 min and 1440 min. The density was determined based on the
ratio of the net sample mass to the cup volume.

2.6. Determination of the Detonation Velocity

Detonation velocity values were obtained using the electrical method, via the con-
tinuous resistance wire technique. In this method, a precise measuring probe of known
linear resistance is placed axially in the explosive column. When the detonation front
progresses, the probe is destroyed, and the resistance of the entire circuit drops in pro-
portion to the length reduction of the probe. Thus, a decrease in probe voltage vs. time is
recorded by a dedicated measuring device.

In this research, a DataTrap II Data/VOD recorder manufactured by MREL (King-
ston, ON, Canada) was used. This device allows independent measurements of detona-
tion velocity to be taken using eight channels, allowing the simultaneous measurement of
VOD in eight blastholes. The maximum recording rate in this system is 10 MHz per
channel. The uncertainty of the measurements declared by the manufacturer is +2%.

During underground trials, six-meter sections of the VOD ProbeCables were at-
tached by electrical tape to the booster with a detonator and placed at the end of the
loading hose. Blastholes were then charged according to the standard procedure, i.e., the
loading hose was inserted to the bottom of the blasthole and the desired mass of the ex-
plosive was loaded. After that, the VOD probes from each tested face were connected to
the communication (coaxial) cable and plugged to the recorder, which was located be-
tween the fired faces (Figure 5). The VOD probes were put into two cut holes in each of
the four tested faces, which were fired with the first delay (same).
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Figure 5. Scheme of the VOD measurements in blastholes with construction of the explosive
charge.

The data analysis was performed with Data Acquisition Suite software, which converts
the recorded data into a graph as a function of distance versus time. The software automati-
cally calculates and displays the VOD of an explosive at any selected location in the graph.

2.7. Determination of Rock Fragmentation

Determination of the rock fragmentation was based on the image analysis method,
which is one of the most common methods utilized to measure rock fragment size distribu-
tion in mines. It was carried out using a 2D photogrammetry method based on analysis of
digital images of the muckpile using WipFrag software. The software applies an algorithm to
detect edges, which are used to render a polygon around the particles, in order to determine
the size—distribution [26,27]. To avoid issues caused by the spatial distribution of rock frag-
ments in the muckpiles, each one was imaged multiple times during the hauling process
(Table 2).

Table 2. Summary of images used for fragmentation analysis.

Trial Round Face No. Explosive Type Number of Images
1
ESL i
. . 2 12
#1 (single mixer) 3 10
BK-2
4 12
1 15
5 ESL 14
#2 (double mixer)
3 16
BK-2
4 14

The photogrammetry method includes the following steps: (1) acquisition of multiple
images representing each muckpile—pictures should be taken during hauling to depict dif-
ferent cross-sections of the muckpile, (2) image processing and analysis using a dedicated
application—fragmentation analysis, and (3) determination of the size—distribution curve.

Since underground conditions are very difficult (no natural light, dust, humidity), one
of the challenges is to ensure good quality of the photographs and reliable input data for
analysis. Hence, pictures were taken by a camera with a low aperture and an additional light
source in the form of a high-power LED flashlight. It should, however, be noted that this
fragmentation assessment method has certain limitations caused by the image resolution and
delineation algorithm. Therefore, photos were delineated automatically and corrected man-
ually by adding or removing particle boundaries. At this stage, some fine areas were also in-
dicated if needed. The images were scaled using an object with known dimensions; in this
case, a bright foam ball, as presented in Figure 6.
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Figure 6. Sample photo of muckpile cross-section with a scaling ball (left) and part of the delinea-
tion process (right).

Any systems using photogrammetry methods can be characterized by a limiting size
called fines cut-off (FCO), which means that below this value, the delineation is not reli-
able. Consequently, for fines regions (below FCO), an error between the real size of par-
ticles and those determined by analysis reaches the maximum value. Calculations of
size—distribution below FCO can be performed using calibrated distribution models,
such as Rosin-Rammler or Swebrec [28]. It should be noted that the calibration of distri-
bution models requires the provision of sieving analysis data, which is very problematic
or even impossible in normal underground operations. Thus, the model parameters were
calculated statistically with the input of raw data obtained from image analysis. Statisti-
cal analysis was conducted using Statistica software. Calculation of model parameters
was performed using the non-linear estimation method (user regression, least squares
method). As the estimation function, the Swebrec equation was applied, which seems to
be much better suited for blasting fragmentation and determination of fines regions
[29,30].

The Swebrec model can be expressed by the following equation:

1
1+ [In(max /%) /(X g/ X50) 1P

where: f(x)—cumulative percent passing [%], Xmqx—size of the largest particle [mm],
x —particle size [mm], x5, —particle size at 50% passing [mm], b—curve undulation.

The size of the largest particle was estimated in WipFrag software. Other parame-
ters, such as x5, and b, were calculated in Statistica. In addition, it must be noted that,
even in calibrated models, the error level below FCO can be significant (maximum value
reaches 25-30% of FCO). Nevertheless, even non-calibrated models can provide valuable
information on the fines distribution.

The rock fragmentation analysis consisted of firing explosives in 8 faces divided into
2 trials differing in mixer type, i.e., 4 faces per trial (2 charged with ESL and 2 with BK-2).
Hence, all images in each trial concerned with a given type of explosive were analyzed
together as one database. This was the basis for the determination of histograms and
fragmentation curves.

flx) = (M

2.8. Determination of Brisance via the Hess Method

Cylindrical lead rods of 99.97% purity were used for the determination of brisance,
from which the cylinders with a diameter of 40 + 0.2 mm and height of 60 + 0.15 mm were
made. The face surfaces were machined to 10 grade. They were placed vertically on the
floor of excavation. Then, on the top of this cylinder, a cylindrical 1.7035 steel disc with a
diameter of 41 + 0.2 mm and height of 10 + 0.2 mm was placed. Surfaces of steel discs
were machined to 2.5 grade and hardened to 150-200 HB. A 50 g explosive sample
loaded into a 3D printed plastic (PET-G) testing cup with an inner diameter of 40 mm and
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height of 65 mm was placed on this plate and initiated, according to the scheme in Figure
7. As a result of firing, the lead cylinder was axially compressed. The change in the cyl-
inder height was used as a measure of brisance. Samples were initiated using a standard
0.65 g PETN detonator. Since no reference material was tested underground due to the
relatively high temperature, the results were compared with each other.

B /—ﬁ\ holder with detonator

explosive sample

£ e

8 A

N steel disc

£ —

= lead cylinder
E

= /

2 steel base

40 mm

Figure 7. Scheme (left) and view of the sample (right) for determining brisance via the Hess
method.

2.9. Determination of Impact and Friction Sensitivity

Determination of the sensitivity of explosives to mechanical stimuli covered the
impact and friction sensitivity tests. As accepted, due to dynamic stimuli, stress and
strain may appear in the explosive, which results in local heating. Those areas of local
heating are the most likely causes of the explosive’s initiation [31]. Both tests were con-
ducted under laboratory conditions prior to large-scale underground trials.

The principle of the impact sensitivity test is that the sample of the tested explosive
is subjected to the action of a drop weight. As a result, the mass of the drop weight and
the drop height at which the initiation may occur is determined. For the impact sensitiv-
ity determination, the Kast fall hammer was used (Figure 8). In this test, a 40 mm?3 sample
of the explosive was placed using a spatula into the open piston device, which is com-
prised of two steel rollers and a hollow cylinder. Then, the second roller was carefully
placed onto the piston to not damage the structure of chemical sensitization and pushed
up to the sample. The drop weight was then positioned at the desired height using a
locking device. In this test, drop weights with a mass of 5 kg and 10 kg were used. The
height varied from 20 cm to 50 cm, which represents the impact energy from 10 ] to 50 ] (5
J interval from 10 J to 40 J and also 50 J). Six trials were conducted for each energy and
each type of explosive, which gives 2 x 48 samples. The results of the test are reported as
initiation (sound, light effect, smoke) or non-initiation, in accordance with the EN
13631-4:2002 standard [32].
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Figure 8. Scheme of the Kast fall hammer test.

For the friction sensitivity determination in turn, the Peters friction apparatus was
used (Figure 9), in which friction is created electromechanically between the porcelain
cylinder and the plate with the explosive sample. In this test, similar to the impact sensi-
tivity test, a 10 mm? sample of explosive was placed on a flat porcelain plate attached to
the sliding carriage of the device. The porcelain cylinder clamped on the carriage was
then lowered using the weight mounted on the loading arm. The movement of the plate
with the sample was provided by a motor (stroke length 10 mm). In this test, six trials
were conducted for each loading, representing the normal force starting from 360 N (load
of 10.8 kg lowered at a distance of 360 mm). If detonation was observed at least once in
six trials, the next six samples were tested using smaller loading at intervals specified in
the EN 13631-3:2004 standard [33]. As before, the tests were conducted for each type of
explosive.

porcelain plate

counter-weight with sample

loading arm

Figure 9. Peters friction apparatus.
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3. Results
3.1. Impact and Friction Sensitivity

The tests of impact and friction sensitivity were carried out under laboratory condi-
tions to verify the sensitivity level of explosives to mechanical stimuli, before under-
ground trials could be conducted. A criterion was set that the proposed explosive for-
mulation cannot be more sensitive to impact and friction than the commercial ESL ex-
plosive.

Among 48 samples tested in the energy from 10 J to 50 J, no sample showed initia-
tion (no sound, no light effect, no smoke) by impact. The same applies to the ES8L and
BK-2 formulations, which means that the impact sensitivity value of both explosives ex-
ceeded 50 J.

No detonation was observed during the friction sensitivity tests of the two explosive
formulations either. None of the 12 tested samples were initiated under the loading of
10.8 kg lowered at a distance of 360 mm, indicating that the friction sensitivity value of
both the ESL and BK-2 explosives exceeded 360 N.

3.2. Density

The explosive samples were sensitized chemically and, due to the reaction of am-
monium nitrate and sodium nitrite, a gradual decrease in sample density over time was
observed. This directly affects the detonation parameters and is the key issue for mine
operators to maintain high effectiveness of mining. Thus, such emulsions are desired,
achieving the final density and stabilizing within a relatively short and practically justi-
fied time. This time depends on the type of mine and adopted technology. The density
measurements were conducted for each trial and each type of explosive was tested based
on three samples. The results are presented in Figure 10 as the average values from three
samples and deviation between the maximal and minimal.
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Figure 10. Graphs of changes in the density of explosives in time: ESL (top) and BK-2 (bottom).
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The analysis results indicate that the blending of components using a double static
mixer (#2) is much more precise than blending with a single mixer (#1). This is shown by
different density values of specific samples in trial #1. In turn, the differences between
densities measured in trial #2 are much closer to each other. Smaller dispersion is also
observed. This indicates that thorough blending is critical for maintaining higher deto-
nation parameters, since the sensitizer is more evenly distributed throughout the entire
mass of the matrix—greater reaction surface, and thus, greater gas volume and lower
density. Thus, a double static mixer is highly recommended for further blasting opera-
tions.

The novel BK-2 formulation initially showed a much more rapid density decrease
than the ESL formulation. However, the density of the BK-2 formulation stabilized after
approximately 30 min, unlike ESL, whose density continued decreasing noticeably, even
after 180 min. In fact, all the densities measured in trial #2 reached a similar final density
value; nevertheless, the decrease observed between 30 min and 180 min for BK-2 was
approximately 0.06 g/cm?, and as much as 0.21 g/cm? for ESL.

3.3. Brisance

Detonation performance is fundamental in the evaluation of high explosive power
and describes the energetic capacity of explosives, and therefore, their power, strength, or
energy. The results are presented without units using other parameters, such as degree of
compression of the metal cylinder in the case of the brisance test. The results of Hess lead
block compression tests for the ESL and BK-2 formulations are presented in Figure 11.
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Figure 11. Comparison of brisance (left) and compression factors (right) determined for the tested
explosives using the Hess method.

The in situ trials have proven that the brisance of the BK-2 formulation is higher than
that of the standard E8L explosive. This may be mainly observed for the BK-2 samples in
trial #2, in which a double mixer was used. The average compression factors for a single
mixer in trial #1 for both explosives are similar and remained within the uncertainty of
measurement. However, high dispersion between samples for BK-2 in trial #1 may be
observed, indicating some mixing problems and that the explosive was not homogene-
ous. In the case of the double mixer, a 12% increase in the compression factor was ob-
served for BK-2 in relation to ESL.
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3.4. Detonation Velocity

In principle, the results of detonation velocity measurements of confined explosives
(in blastholes) are higher than those detonated in the open air. This is mainly because the
force and pressure produced by detonation is intensified on a much smaller area. How-
ever, as stated before, the VOD is affected by many parameters, especially when meas-
uring in situ. The VOD measurements were conducted during each trial and each type of
explosive was tested (four tests per explosive per trial). The time between charging the
blastholes and faces firing was approximately 150 min. The results are presented in Table
3.

Table 3. Summary of the results of detonation velocity measurements.

Velocity of Detonation [m/s]

Trial no. Test No. = K
1 3710 3760
2 3850 3735
#1 (single mi
(single mixer) 3 2850 o
4 3720 3895
1 4030 4000
#2 (double mixer) 2 4060 3990
3 4000 4060
4 3990 4070

As proven during laboratory tests, the lower water content in the new formulation
causes an increase in the velocity of detonation. However, such a conclusion has not been
confirmed by underground tests. The average VOD of ESL measured in trial #1, in which
a single static mixer was used, reached 3790 m/s, while the average VOD of BK-2 was
3820 m/s. The difference in the average values was 30 m/s only. However, having in mind
that the uncertainty of the measurements in the system used is +2%, it may be assumed
that the achieved VOD is similar for both explosive formulations.

Similar conclusions may be drawn from trial #2, in which a double mixer was ap-
plied. The average value of VOD in the case of ESL was 4020 m/s and 4030 m/s for BK-2.
This means that the detonation velocity of BK-2 was not improved during the large-scale
field tests in comparison with the results obtained during laboratory testing.

When analyzing the average VOD from both trials, an almost 6% increase was ob-
served in trial #2, in which the double static mixer was used. The average detonation
velocity (based on eight blastholes) increased from 3805 m/s in trial #1 to 4025 m/s in trial
#2. This proved that precise blending is crucial to maintain higher detonation parameters
of AN-based bulk emulsions.

3.5. Rock Fragmentation

Taking of the muckpile pictures started after approximately 90 min following the
completion of blasting. This was required for ventilation and removing of post-blast
fumes. A loader with a bucket capacity of 4 m? was used to haul the excavated rocks. The
total volume of the ore from a single face was approximately 55 m?3. The pictures were
taken immediately after each bucket was collected. While hauling, 104 pictures in total
were taken, including 45 in trial #1 and 59 in trial #2.

The analysis of the data collected during trial #1 included 23 pictures for ESL and 22
for BK-2 (sum from two faces). In the case of trial #2, the analysis of the size—distribution
curves was based on 29 and 30 images, respectively, for the ESL and BK-2 explosives. The
calculated fragmentation curves for both trials are shown in Table 4.
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Table 4. Cumulative fragment size-distribution curves (blue) and histograms (red) for considered

cases.
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Based on Table 4, one may conclude that there is a slight difference in fragmentation
between faces blasted with ES8L and BK-2. The size-distribution of the outcome from ESL
in trial #1 shows that more “fines” were produced in comparison with BK-2, which is a
little coarser. Nevertheless, the differences do not exceed 10%. The difference in fines
fraction (<3.16 mm) is approximately 5% and the content of particles bigger than 465 mm
reaches 4.9% for BK-2 and 9.7% for ESL. In trial #2 in turn, there is hardly any difference
in fragmentation between faces blasted using ESL and BK-2. In the range of 3.16 mm up
to 1000 mm, the difference does not exceed 2% (the content of fines was approximately
35.00% for E8L and 34.05% for BK-2). Similar results were observed for coarse fractions
(>465 mm), in which the content was 3.14% for ESL and 2.34% for BK-2.

For reliable determination of the fines content in both cases, the Swebrec model was
applied and model data parameters were estimated using WipFrag software. Determi-
nation of parameters was based on data above FCO, which was set for 10.0 mm. Below
this value, the fragmentation curve is almost flat up to 3.16 mm, which is a limit value for
the applied system (lower particles cannot be recognized by the algorithm). This indi-
cates that resolution of the system in this area was poor and the error increased rapidly.
All estimated parameters for both trials are presented in Table 5. The confidence level
was 95%.

Table 5. Estimated model parameters of the distribution model for both trials.

Explosive Standard Confidence Limit
Parameter Value
Type Error Lower Upper
Trial #1 (single mixer)
Xrmax 684 mm n/a n/a n/a
E8SL Xso 69.50 mm 3.03 mm 62.75 mm 76.25 mm
b 2.50 0.13 2.21 2.82
Xrmax 866 mm n/a n/a n/a
BK-2 Xs0 100.14 mm 4.30 mm 90.57 mm 109.72 mm
b 2.48 0.13 2.20 2.77
Trial #2 (double mixer)
Xrmax 1080 mm n/a n/a n/a
ESL Xs0 35.09 mm 1.56 mm 31.66 mm 38.52 mm
b 2.61 0.11 2.37 2.86
Xonax 608 mm n/a n/a n/a
BK-2 Xs0 35.86 mm 1.85 mm 31.73 mm 39.99 mm
b 2.08 0.11 1.83 2.32
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Passing

As mentioned before, the Swebrec function is much more reliable for the description
of the fines region in terms of blasting. Since very good fitting of the model to the data
(above FCO) was observed, cumulative fragmentation curves for both trials and both
types of tested explosives using the Swebrec function were compared, as shown in Figure
12.
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Figure 12. Comparison of Swebrec models for both trials.

From Figure 10, one may conclude that the maximum differences between the given
fractions in trial #1 slightly exceed 11%. The maximum difference is 11.1% and can be
observed in the range of particle size between 50 mm and 200 mm. In the fines region in
turn, the differences are negligible. Finally, it can be concluded that, from a practical
point of view, the changes in the fragmentation distribution obtained in trial #1 using two
types of explosive are insignificant and do not have a major impact on the blast outcome
in relation to fragmentation. Similar conclusions may be drawn from the results of trial
#2, in which a double static mixer was used. The plotted curves showed that there was
hardly any difference between both cases. It can, therefore, be concluded that the type of
explosive and the mixing method did not affect the fragmentation of blasted rocks.
However, it should be emphasized that there is a visible difference between the frag-
mentation achieved in trial #1 and trial #2, indicating a significant influence of the mixing
method. Much better fragmentation was achieved for both explosives in trial #2, in which
a double mixer was used.

4. Discussion

The results of the research showed that parameters of the novel bulk emulsion ex-
plosive with improved energetic parameters obtained during underground trials are not,
in principle, consistent with results obtained in the first phase of investigations under
laboratory conditions. Differences in the energetic performance of the two explosive
formulations are relatively minor. Most of the tested parameters are similar for each type
of explosive and each type of component mixing (single or double static mixer). The
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novel BK-2 formulation exhibits a similar sensitivity level to mechanical stimuli (impact
and friction) as the standard E8L explosive.

The sensitization of BK-2 is much faster and much more stable than that of ESL. In
underground conditions, where temperature usually ranges from 25 °C to 35 °C, it is
capable of detonation after 5 min. Moreover, the final density is obtained after approxi-
mately 30 min. In comparison, the standard E8L explosive in such conditions is capable
of detonation after at least 30 min. It usually achieves the final density after more than 12
h. In addition, the time between the loading of blastholes and firing varies depending on
the location of the blasting site, which is limited by the ventilation constraints.

It should, however, be noted that sensitization cannot be too rapid, because an ex-
cessively fast reaction will cause certain difficulties from a practical point of view, such as
an increase in pressures and other problems related to the mixing—charging unit. How-
ever, the were no significant problems with the loading unit for the BK-2 formulation and
all the pressures and flows were normal. On the other hand, it is much better and safer,
while charging, to operate with emulsion that is not capable of detonation. Thus, this
time should not be too short. It should definitely be reduced in relation to the standard
E8L, but within reason. More important, however, is the stability of the BK-2 formulation,
which became stable after about 30 min.

In terms of the brisance determination via the Hess method, the BK-2 and E8L for-
mulations achieved comparable values when using a single mixer. In the case of a double
mixer (trial #2), an approximately 12% increase in the compression factor was observed
for the BK-2 formulation in relation to ESL. In comparison, the difference in brisance ob-
tained under laboratory conditions for BK-2 was almost 32% higher than the brisance of
E8L. This shows how precise mixing influences the working capacity of novel formula-
tions of explosives. It should also be noted that the brisance results cannot be referenced
to results of high explosive samples due to safety constraints. Moreover, the impact of
high temperatures of lead cylinders on results has not been defined so far. Thus, the re-
sults were compared with each other.

The measurements of detonation velocity did not prove the results obtained during
laboratory tests., i.e., that lower water content in the new formulation will cause an in-
crease in the detonation velocity. In conditions where the emulsion components were
blended manually, the VOD of BK-2 was, on average, almost 19% higher than that ob-
tained for E8L. The in situ tests have confirmed that the differences in the average values
remained within the uncertainty of the measuring system in both trials, which means that
the detonation velocity of novel formulations was not improved during the large-scale
field tests.

In the case of blast fragmentation analysis, it may be stated that the differences in the
fragment size-distribution in both trials are insignificant. The shape of plotted curves
from each trial and for each type of explosive are similar. Thus, it may be concluded that
for given mining and geologic conditions, the type of explosive and the method of com-
ponent mixing did not affect the fragmentation of blasted rocks.

There is, however, one issue to which special attention should be paid. This is the
method of component mixing using a static mixer. In this research, single (trial #1) and
double (trial #2) static mixers were implemented and verified. The mixture of the matrix
and sensitizer is much more homogeneous when using a double mixer than when using a
single one. In fact, the mixture is not homogeneous, but far better blended using a double
mixer, which was confirmed by different density values of specific samples in trial #1.
Meanwhile, the differences between densities measured in trial #2 are much closer to
each other. This proves that precise blending is critical for maintaining higher detonation
parameters and a double static mixer is recommended for both the ES8L and BK-2 for-
mulations. In the case of BK-2, a much greater effect of precise mixing on the spread of
density values may be observed. Thus, one can expect that the refinement of the mixing
system for a novel formulation will result in a significant improvement in energetic pa-
rameters, which has been proven during laboratory tests where the mixing was very
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precise and almost perfect. In contrast to ESL, the BK-2 formulation is based on a hybrid
sensitization, i.e., that apart from the gassing reaction, the reaction of precipitating fine
ammonium perchlorate crystals in the matrix occurs in parallel, which can only be
achieved with very precise mixing of components.

The same conclusion can be drawn from the brisance tests, in which the highest
compression factor was obtained for BK-2 when a double mixer was used. From a deto-
nation velocity point of view, an approximately 5-6% increase in average values was
observed in tests with a double static mixer. The average VOD measured for E8L in-
creased from 3790 m/s to 4020 m/s and from 3820 m/s to 4030 m/s for BK-2. This proves
that slightly higher detonation velocities may be achieved when a double static mixer is
used. Finally, this finding also applies to the results of fragmentation, which was im-
proved by more than 20% in some fragment size ranges, when the double mixer was
used.

5. Conclusions

A comparison of the results of experiments conducted in actual use conditions and
those conducted in laboratory conditions, discussed in our previous work [24], shows
that the emulsion explosive densities obtained under laboratory conditions cannot be
obtained using commonly used mixing-charging units, due to the method of component
mixing. Despite the inadequate mixing of BK-2, its performance is comparable to that of
ESL.

Consequently, developing a mixing—charging system that would allow a sufficient
degree of mixing to be achieved and, therefore, allow peak performance of BK-2, is an
important aspect of future work on modifying emulsion explosive formulations. Taking
into account the prospective results of laboratory tests and the observations from the
presented work, achieving the above goal necessitates further tests, so as to refine and
redevelop the mixing method for the BK-2 formulation.

On the other hand, despite the use of a single mixer and inaccurate mixing, no mis-
fires were observed for BK-2, and the produced explosive has similar physical parame-
ters to those of the standard E8L emulsion explosive formulation. This indicates that the
BK-2 formulation exhibits a high degree of tolerance to technical issues or errors taking
place during the charging of the blastholes, potentially alleviating occurrences which
would otherwise compromise the viability of a less error-tolerant emulsion explosive
formulation.

It should also be highlighted that the faces were loaded using a mixing—charging
unit that was designed specifically for the standard ESL emulsion explosive formulation.
Nevertheless, the results achieved for the novel BK-2 formulation are very promising.
From a mining point of view, the greatest advantage of this formulation is its rapid sta-
bilization of the density over time.

In summary, a significant improvement in the sensitization rate, a shorter time re-
quired to reach the final emulsion explosive density, and an increased stability of the
sensitized bulk emulsion have all been achieved. This is especially important when firing
several faces loaded at different times. Although the rate, at which the final parameters of
the bulk emulsion explosive are achieved can in principle be further shortened, further
work needs to take into account that the sensitization process cannot be too rapid, be-
cause an excessively fast reaction will cause certain practical and technical difficulties,
such as increased pressure in the blastholes, as well as possibly introducing inhomoge-
neity defects in the sensitized emulsion explosives.
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