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Streszczenie

Gleba stanowi powierzchniowa warstwe litosfery, pelniagc przy tym wiele istotnych funkcji.
Uczestniczy w obiegu wody w przyrodzie, wptywa na regulacj¢ klimatu oraz stwarza
odpowiednie warunki do wzrostu ro$lin. Jednym z gtéwnych zagrozen i przyczyn degradacji
gleby jest erozja wodna.

Poczatkowym etapem erozji powodowanej opadem deszczu jest zjawisko rozbryzgu, ktére
polega na oderwaniu i przemieszczeniu czgstek gleby wskutek uderzenia kropli. Badania
dotyczace rozbryzgu koncentruja si¢ w gldownej mierze na okresleniu ilosci przemieszczonego
materiatu oraz charakterystyce wybitych czastek, odnoszac uzyskane rezultaty do czynnikow
wplywajacych na przebieg zjawiska np. energii kropli czy parametrow gleby. Skutki uderzenia
kropli obejmuja rowniez deformacje powierzchni gleby. W przeciwienstwie do zagadnien
dotyczacych masy erodowanego materiatu, kratery powstajace w wyniku rozbryzgu byly
stosunkowo rzadko uwzglgdniane w dotychczasowych badaniach.

Celem niniejszej rozprawy doktorskiej, bazujacej na cyklu powigzanych tematycznie
artykutow, byto wypekienie luki w dotychczasowym stanie wiedzy poprzez poglebienie opisu
deformacji powierzchni gleby powodowanej uderzeniem pojedynczej kropli wody
w kontekscie erozji rozbryzgowe;j.

Zakres metod pomiarowych wykorzystanych w badaniach umozliwit wieloaspektowa
charakterystyke ksztaltu kraterow oraz analiz¢ procesu deformacji. Pomiary uwzglgdniaty
fotografowanie i skanowanie probek, rejestracje zjawiska rozbryzgu za pomoca szybkich kamer
oraz zastosowanie mikrotomografii komputerowej. Mozliwosci, wyzwania i perspektywy
rozwoju metod pomiaru kraterow zostaly przedstawione w pracy przegladowej (P1),
stanowigcej wstep do czesci eksperymentalnej niniejszej rozprawy.

Materiaty wykorzystane w badaniach byty zréznicowane i dostosowane do realizowanych
celow czastkowych. Obejmowaty one szklane kulki, ktore stuzyty jako uproszczony model
gleby (P2) oraz pi¢¢ materiatdéw glebowych o zréznicowanym rozktadzie granulometrycznym
(P3, P4). Prace przeprowadzone na ztozach modelowych umozliwity analiz¢ przemieszczania
tworzacych je elementdéw W zalezno$ci od ich poczatkowej lokalizacji wzgledem miejsca
uderzenia kropli. Eksperymenty uwzglednialty wykorzystanie zt6z suchych i nasyconych.
W ztozach suchych okres§lono trzy rodzaje przemieszczen tj. przesuni¢cie w obrebie materiatu
zwilzonego przez krople, wybicie oraz przesuniecie w obrebie watu otaczajacego Krater.
W ztozach nasyconych wyrdzniono dwa typy przemieszczen tj. przemieszenie wewnatrz
deformacji i wybicie. Uderzenie kropli powodowato wybijanie wigkszej ilos¢ szklanych kulek
ze zt6z suchych, przy czym pokonywaty one mniejsze odlegtosci niz kulki wybite ze z16z
nasyconych. Przemieszczenie kulek byto zalezne od ich poczatkowej lokalizacji i sposobu
deformacji obszaru, z ktorego pochodzily. Obecno$¢ wody w zlozach wyraznie wptyneta na
morfologi¢ oraz wielkos¢ deformacji. Kratery powstajace na ztozach suchych byly wicksze,



a w ich wnetrzu powstawat agregat zbudowany z materiatu potgczonego woda z kropli (wyniKi
przedstawiono w pracy P2).

Kolejnym celem czastkowym, zrealizowanym w ramach publikacji P3, bylo okreslenie
wptywu poczatkowej wilgotnos$ci 1 rozktadu granulometrycznego gleby, a takze energii kropli
na ksztalt i rozmiar powstajacych kraterow. Pomiary wykonano za pomocg skanera
powierzchni 3D, wyznaczajac gltebokosc¢, érednice, kolisto$¢ i objetos¢ kraterow. Czynnikiem
majacym najwickszy wpltyw na deformacje byla wilgotnos$¢, ktorej wzrost skutkowat
zwigkszeniem rozmiaru formowanych kraterow. Rozktad granulometryczny wptywat na
kolistos¢ kraterow, ktora byta wigksza dla materialow o wigkszej zawartosci frakcji pytowe;.
Zwigkszenie energii kropli powodowato wzrost srednich warto$ci mierzonych wielkos$ci, cho¢
nie w kazdym przypadku zmiany te byty istotne Statystycznie.

Trzecia praca badawcza (P4) dotyczyla wplywu temperatury na rozmiar kraterow.
Przeprowadzone eksperymenty uwzglednialy trzy materialy glebowe, dwie poczatkowe
wilgotnosci oraz trzy warianty termiczne. Pomiary wykonano za pomoca skanera powierzchni.
Charakterystyka kraterow uwzgledniata ich glgbokos¢, srednice rownowazng, objeto$¢ oraz
bezwymiarowy parametr o (stosunek glebokosci do $rednicy). Wptyw temperatury wigzat si¢
w gltdwnej mierze z jej interakcja z innymi czynnikami i wystepowat w pyle gliniastym, gdzie
wraz ze wzrostem temperatury kratery stawaly sie¢ szersze, lecz plytsze oraz w piasku
gliniastym, gdzie temperatura prowadzita do wystgpienia statystycznie istotnych rdznic
w $rednicy i objetosci krateréw powstajacych przy réznych wilgotnosciach. Nalezy jednak
zauwazy¢, ze efekt wywierany przez temperature byt znacznie mniejszy od wptywu
wilgotnosci, czy rozktadu granulometrycznego, a W przypadku materiatu o rozktadzie gliny
piaszczystej nie zostat zaobserwowany.

Prezentowana rozprawa doktorska stanowi uzupetnienie wiedzy w zakresie fizycznego
opisu zjawiska rozbryzgu, a w szczegdlnosci deformacji powierzchni gleby po uderzeniu
kropli. Wyniki przeprowadzonych badan sa wazne dla zrozumienia mechanizméw transportu
bakterii, grzybow i zanieczyszczen przenoszonych wraz z przemieszczanymi czastkami gleby.
Potencjalne zastosowanie rezultatow analiz krateréw obejmuje rowniez ich implementacj¢ do
modeli erozji w celu lepszego przewidywania skali aktualnych i przysztych zjawisk.

Stowa kluczowe: erozja gleby, zjawisko rozbryzgu, deformacja powierzchni, Kkrater,

skanowanie 3D



Abstract

Soil forms the surface layer of the lithosphere and performs many vital functions.
It contributes to the natural water cycle, regulates the climate, and provides suitable conditions
for plant growth. One of the main threats driving its degradation is water erosion.

The initial stage of rainfall-induced erosion is the splash phenomenon, which involves
the detachment and displacement of soil particles via raindrop impact. Research on splash
erosion focuses primarily on determining the quantity of displaced material and
the characteristics of ejected particles, relating the results to factors influencing
the phenomenon, such as the energy of the raindrops or soil parameters. However, the drop
impact also includes the deformation of the soil surface. In contrast to issues concerning
the mass of eroded material, craters formed as a result of the splash phenomenon have received
comparatively little attention in previous studies.

The aim of this doctoral thesis, which is based on a series of thematically related articles,
was to fill a gap in the current state of knowledge by providing a detailed description of soil
surface deformation caused by the impact of a single water drop in the context of splash erosion.

The range of measurement methods employed in the study enabled a multifaceted
characterisation of crater morphology and an analysis of the underlying deformation process.
The measurements comprised sample photography and 3D scanning, high-speed video
recording of the splash phenomenon, and computed microtomography analysis.
The possibilities, challenges, and development prospects for crater measurement methods were
presented in a review paper (P1), which serves as an introduction to the experimental part
of this thesis.

The materials used in the study were selected according to the specific objectives.
These included glass beads, which served as a simplified soil model (P2), and five distinct soils
with varying particle size distributions (P3, P4). The work carried out on the model beds
enabled an analysis of the displacement of their elements depending on their initial location
relative to the point of drop impact. The experiments involved the use of both dry and saturated
beds. In the dry deposits, three types of displacement were identified, i.e. displacement inside
the surface area wetted with a falling drop of water, ejection, and placement on the crater rim.
In saturated deposits, two types of displacement were distinguished, i.e. displacement inside
the deformation and ejection. The impact of the drop ejected a greater number of glass beads
from the dry beds, although they travelled over shorter distances compared to those ejected
from the saturated beds. The displacement of the beads depended on their initial location
and the type of deformation in the area from which they originated. The presence of water
within the deposits clearly influenced the morphology and extent of the deformation.
Specifically, the craters formed on the dry beds were larger, and an aggregate consisting
of material bound by water from the drops was formed within them (results presented in paper
P2).



Another specific objective, addressed as part of publication P3, was to determine
the influence of the soil’s initial moisture content, particle size distribution, and drop energy
on the morphology and size of formed craters. Measurements were taken using a 3D surface
scanner to determine crater depth, equivalent diameter, circularity, and volume. A factor
exerting the greatest influence on deformation was the moisture content, where higher moisture
levels resulted in larger craters. The particle size distribution influenced crater circularity, which
was greater for materials with a higher silt fraction content. An increase in drop energy
led to an increase in the mean values of the measured parameters, although these changes were
not statistically significant in every case.

The third research paper (P4) examined the effect of temperature on crater size.
The experiments involved three soils, two initial moisture contents, and three temperature
variants. Measurements were taken using a surface scanner. The crater characteristics included
depth, equivalent diameter, volume, and the dimensionless parameter a (the depth-to-diameter
ratio). The effect of temperature resulted mainly from its interaction with other factors. In silty
loam, the increasing temperatures resulted in wider but shallower craters. In loamy sand,
the temperature variations led to statistically significant differences in the diameter and volume
of craters formed at different moisture contents. However, it should be noted that the effect
of temperature was significantly smaller than that of moisture content or particle size
distribution, and it was not observed in the sandy loam.

The doctoral thesis contributes to the development of knowledge regarding the physical
description of the splash phenomenon, focusing in particular on the deformation of the soil
surface caused by drop impact. The results are important for understanding the mechanisms
by which bacteria, fungi, and contaminants are transported along with displaced soil particles.
Additionally, the potential application of the crater analysis results includes their incorporation
into erosion models to better predict the scale of current and future soil loss.

Keywords: soil erosion, splash phenomenon, surface deformation, crater, 3D scanning
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1. Wstep

1.1. Zjawisko rozbryzgu a deformacja powierzchni gleby

Gleba stanowi jeden z kluczowych elementow otaczajacego nas Swiata. Mozna j3
zdefiniowa¢ jako naturalng, powierzchniowa warstwe litosfery uksztattowang z materiatu
macierzystego pod wptywem czynnikow i proceséw glebotworczych. Funkcje petnione przez
glebe obejmujg m.in. retencjonowanie wody w ramach cyklu hydrologicznego, regulacje
wymiany gazOw cieplarnianych, zapewnienie habitatu dla zwierzat i mikroorganizmow,
stanowienie rezerwuaru wegla i innych pierwiastkdw niezbednych do wzrostu roslin, co
znajduje swoje odzwierciedlenie w rolnictwie i produkcji zywnosci. Dodatkowo warto
zaznaczy¢ jej role w ksztattowaniu waloréw estetycznych krajobrazoéw naturalnych. Majac na
uwadze réznice migdzy czasem wymaganym do wytworzenia nowej warstwy gleby i tempem
procesow powodujacych jej niszczenie, glebe nalezy spostrzegaé¢ jako zasdb warunkowo
odnawialny, ktory w kontekscie dlugosci zycia ludzkiego pokolenia pelni funkcj¢ zasobu
nieodnawialnego, praktycznie niemozliwego do pelnej regeneracji po powaznej degradacji.
Podkresla to potrzebe objecia gleby szczegdlng ochrong oraz prowadzenia monitoringu
niekorzystnych dla niej procesow.

Erozja gleby zostala wskazana jako jedno z o$miu glownych zagrozen wymienionych
w zatozeniach strategii ochrony gleb sporzadzonych przez Komisj¢ Europejska (COM (2002)
179). Czynniki powodujace erozje wigza si¢ z dziataniem wody, wiatru, ruchow masowych,
czy przemieszczaniem lodowcow. Erozja wodna, ktora wraz z erozja wietrzng odpowiada za
najwigksze straty, prowadzi do degradacji gleby poprzez odspojenie i przemieszczenie czgstek
glebowych, ktore zostajg nastepnie akumulowane w nowej lokalizacji (Borrelli i in., 2020).
W ekstremalnych sytuacjach proces ten moze skutkowa¢ niszczeniem catych profili
glebowych. W roku 2010 szacowane roczne straty gleby spowodowane erozja na terenie Unii
Europejskiej wynosity 970 Mt (Panagos i in., 2015). Przewiduje sie, ze w okresie od roku 2016
do 2050 zmiany klimatyczne moga przyczyni¢ si¢ do wzrostu strat o dodatkowe 13-22,5%
(Panagos i in., 2021). W przypadku Polski ryzyko wystapienia erozji wodnej dotyczy okoto
30% obszaru kraju, z czego dla 17% poziom ryzyka miesci si¢ w zakresie 0d $redniego do
bardzo wysokiego. Roczne straty gleby w Polsce szacowane sg na 14 Mt, za co w znacznej
mierze odpowiada erozja terenéw potozonych na potudniu i potudniowym wschodzie kraju
(Marcinkowski i in., 2022).
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Opierajac si¢ na mechanizmach, skali 1 specyfice zjawisk, mozliwe jest wyrdznienie kilku

rodzajow erozji wodnej, do ktorych nalezg m.in.:

rozbryzg, tj. odspojenie i przemieszczenie czastek gleby w wyniku uderzenia kropli
deszczu lub ziaren gradu (Angulo-Martinez i in., 2012).

erozja powierzchniowa (Rys. 1A), tj. rtbwnomierne zmywanie wierzchniej warstwy
gleby w wyniku dziatania splywu powierzchniowego na stokach (Glinski i in.,
2011).

erozja ztobinowa (Rys. 1B), tj. formowanie ptytkich, podtuznych ztobin w gornych
poziomach profilu glebowego w wyniku dziatania ptynacej po stoku wody
I niesionych przez nig czastek. Uksztaltowane formy erozyjne moga zosta¢ usunigte
dzigki zastosowaniu standardowych praktyk rolniczych, np. orki (Ketema
I Dwarakish, 2019).

erozja wawozowa (Rys. 1C), tj. powstawanie liniowych ubytkow gleby o znacznym
zaglebieniu, powodowanych dziataniem skoncentrowanych strug wody podczas
sptywu powierzchniowego. Uksztaltowane formy erozyjne charakteryzuja sig¢
podatnos$cig na dalszy rozwdj 1 wielko$cia uniemozliwiajacg ich fatwe usuniecie
przy uzyciu standardowych praktyk rolniczych (Anderson i in., 2021).

erozja podziemna, tj. formowanie pustych przestrzeni i kanatow pod powierzchnig
terenu wskutek m.in. wyplukiwania czgstek gleby i mineratow z glebszych warstw
profilu przez przemieszczajaca si¢ wode. Grozi powstawaniem zapadlisk
(Bernatek-Jakiel i Poesen, 2018).

Rys. 1. Rodzaje erozji: A) powierzchniowa (Foto: A. Bieganowski), B) ztobinowa (Foto: zdjecie
wilasne), C) wawozowa (Jozefaciuk i Jozefaciuk, 1996).

Niniejsze opracowanie oraz badania stanowigce jego podstawe koncentrujg si¢ na analizie

wybranych aspektow pierwszego z wyzej wymienionych proceséw — erozji rozbryzgowej

(Rys. 2). Rozbryzg wigze si¢ z poczatkowym etapem erozji wodnej wywolywanej opadem

atmosferycznym (Rejman, 2006). Czastki gleby ulegajace przemieszczeniu po uderzeniu kropli
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transportowane s3 na niewielkie odlegtosci, ktore z reguly nie przekraczajg kilku —
kilkudziesieciu centymetrow, cho¢ w pewnych warunkach moga sigga¢ nawet kilku metrow
(Erpul i in., 2009). Wybity materiat sktada si¢ z mieszaniny fazy statej i wody, ich wzajemny
stosunek zalezy od rozkladu granulometrycznego oraz wilgotnosci erodowanej gleby
(Beczek i in., 2019).

Rys. 2. Sekwencja czasowa prezentujaca przebieg zjawiska rozbryzgu na glebie o wilgotnosci
bliskiej nasyceniu (Foto: zdjecia wlasne).

Poza wybiciem materiatlu glebowego na zjawisko rozbryzgu sktadaja si¢ podprocesy
powigzane z niszczeniem agregatow glebowych, lokalnym zageszczeniem gleby, czy tez
kluczowa dla niniejszej rozprawy doktorskiej deformacja powierzchni tj. powstawaniem
krateréw (Rys. 3). Gloéwny element deformacji stanowi zaglebienie formowane w miejscu
uderzenia kropli. Zagl¢bienie t0 moze by¢ czg¢sciowo lub catkowicie otoczone watem
utworzonym z przemieszczonego materiatu (Beczek i in., 2018). W przypadku suchej gleby
wnetrze krateru jest dodatkowo wypelnione materiatem zwilzonym przez kroplg, ktory
odroznia si¢ od reszty deformacji. W zwiazku z niewielkimi rozmiarami kraterow powstajacych
w wyniku rozbryzgu podstawowe wielko$ci stuzace do ich opisu tj. $rednica i gleboko$é
mierzone sg najczesciej w milimetrach (Ghadiri, 2004; Delon i in., 2011; Katsuragi, 2011;
Zhang i in., 2015; Sochan i in., 2023).

Rys. 3. Krater po uderzeniu kropli wody: A) przyktad deformacji powierzchni wilgotnej probki
glebowej, B) przyktad deformacji powierzchni suchej probki glebowej (Foto: zdjgcia wiasne).
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Znaczenie kraterow W procesie erozji wodnej mozna rozpatrywa¢ w kilku aspektach.
Po pierwsze, kratery sa jedng z najwczesniejszych zmian zachodzacych na powierzchni terenu
w wyniku opadu atmosferycznego. W zwigzku z powyzszym gleba usunigta z ich wnetrza
i obrzezy zasila materiat przemieszczany w poczatkowych etapach erozji (Marzen i Iserloh,
2021). Formowanie kraterow jest waznym elementem bilansu energetycznego zjawiska
rozbryzgu, majac tym samym istotny wplyw na jego przebieg (Ghadiri, 2004; Horabik i in.,
2018). Powstawanie kraterow wigze si¢ z lokalnym zageszczeniem gleby moggcym inicjowaé
proces jej uszczelnienia, ktory prowadzi do uruchomienia spltywu powierzchniowego
i kolejnych etapow erozji wodnej (Terry, 1998; Vaezi i in., 2017). Ponadto deformacja
powierzchni przez kroplg jest powigzana Zz rozprzestrzenianiem si¢ zanieczyszczen
I mikroorganizméw — w tym patogenow (Monaghan i Hutchison, 2012). Laburda i in. (2021)
wskazali natomiast, ze analiza zmian uksztaltowania powierzchni gleby powodowanych
opadem atmosferycznym (prowadzona z wykorzystaniem fotogrametrii), moze stanowié
metodg monitoringu erozji rozbryzgowej. W szerszym kontekscie analiza ksztattu kraterow
utrwalonych w skamielinach stanowi zrédto informacji o srodowisku panujacym w minionych
epokach geologicznych (Kavanagh i Goldblatt, 2015).

Dotychczasowe badania erozji gleby, w tym badania dotyczace zjawiska rozbryzgu,
stosunkowo rzadko podejmowaty temat morfologii i procesu powstawania kraterow. Taki stan
rzeczy wynikal po czesci ze specyfiki tego typu deformacji tj. ich niewielkich rozmiarow,
podatnosci na uszkodzenie w czasie pomiaru oraz duzej dynamiki zjawisk zwigzanych z ich
formowaniem. Rozw¢j aparatury i technologii pomiarowych pozwolit pokonaé¢ powyzsze
ograniczenia, stwarzajac mozliwosci uzupetnienia dotychczasowych luk w stanie wiedzy.
Zmiana zachodzaca na przestrzeni lat dotyczyla gtownie rezygnacji z manualnych metod
pomiaru, w miejsce ktorych pojawily si¢ znacznie doktadniejsze metody bezdotykowe, takie
jak skanery i profilometry. Zwigzte omowienie technik pomiarowych zamieszczono

W nastepnym rozdziale, natomiast ich szczegd6towg charakterystyke przedstawiono w pracy P1.

1.2. Pomiar i charakterystyka kraterow

Zgodnie z przegladem literatury sposob pomiaru deformacji byt $cisle zwigzany z zakresem
oraz zatozeniami poszczegolnych prac badawczych. Tym samym, wilasciwe omowienie
metodycznych aspektow pomiaru kraterow nalezy rozpoczaé¢ od przedstawienia zréznicowania
dotychczasowych  eksperymentow. Jedna z  podstawowych  roznic  dotyczyta

wykorzystywanych kropli, ich wielkosci oraz wysokosci swobodnego spadku. Kwestia ta

16



wigzata si¢ rOwniez z rodzajem uzytej cieczy, najczeSciej byta to woda, cho¢ w czgscei prac
stosowano takze roztwory etanolu lub glicerolu (Katsuragi, 2011). Istotng r6znica byta liczba
kropli uwzglednionych w eksperymentach. Cz¢$¢ badan skupiata si¢ na efektach uderzenia
pojedynczej kropli (Ghadiri, 2004; Wyser i in., 2019; Sochan i in., 2023), inne dotyczyly
sekwencji kropel padajagcych jedna po drugiej w to samo miejsce (Terry, 1998;
X.Liiin.,, 2024), a kolejne analizowaly zmiany powierzchni powodowane przez krople
rzeczywistego opadu (Laburda i in., 2021). Dodatkowo w literaturze przedmiotu analizowano
rozbryzg na zlozach przygotowanych z réznych materiatow. Cz¢$¢ autoréw wykorzystata
w badaniach materiaty stuzace jako uproszczony model gleby. Rozwigzanie to pozwalato
ograniczy¢ niepewnosci pomiarowe zwigzane ze skomplikowang budowa gleby, ktora wynika
ze zlozonego uktadu przestrzennego tworzacych jg ziaren fazy stalej, roztworu glebowego
I powietrza, znacznych r6zni¢ w ksztatcie i wielkosci czastek mineralnych, czy tez obecno$ci
zwigzkow organicznych. Najczesciej stosowany w tym celu byt piasek (Delon i in., 2011;
Longiin., 2014; Wyser i in., 2019) oraz szklane kulki o rozktadzie granulometrycznym
odpowiadajgcym frakcji piasku (Katsuragi, 2011; Nefzaoui i Skurtys, 2012). Dotychczasowe
prace mozna dodatkowo podzieli¢ ze wzglgdu na charakter i miejsce realizacji badan,
wyrdzniajac eksperymenty prowadzone w laboratorium (S.-C. Zhao i in., 2015; Beczek i in.,
2018; Zhang i in., 2024), pomiary wykonywane na polu (Laburda i in., 2021) oraz badania
z wykorzystaniem metod numerycznych i symulacji komputerowych (Horabik i in., 2018).
Postgp technologiczny byt gldownym czynnikiem warunkujacym zmiany zachodzace
w metodach pomiaru kraterow na przestrzeni lat. Najprostsze z metod oparte byly na
jakosciowej ocenie wizualnej (Moss i Green, 1987) lub bezposrednim pomiarze suwmiarkg
(Ghadiri, 2004). Nowoczesne techniki bazujg na pomiarze bezdotykowym, ktory wyklucza
ryzyko manualnego uszkodzenia kraterOw, zapewniajac przy tym znaczng precyzje
i doktadnos¢ pomiaru. Podstawowa metoda bezdotykows jest analiza zdje¢ deformacji, ktora
pozwala okresli¢ srednice kraterow (Delon i in., 2011). Najczgéciej pomiary tego typu petnia
jednak funkcje uzupelniajaca wzgledem bardziej zaawansowanych technik (Marston i in.,
2010; Ahn i in., 2013). Analiza obrazu znajduje zastosowanie roéwniez W badaniach
zaktadajacych uzycie szybkich kamer (Beczek i in. 2020). Nagrania zarejestrowane tymi
urzadzeniami stanowig zrddlo informacji o dynamice procesu formowania kraterow
(Deloniin., 2011; de Jong i in., 2017). Aparaturg dedykowang do pomiaru glebokosci
i objetosci kraterow sg profilometry (Katsuragi, 2010) oraz skanery powierzchni (Wyser i in.,
2019). Najbardziej zaawansowane metody analiz deformacji zaktadaja wykorzystanie

tomografii komputerowej (Beczek i in., 2018). W ujgciu ogdlnym postgp zachodzacy na
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przestrzeni lat wptynat w gtownej mierze na rozwo6j metod pozwalajacych analizowaé proces
powstawania deformacji (szybkie profilometry, szybkie kamery) oraz mozliwos$¢ precyzyjnego
1 bezkontaktowego okreslania objetosci kraterow.

Wsérod wielkos$ci  stuzgcych do charakterystyki morfologii  krateroOw, najczesciej
wyznaczana jest ich $rednica. Uzyto jej do opisu deformacji powstajacych na ztozu piasku juz
w pracy Mihara i in. (1950), bedacej jednym z pierwszych opracowan dotyczacych kraterow
formowanych po uderzeniu kropli wody. Stosunkowo tatwy pomiar sprawil, ze przez lata
srednica byla podstawowsg wielkoscig charakteryzujaca kratery, przy czym dokltadnosé
gromadzonych wynikow rosta wraz z wdrazaniem nowych technologii. Kwestie pomiaru
prezentuja si¢ odmiennie w przypadku kolejnego istotnego parametru, jakim jest glebokos$é.
Niewielkie zaglebienie kraterow, czgsto oscylujace okoto milimetra, oraz wysoka podatnos¢ na
uszkodzenia w ramach manualnego pomiaru sprawiaja, ze poprawne okreslenie tej wielkos$ci
wymaga wykorzystania zaawansowanych metod bezdotykowych. Analogiczne trudno$ci
pomiarowe wystepuja w przypadku objetosci kraterow, ktorej wyznaczenie jest istotne dla
oszacowania iloSci materiatu usunictego z miejsca uderzenia kropli. W wigkszosci
dotychczasowych prac okreslenie objgtosci bazowato na wykorzystaniu wzoru na objgtosé
odcinka kuli. Obliczenia te uwzgledniaty wartosci glebokosci i srednicy, uzyskane z przekroju
deformacji, przy jednoczesnym zatozeniu regularnego ksztattu zaglebienia (Beczek i in., 2018;
Ghadiri, 2004). W rzeczywistosci jednak wnetrza krater6w sa nieregularne, a zastosowane
w obliczeniach wartosci glebokosci i $rednicy mogty by¢ niereprezentatywne. W konsekwencji
rezultaty uzyskane powyzsza metoda obcigzone sg trudnymi do oszacowania btedami.
Wykorzystanie skaneréw 3D, profilometrow czy fotogrametrii umozliwia oparcie pomiardw na
cyfrowych modelach deformacji pozwalajacych na przeprowadzenie precyzyjnych analiz.

W czgéci prac opis kraterow zostat rozszerzony o dodatkowe wielkosci obejmujace m.in.
nachylenie $cian (de Jong i in., 2017), pole powierzchni deformacji (Ghadiri 2004,
Ahniin., 2013) czy objetos¢ materialu zdeponowanego dookota zaglebienia (Wyser i in.,
2019). Oprocz samej morfologii kraterow w literaturze analizowany byt rowniez proces ich
powstawania. Badania tego typu skupiaty si¢ na analizie zmian ksztattu kraterow w czasie
(Mihara i in., 1950; Al-Durrah i Bradford 1982; Katsuragi, 2010), okresleniu ich chwilowych
wymiarow (Delon i in., 2011; Zhang i in., 2015), czasu potrzebnego do osiggnigcia stabilnego
ksztattu (Long i in. 2015) oraz opisie zjawisk towarzyszacych procesowi deformacji, takich jak
wtorne przemieszczenie materiatu ze $cian krateru do jego wnetrza (de Jong i in., 2017).

Do charakterystyki kraterow wykorzystywane sg rowniez wielkosci bezwymiarowe, ktore

ulatwiajg porownywanie rezultatow badan mimo ich rozbiezno$ci wynikajacych ze
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zroznicowania wariantow eksperymentalnych. Przyktadami takich wielkosci jest parametr a,
opisujacy stosunek glebokosci kraterow do ich $rednicy (de Jong i in., 2017) oraz
bezwymiarowa S$rednica kraterow, oparta na zalezno$ci migdzy $rednica krateru i $rednica
padajacej kropli (Zhang i in., 2015). Dodatkowo liczni autorzy doktadajg staran, aby opracowac
i udoskonali¢ prawa skalowania oraz modele matematyczne opisujgce zaleznoSci
poszczegolnych wymiardw kraterow od m.in. liczby Webera, liczby Reynoldsa lub energii
I wlasciwosci ogolnie pojetych impaktorow, ktére w czegsci prac obejmowaty oprocz kropli

réwniez ciala state (Katsuragi 2010; Zhang i in., 2015; R. Zhao i in., 2015; Lardier i in., 2019).

1.3. Czynniki warunkujgce przebieg zjawiska rozbryzgu i deformacje¢ powierzchni

gleby pod wplywem uderzenia kropli wody

Wymiary i ksztatt kraterow powstajacych w wyniku uderzeniu kropli zaleza w bezpo$redni
sposob od przebiegu zjawiska rozbryzgu, w ramach ktérego dochodzi do ich formowania.
Czynniki wptywajace na rozbryzg mozna podzieli¢ na dwie glowne grupy. Pierwsza z nich
dotyczy parametrow padajacej kropli, druga charakterystyki materiatu narazonego na rozbryzg.
W kontekscie kropli znaczenie ma jej Srednica, a tym samym masa oraz predkos¢. Wymienione
wielkosci wptywaja na energi¢ kropli w chwili kontaktu z powierzchnig gleby. Analizy
uderzenia pojedynczych kropli i ich sekwencji wskazuja, ze wzrost energii przektada si¢ na
wzrost masy przemieszczanego materiatu oraz pokonywanego przez niego dystansu, a takze
wymiaréw powstajacych kraterow (Ghadiri 2004; Delon i in., 2011; Fernandez-Raga i in.,
2017; Beczek i in., 2018; Lv i in., 2023). Czynniki dotyczace charakterystyki materiatu
obejmuja gldwnie wlasciwosci gleby okreslajace jej podatnos¢ na erozje. W tym konteks$cie
badania rozbryzgu rozpatrywaly m.in. rozklad granulometryczny (Furbish i in., 2007;
Hamlett i in., 2013; Wei i in., 2015), hydrofobowos¢ (Fox i in., 2007; Ahn i in., 2013;
Sochan i in., 2023), wilgotnos¢ (Ryzak i in., 2015; Zambon i in., 2021), zageszczenie (Ekwue
i Seepersad, 2015), trwato$¢ agregatow glebowych (Xiao i in., 2017; H. Li i in., 2024), oraz
cechy odnoszace si¢ do terenu, takie jak jego nachylenie (Erpul i in., 2008; Kijowska-Strugata
I Kiszka, 2018; Beczek i in., 2024) czy okrywe roslinng (Parlak i Ozaslan Parlak, 2010;
Ghahramani i in., 2011; Mai in., 2014). Dziatania majace na celu utrzymanie okrywy roslinnej
gleby naleza do podstawowych praktyk ochrony terenu przed erozja wodng. Dotyczy to
ograniczenia zar6wno zjawiska rozbryzgu, jak i kolejnych etapow erozji zwigzanych ze

splywem powierzchniowym. W przypadku gleby odkrytej, na przebieg zjawiska rozbryzgu
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wplywa kombinacja czynnikdw, przy szczegdlnym znaczeniu wilgotnosci, zaggszczenia,
rozktadu granulometrycznego oraz nachylenia terenu.

Dotychczasowe badania pozwolity przeanalizowa¢ zwigzek rozbryzgu z szeregiem
czynnikow, przy czym w wigkszos$ci prac zakres zrealizowanych pomiaréw ograniczat si¢ do
charakterystyki przemieszczonego materiatu glebowego. W wielu przypadkach zagadnienia
dotyczace deformacji powierzchni gleby nie zostaly poruszone lub zostaly opisane wytacznie
jakosciowo. Tym samym, wskazywane w literaturze trendy nie dostarczaly informacji
0 wplywie badanych czynnikéw na formowane w ramach rozbryzgu kratery. W badaniach
skupionych na kraterach powszechne s3 natomiast uproszczenia wynikajace
z dotychczasowych ograniczen technicznych. Ich przykladem jest wspomniane wczes$niej
sporadyczne wykorzystywanie materialu glebowego, ktory zastgpowany byt ztozami szklanych
kulek lub piasku. Inna kwestia dotyczy energii kropli uzytych w doswiadczeniach. W zwigzku
z trudno$ciami w zapewnieniu wystarczajacej wysokosci swobodnego spadku, ktora
w badaniach rzadko przekraczata 3 m, energia i predkos$¢ kropli czesto istotnie odbiegaty od
warto$ci granicznych, osigganych w czasie naturalnego opadu. Dodatkowo pomiary kraterow,
w tym ich objetosci, bazowaty na dwuwymiarowych obrazach deformaciji, tj. przekrojach, ktore
nie zapewnialy reprezentatywnosci gromadzonych danych.

Luka w stanie wiedzy o deformacji powierzchni gleby towarzyszacej zjawisku rozbryzgu
stanowita podstawe do realizacji badan ujetych w niniejszej rozprawie. Podjg¢te prace
obejmowaty opis deformacji powierzchni i przemieszczenia elementéw zt6z modelowych
(szklanych kulek) oraz charakterystyke kraterow formowanych na probkach przygotowanych
z materiatu glebowego. Dodatkowo w badaniach uwzgledniono analiz¢ potencjalnego wptywu
zmian klimatu na zjawisko rozbryzgu poprzez poréwnanie wymiarow kraterow powstajacych

w roznych warunkach termicznych.
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2. Cel i hipotezy rozprawy doktorskiej

Celem niniejszej rozprawy jest opis deformacji powierzchni gleby w wyniku

uderzenia pojedynczej kropli wody w kontekscie poczatkowego etapu erozji

wodnej — zjawiska rozbryzgu.

Cel gtowny zostal zrealizowany w ramach nastgpujacych celow czastkowych:

C1.

C2.

C3.

Okreslenie sposobu przemieszczenia (wybicie, przesunigcie) elementéw zloza
modelowego (stanowigcego uproszczony uktad glebowy) po uderzeniu kropli wody
w zalezno$ci od ich poczatkowego potozenia.

Okreslenie wptywu rozktadu granulometrycznego oraz wilgotnosci poczatkowej gleb na
wielko$¢ i ksztalt kraterow powstajacych w wyniku uderzenia kropli 0 roéznej energii
kinetycznej.

Okreslenie wzajemnego wpltywu temperatury, wilgotnosci oraz tekstury gleb na wielko$¢

1 ksztatt kraterow powstajacych w wyniku uderzenia kropli.

Podejmujac realizacje powyzszych celow, przyjeto nastepujace hipotezy badawcze:

H1.

H2.

H3.

Sposob przemieszczenia elementow modelowego ztoza w wyniku uderzenia kropli wody
zalezy od ich poczatkowej lokalizacji 1 zmienia si¢ wraz z wilgotno$cig probki.

Wplyw poczatkowej wilgotnosci gleby oraz energii kropli na zmiang morfologicznych
cech kraterow powstajacych w wyniku rozbryzgu jest zalezny od rozkladu
granulometrycznego materiatu glebowego.

Warunki termiczne, w ktorych dochodzi do rozbryzgu, wplywaja na deformacje

powierzchni gleby po uderzeniu kropli.

21



3. Materialy i metody

Cykl publikacji prezentowany w niniejszej rozprawie otwiera praca P1l, w ktorej
przedstawiono przeglad metod pomiaru kraterow powstajacych w wyniku uderzenia kropli.
Zakres pracy przegladowej wykracza poza techniki i urzadzenia wykorzystane w publikacjach
badawczych cyklu (P2-P4). Rozwiazanie takie pozwolito osadzi¢ temat rozprawy w szerszym
konteksécie, bazujagcym na kompleksowym ukazaniu aktualnego stanu wiedzy na temat
pomiarow deformaciji powodowanych zjawiskiem rozbryzgu. Zagadnienia poruszone w pracy
P1 obejmowaty ponadto charakterystyke dotychczasowych badan, ktora uwzgledniata kwestie
wykorzystywanych materialow, zakresu prowadzonych pomiaréw i wyznaczanych parametrow
oraz omoéwienie perspektyw rozwoju metod pomiarowych. W zwigzku z powyzszym,
W niniejszym rozdziale przedstawiono jedynie najwazniejsze informacje dotyczace zakresow

pomiarowych oraz metod wykorzystanych przez autora w pracach badawczych P2—P4,

3.1. Zloza modelowe oraz prébki glebowe

W zaleznoéci od realizowanego celu w badaniach wykorzystano ztoza modelowe
(publikacja P2) lub prébki przygotowane z materiatu glebowego (publikacja P3 i P4).
Zestawienie wariantow eksperymentalnych uwzglednionych w poszczegdlnych publikacjach
podsumowano w tabeli 1 na koncu podrozdziatu.

Z}oza modelowe uzyte w publikacji P2 przygotowano z przezroczystych szklanych kulek
(szkto wapniowo-sodowe) o $rednicy 0,425-0,600 mm (Sigma, USA). Wymiary kulek miescity
si¢ w zakresie $rednic ziaren frakcji granulometrycznych piasku grubego i §redniego. Rozmiar
elementow tworzacych ztoza pozwalal na ich manualng aranzacj¢ poprzez umieszczenie
w wybranych miejscach kulek, nazwanych markerami, ktore wyr6zniaty si¢ pod wzgledem
barwy (Efco, Niemcy). Wykorzystanie markeréw umozliwito analize przemieszczenia
elementow zloza po uderzeniu kropli. Pomiary wykonane piknometrem wykazaty brak
istotnych statystycznie roznic w gestosci kulek o roznej barwie, Srednia warto$¢ tego parametru

wynosita 2,49 g-cm?

. Dodatkowo pomiary wstgpne wykluczyly wystepowanie roznic
W zjawisku rozbryzgu migdzy ztozami wykonanymi z kulek o réznym kolorze (co mogloby
potencjalnie wynika¢ z wptywu zawartych w nich barwnikéw, roznic w hydrofobowosci, czy
chropowatos$ci powierzchni). Probki ze ztozami modelowymi przygotowano w aluminiowych
pierscieniach o $rednicy wewngetrznej rownej 36 mm 1 wysokosci wynoszacej 10 mm. Dno

pierscieni zabezpieczono szyfonem.
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Pomiary przeprowadzone w ramach publikacji P2 uwzglednialy dwa typy zi6z
modelowych. Na powierzchni pierwszych z nich (zloza proste) przygotowano regularne
geometryczne wzory zawierajace od 7 do 25 markerow (Rys. 4A). Ztoza te zostaly
przygotowane w wariancie nasyconym i suchym. Powierzchni¢ drugiego typu zt6z stanowily
trzy monowarstwy kulek tj. roznigce sie¢ barwag trzy pojedyncze warstwy szklanych kulek

(Rys. 4B). Ze wzgledu na kwestie techniczne zloza te uwzglednialy wytacznie wariant suchy.

A)

B)

Rys. 4. Przyktady zt6z modelowych przygotowanych ze szklanych kulek: A) schemat
koncentrycznego wzoru z markeréw na powierzchni ztoza prostego oraz zdje¢cie ztoza przed
uderzeniem kropli, B) schemat prezentujacy koncepcyjny uklad monowarstw na powierzchni
ztoza oraz zdjecie ztoza przed uderzeniem kropli (Foto: zdjgcia wlasne).

W publikacjach P3 i P4 wykorzystano ztoza przygotowane z materiatu glebowego. Probki
glebowe pobrano z glebokosci 5-15 cm z terendw narazonych na erozjg¢ wodna, ktore byty
uzytkowane rolniczo. W publikacji P3 wykorzystano gleby sklasyfikowane zgodnie z World
Reference Base (IUSS Working Group WRB, 2015) jako Haplic Luvisol (piasek gliniasty,
miejsce poboru: Wysoczyzna Polanowska), Rendzic Leptosol (glina piaszczysta, miejsce
poboru: Wyzyna Czestochowska), Nudiargic Luvisol (pyl gliniasty, miejsce poboru: Wyzyna
Miechowska). Gleby uzyte w publikacji P4 sklasyfikowano na podstawie tego samego klucza
jako Haplic Luvisol (piasek gliniasty, miejsce poboru: Wysoczyzna Polanowska), Nudiargic
Luvisol (glina piaszczysta, miejsce poboru: Wzgorza Trzebnickie), Dystric Cambisol (pyt
gliniasty, miejsce poboru: Wyniostos¢ Gielczewska). W obu publikacjach gleby dobrano

W sposoOb zapewniajacy ich zréznicowanie pod wzgledem rozktadu granulometrycznego.
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Przed rozpoczeciem pomiarow zebrany material zostat powietrznie wysuszony, a nastepnie
przesiany przez sito o $rednicy oczek 2 mm w celu usunigcia czesci Szkieletowych i resztek
ros$linnych. Rozktad granulometryczny gleb zmierzono metoda dyfrakcji laserowej przy
pomocy Mastersizera 2000 (Malvern, UK). W przypadku publikacji P3 zloza zostaly
przygotowane w trzech wariantach wilgotnosciowych, ktore odpowiadaty potencjatowi wody
glebowej rownemu: i) 0,1 kPa (gleba nasycona), ii) 1 kPa (gleba bliska nasyceniu) oraz
iii) 16 kPa (gleba o wilgotnosci odpowiadajacej polowej pojemnosci wodnej). W przypadku
publikacji P4 uwzglednione warianty probek obejmowaty dwie wilgotno$ci odpowiadajgce
potencjatowi wody glebowej rownemu 1 kPa i 16 kPa. Aby zmniejszy¢ ryzyko bledu ludzkiego
i réznic w gestosci probek wynikajacej z rgcznego Sposobu ich przygotowania, materiat
glebowy byl umieszczany wewnatrz aluminiowego pierscienia wylacznie przez jedng osobeg.
Srednica wewnetrzna i wysoko$é pierscieni wykorzystanych w ramach publikacji P3 wynosita
odpowiednio 36 mm i 10 mm. W publikacji P4 ztoza przygotowano w pierscieniach
0 wewnetrznej $rednicy rownej 56 mm 1 wysokosci 10 mm. Zmiana rozmiaru pierscieni
wynikala z kwestii technicznych i pozwolita zmniejszy¢ liczbe nieudanych do$wiadczen
(tj. wykluczanych z dalszej analizy przypadkow uderzenia kropli w poblizu krawedzi
pierScienia, co zaburzato przebieg zjawiska rozbryzgu i deformacj¢) przy swobodnym spadku
kropli z 7 metréw. W celu ograniczenia wptywu lokalnych nieréwnosci i réznic w wilgotnos$ci
na ksztalt krateréw, przed pomiarem powierzchni¢ gleby delikatnie wyréwnywano linijka.

Prace zrealizowane w ramach publikacji P4 obejmowaty dodatkowo trzy warianty
termiczne eksperymentow. Kazdy z wariantow uwzgledniat inng warto$¢ temperatury gleby,
powietrza w laboratorium oraz wody tworzacej spadajgce krople. Réznice w temperaturach
kropli, gleby i powietrza w ramach poszczegolnych wariantéw wynikaty z ich zréznicowania
podczas naturalnych opadow deszczu. Dobrane warto$ci temperatur nawigzywaty po czesci do
warunkow panujacych podczas opadow wystepujacych w réznych porach roku w klimacie
umiarkowanym, w tym ekstremalnych temperatur zwigzanych ze zmianami klimatycznymi.
Po czeSci mialy one natomiast zapewni¢ mozliwie duze zrdznicowanie rozpatrywanych
wariantdw, cO byto istotne w kontekscie wstepnego charakteru analiz wplywu temperatury na
deformacje powierzchni gleby w wyniku zjawiska rozbryzgu. Pierwszy wariant termiczny
odnosit si¢ do opadow deszczu, ktére moga wystapi¢ zima/wiosng (temperatura powietrza:
10 °C; temperatura kropli: 5 °C; temperatura gleby: 5 °C), wariant drugi odnosit si¢ do opadow
deszczu, mogacych wystapi¢ p6zng wiosna/latem (temperatura powietrza: 20 °C; temperatura

kropli: 15 °C; temperatura gleby: 20 °C), a wariant trzeci odnosit si¢ do opadow w ekstremalnie
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wysokich temperaturach (temperatura powietrza: 30 °C; temperatura kropli: 25 °C; temperatura

gleby: 40 °C).

Tab.1. Podsumowanie wariantéw eksperymentalnych uwzglednionych w publikacjach P2-4, na
bazie charakterystyki wykorzystanych materiatow i kropli.

Charakterystyka materiatu i kropli

% Wys.
< T.
= Rodzaj Potencjat wody . Spadku
IS ) Rozktad granulometryczny ) pli )
= materiatu glebowej kropli
[mm]
[m]
P1 Praca przegladowa
Wariant
powietrznie
suchy:
P2 Materiat modelowy  Szklane kulki o $rednicach w  ztoza proste i 42 15
zakresie 0,425 — 0,6 mm monowarstwy ' ’
0,1 kPa:
ztoza proste
. Piasek gliniasty
Materiat glebowy .
Piasek: 81% Pyt: 17% It: 2%
(wykorzystano trzy . 0,1 kPg;
o Glina piaszczysta 1,5;
P3  gleby zroznicowane pod . 1 kPa; 4.2
Piasek: 53% Pyt: 42% It: 5% 7
wzgledem rozktadu o 16 kPa
Pyt gliniasty
granulometrycznego) .
Piasek: 14% Pyt: 78% It: 8%
. Piasek gliniasty 1 kPa;
Materiat glebowy .
Piasek: 81% Pyt 17% It: 2% 16 kPa;
(wykorzystano trzy L . o
T Glina piaszczysta Obie wartosci
P4  gleby zréznicowane pod . _ 43 7
Piasek: 58% Pyt: 38% It: 4% uwzglgdniono w
wzgledem rozktadu . ]
Pyt gliniasty trzech wariantach

ranulometrycznego
J yeznego) Piasek: 26% Pyt: 68% It: 6% termicznych

3.2. Uklad dozowania kropli

Wykorzystany w eksperymentach system dozowania kropli bazowal na pompie
perystaltycznej i byl wypetniany woda destylowana. W publikacji P2 wykorzystano krople
0 $rednicy 4,2 mm spadajgce swobodnie z wysokos$ci 1,5 metra, ktorych energia w momencie
uderzenia w ztoze wynosita 0,49 mJ. Krople uzyte w publikacji P3 miaty identyczng $rednicg,
przy czym w doswiadczeniach uwzgledniono dwie wysokosci swobodnego spadku:
1,5 m i 7 m. Energia kropli spadajacych z wigkszej wysokosci wynosita 1,35 mJ. W publikacji
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Rys. 5. Winda stuzaca do modyfikacji
wysokosci swobodnego spadku kropli
(Foto: zdjecie wiasne).

3.3. Metody pomiarowe

P4 wykorzystano krople o $rednicy 4,3 mm, ktore
dozowano z wysokos$ci 7 m, co przektadato si¢ na
energic rowng 1,4 mJ. Swobodny spadek
Z wysokos$ci 7 metrow pozwolit osiggna¢ ponad 90%
predkosci  granicznej  charakteryzujacej opad
naturalny o analogicznym rozmiarze kropli (Epema
I Riezebos 1983). Zmiana wysokosci, z jakiej
spuszczano krople, byta mozliwa dzigki uzyciu
windy stanowigcej wyposazenie Laboratorium
Erozji Gleby Instytutu Agrofizyki Polskiej Akademii
Nauk (Rys. 5). Wytypowany rozmiar Kkropli
nawiazywal do deszczy nawalnych, jak rowniez
kropli formowanych na liSciach roslin w czasie
opadu podkoronowego (ang. throughfall). Stata
srednica  kropli  zostatla zapewniona dzigki
wykorzystaniu  szklanych kapilar stanowiacych
koncowy element ukladu dozujacego. Moment
uderzenia kropli w ztoza rejestrowano szybka
kamera ustawiong na wysokosci krawedzi probki.
Zgromadzone nagrania pozwolity na okreslenie
energii, Srednicy i predkos¢ kropli. W badaniach
uwzgledniono wytacznie probki trafione w sposob
centralny przez pojedyncza krople tj. takie,
w przypadku ktorych deformacja powierzchni nie

zostata zaktocona przez krawedz pierScienia.

Dobor technik pomiarowych wykorzystanych w badaniach wynikatl w bezposredni sposob

z powigzanych z nimi celow czgstkowych. Majac na uwadze czytelno$¢ pracy, opis

zastosowanej metodyki zostal podzielony na dwa podrozdziaty. Pierwszy z nich dotyczy

eksperymentoéw przeprowadzonych na ztozach modelowych (P2), drugi eksperymentow na

probkach przygotowanych z materiatu glebowego (P3 i P4). Na rysunku 6 przedstawiono

zestawienie aparatury pomiarowej wraz z oznaczeniem publikacji, w ktorych byta uzywana.
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P2, P3, P4

Rys. 6. Zestawienie aparatury pomiarowej wykorzystanej w badaniach: A) aparat cyfrowy Nikon
D7100 (P2), B) mikrotomograf GE Nanotom 180S (P2), C) szybka kamera Phantom Miro 310
(P2, P3, P4), D) skaner powierzchni Scan3D UNIVERSE 10 Mpix (P3, P4) (Foto: zdjecia
wlasne).

3.3.1. Metodyka pomiaru — zloza modelowe

Cel czastkowy realizowany w ramach publikacji P2 dotyczyt charakterystyki wybranych
aspektow przemieszczenia elementéw zt6z modelowych oraz deformacji powierzchni
w wyniku uderzenia kropli. Zasadnicza cze$¢ prac polegata na analizie zdje¢ zt6z wykonanych
aparatem Nikon D7100, ktéra przeprowadzono przy pomocy programu GIMP. Pomiary
uzupelniono 0 nagrania zarejestrowane szybka kamerg Phantom Miro 310 (Vision Research,
USA) umieszczong nad probka. Zgromadzone filmy pozwalaty na dodatkowa weryfikacje
przemieszczenia markerow w przypadku wystepowania trudno$ci w interpretacji fotografii.
Nagrania wykonano z rozdzielczoscig czasowa wynoszaca 3268 klatek na sekunde przy
rozdzielczosci obrazu rownej 1280x800 pikseli.

Ztoza proste (probki, na powierzchni ktorych przygotowano regularne wzory ulozone
z kolorowych kulek — markeré6w) pozwolity na okreslenie przemieszczenia markeréw
w zaleznosci od ich poczatkowej odleglosci od miejsca uderzenia kropli. Analiza
zgromadzonych zdjg¢ zakladata poréwnanie pozycji markerow przed i po wystgpieniu
rozbryzgu, co umozliwito pomiar pokonanego przez nie dystansu. Poczatkowe lokalizacje
markerow przypisano do obszar6w majacych posta¢ wspotosiowych pierscieni o szeroko$ci
1 mm, wyznaczonych wokot srodka miejsca uderzenia kropli. Dla kazdego z obszarow
obliczono $rednie przemieszczenie kulek, ktore poczatkowo znajdowaly si¢ w jego obrgbie.
Lacznie przeanalizowano rozbryzg na 23 suchych ztozach prostych, co dostarczylo informacji
o przemieszczeniu 370 markerow oraz na 10 nasyconych ztozach prostych, co dostarczyto
informacji o przemieszczeniu 237 markerow. Aby zapewni¢ zatrzymanie kulek wybitych poza

ztoze w miejscu ich lgdowania i zapobiec dodatkowemu przemieszczeniu w wyniku toczenia
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wykorzystano arkusze papieru samoprzylepnego. Kartki miaty centralnie wykonany otwor
0 $rednicy 35 mm i byly umieszczane na wysoko$ci powierzchni probek. Za ruch uznawano
przemieszczenie wynoszace co najmniej 0,3 mm, co odpowiadato w przyblizeniu promieniowi
szklanych kulek uzytych w badaniach.

Zoza z monowarstwami pozwolily na analize przemieszczania kulek w odniesieniu do
poczatkowej glebokosci, na ktorej si¢ znajdowaty. Dzigki zréznicowaniu koloréw warstw przy
powierzchni mozliwe byto wskazanie pochodzenia kulek wybitych poza zloze, jak réwniez
okreslenie procentowego udziatu elementéw z poszczegdlnych warstw w obrebie obszarow
zdeformowanych przez krople. W przeprowadzonych pomiarach ponownie wykorzystano
papier samoprzylepny. Powierzchnia probek byla fotografowana, a analiza zdje¢ wykonana
w programie GIMP. Eksperymenty przeprowadzono w 3 powtorzeniach.

Analizy uzupekiono o szczegdtowy opis morfologii kraterow, ktory bazowat na zdjeciach
probek oraz przekrojach deformacji uzyskanych dzigki wykorzystaniu mikrotomografu GE
Nanotom 180S (E Sensing & Inspection Technologies GmbH, Niemcy). Pomiary z uzyciem
mikrotomografu przeprowadzono zaréwno na ztozach w wariancie suchym, jak i nasyconym.
Przygotowana charakterystyka uwzgledniata okreslenie wymiaréw niecki powstajacej
w $rodku deformacji, wysokosci i szerokosci watu formowanego na obrzezu kraterow,
a w przypadku zt6z suchych takze Srednicy obszaru materiatu zwilzonego przez kroplg.

Informacje o dystansie pokonanym przez markery przedstawiono za pomocg warto$ci
$rednich i odchylen standardowych. Wymiary kraterow powstajacych na probkach suchych
i nasyconych poroéwnano za pomocg analizy statystycznej bazujacej na tescie t-Studenta

0 poziomie istotnosci a = 0,05.

3.3.2. Metodyka pomiaru — probki glebowe

Badania ujete w publikacjach P3 i P4 zostaty oparte na analizie skanow 3D kraterow
formowanych na powierzchni probek glebowych. Procedura wykonania skanéw i obrébki
uzyskanych obrazow byta taka same w przypadku obu publikacji (Rys. 7). W czasie
eksperymentow probki z materiatlem glebowym umieszczano pod uktadem dozujacym, ktory
znajdowat si¢ na platformie windy. Potozenie platformy modyfikowano w zalezno$ci od

zatozonej wysokos$ci swobodnego spadku kropli (1,5 lub 7 metréw).

28



Chmury punktow )
przygotowane do konwersji Chmury punktow - detal

AR

Chmury punktéw po pomiarze

Siatka tréjkatow Profil poziomy krateru

Mapa odchytek

Rys. 7. Sekwencja analizy obrazow kraterow uzyskanych przy pomocy skanera powierzchni
(Foto: zdjecie wiasne).

Po uderzeniu kropli zloze umieszczano na stoliku obrotowym wspolpracujacym ze
skanerem powierzchni Scan3D UNIVERSE 10 Mpix (Smarttech, Polska), wykorzystujacym
technologie¢ skanowania biatym $§wiattem strukturalnym LED. Wymiary obj¢tosci pomiarowe;j
urzadzenia byly rowne 150x100x90 mm, probkowanie wynositlo 655 punktow-mm,
a odlegto$¢ miedzy punktami 0,039 mm. Sekwencja §wiatta emitowana w czasie pomiaru
odbijata si¢ od powierzchni probki, po czym byla rejestrowana przez detektor. Dzigki analizie
odbicia oprogramowanie urzadzenia generowato chmurg punktow odzwierciedlajaca geometrig
zdeformowanej powierzchni. Pomiar pojedynczej probki zaktadat rejestracje 6 chmur punktow,
miedzy ktorymi ztoze bylo obracane o 60 stopni. Zarejestrowane chmury poddawano obrébce
majacej na celu ich wzajemng kalibracj¢ i usuniecie bledéow pomiarowych (niepoprawnie
wygenerowanych punktow), po czym byty konwertowane do postaci siatek trojkatow.
Rejestracje, obrobke i konwersje chmur punktow przeprowadzono przy pomocy programu
Smarttech3D measure (Smarttech, Polska).

Analiza siatek trojkatow zostata wykonana w programie Geomagic Control 2015
(3D Systems, USA). Bazujac na obszarach nieobj¢tych deformacja, dla kazdej probki
wyznaczono powierzchni¢ referencyjng nawiagzujaca do stanu ztoza przed uderzeniem kropli.
Poréwnanie siatki trojkatow (obejmujacej obszar deformacji) z powierzchnig referencyjng
pozwolitlo wygenerowa¢ mape odchytek oraz wyznaczy¢ maksymalng gleboko$¢ krateru.
Nastgpnie wyodrgbniono niecke krateru od reszty ztoza i okreslono objetos¢ zaglebienia

powstatego w miejscu uderzenia kropli. Dodatkowo dla kazdego krateru wykonano przekrdj na
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poziomie plaszczyzny referencyjnej (przekrdj poziomy goérnej krawedzi krateru), ktory
wykorzystywano w programie ImageJ (National Institute of Health, USA), do pomiaru $rednicy
rownowaznej oraz w przypadku publikacji P3 kolistosci (Wzér 1 1 2). W publikacji P4
kolisto$¢ zostata zastgpiona, Wystepujagcym W literaturze bezwymiarowym wspotczynnikiem

ksztaltu a, okreslanym przez stosunek gltebokosci krateru do jego $rednicy (Wzor 3).

s 4P
Kolistos¢: C = % Q)
4 . . : 4P

Srednica rownowazna: d, = — 2
Parametr alfa: a = di 3)

r

Gdzie: P — powierzchnia przekroju krateru na poziomie powierzchni referencyjnej [mm?];
O — obwod przekroju krateru na poziomie powierzchni referencyjnej [mmy]; h — gteboko$¢ krateru
[mm].

Publikacja P3 obejmowata 16 wariantow eksperymentu (trzy gleby roéznigce si¢ rozktadem
granulometrycznym, trzy wilgotno$ci poczatkowe zt6z, dwie energie kropli), dla kazdego
wariantu wykonano 10 powtérzen. Badania przeprowadzone w publikacji P4 rowniez
uwzglednialy 16 wariantéw eksperymentu (trzy gleby rdznigce si¢ rozktadem
granulometrycznym, dwie wilgotno$ci poczatkowe zt0z, trzy warianty termiczne), dla kazdego
wykonano 10 powtdrzen.

Dane zgromadzone w ramach publikacji P3 i P4 poddano analizie statystycznej
w programie Statistica 13.1 (TIBCO Software Inc., USA). Normalnos$¢ rozktadow wynikow
podzielonych na grupy zgodne z wariantami przeprowadzonych eksperymentow
zweryfikowano za pomocg testu Shapiro-Wilka. Do okreslenia wptywu poszczegdlnych
czynnikow i ich wzajemnych interakcji na mierzone wielkosci zastosowano wieloczynnikowa
analiz¢ wariancji (ANOVA). W celu identyfikacji statystycznie istotnych roznic wystgpujacych
miedzy wynikami uzyskanymi dla rozpatrywanych wariantow eksperymentalnych uzyto testu
post-hoc Tukeya (przy poziomie istotnosci 0,05). Dodatkowo w publikacji P3 okreslono
warto$ci wspotczynnika w?, ktore zinterpretowano w oparciu o skale Cohena, co pozwolito
oszacowaé miare¢ efektu i znaczenie uwzglednionych czynnikéw na analizowany zbior danych
(Keren i Lewis, 1979; Cohen, 1988).
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4. Omowienie wynikow i tresci publikacji
4.1. Publikacja P.1
Soil Deformation after Water Drop Impact—A Review of the Measurement Methods

W pracy przedstawiono przeglad metod pomiarowych umozliwiajacych analize ksztattu
oraz procesu formowania krateréw powstajacych po uderzeniu kropli. Wérod oméwionych
metod uwzgledniono (i) pomiar manualny (tj. wykorzystanie suwmiarki, linijki itp.),
(ii) fotografi¢, (iii) obrazowanie z duza predkoscig, (iv) profilometrie, (v) skanowanie
przestrzenne (tj. skanery 3D, fotogrametri¢) oraz (vi) tomografi¢ komputerowa. Opis technik
obejmowal informacje o ich zaletach i wadach, zakresie oraz doktadnosci pozyskiwanych
danych, przebiegu i czasochtonno$ci pomiarow oraz kosztowno$ci aparatury. Wyniki
uzyskiwane dzigki wykorzystaniu metod ujetych w pracy podzielono natrzy grupy (i) wielkosci
statyczne — dotyczace finalnego, stabilnego ksztaltu krateru, (ii) wielkosci dynamiczne —
charakteryzujace zmiany ksztaltu krateru w procesie jego formowania oraz (iii) parametry
bezwymiarowe — stanowigce najczesciej relacje migdzy kilkoma wielkosciami np. stosunek
srednicy krateru do $rednicy padajacej kropli.

Ponadto w artykule przedstawiono zestawienie dotychczasowych prac naukowych
podejmujacych temat deformacji powierzchni w wyniku uderzenia kropli. Przeglad badan
$wiadczyt o istotnym wplywie rozwoju technologicznego na zakres wykorzystywanej
aparatury. Trendy obserwowane na przestrzeni lat wskazuja na postepujace ograniczanie metod
manualnych 1 jakoSciowych na rzecz coraz dokladniejszych metod bezdotykowych.
W kolejnych pracach widoczne byto stopniowe poszerzanie zakresu analizowanych aspektow
deformacji. Wsrod wielkosci opisujagcych ksztalt kraterow coraz czgsciej wystepowaty
parametry nawigzujace do przebiegu procesu ich formowania. Zmianie ulegatl roéwniez
charakter i sposob przygotowania materialu wykorzystywanego w ztozach, a takze metody
dozowania kropli, co pozwalalo na coraz wierniejsze odwzorowanie zjawisk bedacych
przedmiotem badan.

Rozwinigciem kwestii zmian W zakresie realizowanych prac i metodycznych aspektach
badan bylo wskazanie zagadnien wymagajacych dalszych analiz oraz przewidywanych
kierunkéw rozwoju aparatury pomiarowej. Wsrod aktualnych zagadnien badawczych
wyszczegdlniono mechanizmy dziatajagce w poczatkowej fazie formowania kraterow, zmiany
zaggszczenia gleby w miejscu uderzenia kropli oraz analizy poczatkowego potozenia, zakresu

I sposobu przemieszczenia materialu poruszanego w obrgbie deformacji. Odnosnie rozwoju
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aparatury poruszono kwestie powigzane z eliminacjg aktualnych ograniczen urzadzen
(np. trudno$ci  ze skanowaniem ciemnych, wilgotnych powierzchni), zwigkszeniem
rozdzielczo$ci czasowej pomiaréw wykonywanych profilometrami, a takze stopniowym
adaptowaniem technik pomiarowych uzywanych w laboratoriach do pomiaréw polowych.

Wsérod praktycznych sposobow  wykorzystania rezultatbw badan nad kraterami
podkreslono mozliwos¢ ich implementacji w modelach erozyjnych celem lepszego
przewidywania skali i przebiegu zjawisk. Wdrozenie wynikow w tym zakresie ma szczegolne
znaczenie w kontekScie poczatkowych etapow opadu oraz szacowania strat gleby przed
uruchomieniem sptywu powierzchniowego. Zaznaczono, ze charakterystyka deformacji moze
stanowi¢ metod¢ monitorowania erozji rozbryzgowej, stanowigc alternatywe¢ dla metod
opartych na kubkach rozbryzgowych. Dodatkowo wskazano znaczenie badan w kontekscie
analiz dotyczacych transportu zanieczyszczen i patogenéw przenoszonych w wyniku zjawiska
rozbryzgu.

Wykonany przeglad literatury podkreslit rolg¢ rozwoju metod pomiarowych w kontekscie
sukcesywnego poszerzania wiedzy na temat krateréw. Uzycie technik bezdotykowych
umozliwito stopniowa rezygnacj¢ z uproszczen przyjmowanych we wczesniejszych pracach.
Zgodnie z trescig artykutu przegladowego przyszte badania majace na uwadze erozyjny aspekt
deformacji powinny w miar¢ mozliwosci uwzglednia¢ wykorzystanie kropli o predkosci
zblizonej do wartosci koncowych osigganych przez naturalny opad. W przypadku pomiarow
objetosci kraterow wskazane jest natomiast bazowanie na ich trojwymiarowych obrazach, a nie
wzorach opartych na warto$ciach pozyskanych z przekrojow. Istotne jest rowniez czestsze
uwzglednienie w prowadzonych pracach materialéw glebowych.

Zagadnienia przedstawione w pracy przegladowej stanowily podstawe dla czesci
badawczej niniejszej rozprawy. Dotyczyto to zaréwno metodycznych aspektoéw pomiaru
deformacji powstajacych po uderzeniu kropli, jak i kwestii aktualnych zagadnien badawczych,
wsrdd ktorych uwzgledniono m.in. przemieszczenia materialu w czasie formowania krateru
oraz potencjalny wptyw zmian klimatycznych (odzwierciedlonych przez temperaturg) na
deformacje powierzchni W poczatkowym etapie erozji wodnej. W ramach prac badawczych
wchodzacych w sktad rozprawy podejmowano wysitki majace na celu coraz lepsze
odwzorowanie analizowanego zjawiska poprzez stopniowa rezygnacjec z uproszczen
spotykanych w literaturze. Tym samym do przygotowania probek uzytych w pracach P3 i P4
wykorzystano material glebowy, objetosci krateréw okreslono na podstawie ich cyfrowego
odwzorowania przy pomocy siatek trojkatow, a energi¢ uzytych kropli zblizono do wartosci

osigganych przez krople w czasie naturalnego opadu.
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4.2. Publikacja P.2
Surface deformation and displacement of bed elements during splash — Model tests

Mechanizmem stojacym u podstaw powstawania kraterow jest przemieszczenie materiatu
znajdujacego si¢ na powierzchni deformowanych zt6z tj. gleby, piasku, lub innych osrodkow
sypkich. Charakterystyka ruchu materiatu i okreslenie jego zwigzku z deformacja powierzchni
stanowity cel badawczy pracy P2, ktory zrealizowano przy uzyciu zi6z modelowych
przygotowanych ze szklanych kulek. Wykorzystanie zl6z prostych pozwolito okresli¢
przemieszczenie powierzchniowych elementéw probek w zaleznosci od ich poczatkowej
lokalizacji wzgledem miejsca uderzenia kropli. Ztoza z monowarstwami umozliwity analize
ruchu kulek znajdujacych si¢ w warstwach podpowierzchniowych i pochodzenia kulek
zatrzymanych w obregbie zdeformowanych obszarow. Prace wykonane przy pomocy
mikrotomografu pozwolity na pomiar morfologii kraterow oraz finalne powigzanie

poszczeg6lnych obszarow deformacji ze wskazanymi wczesniej sposobami przemieszczenia.

4.2.1. Przemieszczenie powierzchniowych elementéw zloza

Sposoby przemieszczenia markeréw umieszczonych na powierzchni zt6éz prostych
w wariancie suchym podzielono na trzy grupy: i) przesunigcie w obrebie materiatu zwilzonego
przez krople, ii) wybicie, iii) przesuni¢gcie w obrebie watu. Wyniki pomiaréw dla

poszczegbdlnych rodzajéw przemieszczen przedstawiono w tabeli 2.

Tab.2. Charakterystyka sposobow przemieszczenia markerow po uderzeniu kropli w ztoza proste
w wariancie suchym.

Wielkosci charakteryzujace Przesunigcie w obrebie Wbicie Przesuniecie w
sposoby przemieszczenia materiatu zwilzonego y obrebie watu

Zasi¢g wystepowania W odniesieniu
do odlegtosci od centralnego Od 0 do 6 mm Od4do8mm  Od5do13 mm
miejsca uderzenia kropli*

o 2,37 mm 66,03 mm 5,87 mm
Najwigkszy pokonywany dystans** (+0.35 mm) (+ 30,51mm) (+ 0,61 mm)
Poczatkowa lokalizacja markerow
przemieszonych na najwigksza 2mm 4 mm 6 mm

odleglos¢

* Poczatkowe potozenie przemieszczonych kulek okreslono wzgledem srodka uderzenia kropli poprzez
przyporzadkowanie ich do obszarow utworzonych w wyniku podziatu powierzchni probki na pierscienie
0 szerokos$ci 1 mm.

** Warto$¢ stanowi $rednig dla wszystkich kulek zlokalizowanych w obszarze (pierscieniu) okreslajacym
ich poczatkowe potozenie. W nawiasach podano odchylenie standardowe.
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Przesunigcie w obrgbie materiatu zwilzonego nastgpowato w bezposrednim otoczeniu
miejsca uderzenia kropli. Obszar zajmowany przez materiat zwilzony i potaczony woda z kropli
ulegat rozszerzeniu w wyniku impetu uderzenia, a nastgpnie kurczyt si¢ w zwigzku z dziataniem
napi¢cia powierzchniowego. Wybicie kulek wigzalo si¢ z wyrzuceniem ich w powietrze
I przemieszczeniem poza obszar deformacji, przy czym pokonywane przez nie dystanse
wykazywaly znaczne zrdznicowanie. Przesunigcie w obrebie walu dotyczylo markerow
przemieszczanych na krawedz deformacji, co obejmowato ruch polegajacy na ich sunigciu po
powierzchni, jak i wybiciu na niewielkie wysoko$ci. Pierwsze markery pozostajace
W spoczynku obserwowano w odlegtosci 10 mm od centrum uderzenia kropli.

W przypadku nasyconego wariantu zi6z prostych woda wypehiajagca pory migdzy
szklanymi kulkami zapobiegata powstawaniu wewnatrz krateru skupiska czastek zwilzonych
przez krople (analogicznie do przyktadu krateréw przedstawionych na Rys. 3). Ze wzgledu na
odmienny ksztatt deformacji, tj. prostsza budowg krateru, przemieszczenie marker6w w tym
wariancie zostato podzielone na dwie grupy: i) przemieszenie w obrebie deformacji, ii) wybicie.
Wyniki pomiarow sposoboéw przemieszczen wyrdznionych w nasyconym wariancie ztoz

prostych przedstawiono w tabeli 3.

Tab.3. Charakterystyka sposobow przemieszczenia markerow po uderzeniu kropli w zloza proste
W wariancie nasyconym.

Wielkosci charakteryzujace .. . . -
. . Przesuniecie w obregbie deformacji Wyhbicie
sposoby przemieszczenia

Zasigg wystepowania w
odniesieniu do odlegltosci od
centralnego miejsca uderzenia
kropli*

Od 0do 9 mm Od 2 do 5 mm

Najwiekszy pokonywany

4,43 mm (£ 1,13 mm) 92,80 mm (+ 36,80 mm)
dystans**

Poczatkowa lokalizacja
marker6w przemieszonych na 3 mm 3 mm

najwicksza odlegtosé

* Poczatkowe potozenie przemieszczonych kulek okreslono wzgledem $rodka uderzenia kropli poprzez
przyporzadkowanie ich do obszaréw utworzonych w wyniku podziatu powierzchni probki na pierscienie
0 szeroko$ci 1 mm.

** Warto$¢ stanowi $rednig dla wszystkich kulek zlokalizowanych w obszarze (pierscieniu) okreslajacym
ich poczatkowe potozenie. W nawiasach podano odchylenie standardowe.
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Przemieszczenic w obrgbie deformacji dotyczylo zaréwno kulek znajdujacych sie
bezposrednio pod padajaca kropla, ktore w wyniku uderzenia zostaty wcisniete glgbiej w zloze,
jak rowniez markerow, ktore zostaly przesunigte na krawedz krateru, tworzac wat. Wybicie,
analogicznie jak w przypadku zt6z suchych, wigzalo si¢ ze znacznymi przemieszczeniami
0 duzym zroznicowaniu, skutkujacymi wyrzuceniem markerow poza obszar zdeformowany.
Pierwsze nieprzemieszczone elementy zloza stwierdzono na odleglosci 6 mm od centrum
uderzenia kropli.

Niezaleznie od wilgotnosci ztoza, trendy charakteryzujgce ruch tworzacych je elementoéw
byly zblizone: markery znajdujace si¢ najblizej miejsca uderzenia przemieszczaly si¢ na
niewielkie odleglosci; kulki z waskiego obszaru znajdujacego si¢ nieco dalej byty wybijane na
znaczne dystanse; przemieszczenie elementow ztoza poza obszarem wybicia stopniowo malato,
az do calkowitego zaniku ruchu. Co istotne, niektore z poczatkowych lokalizacji wigzatly si¢
Z jednoczesnym wystgpieniem dwodch, a nawet trzech rodzajow przemieszczen. Przyktadowo,
w przypadku markeréw zlokalizowanych w odlegtoéci 5 mm od centrum uderzenia w wariancie
suchym stwierdzono wystgpienie kazdego =z trzech obserwowanych sposobow
przemieszczenia. Wskazuje to na stopniowg zmiang dominujgcego typu ruchu wraz ze zmiang
odlegtosci od punktu uderzenia kropli, oraz zwiazek przemieszczenia markeréw ze sposobami
deformacji obszarow, w ktorych byly poczatkowo zlokalizowane (co zostalo opisane
doktadniej w dalszej czgsci wynikow). Nalezy zauwazy¢, ze kulki, ktore po wybiciu przebyty
najwigksze odlegtosci, pochodzily ze stosunkowo niewielkiego obszaru probki, a zasiegi
wystepowania poszczeg6élnych typow przemieszczen byly zalezne od parametrow podloza,
w tym przypadku od wilgotnosci.

Porownanie wynikéw eksperymentow przeprowadzonych na zlozach suchych
i nasyconych pozwolito oceni¢ wptyw obecnosci wody w porach przygotowanych probek na
przemieszczenie materiatu. Liczba kulek wybitych po uderzeniu kropli byla wicksza
w przypadku z16z suchych, co swiadczyto 0 ich podatnosci na inicjacje ruchu. Jednoczes$nie to
kulki wybijane ze zt6z nasyconych pokonywaly wigksze odlegtosci. Sugeruje to, ze obecnosé
wody w porach wptywata na sposob propagacji energii padajacej kropli oraz mechanizm
wybicia materialu. ROwnoczesnie, wsrod materiatu wybitego ze zt6z nasyconych obserwowano
wystepowanie agregatow tj. niewielkich grup kulek potaczonych znajdujaca si¢ migdzy nimi

wodg.
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4.2.2. Przemieszczenie elementow z r6znych warstw zloza

Wykorzystanie zt6z modelowych zawierajacych monowarstwy pozwolitlo uzupehic
analize ruchu materiatu o informacje dotyczace glgbokosci, z jakiej pochodzity wybijane kulki.
Przeprowadzone pomiary skupiaty si¢ tym samym na elementach zt6z przemieszczonych na
najwicksze odlegtosci, ktore zostaly zatrzymane na papierze samoprzylepnym. Zgodnie
z uzyskanymi rezultatami 97% wybitych kulek pochodzito z warstwy powierzchniowej. Mimo
niedoktadnosci wynikajacych z manualnego przygotowania monowarstw uzyskany wynik byt
nadal jednoznaczny w kontekscie pochodzenia najdalej przemieszczonego materiatu.

Dodatkowo, uzycie probek z monowarstwami umozliwito wstepng ilo$ciowa
charakterystyke deformacji. Przeprowadzone pomiary skupialy si¢ na obszarach, w obrebie
ktérych dochodzilo do wymieszania/odstoniecia materialu  pochodzacego z rdznej
glebokosci/warstw. W oparciu o powyzsze zatozenie wskazano dwa charakterystyczne obszary
deformacji: opisang wczesniej powierzchni¢ zwilzong i tak zwany obszar odstoniety
zlokalizowany migdzy materiatem zwilzonym i walem otaczajacym krater. Geneza obszaru
odstonigtego wigzata si¢ z dwoma mechanizmami: i) zmiang powierzchni obszaru
zajmowanego przez materiat zwilzony, ktory po osiagnigciu maksymalnego rozmiaru ulegat
skurczeniu w wyniku dziatania napig¢cia powierzchniowego wody pochodzacej z kropli;
il) wybiciem elementow ztoza, ktore byly poczatkowo zlokalizowane w obregbie tego obszaru.

Wyznaczone obszary zostaly przeanalizowane pod katem ich wielkosci i pochodzenia
zatrzymanych w nich elementow. Powierzchnia materiatu zwilzonego wynosita 96,72 mm?
(SD=2,90 mm?), pole powierzchni odstoni¢tej byla nieco wigksza, tj. 124,93 mm?
(SD = 7,13 mm?). Procentowy udziat kulek zatrzymanych w materiale zwilzonym byt mocno
zroznicowany, najwickszy udzial stanowity kulki z pierwszej — 56,7% (SD = 14,1%) i drugiej
warstwy — 29,9% (SD =13,1%). W przypadku obszaru odstonigtego udzial elementow
pochodzacych z pierwszej warstwy byt znacznie mniejszy, wynoszac 10,5% (SD = 3,6%),
dominujgca cze$¢ stanowity kulki z drugiej — 67,7% (SD =5,7%) i trzeciej warstwy — 18,8%
(SD =9,6%). Uzyskane wyniki stanowitly dodatkowe potwierdzenie zwigzku poczatkowej
lokalizacji i zachodzacej w jej obrebie deformacji ze sposobami i dystans przemieszczenia

materiatu zloza.

4.2.3. Analiza morfologii deformacji przy pomocy mikrotomografii

Skanowanie z16z przy pomocy mikrotomografu pozwolito uzyska¢ doktadne informacje

0 morfologii deformacji, zarowno w kontekscie sktadajacych si¢ na nie obszaréw jak 1 ich
wielkosci. Analize wykonano na bazie przekrojow probek w wariacie suchym i nasyconym,
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potwierdzajac przy tym weczesniejsze obserwacje. W ztozach suchych wewnatrz krateru
formowany byt wyodrebniony od reszty probki obszar zwilzony przez krople. Po obu stronach
materiatu zwilzonego widoczne byly zaglebienia tworzace tak zwang fos¢ (0dpowiadata ona
obszarowi odstoni¢gtemu z eksperymentéw przeprowadzonych na ztozach z monowarstwami).
Catos¢ deformacji byta otoczona spi¢trzonym materiatem tworzgcym wat. Krater formowany
na ztozach nasyconych mial znacznie prostszg budowg, sktadajac si¢ z centralnego zaglebienia
1 otaczajacego go watu.

Analizy deformacji przeprowadzone w ramach pracy P2 dowiodty, ze kratery powstajace
na ztozach suchych byly wigksze od tych formowanych na zlozach nasyconych. Srednica
krateréow na ztozach suchych wynosita 19,48 mm (SD = 0,46 mm) i byla istotnie statystycznie
rézna od wartosci odnotowanej dla probek nasyconych, ktéra wynosita 14,16 mm
(SD =0,52 mm). Najglebszy punkt deformacji formowanej na ztozu suchym wystepowat
W obrgbie fosy. Zagtebienie to wyniosto 1,57 mm (SD = 0,07 mm) i byto istotnie wigksze od
maksymalnych gtebokosci obserwowanych w ztozach nasyconych tj. 1,22 mm (SD = 0,05 mm).

Réznice w wielkosci i1 ksztalcie deformacji na ztozach suchych i nasyconych mozna
wyjasni¢ wplywem wody na gesto$§¢ probek (efekt zastgpienia powietrza w porach migdzy
kulkami przez wodg) oraz dzialaniem jej napigcia powierzchniowego i lepkosci. Obecnos¢
wody ograniczata penetracj¢ zloza przez krople oraz uniemozliwiata wyodrebnienie
zwilzonego przez nig materialu od reszty probki. Finalnie skutkowato to zrdéznicowaniem
deformacji w analizowanych wariantach i wptywato na sposob przemieszczenia materiatu

w ramach rozbryzgu.

4.2.4. Deformacja a przemieszczenie elementow zloza

Zestawienie wynikow badan przeprowadzonych na ztozach prostych, ztozach
z monowarstwami i analiz zrealizowanych za pomocg mikrotomografu pozwolito wykaza¢
bezposredni zwigzek przemieszczenia elementow zloza z deformacjami zachodzacymi na jego
powierzchni. Przekroje probek oraz doswiadczenia ze ztozami zawierajagcymi monowarstwy
wskazuja, ze miejsce, z ktorego pochodzit material wybity na najwigksza odlegtos¢, bylto
zwigzane z najsilniejsza deformacja. W przypadku zt6z suchych kluczowa byta krawedz
obszaru zwilzonego przez krople. Jej gwaltowne rozszerzenie po uderzeniu i nastgpujace
p6ézniej kurczenie powodowato znaczng deformacje powierzchni (powstawanie fosy) oraz
wyrzucenie kulek poza obszar ztoza. Dodatkowo krawe¢dz obszaru zwilzonego materialu byta
zwigzana ze zmiang dominujgcego sposobu przemieszczenia (jednoczesne wystepowanie

trzech sposobow przemieszczenia elementow ztoza w tym obszarze). Podobng sytuacje
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zaobserwowano w przypadku zt6z nasyconych. Maksymalng warto$¢ przemieszczenia
stwierdzono dla kulek zlokalizowanych w odlegtosci 2—4 mm od geometrycznego $rodka

uderzenia kropli, czyli w obszarze formowania wewngtrznych §cian krateru.

Publikacja P2 pozwolita zrealizowa¢ cel C1 i pozytywnie zweryfikowata hipoteze H1.

4.3. Publikacja P.3
Soil Deformation after One Water-Drop Impact — The Effect of Texture and Soil Moisture

Badania zawarte w publikacji P3 stanowity kontynuacje analiz wptywu wilgotnosci ztoza
na wielkos¢ i ksztalt deformacji powstajacej w wyniku zjawiska rozbryzgu. W eksperymentach
uwzgledniono trzy warianty wilgotnosci poczatkowej probek, ktore przygotowano
z materialow glebowych r6znigcych si¢ pod wzglgdem rozktadu granulometrycznego. Ponadto
prace obejmowaty dwie wysoko$ci swobodnego spadku kropli, w tym wysoko$¢ (7 metrow)
pozwalajaca uzyskac predkosci zblizone do wartosci koncowych naturalnego opadu deszczu.
Pomiary wykonano skanerem powierzchni, okreslajac glteboko$¢, Srednice rownowazna,
kolisto$¢ 1 objetos¢ formowanych kraterow.

Uzycie skanera pozwolito zrezygnowa¢ ze spotykanej w literaturze przedmiotu
uproszczonej metody wyznaczania objgtosci kraterow, ktora polegata na wykorzystaniu wzoru
na odcinek kuli przy uwzglednieniu warto$ci gltgbokosci i srednicy uzyskanych z przekrojow.
Poréwnanie rezultatow ze skanera z wynikami dodatkowych obliczen opartych na powyzszym
wzorze wykazalo, Ze uproszczona metoda powodowata Srednie zawyzenie rozmiarow kraterow
o okoto 23%. Zrodtem roznic byt rzeczywisty ksztatt kraterow, ktory odbiegat od odcinka kuli.
Nieregularnos¢ powstatych deformacji wigzala si¢ z: i) asymetrig krateru, im bardziej wartos¢
kolistosci odbiegata od 1, tym bardziej obrys krawedzi roznit si¢ od okregu, oraz ii) budowa
wnetrza kraterow, uksztattowanie Scian i dna zaglebienia roznito sie od gtadkiego wnetrza
zatlozonych odcinkow kuli.

Majac na uwadze przejrzystos¢ pracy, w niniejszym rozdziale ograniczono si¢ do
przytoczenia najwazniejszych wynikow, ktore wybrano z kompletu danych zawartych
w publikacji P3. Prezentowane rezultaty obejmuja skrajne warto$ci wielkos$ci uzytych do
charakterystyki krateréw formowanych na kazdej z gleb, wraz z informacjami o wariancie
eksperymentu, w ktérym zostaty stwierdzone (wilgotnos$¢ probki i wysokos¢ spadania kropli).

Wybrane dane przedstawiono w tabeli 4.
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Tab.4. Maksymalne i minimalne wartosci wielkosci charakteryzujacych kratery (glebokose,
srednica zastepcza, kolistos¢, objetos¢) uformowane na probkach przygotowanych z materiatow
glebowych o zr6znicowanym rozktadzie granulometrycznym.

Gleby
Parametry kraterow Piasek gliniasty Glina piaszczysta Pyt gliniasty
Wartos¢ ~ Wariant*  Wartos¢ Wariant Wartosé Wariant
Min 0,40 1,5m 0,33 1,5m
Glgbokosé (+0,03) pF2,2 (+0,01) pF2,2
[mm] Max 1,30 m 2,48 m 1,83 1,5m
(+0,06) pFO (£0,13) pFO (+0,05) pFO
Srednica Min 6,97 1,5m 6,96 m
(+0,14) pF2,2 (+0,15) pF2,2
zastepcza
[mm] Max 11,47 7m 10,41 7m 11,78 7m
(+0,23) pFO (+0,24) pFO (+0,26) pFO
Min 0,39 1,5m 0,52 1,5m
Kolistos¢ (=0,04) pF2,2 (£0,04) pF2,2
[-] Max 0,63 7m 0,69 7m 0,80 7m
(+0,02) pFO (+0,04) pFO (+0,01) pFO
. 5,19 1,5m 4,80 1,5m
C L, Min
Objetosé (+ 0,60) pF2,2 (+0,25) pF2,2
[mm?] 51,60 7m 103,40 7m 85,91 m
(=1,93) pFO (+6,42) pFO (+10,12) pFO

W nawiasach podano wartos$ci btedu standardowego (SE).

Kolorami zaznaczono warianty, w ktorych uzyskano minimalng (zielony) i maksymalng (z01ty) warto$¢
wyznaczanych parametrow dla wszystkich gleb.

* Skroty uzyte do opisu wariantow eksperymentu odnosza si¢ do wysokosci swobodnego spadku kropli
i potencjatu wody glebowej odpowiadajacego poczatkowej wilgotnosci probek.

Uderzenie kropli powodowato deformacje¢ powierzchni gleby we wszystkich rozwazanych
wariantach. Ksztalty i rozmiary kraterow byty zalezne od wilgotnosci poczatkowej, rozktadu
granulometrycznego materialow oraz energii kropli. Ogélne trendy wskazuja, ze wraz ze
wzrostem wilgotnosci probek oraz energii kropli rosty wartosci wyznaczanych wielkosci.
Rozktad granulometryczny materiatow warunkowat ich podatno$¢ na deformacj¢ oraz stopien
zmian tej podatno$ci przy roéznych wilgotnosciach. Wsérod wynikow przedstawionych w Tab.4
pig¢ skrajnych warto$ci wystgpowato na ztozach przygotowanych z gliny piaszczystej
(maksymalna glgbokos¢ i objetos¢ oraz minimalna glebokosc, srednica i objetosc), dwie skrajne
warto$ci wystepowaly na ztozach z pylu gliniastego (maksymalna $rednica rOwnowazna
i kolisto$¢), jedng skrajng warto$¢ zanotowano na piasku gliniastym (minimalng kolisto$¢).
Ekstrema wystepujace w przypadku gliny piaszczystej wskazuja, ze sposréd wszystkich
badanych materiatdbw charakteryzowata si¢ ona najwicksza zmiennoscig podatnosci na

deformacje¢ w zalezno$ci od poczatkowej wilgotnosci. Odwrotny trend obserwowano dla piasku

39



gliniastego, w przypadku ktéorego zmiana objetosci kraterow wynikajgca ze wzrostu
wilgotnosci poczatkowej byta najmniejsza.

Analiza statystyczna wynikéw zawartych w publikacji P2 potwierdzita powyzsze
stwierdzenia. Zgodnie z estymatorem ®? stuzacym do oszacowania efektu poszczegdlnych
czynnikow kluczowe znaczenie dla deformacji probek miata ich wilgotnos¢. Wptywata ona
W duzym stopniu na gltgbokos¢, srednice i objetos¢ kraterow oraz w $rednim na ich kolisto$¢.
Rozktad granulometryczny materialow oddzialywat na kolistos¢ kraterow (poziom efektu
sklasyfikowano jako $redni). Wartosci wspotczynnika o? nie wskazywaly na istotny efekt
energii kropli, jednak analizy obejmujace test post-hoc Tukeya wykazaty, ze roznice w energii
padajacych kropli powodowaty wystepowanie istotnych statystycznie réznic miedzy czgéciag
uwzglednionych wariantow eksperymentu. Dyskusja ujeta w dalszej czeSci pracy zostala oparta
na rozpatrzeniu indywidualnego wptywu kazdego z czynnikow.

Niezaleznie od materialu glebowego wielko$ci charakteryzujace kratery byly najmniejsze
przy najnizszej uwzglednionej wilgotnosci probek (odpowiadajgcej potencjatowi wody
glebowej rownemu 16 kPa). W wariantach tych spdjnos¢ i tarcie migdzy czastkami gleby byly
wystarczajagco wysokie, aby przeciwdziata¢ przemieszczeniu materiatu w wyniku uderzenia
kropli. Otrzymane rezultaty byly zgodne z praca Takita i Sumita (2013), ktérzy badali zalezno$¢
migdzy wilgotno$cig zloza piasku a rozmiarem powstajacych na nim kraterow. Poczatkowy
wzrost wilgotnosci uzytych przez nich zt6z (poczawszy od ztoza suchego) wigzat si¢ ze
zmniejszeniem wymiarow kraterow. Jednak po przekroczeniu wartosci granicznej (>70%
nasycenia) nastgpowato odwrocenie obserwowanego trendu, tj. dalszy wzrost wilgotnosci
skutkowal wzrostem rozmiaru kraterow. Sugeruje to, ze uwzgledniona w pracy P3 wilgotnos¢
odpowiadajgca potencjatowi wody glebowej roéwnemu 16 kPa byla bliska wspomnianej
warto$ci granicznej. Ghadiri (2004), ktory analizowat deformacje powierzchni zt6z
przygotowanych m.in. z piasku 1 materialu glebowego, jako jeden z gléwnych czynnikow
determinujacych wielko$¢ formowanych krateréw wskazal wytrzymatos¢ na Scinanie. W tym
samym kontekécie Zhang i in. (2015) podkreslili znaczenie wytrzymatosci na $ciskanie.
Powyzsze kwestie wigza sie w bezposredni sposdb ze zmiang grubosci warstwy wody dookota
ziaren gleby przy réznych wilgotno$ciach. Warstwa ta wptywa na spojnosc gleby, a tym samym
tatwo$¢ przemieszczania materiatu po uderzeniu kropli. Tym samym, istotny efekt wilgotno$ci
na wyniki uzyskane w publikacji P3 mozna tlumaczy¢ jej wptywem na mechaniczne
wlasciwos$ci uzytych materiatéw glebowych.

Wielkos$cia podlegajaca najwigkszym zmianom ze wzgledu na rozklad granulometryczny

materiatu byta kolisto$¢. Kratery o najbardziej regularnym ksztalcie powstawaly na glebie
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0 najwickszej zawartosci pyly i itu. Dodatkowo wartos¢ kolistosci wzrastala wraz
z wilgotnos$cig i1 energig kropli. Maty rozmiar ziaren i wysoka wilgotnos¢ gleby ultatwiaty
réwnomierne oddziatywanie kropli, prowadzac do wybicia materiatu z obszaro6w znajdujacych
si¢c w podobnej odlegtosci od punktu uderzenia. Bardziej zréznicowany rozktad
granulometryczny i wiekszy udziat czastek piasku (cechujgcych si¢ wiekszym rozmiarem oraz
znacznie wigkszg masg niz czgstki pytu, a tym samym wymagajacych wigkszej energii do
przesuniecia) przekladaty si¢ na mniejszg kolistos¢ w przypadku piasku gliniastego i gliny
piaszczystej.

Zmiany w wielkosci krateréw, powodowane modyfikacjg energii kropli i wilgotno$cig
probek, byly inne dla kazdej z wykorzystanych gleb. Analiza objetosci kraterow (doktadnie;j,
réznic miedzy maksymalng i minimalng wartoscia objetosci dla kazdej gleby) wykazala, ze
zakres czynnikow uwzgledniony w eksperymentach mial najmniejszy wptyw na rozmiary
deformacji na piasku gliniastym, ktéry byl materialem zawierajagcym najwigcej frakcji
piaskowej. W przypadku gliny piaszczystej, o najbardziej zréznicowanym rozktadzie
granulometrycznym, trend byl przeciwny — kratery powstate na tej glebie wyrdzniaty sig¢
najwigksza zmienno$cia. Wplyw analizowanych czynnikow na zmian¢ podatno$¢ gleb na
erozje¢, jest tym samym widoczne juz na jej poczatkowym etapie.

Wzrost energii uzytych kropli powodowat wzrost $rednich wartosci niemal wszystkich
mierzonych wielko$ci, co przekladato si¢ jednak na wystgpowanie statystycznie istotnych
réznic jedynie w czgsci przypadkdw. Mozna przypuszczaé, ze wptyw pozostatych czynnikow
byt wystarczajacy, aby ograniczy¢ znaczenie zmian energii. Zatozenie to potwierdzata warto$¢
wspdlczynnika »?, zgodnie z ktorg efekt wywierany na wyznaczane parametry przez energie
kropli byt najmniejszy sposrod wszystkich badanych czynnikéw. Nalezy jednak zaznaczy¢, ze
de Jong i in. (2017) oraz Delona i in. (2011) wykazali zaleznos¢ miedzy energia kropli
a wielkos$cig i ksztattem kraterow analizowanych w ich badaniach. Pomiary przeprowadzone
w powyzszych pracach zaktadaty uzycie suchych zt6z piasku i szklanych kulek co utrudniato
ich porownanie z rezultatami przedstawionymi w pracy P3, nie wptywajac mimo wszystko na
dostrzezenie kwestii kluczowej tj. szerokiego zakresu energii kinetycznej kropli, ktore
powoduja wystapienie zjawiska rozbryzgu. Proces ten wigze si¢ bowiem z efektem uderzenia
kropli formowanych na powierzchni liSci, ktore spadajg z kilku centymetrow, jak i tych
spadajacych z chmur w wyniku naturalnego opadu. Istotng role odgrywa takze zrdznicowanie
ich $rednic, ktore przektadaja si¢ na masg¢. Powyzsze kwestie podkreslajg, ze mimo
niewielkiego znaczenia energii kropli na rezultaty zgromadzone w ramach pracy P3, czynnik

ten jest istotny w kontekscie analizowanego zjawiska i nie nalezy go bagatelizowac.
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Podsumowujac, czynnikiem o najwigkszym wptywie na wyznaczone wielkosci byta
wilgotno$¢ poczatkowa probek. Tekstura gleby miala najwickszy wpltyw na kolistos¢
przekrojow poprzecznych kraterow. Gleba zawierajagca najwicksza ilo§¢ frakcji piasku
wykazywala najmniejszy wzrost podatnosci na deformacje powodowany zmianami
analizowanych czynnikéw. Wzrost energii uderzajacych kropli przektadat si¢ na wzrost
sredniej warto$ci mierzonych parametrow w wigkszosci wariantoéw. Jego wptyw w poréwnaniu
do innych czynnikow byt jednak niewielki i skutkowal wystapieniem Statystycznie istotnymi
roznicami tylko w niektérych przypadkach, co moze wynika¢ z wykorzystania kropli

0 stosunkowo duzym rozmiarze.

Publikacja P3 pozwolita zrealizowa¢ cel C2 i pozytywnie zweryfikowata hipoteze H2.

4.4. Publikacja P.4

The potential effect of temperature on surface deformation after water drop impact in soils with

different texture and moisture content

Badania przeprowadzone w pracy P4 stanowily rozwinigcie zagadnien ujetych w publikacji
P2, w ramach ktorej analizowano wplyw obecno$ci wody w ztozu na rozbryzg i zwigzang z nim
deformacje¢, oraz w pracy P3, w ktorej dowiedziono, ze znaczenie wilgotno$ci materiatu dla
deformacji powstajacej w wyniku rozbryzgu jest zalezne od rozktadu granulometrycznego
gleby. Celem pracy P4 byla weryfikacja, czy temperatura gleby, kropli i powietrza
(réznicowana w ramach uwzglednionych wariantow termicznych) i zwigzane z nig zmiany
lepkos$ci oraz napigcia powierzchniowego wody (obecnej w probkach glebowych i kroplach)
wplywaja na morfologi¢ deformacji powstajacych w wyniku zjawiska rozbryzgu. W pracy
wykorzystano trzy materialy glebowe zrdéznicowane pod wzgledem rozktadu
granulometrycznego, ktore przygotowano w dwoch wariantach poczatkowej wilgotnosci.

W ramach badan dokonano pomiaru czterech wielkosci opisujgcych morfologi¢ kraterow:
glebokosci, Srednicy zastepczej, parametru a (stosunku glebokosci do $rednicy), oraz objetosci.
Rezultaty wieloczynnikowej analizy wariancji wykazaty, ze wszystkie mierzone wielkosci byty
zalezne od wilgotnosci, rozkladu granulometrycznego gleb oraz interakcji tych dwoéch
czynnikow. W wiekszosci przypadkéw wzrost wilgotnosci prowadzit do wzrostu
analizowanych parametrow. Dla wszystkich gleb najmniejsze wartosci wyznaczanych

wielkosci odnotowano przy wilgotnosci odpowiadajacej potencjalowi wody glebowej
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rownemu 16 kPa, natomiast najwigksze przy wilgotnosci odpowiadajgcej potencjatowi wody
glebowej wynoszacemu 1 kPa. Uzyskane wyniki byly tym samym zbiezne z badaniami
przeprowadzonymi w pracy P3.

Zgodnie z wynikami przeprowadzonych analiz statystycznych bezposredni wplyw
warunkow termicznych uwzglednionych w eksperymentach byl ograniczony i co nalezy
podkresli¢ znacznie mniejszy, niz wptyw wilgotnosci i rozkladu granulometrycznego. Wptyw
temperatury jako pojedynczego czynnika obserwowano wytacznie w przypadku S$rednic
kraterow. Dla wszystkich mierzonych wielkosci stwierdzono jednak wyst¢powanie
przynajmniej jednego istotnego statystycznie efektu interakcji temperatury z pozostatymi
czynnikami, tj. i) temperatury w polaczeniu z rozktadem granulometrycznym, ii) temperatury
w polaczeniu z wilgotnoscig lub i) tacznego wplywu temperatury, rozktadu
granulometrycznego i wilgotnosci. Oznacza to, ze temperatura mogta modyfikowaé efekt
innych czynnikdéw, powodujac jego wzmocnienie lub ostabienie, co stanowito podstawe do
przeprowadzenia testow post-hoc W celu szczegdtowej analizy zaobserwowanych interakcji.

W dalszej czg$ci pracy skupiono si¢ na rezultatach, ktore miaty kluczowe znaczenie dla
okreslenia oddzialtywania temperatury na deformacje. Zmiany w morfologii kraterow
wynikajace z uwzglednionych wariantow termicznych stwierdzono w przypadku pytu
gliniastego i piasku gliniastego. Dla trzeciego materiatu glebowego — gliny piaszczystej nie
odnotowano wplywu temperatury, a zr6znicowanie wielkosci powstajacych na nim deformacji

bylo w petni zwigzane ze zmianami poczatkowej wilgotnosci uzytych probek.
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Rys. 8. Wielkosci charakteryzujgce kratery formowane na pyle gliniastym przy wilgotnosci
odpowiadajacej potencjatowi wody glebowej rownemu 1 kPa (za pomoca waséw przedstawiono
btad standardowy, SE). Litery umieszczone na rysunku odpowiadaja wynikom testu post-hoc
Tukeya (p < 0,05) przeprowadzonego na komplecie danych, wskazujac istotne statystycznie
roznice mi¢dzy poszczegdlnymi wariantami eksperymentu.
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Rezultaty pomiarow przeprowadzonych na pyle gliniastym, wskazuja, ze przy wilgotnosci
odpowiadajacej potencjatowi wody glebowej réwnemu 1 kPa (stan bliski nasyceniu)
uwzglednione warianty termiczne powodowaly wystepowanie istotnych statystycznie réznic
w ksztalcie deformacji (Rys. 8). Kratery powstajace przy najnizszych temperaturach (wariant
term. 1) miaty wigksza glebokos$¢, niz kratery formowane w dwoch pozostatych wariatach.
Dodatkowo ich $rednica zastepcza byla istotnie statystycznie mniejsza niz $rednica kraterow
formowanych w wariancie najcieplejszym (wariant term. 3). Wplyw temperatury na ksztatt
deformcji zostal wyraznie odzwierciedlony w warto$ciach parametru o. Wynikajgce
Z temperatury zmiany w budowie kraterow nie wplynety jednak w istotny sposob na ich
objetosc.

W przypadku piasku gliniastego temperatura rzutowata na wystgpowanie istotnych
statystycznie r6znic w $rednicy rownowaznej i objgtosci kraterow migdzy rozpatrywanymi
wariantami wilgotnosci (Rys. 9). Opisane réznice stwierdzono W wariacie termicznym
obejmujacym najwyzsze temperatury (wariant term. 3). Natomiast w wariancie z najnizszymi
temperaturami (wariant term. 1) zmiana wilgotnosci nie skutkowata wystapieniem istotnych
réznic w zadnej z powyzszych wielkosci. Oméwione prawidlowosci wskazuja na efekt

interakcji temperatury i wilgotnosci w piasku gliniastym.
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Rys. 9. Srednica rownowazna i objetos¢ kraterow formowanych na piasku gliniastym przy
wilgotnosci odpowiadajacej potencjatowi wody glebowej rownemu 1 kPa oraz 16 kPa (za pomoca
wasow przedstawiono blad standardowy, SE). Litery umieszczone na rysunku odpowiadaja
wynikom testu post-hoc Tukeya (p < 0,05) przeprowadzonego na komplecie danych, wskazujac
istotne statystycznie roznice miedzy poszczegodlnymi wariantami eksperymentu.
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Temperatura gleb uwzgledniona w wariantach termicznych miescita si¢ w przedziale
od 5 do 40 °C, co odpowiadato zmniejszeniu lepkosci wody obecnej w porach wykorzystanego
materiatu 0 57% (z 1,519 mPa-s do 0,653 mPa-s) oraz napigcia powierzchniowego o 7%
(20,0749 N-m™ do 0,0696 N-m™) (Dinger i Zamfirescu, 2016). Zmiana powyzszych wartosci
zostata wskazana jako jeden z gtéwnych powodow obserwowanych roznic w ksztalcie kraterow
W zaleznosci od temperatury.

Roznice we wiasciwosciach wody mogly przektada¢ sie¢ m.in. na zmiany W procesie
formowania krateréw. De Jong i in. (2017) opisali zjawisko ,,avalanche”, ktore polega na
przemieszczeniu materiatu ze $cian krateru do jego wnetrza na koncowym etapie deformaciji.
W jego wyniku stabilny ksztalt osiggniety przez krater ma wigkszg Srednice i mniejszg
gleboko$¢ niz jego przejSciowa, niestabilna forma bezposrednio po uderzeniu kropli.
Porownanie obserwacji przeprowadzonych przez de Jong i in. (2017) z wynikami uzyskanymi
w ramach publikacji P4, wskazywalo na wystepowanie analogicznych zmian w wymiarach
kraterow pod wptywem wariantow termicznych w przypadku probek pytu gliniastego przy
wilgotnosci odpowiadajacej potencjatowi wody glebowej wynoszacemu 1 kPa (Rys. 8).
Kratery formowane w ramach 2 i 3 wariantu termicznego miaty wigksze $rednice i mniejsze
glebokosci niz kratery powstajace w wariacie 1. Sugeruje to, ze zmiany lepkosci wody
wynikajace z warunkow termicznych wptywaty na intensywnos$¢ zjawiska ,,avalanche” na pyle
gliniastym. Mozna zatem przypuszczaé, ze drobne czastki nalezace do frakcji pylowej
stanowigce wigkszo$¢ sktadu pylu gliniastego, wykazuja wigksza podatno$¢ na
przemieszczenie w wigkszych temperaturach. W przeprowadzonych eksperymentow
skutkowato to ich powrotem do wnetrza krateru, wzrostem $rednicy i zmniejszeniem
glebokosci. W przypadku gleb o zblizonym rozktadzie granulometrycznym, zlokalizowanych
na stokach obserwowany wzrost mobilnos$ci czastek nalezacych do frakcji pylu moze
dodatkowo wptywac¢ na moment inicjacji sptywu powierzchniowego.

Przyczyny wptywu temperatury na deformacje powstajace na piasku gliniastym (Rys. 9)
zdaja si¢ by¢ odmienne i prawdopodobnie byly zwigzane z duzym udziatem frakcji piasku
w tym materiale, wynoszacym 81,6%. Mozna przypuszczaé, ze spadek lepkosci wody
powodowany wzrostem temperatury utrudnit przemieszczenia ziaren piasku, ktorych masa jest
znacznie wigksza niz frakcji pytowej dominujgcej w skladzie wczesniej opisanego pytu
gliniastego. W tym kontekscie warto zauwazy¢, ze mimo braku istotnych statystycznie réznic
migdzy wariantami termicznymi kratery o najmniejszej Srednicy powstawaty na piasku

gliniastym wtasnie w przypadku najwyzszych temperatur.
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Probki pylu gliniastego przy wilgotnosci odpowiadajacej potencjalowi wody glebowe;
wynoszacemu 1 KkPa, dla ktorych obserwowano najwyrazniejszy wplyw temperatury,
charakteryzowaly si¢ najwyzsza masowg zawartoScig wody (33%) sposrod wszystkich
uwzglednionych wariantow. Sugeruje to, ze efekt temperatury moze by¢ bardziej zauwazalny
w glebach o znacznych zdolnosciach retencji wody przy wilgotnos$ciach zblizonych do
nasycenia. Istotny jest rowniez rozklad poréw wypelnionych wodg. Kwestia ta byta
przypuszczalnie przyczyna braku wplywu temperatury w przypadku gliny piaszczystej.
Zroznicowany rozklad granulometryczny tego materialu determinowal rozmieszczenie
i wielko$¢ poréw wypetionych wodg (pory migdzy duzymi ziarnami mogty by¢ wypetnione
mniejszymi czastkami), wptywajac dodatkowo na duza liczbe kontaktow migdzy ziarnami.
Uktad taki sprzyjat wzrostowi spojnosci gleby, a tym samym odpornosci na odksztalcenia, co
mogto rownowazy¢ efekt zmian wiasciwosci wody powodowany temperatura.

llos¢ materiatu glebowego przemieszczanego podczas zjawiska rozbryzgu zalezy od
mechanicznego oddziatlywania padajacej kropli, jak i procesow zwigzanych z rozpadem
agregatow glebowych pod wptywem kontaktu z wodg (H. Li i in., 2024). Badania prowadzone
w ramach pracy P4 nie koncentrowaly si¢ na stabilnosci agregatow glebowych, warto jednak
wzigé pod uwage, ze mechanizmy zwigzane z ich rozpadem, a takze ich zaleznos$¢ od
temperatury, wilgotnosci i rozktadu granulometrycznego gleby mogly mie¢ wptyw na badane
deformacje. Li i in. (2022) wykazali, ze wzrost temperatury kropli zwigkszat znaczenia rozpadu
wodnego agregatow, zapewniajac wigcej materiatu podatnego na przemieszczenie. Rezultaty
pracy P4 nie wykazaly jednak, aby rozpatrywany zakres temperatur przektadat si¢ na
zwigkszenie objetosci formowanych kraterow. Dowdeswell-Downey i in. (2023) stwierdzili
natomiast, ze wzrost temperatury powodowat zwigkszenie stabilno$ci agregatow w glebie
gliniastej, co moze czeSciowo ttumaczy¢ brak wptywu temperatury na kratery formowane na
probkach gliny piaszczystej.

Zgromadzone wyniki warto odnies¢ do relacji temperatury i proceséw erozyjnych ujetych
W szerszej perspektywie. Znaczna cze$¢ rocznych strat gleby powodowanych erozjag wodnag
wigze si¢ z wystepowaniem opadéw nawalnych. Ich czestotliwosé i intensywno$¢ sg posrednio
powigzane z wptywem temperatury oraz efektem wywieranym przez globalne ocieplenie na
dynamike¢ cyklu hydrologicznego (Guo i in., 2019; Borrelli i in., 2020; Chapman i in., 2021).
Ponadto zmiany zachodzace w klimacie powodujg modyfikacje rocznego profilu opadow.
Gleba pozbawiona pokrywy $nieznej i roslinnej jest narazona na coraz czgstsze opady deszczu
zachodzace w okresie zimowym (Li i Fang, 2016; Aygiin i in., 2021; Lupikasza i Malarzewski,

2023). W konsekwencji moze to prowadzi¢ do zmian w bilansie strat gleby w okresie zimowo-
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wiosennym, co powinno znalez¢ odzwierciedlenie w modelach erozji i strategiach majgcych na
celu ograniczanie tych zjawisk.

Podsumowujac, bezposredni wpltyw uwzglednionego zakresu temperatur na Kkratery
formowane w wyniku rozbryzgu byt ograniczony. Wickszy efekt na uzyskane rezultaty miata
natomiast interakcja temperatury z pozostatymi czynnikami, tj. rozktadem granulometrycznym
materialow glebowych i wilgotnos$cig. Zgodnie z powyzszym, oddziatywanie temperatury na
deformacje powigzane z poczatkowym etapem erozji wodnej wystepuje jedynie w czesci gleb

I staje si¢ najbardziej wyrazne przy wilgotnosciach zblizonych do stanu nasycenia.

Publikacja P4 pozwolita zrealizowa¢ cel C3 i czgsciowo zweryfikowata hipoteze H3.
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5. Podsumowanie i wnioski

Zgromadzone wyniki potwierdzity w cato$ci dwie pierwsze hipotezy badawcze (H1 i H2)
oraz czg¢sciowo hipoteze H3. Szczegdlowe podsumowanie dotyczace poszczegdlnych etapow
podjetych prac zawarto w zataczonych publikacjach. Kluczowe wnioski, oparte na rezultatach
badan przeprowadzonych w ramach niniejszej rozprawy, mozna natomiast wyrazi¢

nastepujaco:

1. Obecnos¢ wody w porach ztoza wplywata na wielkos¢ 1 ksztatt powstajacych kraterow,
a takze na sposob i dystans przemieszczenia elementéw ztoza oraz wielko$¢ obszaru,
w obrebie ktérego dochodzito do przemieszczen.

2. Analiza deformacji z16z przygotowanych z materialu glebowego wykazata wptyw
rozktadu granulometrycznego, wilgotnosci poczatkowej i1 energii kropli na morfologie
kraterow. Dominujacy wptyw na wielkosci charakteryzujace kratery miata wilgotnose,
ktorej wzrost powodowat powstawanie kraterow o wiekszych rozmiarach.

3. Wplyw wilgotnosci i energii padajacej kropli na kratery byt wyrazniejszy w materiatach
glebowych zawierajacych wigksza ilo$¢ drobnych czastek nalezacych do frakcji
pytowej. W przypadku materialu charakteryzujacego si¢ dominujacym udziatem frakcji
piaskowej wielko$¢ deformacji zmieniata si¢ W najmniejszym stopniu.

4. Wplyw temperatury na deformacje wynikat z jej interakcji z pozostalymi czynnikami,
tj. z wilgotno$cia i rozkltadem granulometrycznym. Najbardziej podatna na
oddziatywanie temperatury byla gleba o dominujacym udziale frakcji pylowej przy
wilgotnosci zblizonej do nasycenia (odpowiadajacej potencjalowi wody glebowej
wynoszacemu 1 kPa).

5. Rozszerzenie modeli erozyjnych o bezposredni wptyw temperatury na poczatkowe
etapy erozji moze, w przypadku czesSci gleb, przyczyni¢ si¢ do podniesienia

doktadnos$ci prowadzonych analiz.

Uzyskane wyniki moga przyczyni¢ si¢ do rozwoju modeli wykorzystywanych
W prognozowaniu erozji wodnej gleb, a takze stanowi¢ punkt wyjscia do dalszych badan nad
powigzaniami rozbryzgu z kolejnymi etapami tego procesu. Ponadto zgromadzone dane moga
znalez¢ zastosowanie w ocenie podatnosci gleb na erozj¢ w poczatkowych fazach opadu
deszczu oraz w badaniach dotyczacych mechanizmow transportu mikroorganizmow

I zanieczyszczen glebowych.
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Abstract: Water erosion is an unfavorable phenomenon causing soil degradation. One of the factors
causing water erosion is heavy or prolonged rainfall, the first effect of which is the deformation of the
soil surface and the formation of microcraters. This paper presents an overview of research methods
allowing the study of microcraters as well as the process of their formation. A tabular summary of work
on the measurements of various quantities describing the craters is presented. The said quantities are
divided into three groups: (i) static quantities, (ii) dynamic quantities, and (iii) dimensionless parameters.
The most important measurement methods used to study crater properties, such as (i) basic manual
measurement methods, (ii) photography, (iii) high-speed imaging, (iv) profilometers, (v) 3D surface
modelling, and (vi) computed tomography (CT) and its possibilities and limitations are discussed. The
main challenges and prospects of research on soil surface deformation are also presented.
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1. Introduction

check for Soil is an important part of the biosphere, enabling plant growth and providing
updates habitats for numerous animals and bacteria [1-3]. Owing to its retention properties, soil
Citation: Mazur, R; Ryzak, M.; plays an important role in the natural water cycle [4-6]. Furthermore, the processes
Sochan, A; Beczek, M.; Polakowski,  occurring in soil are crucial for the biogeochemical cycle of many other chemical substances

C; Bieganowski, A. Soil Deformation  and elements [7-10] and for climate regulation [11]. It is a complex three-phase system
after Water Drop Impact—A Review  (water-air-solids) of great importance to the environment, while at the same time it is
highly exposed to various types of deterioration, both mechanical and chemical. One of the
processes that can cause physical soil degradation is erosion. Various types of erosion can
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/e be distinguished, including water erosion and wind erosion [12]. Water, which on the one
Academic Editor: Somsubhra hand is essential for human life and the functioning of the environment, can also cause a lot
Chakraborty of damage [13,14]. Water erosion can cause changes to the soil surface on several different

scales: from splashes during the impact of raindrops to surface runoff during snowmelt or
intense rainfall. The rate of the erosion phenomenon is determined by many soil properties,
such as texture, aggregate size and stability, and soil moisture [15-17].

Water erosion takes many forms, ranging from the impact of a single raindrop through
sheet and rill erosion to the formation of deep gullies. The nature of the erosion phenomena
m affects the way they are studied. Erosion research has been carried out on a large scale,

S including the study of mass transport and processes in entire catchments [18-22]. On
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Terry [29] distinguished five main splash subprocesses: aggregate breakdown, cra-
tering, splashing, splash saltation, and splash creep. One of the splash effects is the
deformation of the soil’s surface. The craters created by the drops are the result of the
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ejection, shifting and compaction of the soil at the impact area. Crater formation absorbs a
significant amount of falling droplet energy, accounting for an important part in the energy
balance of the splash phenomenon [30,31]. In a broader context, the study of craters may be
important in determining soil erodibility, modelling the course of water erosion processes,
analyzing the effect of precipitation on surface sealing and changes in soil infiltration pa-
rameters, the relationship of craters to the ejection of soil particles, and thus the transport of
bacteria and pathogens. However, the small scale of the deformation (the dimensions of the
craters are defined in millimeters) and the high dynamics of the phenomenon, complicate
the investigation. Overcoming the above difficulties is possible by implementing modern
measurement methods and being aware of their advantages and disadvantages.

The aim of this work was to provide an overview of the research methods allowing
the study of the microcraters as well as the process of their formation. The advantages and
limitations of the described methods are discussed, the prospects for further research and
the possible directions for the development of measurement systems are outlined.

2. Review of Work Focusing on Soil Deformation by the Splash Phenomenon

Information from Katsuragi [31], Marzen and Iserloh [32], and Zhao et al. [33], showed
how varied the shapes of craters can be after drop impact (Figure 1).

(a)

Cdiam

(b) Wiam

( C} Wdiﬂm

Cdiam

Figure 1. Tllustrative diagrams showing examples of crater cross sections ((a)-simple crater; (b)-crater
with spread liquid-grain residues; (c)—crater with aggregate liquid-grain residues), with example
quantities used to characterise their morphology (Cgep—depth of the crater; Cyj,—diameter of the
crater; Ry -height of the rim; W 4i;,—diameter of the moistened volume of the deposit material).

Craters, characterized by the simplest structure, are formed by a small cavity (with a
shape simplistically resembling a hemisphere), which may be surrounded by displaced
material forming a rim (Figure 1a). Such deformations are most often observed in moist
deposits, which relates their morphology to the interaction of the drops with the water in
the pores of the sample. The regularity and depth of the cavity, as well as the height of the
rim, depend on the parameters of the deposit, e.g., moisture content, compaction, slope,
particle size distribution and the energy of the drops.

Craters formed on dry materials take on more complex shapes (Figure 1b,c). The
outer element of the deformation is the rim, but the central part of the cavity is occupied
by a form composed of bed grains that were wetted and “glued” by water from the
drop. Various nomenclatures were used to name this wetted sample material: nucleus

57



Sensors 2023, 23,121

3of16

structure granule nucleus [34], liquid-grain residues [35], and granule [36]. Another term
that functions in the literature is liquid marble; this phrase refers to a residue of the drop
surrounded by hydrophobic deposit grains that impede the mixing of the liquid with
the sample material [37,38]. Craters and the moistened material can have different sizes,
circularity, and shapes [33,39], which depend on the aforementioned drop energy and
deposit parameters.

Difficulties related to the monitoring of crater development arise for several reasons:
(i) the sizes of the craters created by the impact of a water droplet is very small (in the order
of millimeters); (ii) the process of crater formation is very fast (the time for the deformation
to reach its final shape is measured in fractions of a second); and (iii) the displacement
process involves two-phase materials (soil particles from the sample and droplets from the
broken drop and/or from wet soil).

The abovementioned difficulties can be solved (at least to some extent) by using
measuring instruments/systems that are appropriate to the specificity of the measurement.
These instruments/systems allow the determination of quantities which can be divided into
three groups: (i) static quantities-relating to the dimensions of the crater (such as the depth
and diameter of the craters expressed in units of length); (ii) dynamic quantities—-making
it possible to characterize the process of deformation (such as time taken to achieve the
final crater geometry and if its observation is possible, or the stages of reaching this final
form expressed in units of time); and (iii) dimensionless parameters—which most often are
relative values, i.e., they are the ratio of two or more quantities (for example the ratio of
crater depth to its diameter), and then the collected information can be presented more
universally, allowing a comparison of results from even strongly differing experiments.
Taking into account the topic of this article, which focuses on measurement methods, the
issues discussed further in the article relate to the first two groups of quantities.

Regarding the first group, such as the depth and diameter of microcraters (Table 1),
it should be emphasized that the results often depend on the methodology adopted for
the measurement. For example, crater diameter can be measured based on the rim-to-
rim diameter or at the level of the surface before the drop impact-see Figure 1. For both
measurements different results will be obtained, therefore, in publications describing the
size of the craters, it is necessary to clearly define what the authors mean by a given term.
Other static quantities often used to characterize emerging craters are the inclination of the
crater walls, the dimensions of the rims around the impact point, the dimensions of the
wetted volume of the deposited material, and the crater surface area or crater volume. For
a better understanding of the discussed quantities, some of them were shown in Figure 1.

Concerning the group describing the dynamics of crater formation, it includes, among
others, the time of achieving the final crater geometry, the time of reaching the crater’s
maximum diameter, and the dynamic of change in dimensions, such as the depth or slope
of the walls at different stages of the deformation process.

Table 1 provides a summary of the works, which take into account the measurement
of craters formed after the drop impact. The broader problems of the listed works were
mostly related to issues of soil erosion or the mechanics of powdery materials. In the
case of microcraters, it was the main research subject or appeared as a complement to
the main theme. Some works used soil [40,41], others used materials that could serve as
a soil model, i.e., sand [42] or glass beads [39,43]. Differences between experiments also
relate to the size of the drops or the height of their fall, resulting in energy changes at the
moment of impact [30,44]. The above issues affect the deformation shape and the spectrum
of determined quantities.

A factor that could affect the scope of the determined quantities was often the limita-
tions of the measurement equipment, reducing some of the research to qualitative obser-
vations. The carrying out of quantitative observations has been facilitated by the spread
of advanced measurement techniques (such as high-speed cameras), which have had a
significant impact on the increase in the number of publications on crater formation after
drop impact (the vast majority of the papers included in Table 1 are from the last 15 years).
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Table 1. Overview of the work involving measurement and analysis of craters after drop impact L
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3. Crater Measurement Methods

Advances in technology have allowed for the use of new devices with increasing
accuracy, and extended the measurement possibilities in crater research. The currently used
methods were divided into groups and described below. The criterion for division was the
type of raw data acquired in the measurement and the scope of information that can be
obtained after their analysis (Figure 2).

Figure 2. Measurement equipment and methods of analysing data acquired with its help. Measure-
ment equipment: (I)-basic manual measurement methods using, among others, a ruler or calliper;
(II)-camera; (III)-high-speed camera; (IV)-devices making it possible to record images for pho-
togrammetry (e.g., cameras); (V)-surface scanners and profilometers; (VI)-computed tomograph.
Data analysis methods: (A)-photo analysis; (B)-record analysis; (C)-profile analysis; (D)-3D surface
model analysis; (E)-tomographic image analysis.

3.1. Basic Measurement Methods

Many early studies on craters formed after a drop impact were based on qualitative
analysis. Terry [29] reported that on rip-ploughed soil the craters were narrow and deep,
while on the other hand, with burned soil, the craters were shallow and wide. Al-Durrah
and Bradford [40], found that cavities formed on more compacted samples had a smaller
volume than those formed on loose samples, which was due to smaller depths of defor-
mation. In Ryzak et al. [51], information on craters, complementing the main theme of the
study, was the confirmation of their occurrence.

The most basic method for a quantitative analysis of craters involves using a ruler or
calliper. With their help, the diameter and depth of the deformation can be determined [30].
The small size of the craters formed after a drop impact makes it difficult to consider such
measurement as accurate; moreover, the manual nature of the method causes a high risk of
damaging the craters.

Another way to measure deformation is to carry out experiments that analyse the
phenomenon based on properly prepared beds formed from several layers differing in
colour. This approach may provide information about the displacement of the bed elements
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located at particular areas and make it possible to estimate the depth of bed penetration by
the drop. Atherton et al. [61] prepared beds of glass beads with layers varying in wettability
and color and analyzed their interaction with the drops, after impact. In the work of
Mazur et al. [58], deposits of glass beads of different colours were used to analyze, among
other things, their displacement and the origin of the particles forming the area wetted
by the drop. The downside of the method is the difficulty in determining the accuracy of
deposit preparation (for example, thickness of layers), limitations due to the size of the
beads, as well as the amount of work required to prepare a single sample. Additionally, the
use of soil in samples of this type can raise significant problems concerning the technical
issues of preparing the deposits, but also the substantive justification for their use.

3.2. Photography

Photo analysis requires capturing a clear image of the surface deformed by the drop
impact using any device that allows it, such as a camera. The measurements in question
focused on the final shape of the craters (the high-speed imaging technique used to analyse
the dynamics of cratering was considered in the next section). To minimize the inaccuracy of
the dimensions presented in the images, the device used should be positioned over the crater,
as perpendicular as possible. Analysis of the collected data can be carried out in any graphics
program with the option to measure the distance between two points in a photograph.

Ellison [62] and Mazurak, and Mosher [63], used photographs of samples to present
the results of experiments on sample surface change after precipitation. The work of
Katsuragi [49], Geifler et al. [64], and Tarasenko et al. [65] shows that today photographs
are also commonly used in a similar way. The images can be the basis for analyzing
and describing the morphology of the deformation, helping to determine the regularity
of the craters, the shape of the wetted material and the presence of rims. For example,
Ahn et al. [23] and Mazur et al. [58] used photographs to analyze the area and shape of
sample material wetted by drops. However, in most cases, analysis of photographs has
served to determine the diameter of the craters, usually making it possible to determine
the approximate width of the rim; such measurements were made, e.g., in the works of
Delon et al. [43] and Matsuda et al. [55].

The advantage of photo-based analysis is its simplicity. Images of craters are recorded
quickly, and measurements can be made in both laboratory and field conditions. There are
a large number of programs that allow work to be conducted on the collected data, and
the processing is also not complicated in most cases. To ensure the quality of the data, it
is worth using equipment that guarantees the high resolution and acuity of the recorded
images. Furthermore, by eliminating the need for equipment to be in contact with the
surface of the samples during measurements, analysis based on photos removes the risk of
damaging the craters. The method can be useful in studies involving a large number of
repetitions or variants, where only the static quantities of the craters are determined.

The major disadvantage of photographic analysis is the limitation of the information
obtained. Noticeable is the inability to determine the depth of the investigated deforma-
tions. An additional problem can be the time-consuming aspect of the research when
the processing of images in a program is done manually. The difficulties in precisely
determining the edges of craters and rims can also complicate analysis.

3.3. High-Speed Imaging

A development of the measurement method based on photography is the analysis of
videos, which are, in practice, sequences of consecutive images. High-speed cameras are
used to record dynamic phenomena, such as the splash phenomenon. The positioning of
the camera should make it possible to observe the process of deformation and determine
the intended quantities, which usually means placing the equipment as perpendicular as
possible to the surface of the sample, over the drop impact point. Parameters determining
the quality of recordings include the number of frames captured per second and the
associated exposure time (the higher the number of frames and lower the exposure time,
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the more precisely moving objects are captured), the depth of field (which determines the
size of the area in which the image is sharp) and the resolution of the records.

The popularity of high-speed cameras is partly due to the development of recording
and processing techniques, which are now fully computerized. The recordings can be
processed in programs dedicated to a specific type of device, or they can be extracted as
frames and analysed by commonly available graphics programs. Before the availability
of modern technical solutions, an analysis of the collected data was more difficult-in
Ghadiri [30], the use of high-speed cameras to describe the impact of a drop on a water
target involved projecting a sequence of successive images onto graph paper and outlining
the contours of the analyzed shapes (described as corona and crater).

Based on recordings from high-speed cameras, it is possible to obtain data on the
dynamics and course of the cratering phenomenon [40,44,53,56]. Some works used single
images or short sequences of images taken by the method of high-speed photography as
an independent object of analysis or a way of presenting successive stages of the studied
process [42,43,45,49,54]. The quantities determined based on the films include, among
others, the time of crater formation and the change in its diameter over time, which was
considered in the work of Delon et al. [43], Nefzaoui and Skurtys [44], Zhao et al. [53], and
Mazur et al. [58]. The course of the wetting of deposit material by drops can also be the
subject of research [36,38,50,54]. Camera measurements provide insight into the movement
of bed material [42,48] and the formation of the rim [39,44,49].

In addition, high-speed camera recordings make it possible to precisely define the place
of drop impact, which can affect the results of experiments that take into account the use of
samples with irregular, rough surfaces. The use of additional cameras whose optical axes are
at the level of the sample makes it possible to extend the analysis of craters by monitoring
the parameters of the falling drop (information regarding the trajectory of particles ejected by
splash or the process of corona formation may also be an added value). Referring to Range
and Feuillebois [66], for low heights, i.e., several dozen centimetres, the law of conservation of
energy can be used to estimate the drop velocity, but for greater heights the drag caused by
air becomes so significant that it is worthwhile to use high-speed cameras or other devices to
monitor the velocity of the drop immediately before it impacts the sample.

Measurements taken with high-speed cameras also have limitations. The main disad-
vantage is the inability to determine the depth of the craters. Appropriate equipment for the
stand can also be a problem, mainly the total cost of cameras, lighting and software. Note the
difficulty of using cameras in the field; these devices are so far mostly laboratory equipment.

3.4. Profilometry

As stated above, the main limitation of the methods based on photos and recordings
is the inability to determine crater depth and rim height. On the other hand, the use of a
ruler or calliper is associated with low precision and the risk of damaging the deformations,
resulting in errors affecting the obtained results. These complications have led to a search
for a way to measure crater depth with non-contact methods and high accuracy. An example
of a device that makes it possible to obtain the desired results is a laser profilometer, with
which one can obtain the deformation profile, i.e., a two-dimensional depiction of the
interior of the crater. During the measurement, the laser beam emitted by the device is
pointed at the target, and the way it is reflected provides information about the structure
of the investigated surface. The results are obtained based on the interference of the
measurement beam with a reference beam of known optical path or the reflection angle of
the measurement beam (trigonometric triangulation). The advantages of laser profilometers
are high accuracy, resolution and the speed of measurement. Profilometers can be used
in both laboratory and field research. An analysis of the results is usually performed in
programs dedicated to specific devices.

Another method of obtaining profiles was presented in the works of Zhao et al. [33]
and De Jong et al. [35]. Information about the shape of the deformation was based on
an analysis of recordings made with high-speed cameras on which the distortion of laser
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beams projected onto the sample during the impact of the drop was recorded. To obtain
the profiles, one can use the measurement methods standardly applied to prepare a 3D
model of the deformation, which are discussed later. The issue determining the use of the
full capabilities of these techniques or being limited to a single profile interpretation is the
scope of information relevant to the user.

Profile analyses were used to determine the depths and diameters of the craters in the
works of Ghadiri [30], Long et al. [42], Beczek et al. [41], and Mazur et al. [58]; they also
found application in determining the heights of the rims [41] and the slope of the crater
walls [35]. In the aforementioned works by Zhao et al. [33] and De Jong et al. [35], through
the additional use of high-speed cameras, the dynamics of the craters’ shape changes after
the drop impact were determined, allowing insight into the process of their formation. De
Jong et al. [35] also investigated a process called avalanche (the displacement of deposit
grains from the rim and walls of the crater to its center), the occurrence of which can affect
the final diameter and depth of craters.

The main disadvantage with measurements based on crater profiles lies in conducting
analyses of three-dimensional objects (which craters are) based on their two-dimensional,
often single depiction. The use of a single profile does not provide a chance to accurately
determine the volume of craters, thereby comparing it with, for example, the volume of
a drop. Admittedly, there are known attempts to calculate the volume of craters based
on their depth and diameter obtained from profiles using the hemisphere formula [30,41].
However, using the above equation results in an overestimation of the crater’s volume [60].
In addition, without a complete picture of deformation, it is difficult to be certain of carrying
out the profile through key points, i.e., those where the crater is deepest, the diameter
representative, and where the rim reaches its greatest height. Another problem related
to the limitations of the method (at least for some of the devices) relates to the difficulty
of making a profile of craters of a more complicated shape, in the center of which is an
irregular material wetted by the drop, obstructing access of the laser beam to part of the
deformation (Figure 1b,c).

3.5. 3D Surface Modelling

Measurement methods that involve making digital 3D models of craters are most often
based on structured light scanning, laser scanning, or photogrammetry. The 3D models can
also be built from profiles arranged side-by-side made with profilometers [30,39,49].

In the case of photogrammetry (called structure from motion), the preparation of a 3D
model assumes using a set of images of the examined object. Photographs should be taken
from different angles and merged in software dedicated for this purpose. Photogrammetry
measurements do not require any specialized equipment. The images can be taken with
a camera, as in the work of Long et al. [42] and Laburda et al. [67], or be frames cut from
a video, as in Vinci et al. [68,69]. For measurements outside the laboratory, one should
consider using equipment that provides shade from sunlight and uniform artificial lighting.
Photographs that form the basis of the method must be of good quality and high resolution
(the self-timer function, for example, can be helpful in order to exclude the shaking of the
device that occurs during manual shooting, thus ensuring better quality of the recorded
data). The processing of images can be facilitated by placing markers on or near the object
to help identify characteristic points, a method that is related to the crucial phase of the
process referred to as image rectification, which consists of projecting the pictures onto a
common plane.

3D scanners are devices designed to create digital models of objects. The resolution of
measurements made with 3D scanners can be as high as a few dozen micrometres, and in
addition, the measurement time is usually tens of seconds. This type of equipment is based
on laser scanning technology or structured light scanning. In the case of laser scanners, the
object is illuminated by a red or blue laser beam(s). Structured light scanners (using white,
blue or green light) project a pattern onto the examined object, usually consisting of a series
of stripes of varying width which change their position during the measurement. Both
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types of devices measure based on the way the emitted light is reflected from the tested
object, usually by the angle of reflection registered by the detector [70-73]. Scanners can be
in stationary form (set on a tripod, working together with a rotary table that changes the
position of the sample during the measurement) or hand-held.

The possibilities offered by analysing 3D models are similar, regardless of the method
used to obtain them. The preliminary result of the measurement is usually a point cloud
(or several point clouds, when capturing the details of the deformation requires repeating
the measurement from different sides) representing the geometry of the studied object.
The point cloud requires further processing depending on the equipment and software
used. Processing may include removing measurement errors, the calibration of several
point clouds with each other and their final merging and transformation into a triangular
mesh model on which proper crater dimension analyses can be conducted. 3D model
analyses may involve the application of reference surfaces that provide a comparison point
for deformation [72]. A reference surface can be a 3D scan of the sample surface before the
drop impact or an artificially imposed surface on the model to represent the level of the
sample before the deformation.

The accuracy of the resulting model depends on the technique and equipment used.
Aguilar et al. [74] compared the applicability of photogrammetry and surface scanners
in the context of soil relief measurements under field conditions. It was found that both
methods allowed the fast generation of digital models providing good accuracy, which
was, however, better with the laser scanner, which enabled the imaging of small aggregates
and the spaces between them. 3D models provide the opportunity to determine the highest
and lowest points within the entire deformation (not just in a single two-dimensional
profile)-as was done in the work of Mazur et al. [60]-or to present the surface roughness
within the entire crater [35,39,42,49,52]. In addition, it is possible to measure the diameter,
the circularity and volume of craters, the quantities that characterize the rim, including the
volume of material that forms it, and determine the dimensions of the material wetted by the
drop if such element is present and measurable [56,60]. In the case of Laburda et al. [67], the
use of photogrammetry made it possible to determine the change in level and roughness of
soil samples after natural precipitation. 3D scanners were also used to describe the surface
after simulated rainfall [75] and assess soil loss due to erosion [76].

It should be noted that, regardless of the technology, scanners have a problem when
it comes to measuring transparent surfaces (a similar problem can occur with moist soil
samples) or objects exposed to strong illumination, such as sunlight [70,73]. Although,
a change in the wavelength emitted by modern lasers makes illumination a decreasing
problem. For some scanners, measurement complications can occur with objects whose
colour is close to black [77]. A potential problem may also be the limited measurement
volume of the equipment, which in the case of larger samples may require combining
several scans. As with profilometers, measurements can be hampered by the more complex
shape of the crater (Figure 1b,c), where it can be difficult to acquire data on parts of the
deformation area.

3.6. Computed Tomography (CT)

Computed tomography scanning is a measurement technique that involves generating
images of the interior of objects with the use of X-ray radiation. Depending on the physical
properties of the sample material (especially its density), the radiation emitted by the X-ray
source in the device is absorbed to a greater or lesser degree, and the part that passes
through the sample is recorded with detectors placed behind the studied object [78-80].
The sample image is obtained by using mathematical algorithms incorporated into the
device’s software.

Computed tomography allows the determination of static qualities, characterizing craters
with the highest accuracy among the methods mentioned herein. The advantage of tomog-
raphy is that one can obtain cross-sections of samples, making it possible to analyze the
arrangement of material inside the sample (not, as in the case of profiles, only on the surface).
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Beczek et al. [41] described the use of X-ray microtomography to determine the diameter,
the depth of crater and the height of the rim formed on soil samples after the impact of
a single drop. The same methodology was applied by Mazur et al. [58] in a study of the
splash phenomenon on beds of glass beads. In both cases, measurements were based on cross
sections of prepared samples. Yang et al. [81] used synchrotron-based X-ray microcomputed
tomography to study porosity changes in a soil sample caused by drop impact.

The design of the measuring equipment is such that computed tomography research
can only be performed in the laboratory, and the size of the analyzed samples is limited [82].
The cost of purchasing and exploiting the apparatus can be another obstacle to using the
technique. A disadvantage of using the method is the need to transport the samples to the
tomograph, which can affect the bed arrangement after the drop impact. A rather long
scanning time, in the order of several minutes [41], can also be a complication, affecting the
changes in the arrangement of the sample caused by evaporation of water.

4, Potential Use of Crater Measurement Methods in Water Erosion Research

Water erosion occurs in many forms such as splash, sheet, rill and interrill erosion,
gully erosion, bank erosion, or snowmelt erosion [83], differing in the mechanism of forma-
tion and the scale of the phenomenon. Due to the widely varying size scales, measuring
each of the above-mentioned phenomena requires the selection of appropriate measure-
ment tools. Some of the methods described earlier as methods for the measurement of
craters find their application in the wider range of water erosion studies.

As Kinnell (2005) [83] points out, erosion is a process that involves the detachment
of soil material from the surface of the soil matrix followed by the subsequent transport
of the detached material away from the initial location. To quantify this transported soil
material, high-speed cameras are successfully used to determine the angle of ejection;
ejection velocity; range (displacement); and maximum height to which the soil particles
have risen [84] These experiments, due to the requirements for adequate lighting and
system calibration, are mainly carried out under laboratory conditions using single drops
of simulated precipitation.

While high-speed cameras are successfully used in splash erosion studies and can also
be used in the analysis of surface runoff, they have limitations in field experiments resulting
from their small field of observation and the need to mount them and ensure appropriate
lighting. These limitations do not apply when analyses of photo sequences taken with
hand-held or drone-mounted cameras and/or ultralight aircraft are used. Both the height
from which the photos are taken and their frequency will depend on what exactly is to be
observed. In any case, modern software for image analysis allows for obtaining a large
amount of data useful for interpreting the phenomenon of water erosion.

The microtomograph is another method used to measure soil erosion processes. Due
to the “layered” imaging and cross-sectioning of the sample, it is possible to analyse the
compaction of the sample that occurs as a result of droplet impact. This method can be
used to estimate the energy that has been expended in compacting the soil at the point of
impact of the drop. The application of this technique has certain limitations, mainly related
to the size of the sample itself as well as the need to place it in the apparatus, which makes
it impossible to carry out measurements under field conditions.

Another measurement method used for microcraters that can also be used for erosion
measurements is the 3D surface scanner. The scanners used today are suitable for measuring
both small and large objects. They come in the form of portable devices that can successfully
scan the change in soil surface after rainfall under field conditions. With their use, it is
possible to describe the course of splash, sheet, rill and interrill erosion, or even gully
erosion. Similar applications can also be found with profilometers, which are suitable for
characterising surface changes on a larger scale.

The applications of the crater measurement methods reported here represent only part of
the methods developed over the years to measure particular forms of erosion. The information
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about the possibilities of using the described methods in the context of erosion aspects beyond
craters caused by drop impacts was intended to broaden awareness of their versatility.

5. Challenges and Prospects

There are many differences between the measurement methods described in this
paper. They refer to the scope and resolution of the acquired data, the character of the
measurements, including the time required or method of execution, and finally the cost
of the equipment. Considering that equipment choice is one of the first decisions made
in planning research, it is important that such decisions be made consciously based on
the study objectives, the range of quantities to determine and taking into account all the
advantages and disadvantages of the available methods.

One aspect of the development of measurement methods is to solve problems arising
from their limitations. In the case of methods for crater measurement, such limitations apply
mostly to surface scanners and more specifically to problems caused by inadequate lighting
or the type of study surfaces (e.g., measuring craters on moist, dark-colored soils). Consid-
ering the growing possibilities of the new devices, it can be concluded that these problems
have been recognized and are gradually being solved. For profilometers, the development
prospects can be seen in the increasing speed of measurements. Sufficiently advanced
devices could provide capabilities analogous to the set-ups used by Zhao et al. [33] or
de Jong et al. [35], based on the simultaneous use of a high-speed camera and a laser
beam. This makes it possible to simplify similar measurements (even by automating the
processing results), and thus could provide easier insight into the change in the linear
dimensions of the crater in the process of its formation.

Implementing promising new measurement techniques such as 3D microscopy or high-
speed 3D shape measurement, can also be a way to facilitate measurements or expand their
scope [73,85,86]. Regarding the first one, 3D microscopes take a sequence of measurements
creating—using the device’s software—a 3D image of the sample resembling the result of
the use of a scanner. High accuracy and a significant level of measurement automatization
appear to be important advantages. The limited sample size associated with the design
of the microscopes and the need to use the technology only in the laboratory can be a
problem. Regarding high-speed 3D shape measurement, it is a technique that requires
further development, but in the long term it may enable the creation of 3D models showing
the changes in the morphology of craters occurring in the process of their formation.

A different, important issue, is the adaptation of equipment for field studies. The
appropriate construction of equipment could facilitate measurements outside the laboratory,
contributing to an increase in the number of works, including field studies.

Current research questions about craters are, among others, related to the beginning
of their formation process, and include questions about soil compaction at the point of
the drop impact, an analysis of the origin of the ejected material, and the initial position
of the material forming the rim. Although these topics were addressed in the works of
Mazur et al. [58], de Jong et al. [35], and Katsuragi [39], these studies were conducted on
model deposits, mainly glass beads, which reflected in the deficit of works dealing with the
above issues in the context of soil.

The potential application of the results from crater analyses includes implementing
them into erosion models to better predict the magnitude of the phenomenon, especially
in the early stages of precipitation. Data about soil susceptibility to deformation due to
drop impact may additionally be an appropriate supplement to erodibility information. The
methods presented herein may find application in monitoring splash erosion after natural
precipitation, facilitating the calculation of crater volumes, or serving as a proxy for the
amount of splashed material. Following Laburda et al. [67], surface deformation analysis
using photogrammetry can provide an alternative to conventional measurement methods
using standard splash cup. On the other hand, the results of the field measurements of
craters could help determine how accurately the trends observed under controlled laboratory
conditions translate into results obtained on undisturbed soil after natural precipitation.
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The phenomenon of splash is connected with soil erosion, occurs commonly, and has a complex nature. The
study presents the results of research in which glass beads (dry and d beds) with a di. size range of
0.425-0.6 mm were used as a soil model. Patterns and layers of glass particles (beads), distinguished by their
colour were placed on the surface of the samples. Displacements of the marked beads were used for the analysis
of movement caused by splash. The measurements were supplemented with recordings made with high-speed
cameras and photographs from an X-ray microtomograph. Three types of displ for dry bed el

were distinguished: (i) displacement inside the surface area wetted with a falling drop of water, (ii) ejection and
(iii) placement on the crater rim, as well as two types of displacement for elements from saturated beds: (i)
displacement inside the deformation and (ii) ejection. The distance travelled by the beads was related to the
specificity their displacement, which was associated with the initial location of the beads on the sample surface.
In the case of dry beds, glass beads with an initial location equal to 14 mm or more from the centre of the drop
impact were not moved. In the case of saturated beds, this distance was about 10 mm. More than 95% of the
beads ejected from dry beds came from the surface layer of the sample. All the measurement methods applied
show that the deformations of the dry bed surfaces were greater and more diversified than those of the saturated
beds. The results presented in the study are important for understanding the mechanisms of transport of bacteria,
fungi, and pollutants transferred with ejected soil particles during splash. The results can also be used for a
physical description of the ph for the comp modelling of both splash and water erosion.

1. Introduction

using splash cups or a special splash tray (Geifller et al., 2012;
Ghahramani et al., 2011; Ma et al., 2014; Nanko et al., 2008; Quansah,

The impact of water drops on the soil surface is the first stage of
water erosion, known as splash (Ferndndez-Raga et al., 2017). Splash is
a complex and dynamic phenomenon consisting of a number of pro-
cesses, such as displacement of soil particles (Terry, 1998), formation of
a crater (De Jong et al., 2017), and propagation of a mechanical wave
(Korbiel et al., 2015). Given the prevalence of this process and the link
with other soil erosion processes, splash has become the subject of
many scientific studies (Ahn et al., 2013; Ekwue and Seepersad, 2015;
Erpul et al., 2008; Fox et al., 2007; Furbish et al., 2007; Goebes et al.,
2014; Kijowska-Strugata and Kiszka, 2019; Long et al., 2014; Marzen
et al., 2015; Sadeghi et al., 2017; Szewranski, 2009; Wei et al., 2015;
Zhao et al., 2015, Zmuda et al., 2009).

Splash studies have been carried out using various measurement
techniques, depending on the aim and place of implementation (field or
laboratory tests). The weight of the detached material was measured

* Corresponding author.
E-mail address: r.mazur@ipan.lublin.pl (R. Mazur).

https://doi.org/10.1016/j.catena.2019.104277

1981). Adhesive paper sheets were used to determine the distance and
number of ejected particles (Ahn et al., 2013; Furbish et al., 2007). The
shape of the deformation formed after the impact of the drops was
studied by laser scanning of the surface and by microtomography
(Beczek et al,, 2018; Zhang et al., 2015; Zhao et al., 2015). The
movement of particles during precipitation was observed with the use
of fluorescent substances (Hardy et al., 2017). The equipment com-
monly used in recent years includes high-speed cameras, which allow
analysis of the dynamics of the phenomenon and determination of the
trajectories and other parameters of the ejected particles (Ghadiri,
2004; Long et al., 2014; Zhao et al., 2015).

Due to the complex nature of the phenomenon, some studies were
carried out on model systems such as glass beads (Ahn et al., 2013;
Atherton et al., 2016; De Jong et al., 2017; Delon et al., 2011; Zhang
et al., 2015) or sand (Erpul et al., 2008; Furbish et al., 2007; Long et al.,
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2014). There are also studies using soil material (Beczek et al., 2017; Bu
et al., 2014; Fu et al., 2017; Moghadam et al., 2015; Vaezi et al., 2017).

One of determinants of the process of splash is precipitation.
Various factors were taken into account in the work on splash erosion
efficiency, including rainfall intensity (Quansah, 1981; Sadeghi et al.,
2017), the size and energy of falling drops (Ghadiri, 2004; Goebes et al.,
2014; Pietravalle et al., 2001), and the impact of wind (Erpul et al.,
2008) or slope gradients (Brodowski, 2013; Erpul et al., 2008; Quansah,
1981). Since the splash phenomenon is influenced by soil properties,
the studies took into account granulometric distribution (Furbish et al.,
2007; Hamlett et al., 2013; Katsuragi, 2010; Wei et al., 2015), surface
sealing (Bu et al., 2014), sample density (FEkwue and Seepersad, 2015),
initial moisture content (Ryzak et al., 2015; Zhang et al., 2015),
roughness (Marzen et al., 2016), and surface water repellence (Ahn
et al., 2013; Fox et al., 2007; Hamlett et al., 2013; Jordan et al., 2016;
Lowe et al., 2017).

The soil surface becomes deformed by the impact of drops. The
resulting deformations were described by determining their diameter or
volume (Delon et al., 2011; Ghadiri, 2004; Nefzaoui and Skurtys, 2012)
and by indicating the shape and depth of the crater (Beczek et al.,
2018). Although the shapes of craters after the splash were measured,
there was often no possibility of determining where the displaced
particles came from, (i.e., the distance from the point of impact of the
water droplets and the depth), especially for those that travelled the
shortest distances. The aim of this work was to analyse the various ways
that elements of the beds moved, taking into account their initial lo-
cations, and to analyse the deformation of the sample surfaces after the
impact of drops.

2. Materials and methods

Beads with diameters ranging from 0.425mm to 0.6 mm, made of
sodium-calcium quartz glass, were used in the study. The size of the
beads made it possible to use them as a soil-modelling material, si-
multaneously allowing manual laying of patterns (using different bead
colours) on the surface of the samples and preparation of a second type
of bed in which whole layers were composed of beads of a selected
colour. Sigma transparent beads (USA) and coloured Efco beads
(Germany) were used in the study. The density of the glass from which
the two types of beads were made was practically the same.
Measurements taken with a pictometer have shown that the average
density in each case was 2.49 gem ™~ °. The beads were poured into
aluminium rings with an inner diameter of 36 mm and a height of
10mm. The rings filled with beads were covered with a sheet of self-
adhesive paper (a 35-mm diameter hole was cut in the middle of each
sheet), so that the surface of the paper was on the level of the surface of
the beads. An appropriate size of the hole was determined so as not to
disturb the course of the phenomenon. Self-adhesive paper was used to
stop the beads ejected during the splash at their landing sites. The
droplet-forming system consisted of a peristaltic pump and a capillary
ensuring a constant droplet diameter of 4.2mm (standard deviation
(SD) = 0.02). All measurements were taken with regard to the splash
caused by a single drop of distilled water falling freely from a height of
1.5m.

Prior to the analysis of deformations and displacements, the splash
phenomenon in the dry and saturated beds was recorded with three
synchronized Phantom Miro 310 cameras (Vision Research, USA). Two
cameras were at the sample level and one recorded the phenomenon
from above (Fig. 1a). The angle between the cameras at the sample
level was 90°. The recording rate was 3260 frames per second.

In the first stage of the work, the relation between the method and
distance of bead displacements and their initial positions (in relation to
the place of impact of the drops) was investigated. For this purpose,
coloured beads, which created regular concentric patterns on the out-
line of a circle, a cross, or a star, were placed on a bed of transparent
beads (Fig. 1b). The aim of the second stage of the research was to
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answer questions regarding the area of interaction of water droplets
with the bed and the depth (layer) from which the beads were ejected.
For this purpose, two independent measuring techniques were used,
i.e., monitoring of the displacements of the beads from the coloured
layers (Fig. 1c) based on an analysis of photos and X-ray micro-
tomography.

The following terms are used in this paper:

® Bed deformation area, understood as the area from which the beads
are displaced.

* Wetted area, referring to the area over which the beads have been
wetted and bound by water from a drop impact (Fig. 4a).

® Moat, i.e., the area which includes the depression between the
wetted surface and the rim (Fig. 4a).

® Exposed surface, i.e., the area from which most of the beads from
the surface layer of the bed have been removed. This area includes
the moat and the adjacent part of the rim (Fig. 2b).

A change in the bead location of at least 0.3 mm (approximately the
radius of the beads) was considered the displacement. Three types of
displacement were determined for the dry beds: displacement inside the
wetted surface, ejection (where the bead was moved outside the de-
formation area), and placement on the rim (where the bead was not
stopped inside the wetted surface, but the displacement was too small
to regard it as leaving the deformation area). In the case of the saturated
deposits, analogous division into two groups was adopted: displacement
inside the deformation and ejection.

2.1. Analysis of the displacements of individual beads

Precise placement of the beads in the pattern on the surface was not
necessary, because the displacement, i.e., the end position in relation to
the initial position, was analysed. The pattern beads were gently
pressed into the surface of the bed in the top layer. The number of
coloured beads used as markers was so limited that it was possible to
determine their final location after the splash (Fig. 2a).

Measurements were carried out on dry and fully saturated deposits.
The arrangement of the beads before and after the impact of the drops
was photographed using a Nikon D7100 camera. The displacement of
the beads was determined based on the image analysis performed in
GIMP. The images of the beds before and after the impact of the drops
were superimposed on each other. Displacements were measured with
an accuracy of 0.1 mm. In the case of the dry beds, 23 splash repetitions
were carried out, and the displacement of 370 marked (coloured) beads
was analysed. The measurements carried out in the saturated beds were
based on the analysis of the displacement of 237 beads over 10 re-
petitions of the splash. In the dry beds, the marked beads were located
at a distance of 1-17 mm, measured from the centre of the impact of the
water drops. In turn, the distances in the saturated beds were from
1 mm to 12mm. This arrangement was the result of preliminary mea-
surements, which were used to determine the range of motion caused
by the impact of the drops.

2.2. Analysis of the displacements of beads arranged in layers

In order to answer the question about the area deformed by the
impact of the water drop and the ways in which beads from different
depths move, research was carried out on dry beds in which the three
outer layers were composed of beads of different colours (each layer in
a different colour). These measurements were carried out in three re-
petitions.

The use of layers of coloured beads allowed the determination of:

o the area of the wetted surface and its composition,
® the area of the exposed surface and its composition,
e the bed layer from which beads were initially ejected onto a sheet of
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Fig. 1. Experimental set-up: (a) diagram of the measuring stand and (b) example of bed containing the pattern (photo plus scheme), (c) example of bed with layers of
beads of the same colour (photo plus scheme). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

self-adhesive paper.
2.3. Analysis of deformation using microtomography

The examination of splashes on beds containing the layers of co-
loured beads allowed a preliminary analysis of the deformation. X-ray
computational microtomography (CT) was used to obtain a more ac-
curate measurement of the sample surfaces. The CT analyses were
carried out using a GE Nanotom 180S device (GE Sensing & Inspection
Technologies GmbH, Niels-Bohr-Str. 7, 31315 Wunstorf, Germany) at
the IA PAS microtomography facility. The voxel size for these scans was
20 um. The parameters of the X-ray source included a tungsten X-ray
source exit window, cathode current 250 pA, and voltage 110kV. A Cu
0.2-mm exit filter was used for X-ray filtering. For each scan, 1200 2D
images of the rotated specimen were registered. Based on the registered
images, a 3D reconstruction was made (phoenix datos|x v.2 software).
To reduce noise, the 3D volume was filtered twice using a median filter
with a kernel diameter equal to three pixels. The filtered reconstructed
volume was then used for analyses of the crater geometry.

At this stage of the research, beds of colourless beads were used. The
measurements were carried out with three repetitions for the dry and
saturated beds. For both sample variants, the deformation was analysed
based on cross sections (Fig. 11) taken through the place of impact of
the drops (three per sample; cross sections were selected so that the
angles between them were 60 degrees) and projections seen from
above. The parameters determined from the microtomographs are
presented schematically in Fig. 3a for the dry bed and Fig. 3b for the
saturated bed.

3. Results

The analysis of the obtained results showed that the splash phe-
nomenon proceeded differently in the dry bed and the saturated bed.
This is because the deposit underneath the falling droplet was wetted in
the dry beds. In this case, three types of displacement were

distinguished: (i) a slight displacement of the beads inside the wetted
surface, (ii) ejection, causing the beads to be moved outside the de-
formation area, and (iii) placement on the rim. Since there was no
wetting in the saturated bed (the bed was fully saturated before the
impact of the drops), the division in this case included two groups of
displacements: (i) displacement inside the deformation (in the crater or
on the rim) and (ii) ejection.

3.1. Dynamics of splash phenomenon on dry and saturated beds

The analysis carried out by recording the phenomenon with high-
speed cameras allowed determination of the dynamics and the course of
the observed phenomenon. In the case of an impact of a water drop on
the surface of a dry bed, part of its volume was splashed, i.e., it was
ejected in the form of small droplets. However, most of the water pe-
netrated the bed, filling the pores between the beads. In the early phase
of deformation, the wetted area expanded for about 7 ms until the
maximum surface area was reached, and then began to shrink as a re-
sult of surface tension. The time interval between the maximum size of
the wetted area and the end of the shrinkage of this area was about
25 ms. Between the edge of the wetted area and the rim, a recess was
formed, which was called the moat - the darker ring in Fig. 4a. This
cavity was part of the crater, inside which a wetted area was formed.
The whole was enclosed by a rim formed on the edges of the area af-
fected by the impact of the drops.

In the case of impact of the drops on the surface of the saturated
bed, the course of the phenomenon seems to be less complex. Due to the
presence of water in the sample, there was no wetting of the surface,
only formation of a crater. As in the case of the dry samples, a rim was
formed from the displaced beads around the point of impact of the drop
(Fig. 4b). The beads in the saturated beds were more frequently ejected
in the form of aggregates (this phenomenon was sporadic in the case of
the dry beds). The beads from the saturated beds, which travelled the
greatest distance, were ejected from an area closer to the point of im-
pact of the drops, and the distance travelled by them was greater than
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Final location

Initial distance Displacement
from the center / of the pattern
of deformation element

/ Contour of the wet area

/ Contour of the exposed area

Fig. 2. Analysis of samples in the GIMP program: (a) bed containing the pat-
tern, (b) bed with layers of beads of the same colour. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

in the case of the dry beds. It was also observed that, in the saturated
beds, fewer beads were ejected at short distances, i.e., located near the
edges of the holes cut out in the sheets of self-adhesive paper. The latter
qualitative observations are detailed in the following analyses.

3.2. Distances of displacement of deposit elements depending on the initial
position

To analyse the relationship between the distance of displacement
and the initial position of the beads, the initial position of the displaced
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beads in relation to the centre of the impact of the drops was de-
termined by allocating them to areas created by dividing the area of the
sample into 1-mm-wide rings. For each of the rings, the average dis-
placement of beads that were initially located within it was calculated.
Fig. 5 shows schematically the results obtained for the dry and satu-
rated beds.

The results show three characteristic areas around the place of im-
pact of the drops with different values of average bead displacement.

e The central area, in which the beads were moved only slightly. The
radius of this area was approximately 3 mm in the case of the dry
beds and 1 mm in the case of the saturated beds.

The area from which the beads were moved at the furthest distance.
This area formed a ring. In the dry beds, the ring had an internal
diameter of approximately 4 mm and an external diameter of ap-
proximately 8 mm. In the saturated beds, the analogous parameters
were approximately 2 mm and approximately 4 mm. The maximum
average displacement was 11 mm in the dry beds and 75 mm in the
saturated beds. The bead ejected at the furthest distance from the
dry beds travelled a distance of 135.9 mm. In the case of the wet
beds, this maximum distance was 295.9 mm.

The third designated area was again characterized by slight dis-
placements, up to a maximum of 2mm in the dry beds and up to
3mm in the wet beds. In both cases, there is a tendency for the
displacements further away from the centre of deformation to take
smaller values. The range of this area ended at a distance of about
13mm in the dry beds and at a distance of about 9mm in the sa-
turated beds. The movement of the beads completely vanished at a
distance of 14 mm from the point of impact of the drops in the dry
beds and a distance of 10 mm in the saturated beds.

3.3. Di
movement

of displ of bed el depending on their type of

The previous section presents the average distances over which the
beads were transported, without taking into account the type of
movement associated with their displacement. The observations made
with the high-speed cameras and the analysis of the displacements of
the marked beads allowed identification of the movement causing the
change in the position of individual beads. In general, the beads dis-
placed inside the wetted area (dry beds) or located directly underneath
the falling droplet (saturated beds) were moved only slightly. The fur-
ther away they were from the impact centre of the drops, the more
frequently the beads were ejected. This was observed to the next
characteristic distance, at which most of the beads were moved to form
a rim. A quantitative presentation of the results obtained is given in
Figs. 6 and 8. Due to the different displacement distances, the results
are presented in separate graphs with different scales, making it easier
to analyse the data.

The analysis of the results of measurements in the dry beds
(Fig. 6a—c) demonstrated that the distances over which the beads were
transported depended on the method of displacement. Beads that
moved as a result of ejection were transferred the furthest, while those
located in the wetted area (0-6 mm) and the area of motion decay
(10-13 mm) were moved along the smallest distances. The displace-
ment analysis (Fig. 6a—c) shows that there was a maximum in each case.
In the wet area, the beads located 2 mm from the centre of impact of the
drops moved the furthest. Their averaged displacement was 2.37 mm
(SD = 0.35 mm). The beads detached from the surface of the beds as a
result of ejection were transferred much further: those located initially
at a distance of 4mm were displaced on average by 66.03 mm
(SD = 30.51 mm). In the case of movement associated with rim for-
mation, the greatest displacements occurred 6 mm from the centre, with
an average value of 5.87 mm (SD = 0.61 mm). It should be noted that
the patterns of marked (coloured) beads helped to demonstrate that the
areas of occurrence of the different modes of displacement overlapped.
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Fig. 3. Diagram of deformation with parameters measured by the microtomograph for (a) the dry sample and (b) the saturated sample, where hy, is the rim height, hy
is the wetted area height, d, is the moat depth, dy is the wetted area depth, dy; is the hole depth, Wy, is the rim width, W, is the moat width, D is the diameter of the
wetted area, Dy, is the diameter of the hole, and Dc is the diameter of the crater.

The data obtained in the experiment allowed estimation of the con-
tribution of beads moved in a particular way in particular areas, de-
termined on the basis of the initial positions of the beads. The results of
the analysis are presented in Fig. 7.

Both Figs. 6 and 7 show that the change in the way the beads were
moved extended over several millimetres in each case. In other words,
beads located in border areas could be moved in different ways. Beads
located up to 3mm from the impact centre of the drops were only
displaced within the wetted area. Single beads located at 4 mm could be
ejected. Less than half of the beads at 5mm from the centre were dis-
placed inside the wetted area, and most of the others were ejected. At
this distance, the first beads placed on the rim appeared. Further in-
creases in the distance from the centre (up to 9 mm) resulted in an
increase in the proportion of beads forming the rim and a decrease in
the proportion of beads ejected in the splash. No ejected beads were
noted at 9 mm, while some beads had not been moved at 10 mm.

An analogous analysis was conducted for the saturated beds. As

a) “ The ejected beads

Recess around the wet
area (darker ring) - moat

Rim formed around
the drop hits point
(brighter ring)

already mentioned, two methods of displacement were distinguished in
this case — displacement inside the deformation and ejection due to
splash (Fig. 8a and b).

As in the dry beds, it was possible to observe a maximum for each
type of displacement. Among the beads moved inside the deformation,
the largest distance was travelled by those located 3mm from the
centre of the splash. The average value of their displacements was
4.43 mm (SD = 1.13 mm). In addition, in the case of ejection, the beads
located at a distance of 3 mm from the centre of the splash were moved
the furthest. Their average displacement was 92.80 mm
(SD = 36.80 mm). Beads in the saturated beds were ejected from 2 mm
to 5mm from the point of impact of the drops, while the first non-
transferred beads were noted at 6 mm. An overview of the percentage
participation of the different types of displacement depending on the
initial location is presented in Fig. 9.

b)

The ejected
bead

Fig. 4. View of surface deformation after the impact of a water drop: (a) deformation of the dry bed, (b) deformation of the saturated bed.
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Fig. 5. Average distances over which the beads were displaced depending on
their initial position for: (a) the dry bed, (b) the saturated bed. The outer circle
in the drawing shows the size of the aluminium rings in which the beds were
prepared. X represents the average displacement of beads in millimetres, also
indicated by shades of grey.

3.4. Range of bed deformation

The results presented so far allowed characterization of the move-
ment of beads located at different distances from the centre of impact of
the drops. However, they did not allow determination of the bed surface
deformation. The first method for obtaining information about the ex-
tent of changes and their depth was the analysis for the dry bed with
three layers composed of beads of different colours, below which there
were base layers composed of transparent beads.

The results indicate that the average wetted area was 96.72 mm>
(SD = 2.90mm?). The average exposed area was slightly larger, i.e.
124.93mm? (SD = 7.13mm?). The percentage of beads from each of
the layers in both areas is shown in Fig. 10.

The use of the self-adhesive paper sheets in combination with
samples containing layers of beads of the same colour allowed analysis
of the origins of the bed elements ejected at the greatest distances. The
layer from which the beads came was determined based on their colour.
While interpreting these results, it should be recalled that the diameter
of the hole cut in the sheets was 35 mm; therefore, the self-adhesive
paper analysis included only the portion of the beads that were moved
to positions outside the cut hole. The analysis of the results showed that
the beads were initially located between 4 and 8 mm from the centre of
deformation (Fig. 6b) and that almost all the beads (97%) that were
stopped on the adhesive paper came from the first (top) layer of the
deposit.

Much more precise information about the depth and shape of the
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Fig. 6. Average displacements of beads from the dry bed depending on the
initial position, for: (a) beads displaced in the wet area, (b) ejected beads, and
(c) beads placed on the rim. The vertical lines denote standard deviations.

deformation was obtained using microtomography scanning. Examples
of cross sections for the dry and saturated beds are presented in Fig. 11.

Comparison of the cross sections of the beds (Fig. 11) shows dif-
ferences in the shape of the deformations formed on the saturated and
dry surfaces. In the dry bed (Fig. 11a), a wetted area was formed in the
central part. Cavities forming a moat were visible on both sides of the
area wetted by the drop. The moat was an element of the crater made of
dry beads, inside which the wetted area was located. In the saturated
bed (Fig. 11b), the main part of the crater was a hole formed after the
impact of the drop.

The results of measurements made via microtomography are pre-
sented in Fig. 12. Statistically significant differences were found be-
tween the width of the hollow formed on the saturated beds of
11.54 mm (SD = 0.68 mm) and the width of the wetted area formed on
the dry beds of 10.49mm (SD = 0.25mm). The moat, which is a
characteristic deformation of the dry beds, had a width of 3.19 mm
(SD = 0.28 mm). In both types of beds, the impact of drops caused the
formation of a rim, which was slightly smaller in the case of the
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6.0 T
a)

W VN
N4 AN
7/ T ——

Average bead displacement [mm]

0.0
0 1 2 3 4 5 6 7 8 9
Initial bead location relative to the drop impact point [mm]
140.0
b)
120.0
100.0

80.0 I\

Average bead displacement [mm]

60.0
400 I
200 \
~
0.0
2 3 4 5

Initial bead location relative to the drop impact point [mm]

Fig. 8. Average displacements of beads from the saturated beds depending on
the initial position, for: (a) beads displaced in the deformation, (b) ejected
beads. The vertical lines denote standard deviations.

saturated bed. However, this difference was not statistically significant.
The width of the crater in the dry beds was 19.48 mm (SD = 0.46 mm).
It was clearly greater than in the saturated beds, where it was 14.16 mm
(SD = 0.52 mm).

In both tested systems, the height of the rim exhibited comparable
values of about 0.8 mm (Fig. 12b). It should be noted that the standard
deviation of the rim height was clearly greater in the case of the satu-
rated beds. The average depth of the holes formed in the saturated beds

was 1.22mm (SD = 0.05mm), i.e. slightly less than the depth of the
wetted areas, which was 1.48 mm (SD = 0.07 mm) in the dry beds.
However, there was a statistically significant difference between the
depth of the hole and the depth of the moat, as the latter was 1.57 mm
(SD = 0.07 mm). The height of the wetted area, which occurred only in
the dry beds, had an average value of about 1 mm.

4. Discussion

Regardless of whether the droplet hit the surface of the dry or sa-
turated bed, the same scheme of displacements was observed: the beads
closest to the point of impact were displaced over short distances. The
beads from the next area were ejected over long distances, after which
the values of displacements decreased again (Fig. 5). In addition, some
initial locations were associated with the simultaneous occurrence of
two, or even three, types of displacement (Figs. 7 and 9). In other
words, the initial location of an element of the bed influences the value
of its displacement due to the probability of a specific method of dis-
placement.

The analysis of the movement of single particles during the splash
phenomenon is a fairly new issue, and therefore it is difficult to find
studies in which the authors conducted similar experiments. The study
by Hardy et al. (2017) is the closest thematically, although it describes
the displacement resulting from several minutes of precipitation rather
than the impact of one drop. The authors suggest that soil particles are
displaced in stop-hop-roll-repeat cycles. The tracked particles were
sand grains coated with a fluorescent substance. The stop-hop-roll-re-
peat sequence shows some similarities to the division of displacement
types used in this work. Hop refers to the sudden ejection and dis-
placement of grains over long distances. Roll includes movements re-
lated to the formation of the crater and the displacement of sand along
with flowing water. The analysis of motion during precipitation was
connected with the occurrence of rest periods of particles, called the
stop phase. In addition, it was noted that displacement of soil particles
over long distances usually required a large number of cycles.

4.1. Analysis of the phenomenon in the area close to the drop impact point
The impact of the drop on the bed caused deformation of the bed. In

the dry beds, a wetted area was formed inside the crater, composed of
beads combined with water from the drops. Considering the size of the
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Fig. 9. Percentage of beads with different types of displacement in areas defined based on their initial location. Results for the saturated beds.

wetted area (Fig. 12a) and the average values of dislocations related to
the displacement of beads inside the wetted area (Fig. 6a), it can be
stated that the results obtained by both independent methods (splash
analysis on glass beads using coloured beads and computer micro-
tomography) are to a large extent convergent. The wetted area was
enclosed by a moat, i.e., a hollow separating it from the rim (Figs. 3a
and 11a). The crater in the saturated beds was different, consisting only
of a hole and the surrounding rim. In general, a larger crater was
formed in the dry beds. Taking into account the results reported by
Beczek et al. (2018), where an increase in moisture was associated with
an increase in the crater size, the smaller deformation in the case of the
saturated samples may give an impression of inconsistency. However, it
should be noted that the dry samples were not included in these studies,
and the water present in the samples was “sticking” the solid-phase
particles together, mitigating their displacement. In this research, the
absence of water in the dry bed caused a reduction in cohesion forces,
which resulted in greater deformations. These differences may also be a
result of the fact that soil samples were tested (to be precise Haplic

Percentage participation

Luvisol (Siltic) soil) in the study of Beczek et al. (2018), while the
present study was based on model systems of glass beads. As indicated
by the comparison of the present results with those reported by Beczek
et al. (2018), the differences in the results obtained for the saturated
samples at the same kinetic energy of the falling water drop confirmed
the influence of the shape and size of solid-phase particles on the de-
formation. It should be noted that the course of the splash on the soil
was also influenced by the content of organic carbon and soil texture.
The soil samples were characterized by a greater crater depth (the
depth was about 2 mm in the soil and about 1.2 mm in the glass beads),
while the beds of glass beads had a greater crater width (soil samples
about 8 mm, glass beads 14 mm). The reduced depth may be related to
the susceptibility of glass beads (taking into account their regular
shapes) to avalanches. This phenomenon takes place in the final stage
of formation of the crater walls and is associated with the sliding of
beads from the highest points of the rim. This aspect of the splash
phenomenon was discussed in the work by De Jong et al. (2017). In
addition, the regular shapes of the beads meant that the energy losses

The wet area

The beads from the first layer
M The beads from the third layer

The exposed area
B The beads from the second layer

M The beads from the base layer

Fig. 10. Percentage of beads from each of the layers of the dry bed in the wetted and exposed areas.
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from friction between them were smaller and they did not catch each
other (which could happen in the soil samples). Hence, the craters in
the bead beds had a larger diameter than in the soil. The results pre-
sented in this study seem to be in harmony with the work conducted by
Takita and Sumita (2013), who considered the impact of a wide range
of deposit moisture values (sand in their case) on the size of the crater.
The largest crater size was observed for dry samples. An increase in
moisture caused a reduction of the deformation on the surface, up to a
boundary value, after which the size of the crater began to grow again.

The differences in the size and shape of deformation (in the dry and
saturated beds) and the nature of the displacement of beads stopped
inside the wetted area (in the dry beds) can be explained by the action

of the surface tension of water. The surface tension reduced the pene-
tration of water deep into the bed, which resulted in the formation of a
clearly visible circular wetted area on the surface of the samples
(Fig. 4a). In the work of Ahn et al. (2013), the wetted area formed after
the impact of a drop on beds of hydrophobic and hydrophilic beads was
measured and found to be 50mm?® (SD = 2mm? and 68 mm?
(SD = 3mm?) respectively. Both values are smaller than the wetted
area obtained in this study, i.e., 96.72 mm? (SD = 2.90 mm?). Although
Ahn et al. (2013) used droplets with a similar size (diameter of 4 mm)
and deposits of beads sized 0.35mm < d < 0.4 mm, which were
smaller than in this study, the free-fall height of the drop was much
smaller (0.4 m) and hence the kinetic energy was smaller. This explains
the differences between the results. An interesting issue is the shape of
the wetted area in both variants. In the hydrophilic beads, it was reg-
ular and similar to the value shown in the present results. In the hy-
drophobic beads, the shape of the wetted area was much more dis-
torted.

Two aspects of the reduction of movement in beads stopped inside
the wetted area can be considered. In the central part of the wetted
area, the pressure generated by the drop pushes the beads into the
deposit, limiting their movement to the sides. For beads displaced to the
edge of the wetted area, the surface tension of the water acts to bond
the wetted part of the deposit and prevent the beads from being ejected.
This can be confirmed by the fact that the first beads knocked out of the
dry beds were ejected at a distance of 4 mm (Figs. 6b and 7). The first
beads from the saturated beds (where the surface tension resulting from
the presence of water in the bed alleviates the effect of surface tension
caused by the contact of the drops with the bed, with no backward
movement of the beads as a result of the final stage of the wetted area
formation) were ejected from a distance of only 2mm (Figs. 8b and 9).
Additionally, there was a decrease in the average values of bead dis-
placements inside the wetted area, along with the approach of their
initial location towards the edge of the wetted surface (Fig. 6a). The
initial growth and subsequent shrinkage of the wetted area observed on
the recordings from the high-speed cameras also seems to confirm this
hypothesis. Moreover, the deformation composition obtained from the
splash analyses on the beds with the coloured layers seems to be an-
other supporting argument (Fig. 10). The percentage of beads from the
first layer was much higher in the wetted area than in the exposed area.
The result suggests an influence of a factor countering the displacement
of beads out of the wetted area. This role is assigned to the surface
tension of the water from the drops.

The absence of the form characteristic of the dry beds (Figs. 4a and
11a) in the case of the saturated samples (Fig. 4b and 11b) cannot be
surprising. The water filled all the free spaces between the beads, and
thus there was no effect of surface tension at the water/air boundary
inside the deposit.

The issue of dry bed deformation was studied by Delon et al. (2011).
The authors measured the times characterizing the changes (time of
growth and time of shrinkage) in the wetted area. The results obtained
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by them are similar to the results in this study. They associated the
recession of the drops with capillary forces and its ending with the
impregnation of sand. The relationship between the Weber number and
the ratio of the maximum crater diameter to the droplet diameter
presented by Delon et al. (2011) is better suited to dry than to moist
beds from the point of view of the results from this work. The Weber
number was also related to the shape of the crater, which was described
by the ratio of the diameter of the wetted area to the diameter of the
crater (which was named in the article Dy, — maximum area disturbed
by the droplet and D,,.x — diameter of the large crater). The initial in-
crease in the Weber number was related to an increase in the differ-
ences between the two sizes, and thus an increase in the area called the
moat. After exceeding the boundary value of the Weber number (about
200), the difference between the diameters began to decrease.

4.2. Analysis of the phenomenon in the area of bead ejection

The beads retained on the self-adhesive paper (measurements on
beds with coloured layers) indicated that the elements ejected at the
greatest distances came mainly from the surface layer of the beds.
Taking into account the defects of hand-made layers, the result of 97%
is still unambiguous. Additionally, this information is compatible with
the data from the analysis of the exposed area, as elements from the
surface layer of the deposit accounted for only 10.5% of this area
(Fig. 10). The location of the exposed area coincides with the initial
positions of the ejected beads, located above the cross section of the
sample in Fig. 11a. This means that the elements of the surface layer of
the bed were the most likely to be ejected, and the process was asso-
ciated with a strong deformation of the surface. A similar situation was
observed in the case of the saturated beds. The maximum average
displacement value was obtained for the beads at a distance of 2-4 mm
from the geometric centre of the impact of the water drops. At this
point, the inner walls of the crater began.

The analysis of the results revealed that the beads were ejected from
a relatively narrow area of the sample, especially in the case of beads
displaced at the longest distance. The average displacements of beads
ejected from the dry beds exceeded 20 mm for an area 4-5 mm from the
centre of the impact of the drops (Fig. 6b). The maximum value of the
average displacement in the saturated beds was reached closer to the
centre of the deformation (Fig. 8b), i.e., at a distance of 2-3 mm.
However, in this case, the ejected beads covered a greater distance than
the beads from the dry beds. The differences can be explained by the
wetting of the dry beds. In the dry beds, the surface tension of water
from the drops prevented the beads from being ejected from a distance
of 2-3 mm, holding them in the wetted area. The energy transferred to
beads located further away (4-5mm) in the dry beds was smaller,
hence the shorter distances over which they were displaced after being
ejected. The lower energy transferred to these beads was the result of
two simultaneously occurring phenomena:

® Energy reduction in subsequent collisions of beads in the bed. Less
energy was transferred further from the centre of the impact of the
droplet.

In the dry bed wetted by a drop, the water entering the pores caused
a change in the geometrical arrangement of the deposit (thickening),
hence part of the energy of the falling droplet was dispersed. In the
saturated bed, assuming the incompressibility of water, the density
of the bed was much higher, thus most of the energy could be used
as the energy of bead ejection.

Long et al. (2014) analysed the movement of particles which they
divided into two groups: type “a” (characterized by low ejection angles
and high speeds) and type “b" (larger angles of ejection and lower
speeds). Their b-type particles were ejected from areas between 1 mm
and 10 mm (mostly from the 3-7 mm) from the drop impact point. They
covered a distance of up to 120 mm, although the vast majority did not
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move further than 40 mm from the drop impact centre. These data,
despite the difference in the drop sizes and grain diameters, are close to
the results presented in this paper. Ahn et al. (2013) have demonstrated
that the majority of splashed particles land between 1 and 2em from
the point of impact of the drops, and only a few are transported over
longer distances. Similarly, in the present measurements, many of the
beads fell inside the ring of the deposit.

Furbish et al. (2007) described the mechanism of particle ejection
from the surface layer of the sample as a result of particle-particle
collisions. The distances to which the particles were ejected were re-
lated to the diameter of the sand grains and their number to the size of
the impacting drops. They also noticed that, for a certain ratio of drop
size to grain size of the bed, the momentum transferred to the deposit is
negligible, and the drop infiltrates the deposit without splashing. Fur-
bish et al. reported that 883 grains were ejected after the impact of four
drops with a diameter of 4 mm on a 0.35-mm-grain-diameter deposit. In
turn, 136 grains were ejected in the case of the impact of 10 drops with
the same diameter on a 0.84-mm-grain-diameter deposit, This gives
220.75 and 13.6 grains per drop, respectively. In our case, the average
number of beads ejected onto the sheet of self-adhesive paper was 43.33
(SD = 6.17) for the beds with monolayers.

Zhang et al. (2015) investigated the influence of humidity on the
particle splash. They reported that even a small amount of moisture in
the deposit creates liquid bridges between points of contact of granular
particles, which then induce cohesive forces, thus reducing the number
of particles ejected. According to their reports, an increase in moisture
makes the retreat of liquid marble (wet area) more difficult. Despite the
use of beads with a much smaller diameter, the maximum wetted area
was reached after a similar time as in the measurements presented in
this study.

4.3. Analysis of the phenomenon in the area of rim formation

The rim is the last (measuring from the centre of the impact of the
water drops) element of deformation formed on the bed surface. Rim
formation requires displacement of beads leading to their accumulation
and a fall of beads ejected over short distances. The observations made
with the use of the high-speed cameras indicate that the latter me-
chanism is more important in the case of dry beds.

Based on microtomography scans, it was found that both the
average width and the average height of the rim were larger in the dry
beds, but the differences were not statistically significant (Fig. 12).
However, in the case of the dry samples, the rim was easier to observe,
due to the presence of the moat around the wetted area (Fig. 4a). In the
case of the saturated samples, the rim was formed closer to the drop
impact point. The distance of the rim from the centre of the saturated
beds was limited by the influence of the surface tension of water, Water
from the beds attempted to achieve minimized volume, (i.e., as far as
possible in the glass beads to achieve a spherical shape), influencing the
size of the deformation.

5. Conclusions

The presented work shows investigations of the displacement of
elements of dry and saturated (with water) beds made of glass beads
and the deformation of the bed surfaces induced by the splash phe-
nomenon. The experiments were carried out with a wide range of
measurement methods: patterns and layers made of marked (coloured)
beads and the use of high-speed cameras and microtomography. The
average bead displacements calculated for the different areas, taking
into account their initial positions with an accuracy of 1 mm, allowed
identification of general trends valid for both types of samples. The
classification of displacements according to the covered distance, the
nature of the movement, and the region of occurrence facilitated a more
detailed analysis of the phenomenon. In the dry beds, the following
phenomena were observed.
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® Displacement inside the wetted area due to expansion and shrinking
of the area wetted by the falling drop. This type of displacement was
characterized by small movements limited by the surface tension of
the water, The highest displacements were noted for beads located
at a distance of 2 mm from the point of impact of the drops, with an
average value of 2.37 mm (SD = 0.35mm).

Ejection of the beads outside the deformation area. This movement
included sudden large displacements with very different values. The
longest distance was covered by beads originally located at a dis-
tance of 4 mm from the centre of the splash, and the average value
of the displacements was 66.03 mm (SD = 30.51 mm). It should be
emphasized that the vast majority of the ejected beads were initially
located in the surface layer of the beds.

Placement on the rim. In the case of this displacement, the beads
were shifted along the deposit. Some of them were ejected to a small
height and subsequently fell onto the formed rim. The maximum
average displacement, i.e. 5.87 mm (SD = 0.61 mm), was observed
for deposit elements located 6 mm from the drop impact point.

This classification was not applicable in the case of the saturated
beds, which showed a different shape of deformation and different
behaviour of the deposit after the impact of the drops. Given the in-
fluence of water filling the pores between the beads, the deformation
was called the moat, and the wetted area did not form on the surface of
the sample. In other words, it was impossible to identify the boundary
between the direct interaction of water drops in the crater formation
process and the indirect interaction in the rim formation process. In the
saturated beds, the following distinction was therefore made.

® Displacement inside the deformation, which includes both the beads
pushed deep into the beds by drop impact directly above them and
those moved onto the rim. The maximum value of average dis-
placement, i.e. 4.43mm (SD = 1.13 mm), was recorded for beads
located about 3 mm from the centre of the splash.

Beads ejected from the deformation area, analogous to the dis-
placement type occurring in dry beds. A maximum average ejection
distance of 92.80 mm (SD = 36.80 mm) was observed for elements
located approximately 3mm from the drop impact centre. The
comparison of the results with those for the dry beds showed that
the elements of the saturated beds covered longer distances.
Furthermore, a portion of the ejected beads was in the form of ag-
gregates linked by water.

It should be noted that the areas of occurrence of the above-men-
tioned types of displacements, (i.e., the initial positions of the elements
moved in a given way) overlapped. This leads to the conclusion that the
initial locations of the beads moved as a result of the splash did not
unambiguously determine the displacement type, but rather influenced
it via the change in the probability of occurrence of displacement types.
Moreover, this probability depended on the parameters of the beds, in
this case the moisture. It should be noted that the beads travelling the
longest distances after ejection came from a relatively narrow area of
the sample.

A phenomenon that affects the displacement of dry bed elements in
direct contact with the impacting drops is the deposit wetting. The
analysis of the images from the high-speed cameras showed the ex-
pansion of the wet area and its subsequent shrinkage resulting from the
effect of surface tension. This resulted in creation of forms that were not
observed in the saturated beds, i.e., the so-called moat and wetted area,
the depths of which were comparable. The subsurface layers of the
beads in the moat area were exposed, mainly those from the second and
third layers. The analysis of the wetted area composition indicated a
significant proportion of beads from the first layer. It was combined
with the influence of water surface tension. The comparison of the
deformations caused by the drop impact in both investigated bed types
showed that those occurring in the saturated beds had a smaller
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diameter, although the depths of the crater in the saturated beds and
the wetted area in the dry beds were similar. Furthermore, the micro-
tomography scans of bead displacements indicate that the place from
which the beads were ejected was associated with the strongest de-
formation of the beds.

The results presented in the study are basic research aimed at sup-
plementing the existing descriptions of crater formation and particle
transport due to soil splash. They are important for understanding the
mechanisms of transport of bacteria, fungi, and pollutants transferred
with ejected soil particles during splash. The results can also be used for
a physical description of the phenomenon for the computer modelling
of both splash and water erosion.
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The splash phenomenon (being the first stage of water erosion) is caused by the drops’ impact on the soil surface,
resulting in the displacement of soil particles and the creation of a deformation — a small-sized crater. The aim of
this research was to analyse the effect of the drops’ impact energy, the initial moisture content, and the texture of
the soils used (loamy sand, sandy loam, silty loam) on the size of the formed craters. Measurements were made
using a 3D surface scanner to determine the depth and volume of craters along with the equivalent diameter and
circularity of their top cross-sections. In each of the experiment variants, the impact of the drops resulted in
changes on the soil surface. Moisture content was the factor with the highest influence on crater formation
(increase in moisture resulted in an increase in the size of the craters). The highest circularity was observed in
craters formed on silty loam, which had the largest amount of silt content among the investigated soils.
Increasing the drop energy resulted in an increase in the average values of the measured quantities, but only in a
few cases were these changes statistically significant. The conducted research demonstrates the utility of surface
scanners in accurately measuring soil deformation after drop impact. In addition, the acquired results can
support the development of erosion models, increase the knowledge regarding the splash phenomenon, and help
to make further steps in linking the splash to subsequent stages of water erosion.

1. Introduction

that contribute to soil degradation.
The course and magnitude of these splashes are influenced by factors

The Earth's environment is exposed to many different factors that
can cause its devastation. Erosion associated with the degradation of
soil- the surface layer of the lithosphere, is one of such threat. Erosion
resulting, e.g., from the action of water, wind, and mass movements
causes damage to landforms. In addition to such phenomena as gully
formation or the transport of massive amounts of soil material by rivers,
the process that precedes erosion and occurs on a much smaller scale
(splash erosion) must first be considered to gain a complete overview of
erosion.

The splash phenomenon is the first stage of water erosion, involving
the interactions of individual raindrops with the soil surface. The impact
of these drops causes detachment and displacement of soil particles and
also results in surface deformation. The course of the splash phenome-
non is the subject of much scientific research, the results of which may
allow for better understanding, prediction, and prevention of processes

* Corresponding author.
E-mail address: m.ryzak@ipan.lublin.pl (M. Ryzak).

https://doi.org/10.1016/j.geoderma.2022.115838

such as slope (Erpul et al., 2008; Quansah, 1981), vegetative cover
(Ghahramani et al., 2011; Ma et al., 2014; Parlak and Ozaslan Parlak,
2010), precipitation energy and intensity (Fernandez-Raga et al., 2010;
Goebes et al., 2014; Sadeghi et al., 2017), soil wettability (Ahn et al.,
2013; Fox et al., 2007; Hamlett et al., 2013), particle size distribution
(Furbish et al., 2007; Wei et al., 2015), moisture content (Ryzak et al.,
2015; Zambon et al., 2021), and compaction (Ekwue and Seepersad,
2015) of soil. To date, most studies on the splash phenomenon have been
focused on describing the mass of displaced soil. On a laboratory or
small field scale, this was accomplished by using special containers —
splash cups — to capture the ejected material (Beczek et al., 2019;
Fernandez-Raga et al., 2019). However, the methods mentioned above
allow only analyses of the results of the splash erosion. A new possibility
is given by the use of high-speed cameras, which allow measurement of
the dynamics, i.e., the velocity and trajectory of ejected particles
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(Beczek et al., 2020; Long et al., 2014). In another method presented by
Hardy et al. (2017), the authors used fluorescent substances to deter-
mine the displacement of soil material during a simulated rainfall event.

Generally, the splash phenomenon is accompanied by deformation of
the soil surface, and a so-called crater is formed. The crater is usually
formed by a cavity surrounded by piled-up material forming a rim
(Beczek et al., 2018; Ghadiri, 2004). Some metrics used to evaluate
craters are geometrical measures of diameter and depth (Beczek et al.,
2018; Delon et al., 2011). In some works, the presented results were
supplemented with parameters based on the ratio of the crater depth to
its diameter (de Jong et al., 2017) or the ratio of the crater diameter to
the diameter of the falling drop (Zhang et al., 2015). Additionally, at-
tempts to calculate crater volumes were made in several other papers
(Beczek et al., 2018; Ghadiri, 2004). Quantities that sometimes com-
plement the aforementioned description of deformation are information
about the angles of the crater walls (de Jong et al., 2017) and the di-
mensions of the formed rim (Long et al., 2014).

Results presented by Delon et al. (2011), Nefzaoui and Skurtys
(2012), and Beczek et al. (2018) indicated that an increase in a drop’s
impact energy resulted in an increase in the size of the formed crater.
Takita and Sumita (2013) as well as Beczek et al. (2018) reported that
the susceptibility of a deposit to deformation is related to its moisture
content. According to research by de Jong et al. (2017) into the process
of crater formation, the dimensions reached by craters depend on
various packing densities, and the final shape of the deformation is
related to the occurrence of a phenomenon called avalanche (namely,
the movement of material from the crater walls into the crater cavity).

With the development of measurement technology, new devices are
emerging that can be used in the analysis of the splash and the charac-
teristics of the formed craters. Examples include laser profilometers
(Zhang et al., 2015), surface scanners (Wyser et al., 2019), or micro-
tomography (Beczel et al., 2018). At the same time, in existing devices,
measurements are being made with increasing precision and within an
increasing measurement range.

Taking into account that crater formation is a complicated process,
some of the work aimed at describing this phenomenon was carried out
on model deposits — usually glass beads (de Jong et al., 2017; Katsuragi,
2011; Mazur et al., 2020; Nefzaoui and Skurtys, 2012; Zhang et al.,
2015; Zhao et al., 2015a,b). There is less work done, however, on more
complex deposits like sand (Delon et al., 2011; Lardier et al.,, 2019; Long
et al., 2014; Wyser et al., 2019) or soil (Beczek et al., 2018; Ghadiri,
2004; Lardier et al., 2019; Terry, 1998). Therefore, further research
involving soil material is needed to fully understand and describe the
course of the splash and crater formation.

A review of the literature leads to the conclusion that there are still
many aspects to crater formation that require a deeper understanding/
description. Wanting to fill, at least in part, this gap, the aim of this study
was to determine the effect of varying initial moisture content and
texture of soils as well as the impact energy of a single drop on the de-
gree of surface deformation (shape and size of the resulting crater).

2. Materials and methods

Three soils with varying textures were used in the research, being
loamy sand, sandy loam, and silty loam. To remove the skeleton part, the
soil material was air-dried and sieved through a sieve with a mesh
diameter of 2 mm.

Particle size distribution was measured by the laser diffraction
method using a Mastersizer 2000 (Malvern, UK) with a Hydro G
dispersion unit. The following settings were applied: pump speed — 1750
rpm, stirrer speed — 700 rpm. Measurements were carried out in water
dispersion. The duration of a single measurement was 60 s (30 s for red
light and 30 s for blue light). Mie theory with a refractive index - 1.52
and an absorption index — 0.1 was used to calculate particle size dis-
tribution. The soil aggregates were destroyed by ultrasounds at
maximum power (35 W) in 4 min (Bieganowski et al., 2018).
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Total organic carbon and inorganic carbon content were measured
with a TOC VCPH analyser coupled with an SSM5000 solid sample
combustion unit (Shimadzu, Japan) (Chua and Tokura, 2004). The
characteristics of the investigated soils are shown in Table 1.

The samples used in the study were differentiated in terms of initial
moisture content taking into account three variants corresponding to a
pressure head equal to 0.1 kPa (fully saturated soil), 1.0 kPa (near
saturation), and 16 kPa (soil with moisture content close to field ca-
pacity). This pressure head was obtained by mixing air dry soil samples
with the proper amount of water (determined in previous measurements
on ceramic plates placed in pressure chambers). The moistened soil
material was placed in aluminium rings with a height of 10 mm and an
inner diameter of 36 mm. The bottoms of the rings were secured with
fabric chiffon to prevent the sample from falling out. The soil surface
was gently smoothed with a ruler. Some samples were dried at 110 °C
and weighed to determine the bulk density for each soil variant
(Table 1). The prepared samples were placed on a previously levelled
laboratory table. The measurements included water drops with a
diameter of 4.2 mm and final kinetic energy of 0.49 mJ (when the drop
falls from 1.5 m) and 1.35 mJ (when the drop falls from 7 m). A height of
1.5 m was chosen because it can be related to the throughfall phe-
nomenon, i.e., the water drop falling from tree leaves. The free fall from
a height of 7 m, which was included to approximate the parameters of
the used drops to the real precipitation, allowed the drop to achieve
more than 90% of the terminal velocity obtained by raindrops of this
size. The energy of the drops before hitting the samples was determined
based on their mass and velocity, which was quantified through re-
cordings made with high-speed cameras. A constant drop size was pro-
vided by a glass capillary placed at the end of a dispensing system
controlled by a peristaltic pump. For each variant of the experiment, 10
replications were performed (which were understood as the impact of
one drop per one undisturbed sample).

A Scan3D UNIVERSE 10 Mpix surface scanner (Smarttech 3d,
Poland) with sampling of 655 points-mm 2 (0.039 mm between points)
was used to measure the shape of the craters. Additionally, the
measuring equipment included a rotary table on which samples were
placed (the scanner-table system was positioned to place the sample in
the centre of the scanner measuring volume) and a computer with
Smarttech3D measure software (Smarttech, Poland) for recording and
working on peint clouds. Te carry out the scan, a projection system built
into the scanner illuminated the sample with a series of time-varying
parallel stripes of white light. The way the light reflected off the sam-
ple was registered by the detector and then interpreted by the software,
which created a point cloud reflecting the geometry of the sample. A
single measurement consisted of 6 scans, between which the sample
placed on the rotary table was automatically turned by 60° - the overall
scanning time per sample was approximately 2 min. For each sample, a
set of point clouds was obtained, which were subjected to removal of
noise, fitted together, and converted to triangular mesh. Subsequent
work on the converted files was carried out in Geomagic Control 2015
(3D Systems, USA). The maximum crater depth and crater volume were
determined by comparing the 3D model of the sample with the surface
determined from points undisturbed by the impact of the drop, repre-
senting the level of the surface before the splash. Next, cross sections of
the crater were determined at the level of the same reference surface.
The crater contour image obtained from the cross-section was entered
into ImageJ (National Institute of Health, USA), where the circularity
(Eq. (1)) and the equivalent diameter (Eq. (2)) of the crater at the level of
the reference surface were calculated. A visualization of the determined
quantities is shown in Fig. 1.

47A
P2 (1)

Circularity =

‘ ) fax
Equivalent diameter = V‘; (2)
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Table 1
Characteristics of the soil materials.
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Soil Unit According to Soil texture Particle size distribution [% vol.] TOC 10C Bulk density [g/cm3]
WRB? [%] %] for moisture
corresponding to a pressure head equal to:
Sand Silt (0.002-0.05 mm) Clay < 0.002 mm 0.1 kPa 1 kPa 16 kPa
(2-0.05 mm)

Haplic Luvisol Loamy sand 81.59 16.60 1.81 0.80 0.00 1.65 + 0.03 1.77 £ 0.01 1.76 + 0.02
Rendzic Leptosol Sandy loam 53.49 41.60 4.91 1.73 0.67 1.35 £ 0.05 1.41 £ 0.01 1.55 + 0.02
Nudiargic Luvisol Silty loam 14.56 77.61 7.83 0.79 0.00 1.27 +0.01 1.41 + 0.02 1.62 + 0.01

TOC - total organic carbon; 10C — inorganic carbon; *World Reference Base (1USS Working Group WRB, 2015); bulk density results include mean values and standard

errors.

Fig. 1. Examples of analysed crater quantities: A — depth of crater; B — volume of crater; C — sample cross-sections with different circularity: C1 - silty loam at a
pressure head equal to 0.1 kPa and the drop falling from 7 m; C2 - sandy loam at a pressure head equal to 1 kPa and the drop falling from 7 m; C3 - loamy sand at a

pressure head equal to 16 kPa and the drop falling from 1.5 m.

where: A - crater cross-sectional area at the level of the reference surface
(m?); P - crater cross-sectional perimeter at the level of the reference
surface (m).

The following software was used to conduct the described analyses:
i) for scan registration and collection of points’ cloud — Smarttech3D
measure (Smarttech, Poland), ii) on the analysis of triangular meshes—
Geomagic Control 2015 (3D Systems, USA), iii) for determination of
circularity and equivalent diameter — ImageJ (National Institute of
Health, USA).

Statistica 13.1 (TIBCO Software Inc., USA) software was used for
statistical analyses. The normality of the distributions in all analysed
groups (which were distinguished according to the initial moisture
content and texture of the soils, the drops’ impact energy, and the
measured quantities of the craters) was verified using the Shapiro-Wilk
test. The Bartlett's test was used for analysis of equality of variances.

Multi-factor ANOVA was used to determine the effects of individual
factors and combinations of factors on the quantities studied. The
calculated values of o (Eq. (3)), which is a measure of the size of an
effect and determines how much difference is caused by a given factor in
the set of values under consideration (Keren and Lewis, 1979), were
interpreted based on Cohen’s scale (Cohen, 1988). Depending on the
value of the parameter w?, the strengths of the effect were assigned to
one of four groups: < 0.1 - very small or none, 0.1 to 0.3 — small, 0.3 to
0.5 — medium, 0.5 to 1 - large. The term very little or none refers to
factors whose effect on the results according to the above scale was none
or so small that it is basically negligible. Tukey's test (at a significance
level of 0.05) was used to determine statistically significant differences
between the results from each experimental variant.
> SSucar = Af*MSerror

O T SS at + Mo &
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where: S8, — sum of squares for a factor, effect; df — number of de-
grees of freedom for a factor, effect; MS,,» — mean square for the errors;
8810 — sum of squares for the model.

3. Results

The results are presented in Fig. 2, and the analysis of the effect of
each factor on the measured quantities in Table 2.

Craters formed on sandy loam, with moisture content corresponding
to a pressure head of 0.1 kPa and a drop energy of 1.35 mJ had the
greatest depth (Fig. 2A), averaging 2.48 mm (£0.13 mm), and the
greatest volume (Fig. 2D), averaging 103.40 mm® (£6.42 mm®). The
craters with the smallest depth and volume were recorded for the same
soil (sandy loam) at a moisture content corresponding to a pressure head
equal to 16 kPa and drop energy of 0.49 mJ — the average depth was
0.14 mm (+0.03 mm), and the average volume was 0.97 mm?® (£0.27
mma'). In addition, the smallest equivalent diameters (Fig. 2B) were also
obtained for this variant, with an average value of 4.45 mm (+0.27 mm).
Craters with the largest equivalent diameter averaging 11.78 mm
(+0.26 mm) and the largest circularity (Fig. 2C) averaging 0.80 (+0.01)
were formed on silty loam samples at a moisture content equivalent to a
pressure head equal to 0.1 kPa and drop energy of 1.35 mJ. In contrast,
craters characterized by the smallest circularity, with a mean value
equal to 0.27 (+0.02) were found on loamy sand for a pressure head
equal to 16 kPa and drop energy of 0.49 mJ.

Analysing the relationships shown in Fig. 2, it can be seen that, in
general, as the moisture content of the samples increased, the values of
the determined quantities also increased. Based on the data in Table 2, it
can be concluded that the moisture content factor was decisive (in three
cases, the influence was determined as “large” and in one case as “me-
dium™). The texture had a significant (at the level classified as “me-
dium™) effect on crater circularity. None of the other factors (drop
energy or the combination of tested factors) had a significant effect on
the measured quantities.

4. Discussion
4.1. Crater volume

To the best of the authors’ knowledge, in the previous research, the
volume of craters formed after the impact of water drops on the soil
surface was calculated based on the depth and diameter of the defor-
mation. Such calculations assumed that the crater shape is a hemisphere
cap (Ghadiri 2004; Beczek et al. 2018). With the results of the actual
crater volumes obtained from the recorded scans, we made a comparison
with the volumes calculated according to the works cited above (the
diameters and depths determined by the scanner measurements were
entered into the appropriate formulas). These calculations were found to
overestimate the crater volume by an average of about 23%.

The source of these discrepancies was the shape of the craters, which
deviated from the cap of the hemisphere. The irregularity of the
resulting deformations can be linked to i) irregularity of the crater edge
(confirmed by circularity — Fig. 2C); the more the circularity value de-
viates from 1, the more the crater outline on the surface differs from the
circle, and ii) actual formation of the craters’ interior; the irregular
shape of the walls and bottom of the craters differed from the smooth
interior of the hemispheres.

4.2, Influence of initial soil moisture on deformation

Before discussing the influence of the initial moisture content on
cratering, it should be noted that the presented research assumed work
on samples with a structure less complicated than in the undisturbed
soil. This is related to the preliminary nature of the study, the use of
limited-volume samples, the procedure for pre-treating the soil, i.e.,
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sieving it through a sieve, and the method for preparing samples with
specified moisture content. This means that the analysis of the effect of
soil aggregate stability or the slaking effect (Xiao et al., 2017, 2018) on
the results is beyond the scope of this paper.

The drop impact caused deformations of the soil surface in all
considered variants of the experiment. The shapes and sizes of the cra-
ters varied with the changes in the initial moisture content of the sam-
ples, the particle size distribution of the soils, and the energy of the
drops. However, as previously mentioned, among the analysed factors, it
was the initial moisture content of the samples that had the greatest
influence on the determined quantities (Fig. 2 and Table 2).

The volumes and depths of the craters formed in soils with the lowest
moisture content (corresponding to a pressure head equal to 16 kPa)
were the smallest and did not differ statistically significantly for either
variant of drop energy. Therefore, one can conclude that in the above
cases, cohesion and friction between soil particles were sufficiently high
to significantly counteract the movement of particles due to drop
impact. These results confirmed our previous work where, for Haplic
Luvisol (Siltic) soil samples, craters with the smallest volume were ob-
tained at analogous moisture contents (corresponding to a pressure head
equal to 16 kPa), and their diameters did not vary for the considered
drop energy variants (Beczek et al., 2018). However, the effect of the
drop energy on the craters’ diameters formed in the cited experiment
was more pronounced for samples with higher moisture content. In
Zhang et al. (2015), the authors motivated the limitation of the satu-
ration range they analysed (they conducted the study in very dry sam-
ples, where saturation values did not exceed 1%) by the yield stress of
the bed (in the case of the cited work, it was related to the resistance of
the deposit to non-reversible deformation due to mechanical stress),
which prevented the drop from causing surface deformation. With the
increase in the moisture, the dimensions of the craters formed in their
experiment gradually decreased. Takita and Sumita (2013) investigated
the relationship between bed moisture content (sand with a grain
diameter of 0.204 + 0.002 mm) and the size of craters formed after the
impact of a stainless steel sphere (spheres were dropped from heights
ranging from 78 to 1690 mm). Despite the differences between the steel
impactor and the drop, it should be noted that according to the above
work, the increase in the bed moisture content (starting from a
completely dry bed) was first associated with a decrease in, amongst
others, the crater diameter, while after exceeding the limiting moisture
content (saturation >70%), the trend was reversed, i.e., with the in-
crease in moisture content beyond this saturation point, the size of the
craters increased. Taking into account the cited works, it can be assumed
that the moisture content considered in our experiments corresponding
to the pressure head equal to 16 kPa was close to the mentioned limiting
value, above which the dimensions of the craters followed an increasing
trend.

The research conducted by Ghadiri (2004) included an analysis of
craters formed on dry or saturated sand beds and soils. The author
indicated the shear strength of a target as one of the main factors
determining the size of formed craters. In contrast, Zhang et al. (2015)
emphasized the importance of compressive stresses for impact cratering.
The information presented in both cited works is in agreement with our
observation that, probably, the changes in the mechanical properties of
the beds, which may have been caused by a decrease in the soil cohesion
and the formation of a water layer on the surface of the grains of ma-
terial used, which facilitated their movement, were the reasons for the
significant influence of moisture on the obtained results.

4.3. Influence of soil texture on deformation

The soil texture affected the circularity of the crater cross-sections.
The most regular craters were formed on soil with the highest silt and
clay content. Moreover, the circularity value increased with the initial
moisture content and the drop energy. Presumably, the small grain size
and high moisture content of the samples facilitated the uniform
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Fig. 2. Average values of the determined quantities: A — depth of craters; B - equivalent diameter; C - circularity; D - volume of craters. Bars indicate standard errors.
The results of Tukey's post-hoc test are shown by the letters above the bars.
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Table 2
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Effects of individual factors and their combinations on the determined quantities based on the values of the o coefficient and its interpretation according to Cohen’s

scale.

Crater quantity

Effect size for:

Texture Moisture  Drop energy Texture/Moisture  Texture/Drop energy ~ Moisture/Drop energy  Texture/Moisture/Drop energy
Depth 0.070 0.732 0.024 0.136 0.003 0.012 0.011
Very small Large Very small or none Small Very small or none Very small or none Very small
or none or none
Equivalent diameter 0.099 0.804 0.032 0.047 0.000 0.003 0.009
Very small Large Very small Very small Very small or none Very small or none Very small
or none or none or none or none
Circularity 0.454 0.454 0.044 0.006 ~0.002 0.007 0.009
Medium Medium Very small or none Very small Very small or none Very small or none Very small
or none or none
Crater volume 0.052 0.787 0.045 0.085 0.003 0.012 0.006
Very small Large Very small or none Very small Very small or none Very small or none Very small
or none or none or none

influence of drop energy, thereby ejecting particles from areas occurring
at similar distances from the impact point. The lower circularity of the
craters formed on loamy sand and sandy loam may have been due to the
relatively high variation in the size (mass) of the grains. This, in turn,
affected the value of the force required to move them, and also the fact
that the ejection of one large grain increased the irregularity of the
contour.

The effect of grain size on the drop behaviour after impact on the
beds was also noted in the work of Delon et al. (2011). According to their
results, at a sufficiently large grain size, the energy delivered by the drop
was not enough to displace them. An issue that seems interesting but is
beyond the scope of this work is whether the irregular shape of the
craters is related to the occurrence of preferred particle ejection di-
rections during splashes?

The extreme crater volume results for sandy loam may have been
partly related to the presence of inorganic carbon and higher organic
carbon content in this soil (compared with the other used soils). As
shown by Li et al. (2021), organic carbon content affects the ability of
soil to resist mechanical striking and slaking. The interpretation of the
potential effect of inorganic carbon is more complicated. As demon-
strated in studies conducted by Yadav and Girdhar (1981) and Aziz and
Karim (2016), the presence of carbonates has the effect of increasing the
stability of aggregates, consequently resulting in higher soil resistance to
erosion. However, the results presented by Saedi et al. (2016) show an
opposite effect of carbonates, i.e., enhancement of the splash.

4.4. Influence of different moisture contents and drop energies on the
deformation susceptibility of used soils

Modifying the drop impact energy and sample moisture changed the
deformation resistance of each soil to varying degrees. Based on the
volume of the craters (more precisely, the difference between the max
and min value of the volume for each soil), it was noted that the range of
considered factors had the lowest effect on changing the deformations
formed on loamy sand, which is the material containing the most sand
fraction. The opposite trend was characteristic of the sandy loam —
craters formed on this soil were distinguished by the greatest variability.
Comparison of maximum (103.40 mm® + 6.42 mmg) and minimum
(0.97 mm® + 0.27 mms) values indicated that the results differed by
more than 100-fold. These results highlight the effect of the considered
factors on the soil deformation and the change in their susceptibility to
erosion.

4.5. Influence of drop energy on deformation

Considering the w® coefficient (Table 2), with the included variants
of the experiment, the drop energy had the lowest influence on the
determined values among all the analysed factors. Although the change
of the drop’s energy resulted in an increase of the average value of
almost all quantities, statistically significant differences caused by the
change of the drop’s free fall height were observed in only a small
number of cases (Fig. 2). Thus, it can be assumed that the influence of
other factors was enough to overshadow the effect of the drop energy.

De Jong et al. (2017) reported that the sizes and shapes of the de-
formations were significantly dependent on drop energy. A similar
observation was made in the work of Delon et al. (201 1). However, both
works used beds prepared from dry sand or glass beads, and the energies
of the used drops were smaller than in our study (due to the lower di-
ameters and velocities). Moreover, taking into account the differences in
the shape of craters formed on dry samples (the cavity is filled by ma-
terial wetted by the drops, all surrounded by a rim) and wet samples (the
empty cavity surrounded by a rim), which were discussed in Mazur et al.
(2020), it is difficult to compare the effect of the drop’s energy consid-
ered in the above works with our results.

5. Conclusions

The presented study was conducted to determine the effect of drop
energy on the surface deformation of soil samples varied by texture and
initial moisture content. Measurements were made using a surface
scanner, and craters were characterized based on their depth, volume,
equivalent diameter, and circularity of the cross-sections.

Based on the results and statistical analysis, the moisture content of
the samples was the factor with the highest influence on the determined
quantities,

The soil texture had the highest influence on the circularity of crater
cross-sections. Lower sand fraction content resulted in increasing
circularity. However, for the soil containing the highest amount of sand
fraction — loamy sand, the lowest increase in crater volume due to
changes in the analysed factors was recorded.

The increase in energy of the impacting drops, modified by the
height of their free fall, translates into an increase in the average value of
the measured parameters in most variants. Nonetheless, the effect was
quite small, resulting in statistically significant differences in only some
cases.

The resulting data can support the development of erosion models
(being a step towards the quantitative description of soil susceptibility to
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deformation caused by the impact of the drops) and increase the state of
knowledge about the common yet complex process that is the splash.
Furthermore, the presented analyses may provide a further step in
physically describing the splash effects and relating this phenomenon to
subsequent stages of water erosion.
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Global warming

The splash phenomenon ocecurs when water drops hit the soil surface, making it the initial stage of most types of
soil erosion caused by water. An effect of this phenomenon, in addition to the detachment and displacement of
soil particles, is also the deformation of the soil surface. Climate change (including the occurrence of periods of
very high temperatures) can affect the intensity of soil erosion processes. The aim of this work is to determine the
influence of selected temperature conditions on soil surface deformation caused by the splash phenomenon at the
initial stage of erosion. The goal was achieved by measuring the morphology of craters formed by the impact of a
single drop. The research included the use of three soils varying in particle size distribution: loamy sand, sandy
loam, and silty loam. Additionally, the work took into account two variants of initial soil moisture and three
temperature conditions (including various temperatures of soil, air, and drop-forming water). The measurements
were taken with a 3D scanner, determining depth, equivalent diameter, volume of the craters, and a dimen-
sionless parameter o (depth-to-diameter ratio). Temperature effects were observed in silty loam, where craters
became wider (from average diameter of 9.41 + 0.31 to 10.47 + 0.21 mm for pF = 1) but shallower (from
average depth of 1.28 + 0.05 to 1.00 + 0.05 mm for pF = 1) with increasing temperature, and in loamy sand,
where temperature influenced the differences in diameter and volume of craters formed between varying
moisture conditions. The differences in crater morphology could be due to the influence of temperature on the
viscosity and surface tension of water, which may have led to a change in susceptibility to deformation. The
results provide an opportunity to better understand the evolution of erosion in the context of different thermal
conditions and thus in some perspective on the impact of climate change.

1. Introduction

Soil erosion is one of the main causes of soil degradation. The process
involves the detachment and displacement of material from a damaged
soil profile, followed by its final accumulation in a new location. Ex-
amples of the erosion’s effects include reduced fertility of agricultural
land, disruption of the water cycle by decreased retention, or the
destruction of animal and plant habitats (Amundson et al., 2015;
Pimentel, 2006). Among the number of factors that can cause erosion, i.
e. water, wind, freeze-thaw, and tillage, Sartori et al. (2024) assessed
soil loss induced by water erosion as a key threat to land degradation
worldwide. Factors important to the course of water erosion include
vegetation cover, slope angle and length, particle size distribution, soil
moisture or compaction, and rainfall erosivity (Beczek et al.,, 2024;
Huffman et al., 2013; Panagos et al., 2015; Zachar, 1982). Ongoing

climate change prompts the consideration of another factor -
temperature.

Of the wide range of processes accompanying climate change, it
appears that alternating periods of drought and heavy rain may have the
greatest impact on erosion (Rendana et al., 2024; Trnka et al., 2016;
Vasquez et al., 2024; Zhao et al., 2024). Research on these aspects is
reflected in models describing soil erosion caused by water (Aygiin etal.,
2021; Borrelli et al., 2020; Chapman et al., 2021; Ciampalini et al., 2020;
Dash and Maity, 2023; Guo et al., 2019; Li and Fang, 2016; Marcin-
kowski et al., 2022; Vinaya Kumar and Mahantesh, 2021). However,
most of these studies focus on the macro scale, i.e. they describe the
erosion phenomenon at the scale of countries, catchments, or experi-
mental fields.

Much less work focuses on the smaller scale. This area of research is
mainly conducted using rainfall simulators (Roncevic et al., 2023),
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Sachs and Sarah (2017a, 2017b) analysed surface runoff at different
precipitation temperatures and initial soil moisture contents. As shown
by the above authors, an increase in simulated rainfall temperature from
2 to 20 °C resulted in a threefold increase in the sediment yield in loamy
soil that had previously been wetted to field capacity. The role of tem-
perature has also been analysed in the context of the stability of soil
aggregates and the mechanisms that cause their breakdown. Dow-
deswell-Downey et al. (2023) reported that an increase in temperature
increased the stability of soil aggregates in clay soil, which was not
observed in the sandy loam soil where the moisture content was
important, an increase which resulted in a decrease in aggregate sta-
bility. Li et al. (2022) indicated that an increase in temperature of drops
enhanced the slaking process, i.e. the disintegration of aggregates under
the influence of their contact with water, thus increasing the amount of
material susceptible to displacement through erosion. The aforemen-
tioned works indicate that temperature, in addition to indirectly influ-
encing erosion (e.g. the occurrence of heavy rains), can also affect the
course of erosion processes directly, and this issue requires further
research.

Relatively few works are also devoted to research of the initial phase
of water erosion — i.e. the effect caused by a single drop hitting the soil
surface. This area of study is commonly referred to as splash erosion
(Fernandez-Raga et al., 2017; Laburda et al., 2021; Marzen and Iserloh,
2021). Splash erosion basically includes two groups of processes:
displacement of soil particles (Legout et al., 2025) and deformation of
the soil in the immediate vicinity of the place where the drop hits (Mazur
et al., 2022).

Soil deformation caused by the hitting drop is usually called a crater
(Katsuragi, 2016; Long et al., 2014). Its formation is an important part of
the splash energy balance, consuming between 5 and 22 % of the drop
energy (Ghadiri, 2004), and the analysis of craters is crucial to better
understand splash and its relation to other erosion stages. The impor-
tance of crater research can be emphasised by the following two issues:
i) craters are formed by the detachment of soil material that is displaced
by the splash phenomenon and susceptible to further transport by sub-
sequent erosion stages — this raises the question about the relationship of
craters with the susceptibility to erosion and the amount of ejected
material, ii) the size of craters is due not only to the loss of soil but also to
the compaction and sealing of the surface at the drop impact point,
contributing to the formation of a water layer that reduces splash and
triggers surface runoff — this relates to the effect of craters not only on
splash but also on other erosion stages (Zambon et al., 2021). Among
other things, crater studies focus on determining the significance of
selected bed properties (e.g. moisture content, compaction, particle size
distribution) or drop parameters (e.g. size, energy) on surface defor-
mation. Sochan et al. (2023) analysed the change in surface properties of
the soil, including its temperature-induced hydrophobicity (in the
context of fire) and its subsequent effect on splash and surface defor-
mation as a result of drop impact. The craters are mainly described by
the geometrical parameters, i.e. diameter, depth, volume (Delon et al.,
2011; Ghadiri, 2004; X. Li et al., 2024; Lv et al., 2023; Mazur et al., 2022;
R. Zhao et al., 2015) obtained by various measurement techniques like a
3D scanner, profilometers, or computed tomography (Beczek et al.,
2018; Katsuragi, 2010; Wyser et al., 2019; Zhang et al., 2015; S.C. Zhao
et al., 2015).

One of the effects of climate change observed worldwide is the
increasing frequency of extreme weather events in recent years (Furtak
and Wolinska, 2023). This is manifested, among other things, by
increasingly frequent and longer episodes of extreme temperature
(Perkins-Kirkpatrick et al., 2024). In the context of erosion processes, it
is therefore relevant to ask whether the temperature influences soil
deformation after drop hitting the soil surface and, if so, to what extent it
is significant. The reasons for establishing these studies mainly concern
the influence of temperature on the viscosity and surface tension of
water present in both the soil and the drop (Dincer and Zamfirescu,
2016; Haynes, 2014; Kestin et al., 1978; Vargaftik et al.,, 1983). We
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hypothesised that changes in these water properties in a drop may result
in easier or more difficult breakup of the drop, which in turn causes
greater or smaller force acting on soil particles in the immediate vicinity
of the drop impact. In turn, changes in the properties of water in the soil
may result in a smaller or larger cohesive strength of the substrate and,
therefore, in easier or more difficult detachment of soil particles from
the surface and greater or smaller surface deformation upon the impact.
Moreover, to the best of the authors™ knowledge, there are no studies
focusing on the influence of temperature on the deformation caused by a
single drop during the splash phenomenon.

The aim of this study was to determine the effect of selected tem-
perature conditions on surface deformations (craters) formed by drop
impact on soils with varying texture and moisture content. The
considered thermal variants took into account changes in the tempera-
ture of the soil, the water forming the drops, and the air. A deeper un-
derstanding of the deformation process will result in a better
understanding of splash and its relationship to other erosion stages, e.g.
surface runoff.

2. Materials and methods

The study included three soils classified according to the IUSS
Working Group WRB (2015) as Haplic Luvisol (54°20'N, 17°02'E; alti-
tude 71.9 m; average annual rainfall around 700 mm), Nudiargic Luvisol
(51°19'N, 17°00'E; altitude 201.1 m; average annual rainfall around 550
mm), and Dystric Cambisol (51°02'N, 22°36'E; altitude 256.6 m; average
annual rainfall around 600 mm) (Falarz, 2021). A map with the soil
sampling locations is shown in Fig. 1. Soil samples were collected from a
depth of 5-15 cm. The selection of soil material was based on the
following criteria: origin from areas threatened by surface water
erosion, diversity of texture, and similar organic carbon content. The
particle size distribution of the soils was measured using the laser
diffraction method on a Mastersizer 2000 device (Malvern, UK), ac-
cording to settings provided by Sochan et al. (2012). Total organic
carbon content and the absence of inorganic carbon were measured
using a TOC VCPH analyser coupled with an SSM5000 solid sample
combustor (Shimadzu, Japan) (Chua and Tolura, 2004). The basic
properties of the soils used in the study are presented in Table 1.

After collection from the field, the soil material was air-dried and
sieved through a 2 mm mesh. The initial moisture variants assumed in
the experiment corresponded to a pressure head of 16 kPa (field ca-
pacity; pF = 2.2) and 1 kPa (near saturation conditions; pF = 1). The
gravimetric water content for each soil corresponding to the selected

Loamy sand
(Haplic Luvisol)

Sandy loam
(Nudiargic Luvisol)
]

52°

Silty loam
(Dystric Cambisol)
50°

100 km

—

@ soil sampling location

Fig. 1. Map of Poland with marked soil sampling locations.
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Table 1
Characteristics of the soil materials.

Catena 255 (2025) 109005

Particle size distribution [% vol.]

Gravimetric water content [%]

" . . " TOC 1oc
Soil Unit According to WRB Soil texture Sand Silt Clay 1961 %1 For press. head = 1 [kPa] For press. head = 16 [kPa]
2-0.05 mm 0.002-0.05 mm < 0.002 mm
Dystric Cambisol Silty loam 25.96 68.03 6.01 0.80 0.00 33.00 24.44
Nudiargic Luvisol Sandy loam 58.21 37.99 3.80 0.75 0.00 21.49 18.76
Haplic Luvisol Loamy sand 81.59 16.60 1.81 0.80 0.00 18.97 16.91

“ World Reference Base (1SS Working Group WRE, 2015); TOC - total organic carbon; I0C - inorganic carbon

pressure head is shown in Table 1. The moisture levels were achieved by
adding an appropriate amount of water to the weighed dry soil material
based on previously determined water retention curves. The soil and
water were mixed and placed in aluminium rings with an internal
diameter of 56 mm and a height of 10 mm. The soil material was placed
inside the ring by one person to reduce human error and variation in
densities resulting from the manual method of preparation. The soil
surface in the rings was gently levelled with a ruler to avoid the influ-
ence of local irregularities on crater formation. The soil, the water added
to the soil, aluminium rings, and other accessories required for sample
preparation were stored in an incubator with cooling option, so that the
temperature of the individual elements was compatible with the thermal
variant being realised (Table 2). The water for drop formation was
stored in another incubator if necessary.

Three thermal variants were considered involving the temperature of
the soil, the air in the laboratory, and the water forming the falling drops
(Table 2). The temperatures were chosen to refer to the conditions of
natural rainfall occurring in different seasons in the temperate climate,
which is also found in Poland, wherefrom the soils used in the study
originated (Falarz, 2021). Variant 1 referred to rainfall that may occur in
winter/spring, variant 2 referred to rainfall that could occur in late
spring/summer, and variant 3 referred to precipitation on hot summer
days and high temperatures that can be linked to global warming. The
differences in the drop, soil, and air temperatures within a single ther-
mal variant are related to the fact that they are also not the same during
natural rainfall. This concerns in particular the initial phase of rainfall,
which is important for this work since soil erosion occurring at the
beginning of rainfall is caused by the splash phenomenon preceding
surface runoff. The minimum temperatures were chosen to ensure the
liquid state of the water forming the drops and that contained in the soil
(no locally freezing processes). Maximum drop temperatures of 25 °C
were set based on temperatures reached by natural rain, which are
associated with the wet bulb temperature (Anderson et al., 1998; Gos-
nell et al., 1995; Kincaid and Longley, 1989). The air temperature was
set to 5 degrees warmer than the water from which the drops were
formed. The choice of air temperature also took into account the wet
bulb temperature occurring at around 55-65 % air humidity, which was
maintained in the laboratory during the experiments. The soil temper-
atures reflected the influences of changes in air temperature and solar
heating of the surface during particular seasons, resulting in increasing
differences in temperature between the soil and the drops in warmer
variants. The maximum soil temperature was based on data showing
that this value can exceed 40 “C for the surface in summer (O’ Brien and
Hatfield, 2020).

Laboratory conditions were controlled by a heating and air-

Table 2
Characteristics of the thermal variants of the experiment.

Thermal Temperature of Temperature of the drop Temperature of

variant soil [°C) forming water [°C] air [°C]
Variant 1 5 5 10
Variant 2 20 15 20
Variant 3 40 25 30

The accepted deviation from the assumed values was 2 °C.

conditioning system. Furthermore, measurements in thermal variant 1
were carried out in winter by pre-cooling the room, while measurements
in thermal variant 3 were carried out in summer. The conditions were
additionally monitored with a set of independently working in-
struments, including a thermohygrobarometer LB-706B (LAB-EL,
Poland) and traditional indoor thermometer to ensure that the tem-
perature difference did not exceed 2 degrees from the assumed values.

The experiments included drops with a diameter of 4.3 mm (standard
error, SE + 0.02 mm) that fell freely from a height of 7 m (Fig. 2). The
velocity of the impacting drop was 8.31 m-s~* (SE + 0,02 m-s~1), which
was approximately 93 % of the terminal velocity (according to Epema
and Riezebos (1983)), while its kinetic energy was 1.40 mJ (SE + 0.02
mJ). A Phantom Miro 310 high-speed camera set (Vision Research, USA)
was used to monitor drop diameter and impact velocity. According to
the high-speed camera measurements, the considered temperature
range did not result in differences in drop energy between the thermal
variants of the experiment (supplementary Table S1). The crater mea-
surements focused on the effect of a single-drop impact. After the single
drop impact, the sample was scanned using a Scan3D UNIVERSE 10
Mpix (Smarttech 3d, Poland) with sampling of 655 points-mm 2(0.039
mm between points) (Fig. 2). Only central impacts of single drops were
included in the study, i.e. craters undisturbed by the edge of the ring or
previous impacts of other drops. For each combination of experimental
conditions (three soils, two initial moisture levels, three thermal vari-
ants), 10 samples were analysed, resulting in a total of 180 repetitions.

The scan of each sample included six point clouds reflecting its ge-
ometry. Between the acquisition of consecutive clouds, the ring with soil
was rotated by 60° using a rotary table that cooperated with the scanner.
The collected data was pre-processed by removing measurement errors,
calibrating the clouds to each other, and generating triangle meshes.
Smarttech3D Measure software (Smarttech, Poland) was used to register
and process the point clouds. Measurements on the triangle meshes,
including the determination of the depth and volume of the craters, were
carried out in the Geomagic Control 2015 software (3D Systems, USA).
In addition, based on cross-sections of the craters taken at the level of the
reference surface (understood as the sample surface before the drop
impact), the equivalent diameter of the craters (Eq. (1) was determined
using ImagelJ software (National Institute of Health, USA). The obtained
results were used to calculate the dimensionless parameter a (Eq. (2),
which is the shape factor of the craters determined by the ratio of their
depth to diameter. Fig. 3 shows the data processing flow chart, while
Fig. 4 shows complementary visualisations of the specific steps.. The
adopted measurement procedures were based on the methodology
presented in Mazur et al. (2022).

Equivalent diameter = | ﬂ% m
h
“Ta @

where: A — crater cross-sectional area at the level of the reference surface
(mm?); h - depth of the crater (mm); d — diameter of the crater (mm)
Statistical analysis was performed using Statistica 13.1 software
(TIBCO Software Inc., USA). The normality of the data distribution was
verified with the Shapiro-Wilk test. Multi-factor ANOVA and Tukey's
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Drop dosing system
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sample

Fig. 2. Diagram of the measuring stand with a picture of the surface scanner (left) and the drop dispensing system (right).
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Fig. 3. Flow chart of data processing.

post-hoc test (for an assumed statistical significance level of 0.05) were
used to determine the presence of statistically significant differences
between the results obtained from the investigated variants.

3. Results

The craters formed by the impact of the drop were characterised by
four quantities: depth, equivalent diameter, a parameter, and volume.
According to the results of the multi-factor ANOVA (Table 3), an indi-
vidual effect of temperature was only present for crater diameters (value
below the statistical significance level of 0.05). However, for each
measured crater quantity, a statistically significant interaction of tem-
perature with other factors was found, i.e. i) texture combined with
temperature, ii) moisture combined with temperature, and iii) a com-
bined effect of texture, moisture, and temperature. Temperature may
therefore have influenced the effect of the other factors by strengthening
or weakening them, which formed the basis for performing post-hoc
tests to further investigate the found interactions. The average values
of the measured quantities, standard errors, and post-hoc test results are
shown in Fig. 5.

The influence of temperature on the morphology of craters was
observed for silty loam and loamy sand (Fig. 5). In the case of silty loam,
statistically significant differences were found in the shape of the craters

(expressed by depth, equivalent diameter, and o parameter) formed
under the different thermal variants at a moisture content corresponding
to a pressure head equal to 1 kPa. For this soil, craters in thermal variant
1 (low temperatures) were characterised by greater depth and smaller
diameter than those formed in the other thermal variants (Fig. 5A, B).
This clearly influenced the value of the « parameter (Fig. 5C), but did not
translate into differences in crater volume (Fig. 5D). The highest values
of three quantities describing the craters formed on the silty loam were
recorded in thermal variant 1 and at moisture content corresponding to
a pressure head equal to 1 kPa; these were depth (1.28 + 0.05 mm),
parameter « (0.136 + 0.004), and volume (43.00 + 4.04 mm®). The
largest diameter value (10.47 + 0.21 mm) was noted at the same
moisture content but in the 3rd thermal variant. On the other hand, the
smallest values of the three quantities were found at moisture content
corresponding to a pressure head equal to 16 kPa in the 1st thermal
variant; these were depth (0.44 + 0.04 mm), diameter (6.87 + 0.15
mm), and volume (7.61 + 0.99 mm®). The smallest value of the
dimensionless « parameter (0.06 + 0.005) for craters formed on the silty
loam was found for the corresponding moisture content in the 3rd
thermal variation.

In the case of loamy sand, no direct effect of temperature on crater
morphology was observed (i.e. no statistically significant differences
between thermal variants at a particular moisture content). However,
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Fig. 4. Steps in processing data obtained with the Smarttech3D scanner during crater morphology measurements: A — soil sample with a crater after a drop impact; B
- calibrated point clouds with detail; C — triangle mesh of the crater; D — height map of the area around the crater marked by the circle on the triangle grid (crater

depth measurement).

Table 3

Results of a multi-factor ANOVA (for an assumed statistical significance level of
0.05) presenting the significance of the effects of individual factors and their
interactions on the values of the measured quantities characterising the craters.
Factors and combinations of factors with a statistically significant effect on the
results are shown in italic, and those in bold indicate statistically significant
variants where temperature was present.

P-value for:
Factors Crater Equivalent a Crater
depth diameter volume
Texture < < 0.001 < < 0.001
0.001 0.001
Moisture < < 0.001 < < 0.001
0.001 0.001
Temperature 0.301 0.008 0.354 0.368
Texture*Moisture < < 0.001 < < 0.001
0.001 0.001
Texture*Temperature 0.053 < 0.001 0.020 0.023
Moisture*Temperature 0.061 0.158 0.006 0.373
Texture*Moisture*Temperature 0.031 0.812 0.030 0.050

temperature did influence deformation through its interaction with soil
moisture content. According to the obtained results, depending on the
thermal variant, changes in moisture content either resulted in statisti-
cally significant differences in some of the measured parameters or did
not. In thermal variant 3 (high temperatures), statistically significant
differences were found in the equivalent diameter (Fig. 5B) and volume
(Fig. 5D) of craters formed at different soil moisture content. In contrast,
at lower temperatures, differences related to changes in moisture con-
tent were not significant (for the diameter, the difference also occurred

in thermal variant 2). The highest average values of the diameter (9.31
+ 0.13 mm) and volume (25.53 =+ 0.70 mm3) of the craters on the loamy
sand were found in thermal variant 2 at moisture content corresponding
to a pressure head equal to 1 kPa, while the highest values of depth (0.83
+ 0.03 mm) and a-factor (0.094 + 0.003) were observed at the same
moisture content in thermal variant 3. The smallest values of the three
quantities were found at moisture content corresponding to a pressure
head equal to 16 kPa in thermal variant 3; these were depth (0.65 +
0.04 mm), diameter (7.77 = 0.16 mm), and volume (13.95 + 1.64
mm3). The smallest value of the dimensionless « parameter (0.08 +
0.005) for craters formed on the loamy sand was found for the corre-
sponding moisture content in the 1st thermal variation.

For sandy loam, there was neither a direct effect of temperature on
the morphology of the craters (no statistically significant differences
between thermal variants at a particular moisture content), nor an in-
direct effect of temperature through interaction with moisture content
(no effect of temperature variants on statistically significant differences
caused by changes in soil moisture content). Differences in the values of
the quantities describing the craters formed on this soil were attributed
to the influence of moisture content. The highest average values of the
three quantities describing the craters formed on the sandy loam were
recorded in the 2nd thermal variant and at moisture content corre-
sponding to a pressure head equal to 1 kPa; these were depth (1.30 +
0.03 mm), diameter (7.95 + 0.06 mm) and volume (33.20 + 1.11
mm3). The highest value of the « parameter (0.174 + 0.017) was noted
at the same moisture content but in the 3rd thermal variant. The smallest
values off all determined quantities, i.e. depth (0.48 + 0.03 mm),
diameter (6.05 + 0.12 mm), the dimensionless a parameter (0.079 +
0.004), and volume (6.20 + 0.61 mm3), were found for the sandy loam
at moisture content corresponding to a pressure head equal to 16 kPa in

95



R. Mazur et al.

Catena 255 (2025) 109005

A Silty loam : Sandy loam I Loamy sand
1.6 i i
7 14 & L fog !
£ 12 efef : :
= 10 i 4 el de bee
508 | a ! a-d _ ad
S o6 i gyt i
[
g 04 i |
Q02 : l
0.0 | |
1 [kPa] 16[kPa] | 1[kPa] 16 [kPa] 16 [kPa]
1?_12.0 hi i | I
£ 100 e ' '
E 10, I ! ef ef
5 5 csded | ba | -
% . | a ab 5
2 60 : :
- [} I
5 40 | |
= | |
>
2 20 : i
E | |
0.0 1 1
1 [kPa] 16[kPa] | 1[kPa] 16[kPa] ' 1[kPa] 16 [kPa]
C 0as | |
I e I
020 [ de de :
d i |
— 0.15 ¢ e ! . ! e
= 010 | e ac | A€ ae" e
| |
| |
| |
0.00 I |
1 [kPa] 16[kPa] | 1[kPa] 16[kPa] ! 1[kPa] 16 [kPa]
D
50 i i
= | |
g 40 L eg !
— | d-f |
o 30 ,od-f I de d-f d-f
g | i
3 I I b-d
e 20 | |
e a-c ab : ab a-c :
f—é 10 I i
I I
5, WIII il
I |
1 [kPa] 16 [kPa] | 1[kPa] 16 [kPa] | 1 [kPa] 16 [kPa]

O Thermal variant 1

@ Thermal variant 2

B Thermal variant 3

Fig. 5. Average values of the determined quantities: A - depth of craters; B — equivalent diameter; C - depth to diameter ratio; D - volume of craters. Bars indicate
standard errors. The results of Tukey's post-hoc test are shown by the letters above the bars. The statistical test for each quantity involved comparing all variants with
each other — the same letters indicate no statistically significant differences within individual quantities. Variant results belonging to three or more groups have been

marked with ranges, for example a-c.

the 3rd thermal variant.

In general, in most cases, an increase in soil moisture translated into
an increase in the depth, diameter, a parameter, and volume of craters
(Fig. 5). For each soils, the lowest values of the determined quantities
were found at the moisture content corresponding to a pressure head
equal to 16 kPa and the highest values were noted at the moisture
content corresponding to a pressure head equal to 1 kPa. However, the

soils were distinguished by their varying susceptibility to deformation
and responses to moisture changes, as illustrated by the volume of the
craters. Silty loam was characterised by the largest crater volumes, and
the change in crater volume between the considered moisture contents
was the greatest for this material (Fig. 5D). In contrast, loamy sand
showed the smallest changes in crater volume, as well as in other
measured quantities — there were no statistically significant changes in
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the values for crater depth or the « parameter for this soil (Fig. 5A, C).
Sandy loam was characterised by the smallest values of crater diameters
and the highest values of « (Fig. 5B, 2C). This meant that the craters
formed on this material were the deepest relative to their diameters.

4. Discussion

Temperature directly affects the surface tension and viscosity of
water (Kestin et al., 1978; Vargaftik et al., 1983). However, it can also
have an indirect effect — by changing the solubility of chemical com-
pounds (e.g. mineral salts, organic matter, or gases), which depends on
the type of soil. In the context of a splash, water not only forms the drops
that cause the phenomenon but is also present in the moist, degraded
soil. These facts provided the basis for the hypothesis that temperature
could also influence the splash phenomenon and soil surface deforma-
tion, The analyses carried out showed that the direct influence of
selected temperature conditions on the craters was limited. Instead,
temperature seems to play a role in potential modulation of the effect of
other factors; therefore, its interaction with the soil texture and moisture
content appears to be important for the micro-deformation of the soil
surface during the early stages of erosion (Fig. 5). To better understand
the observed relations, it is worth analysing the changes caused by the
thermal variants included in the research.

The first aspect associated with the different temperature conditions
is their effect on the properties of the water contained in the soil sample.
An increase in temperature from 5 to 40 °C, corresponding to the tem-
perature range of the prepared samples, results in a 57 % decrease in the
viscosity of the pore-filling water (from 1.519 mPa-s to 0.653 mPa-s) and
a 7 % decrease in its surface tension (from 0.0749 N.m ! to 0.0696
N-m 1) (Dincer and Zamfirescu, 2016). Consequently, the amount of
water contained in the soil pores could be (in specific conditions) rele-
vant to the appearance of temperature effects on surface deformation,
indirectly affecting certain soil properties, e.g. cohesion. The collected
results seem to partly confirm this assumption. The effect of selected
temperature conditions on crater morphology was observed for silty
loam at a moisture content corresponding to a pressure head equal to 1
kPa. The samples in this condition had the highest gravimetric water
content of all included variants, equal to 33 %. Furthermore, for silty
loam, the change in gravimetric water content between moisture vari-
ants was the greatest (Table 1). The effect of temperature can be more
noticeable in soils with higher moisture levels and significant water
retention capacities. However, temperature does not appear to be rele-
vant to the splash phenomenon at low moisture content (results for
meoisture content corresponding to a pressure head equal to 16 kPa in
Fig. 5). The influence of the selected temperature conditions on the ef-
fect caused by changes in moisture content in the case of loamy sand
may be related to the texture of this material. The content of the sand
fraction in loamy sand was 81.59 % (Table 1). More than half of the mass
of this soil was therefore composed of relatively large particles. It is
possible that the spaces between the grains among all the tested soils
may have been the largest in this material, which, in the context of
temperature-induced changes in viscosity and surface tension of the
water filling the pores, may have been responsible for the observed ef-
fects. In terms of water content, the lack of a temperature influence on
sandy loam may be surprising. Although this soil had higher gravimetric
water content than loamy sand, the difference was not large (Table 1).
The two materials differed more in terms of particle size distribution.
Sandy loam was characterised by a diversity in the size of grains, which
influenced the arrangement and size of water-filled pores and increased
the number of contacts between grains (pores between large grains
could be filled with smaller particles). Such an arrangement promotes an
increase in soil cohesion and thus resistance to deformation, which may
have offset the effect caused by the change in water properties caused by
temperature.

The second aspect concerning the selected temperature conditions is
their influence on the properties of the water forming the falling drops.
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An increase in the drops’ temperature from 5 to 25 “Cresulted in a 41 %
decrease in viscosity (from 1.519 [mPa-s] to 0.891 [mPa-s]) and a 4 %
decrease in surface tension (from 0.0749 [N-m_lj to 0.720 [N-m_I])
(Dincer and Zamfirescu, 2016). The drops with lower viscosity and
surface tension break more easily, which may affect the way energy is
transferred during impact (Rioboo et al., 2001). Naveen et al., (2020)
showed that the changes in viscosity and surface tension induced by
temperature increase lead to greater stretching of a drop upon hitting a
flat surface. A similar trend may have occurred for the drop impacting
the soil, where a higher temperature may have been associated with a
larger area of drop interaction. In addition, the ratio of viscosity to
surface tension may have influenced the formation of the edge of the
spreading drop, which interacted with soil material displaced onto the
crater rim (Yang et al., 2021),

A third aspect related to the selected temperature conditions is the
influence of air temperature on the obtained results. According to Park
et al. (1983), the temperature of the air influences its density, which
partly determines the drag and the final velocity of the drops, and thus
their energy. The possible occurrence of this effect required checking
whether the assumption of maintaining constant drop energy under the
different temperature conditions of the splash experiments was fulfilled.
A high-speed camera was used to verify this issue. Analysis of the records
showed that there were no statistically significant differences in the
energy of the drops. The absence of the effect described by Park et al.
(1983) may be attributed to the fact that, although the drops used in the
splash experiments approached terminal velocity, they did not reach it.

All the measured quantities describing the craters were statistically
significantly dependent on meisture content, soil texture, and the
interaction of these two factors (Table 3). The obtained results align with
previous studies by Mazur et al. (2022), which included mostly other
soils but with similar differences in texture. As was presented in the
mentioned paper, an increase in soil moisture resulted in statistically
significant increases in the quantities characterising the craters. The
reason for the observed relationship may be a reduction in the cohesion
of the individual soils due to higher water content, which results in the
easier detachment of material by falling drops (Cokca et al., 2004; Lv
et al., 2023; Takita and Sumita, 2013). Referring to the results shown in
Fig. 5 and considering all thermal variants together, the volume of
craters formed on loamy sand at the moisture content corresponding to a
pressure head equal to 1 kPa was on average 1.6 times larger than the
volume of craters formed at the moisture content corresponding to a
pressure head equal to 16 kPa content; the corresponding size ratio was
3.5 for sandy loam and 4.9 for silty loam. For the moisture content
corresponding to a pressure head equal to 16 kPa, the craters formed on
loamy sand were characterised by the largest volume, which can be
linked to the high sand content, leading to lower cohesion of this soil in
relation to the other materials. An increase in moisture content to a level
corresponding to a pressure head equal to 1 kPa resulted in an increase
in the volume of craters formed on loamy sand, but in the case of silty
loam and sandy loam the change in the crater volume was much greater,
which can be linked to a significant decrease in the cohesion of these
materials. The observed trends seemed to be dependent on the sand
content; the less sand there was in the soil material, the greater the
impact of variations in moisture content on its deformation. As reported
by Takita and Sumita (2013), who analysed the effect of sand sample
moisture on deformation, an initial increase in moisture results in
greater resistance to deformation, but exceeding a certain limit value
reverses the trend and leads to increasing the size of the formed craters.
The increase in the crater size with the increasing moisture content from
a pressure head equal to 16 kPa to a pressure head equal to 1 kPa may
suggest that a similar trend is also evidenced by our results. The turning
point would be in the near field capacity, as indicated by the small size of
the craters formed at this moisture content, and the change in the trend
could be due to the appearance of gravitational water in the soils.

The final shape of the crater results from the impact of the drop and
the phenomena occurring on the soil as a consequence. The topic of
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crater formation was the subject of de Jong et al. (2017), who used high-
speed profilometry to analyse the temporal dimensions of craters. One
notable phenomenon they observed was the so-called avalanche, which
was associated with the re-displacement of some material from the rim
to the centre of the crater. As a result of the phenomenon, the di-
mensions of the crater changed and its final shape reached a greater
diameter and a smaller depth than the transient unstable crater form
obtained shortly after the impact of the drop. Relating the observations
of de Jong et al. (2017) to the effect of temperature, analogous differ-
ences in crater dimensions were found across the different thermal
variants in the case of silty loam at a moisture content corresponding to a
pressure head equal to 1 kPa (Fig. 5A, B). Craters formed in thermal
variants 2 and 3 had larger diameters and shallower depths than craters
formed in variant 1. This difference is also clearly visible for parameter
a. Based on this similarity, it can be assumed that for silty loam — with
the highest mass proportion of water among the used soil materials -
changes in liquid viscosity resulting from the selected temperature
conditions influenced the intensity of the avalanche phenomenon. Thus,
one of the possible reasons for the observed differences may have been a
change in the crater formation process, resulting in an increase in the
amount of fine particles re-displaced into the crater, leading to reduced
depth and increased diameter of the craters.

The amount of soil material displaced during the splash phenome-
non, and thus potentially the size of craters, is influenced by the me-
chanical effect of the drop impact as well as phenomena related to the
breakdown of soil aggregates as a result of their contact with water,
among others, slaking and physicochemical dispersion (H. Li et al.,
2024). Xiao et al. (2018) reported that the effect of slaking resulted in
the provision of material, which accounted for more than half of the
eroded mass of soil material. They also highlighted that slaking played a
greater role in soils whose granulometric distribution contained a low
amount of sand fraction where it was responsible for up to 80 % of the
eroded material. Although our study does not focus on the stability of
soil aggregates, it is worth considering that the above phenomena and
their relationship to temperature, moisture, or soil texture may have
influenced the deformation. As shown by Li et al. (2022), an increase in
the drop temperature caused an increase in the importance of slaking in
the splash phenomenon, providing more material susceptible to
displacement. However, our experiments do not show that the potential
slaking effect influences the volume of craters formed after the impact of
a single drop (Fig. 5D). The importance of moisture and temperature on
aggregate stability was also addressed by Dowdeswell-Downey et al.
(2023); they found that an increase in moisture resulted in a decrease in
aggregate stability in sandy loam soil, while an increase in temperature
resulted in an increase in aggregate stability in clay soil. The association
of aggregate stability in a sandy loam with moisture content and the lack
of this association with temperature are in line with our results and may
partly explain the absence of a temperature effect on the craters formed
on this soil.

Issue related to measurement uncertainties was the possible surface
non-homogeneity of the prepared samples. The source of the problem
may have been differences in the particle size distributions of the ma-
terials, as well as the manual method of sample preparation. Despite
efforts to prepare the samples as precisely and uniformly as possible, the
above factors could have influenced the occurrence of differences in the
microrelief and local variations in surface moisture content. The
development of methods for precise measurement of surface moisture
would help to improve the study of soil deformation in the early stages of
erosion by better controlling the conditions of the experiments. How-
ever, even now, the strength of this work is the applied methodology,
which can serve as a starting point for analogous experiments on other
soils, which, due to their different structure or the climate in the area
where they occur, may follow different patterns than the materials
included in this study. The effect of temperature on craters formed on an
inclined soil surface also remains an open question.

The experimental results demonstrated that by interacting with soil
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texture and moisture content, temperature may influence certain aspects
of the water erosion process at its early stages. The observed effect on the
deformation of the soil surface after drop impact raises the question
about the role of temperature in other erosion processes. Temperature-
induced changes in deformation, such as an increase in crater diam-
eter resulting in the disturbance of the soil surface over a larger area at
higher temperatures, may facilitate the initiation of surface runoff on
silty soils. This influence can be reinforced by heavy rains, the strength
and frequency of which is also increased by the effect of temperature on
heightened evaporation (Borrelli et al., 2020; Chapman et al., 2021).
Extreme rainfall events may account for a large part of annual soil loss,
which touches upon the relationship between temperature and erosion
from a different perspective (Guo et al., 2019). On the other hand,
climate change also results in a change in the annual precipitation
profile, thus exposing bare soil without snow and vegetation cover to the
occurrence of increasingly frequent winter rainfall (Aygiin et al., 2021;
Li and Fang, 2016; Lupikasza and Malarzewski, 2023). These patterns
drive soil loss in the spring, which should be reflected in erosion models
and strategies for reduction with these phenomena.

5. Conclusions

This work addressed the role of temperature in shaping the
morphology of surface deformation (craters) caused by the splash phe-
nomenon induced by drop impact. The direct effect of the selected
temperature conditions on the craters was limited, while its interaction
with the other factors considered in the study, i.e. soil texture and
moisture content, was notable. This suggests that the effect of temper-
ature on soil deformation during the early stages of erosion may occur
under specific conditions. The observed relationship was likely under-
pinned by changes in the temperature-related viscosity and surface
tension of water, which could have translated into a change in the drop
impact mechanism or the soil material’s susceptibility to displacement.
Under the tested conditions, the selected temperature variant effect was
visible on the craters formed on silty loam at a moisture content corre-
sponding to a pressure head equal to 1 kPa. Statistical differences
occurred in depth, diameter, and the ratio of both quantities. For the
loamy sand, temperature influenced the effect of soil moisture on soil
deformation, resulting in differences in volume and diameter between
samples with varying moisture content at higher temperatures. No effect
of temperature on deformation on sandy loam was observed.

To sum up the results and discussion presented above, it can be stated
that the influence of temperature on soil surface deformation is gener-
ally significantly lower than other factors — primarily the influence of
soil moisture. In other words, at least in the tested temperature range,
the change in soil moisture has a much greater influence on the course
and effect of deformation than the change in temperature. However, it
should be remembered that the research was conducted on soils and
temperatures referring to Central Europe. It remains an open question
whether a combination of factors, i.e. a greater range of temperature
changes and properties of soils occurring in other climatic zones, can
cause a greater impact. The obtained results may partly limit the need to
include a direct effect of temperature on erosion in models describing
these processes, but a full answer to this question requires further
analysis, including the determination of the effect of temperature on the
amount of soil material ejected during the splash phenomenon.
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8. Oswiadczenia wspolautorow

INSTYTUT

A HE':Q;:%-YKI hr

¢ IRESEARC

mgr inz. Rafat Mazur Lublin 01.04.2026
Zaktad Biogeochemii Srodowiska Przyrodniczego

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN

ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze we wszystkich pracach stanowigcych niniejszg rozprawe doktorska tj.:

e Pl. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

e P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski
A. Surface deformation and displacement of bed elements during splash - Model tests.
CATENA 2020, 185, 104277. DOI:10.1016/j.catena.2019.104277

e P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation afier One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOI: 10.1016/j.geoderma.2022.115838

e P4, Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

mdj wkiad obejmowat wspotudzial w opracowaniu koncepcji pracy i metodyki badan (wspolnie
zPromotorem i Promotorem Pomocniczym). Zdecydowana wigkszo$¢ pomiaréw i opracowanie
uzyskanych wynikéw zostaly przeprowadzone przeze mnie samodzielnie. Dodatkowo -bytem autorem
pierwszej wersji zalaczonych manuskryptéw, jak réwniez koordynowatem i aktywnie uczestniczylem we
wprowadzaniu poprawek po recenzjach.

W odniesieniu do publikacji P1, P3 i P4 bylem takze inicjatorem badan, gdyz publikacje te powstaty

w ramach kierowanego przeze mnie projektu Preludium 2020/37/N/ST10/03363 pt. "Wplyw temperatury
gleby na zjawisko rozbryzgu (splash erosion)".
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dr hab. Magdalena Ryzak, prof. IA PAN Lublin 31.03.2026
Zaktad Biogeochemii Srodowiska Przyrodniczego

Instytut Agrofizyki im. Bohdana Dobrzafiskiego PAN

ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizszych trzech pracach inicjatywa podjetych badan jest wktadem
intelektualnym mgra inz. Rafata Mazura.

e PI. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

e P3.Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation after One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOI: 10.1016/j.geoderma.2022.115838

e P4. Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

Jako promotor bratam udzial we wspélopracowaniu koncepcji prac i metodyki badan. Ponadto
wspoltuczestniczylam w nanoszeniu poprawek i uwag do pierwszych wersji manuskryptow
przygotowanych przez mgra inz. Rafata Mazura oraz na etapie odpowiedzi na recenzje.

Publikacja

e P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski
A. Surface deformation and displacement of bed elements during splash - Model tests.
CATENA 2020, 185, 104277. DOI:10.1016/j.catena.2019.104277

byla efektem realizacji projektu ktorym kierowatam, a w ktérym mgr inz. Rafal Mazur byt
zatrudniony. M6j wktad w te pracg obejmowatl wspotopracowanie koncepcji pracy i metodyki badan
oraz wspéltuczestnictwo w nanoszeniu poprawek do pierwszej wersji manuskryptu przygotowanej
przez mgra inz. Rafala Mazura oraz na etapie odpowiedzi na recenzje.

Jednoczesnie uznaj¢ kluczowy wkiad mgra inz. Rafata Mazura w przygotowanie wszystkich czterech
publikacji i wyrazam zgode na wykorzystanie ich w Jego rozprawie doktorskiej.
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& INSTYTUT

dr hab. inz. Agata Sochan Lublin 01.04.2026
Zaktad Biogeochemii Srodowiska Przyrodniczego

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN

ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w pracach:

e Pl. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

e P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski
A. Surface deformation and displacement of bed elements during splash - Model tests.
CATENA 2020, 185, 104277. DOI:10.1016/j.catena.2019.104277

e P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation after One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOIL: 10.1016/j.geoderma.2022.115838

e P4. Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

moj wkiad, jako promotora pomocniczego, obejmowat wspotopracowanie koncepcji prac i metodyki
badan oraz wspétuczestnictwo w nanoszeniu poprawek i uwag do pierwszych wersji manuskryptow
przygotowanych przez mgra inz. Rafata Mazura oraz na etapie odpowiedzi na recenzje.

Jednoczesnie uznajg kluczowy wklad mgra inz. Rafata Mazura w przygotowanie wszystkich czterech
publikacji i wyrazam zgode na wykorzystanie ich w Jego rozprawie doktorskie;.
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£ INSTYTUT

prof. dr hab. Andrzej Bieganowski Lublin 01.04.2026
Zaktad Biogeochemii Srodowiska Przyrodniczego

Instytut Agrofizyki im. Bohdana Dobrzarnskiego PAN

ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w pracach P1-P3 (przedstawionych ponizej) méj wkiad obejmowat
wspotopracowanie metodyki badaf oraz wspdtuczestnictwo w nanoszeniu poprawek i uwag do
pierwszych wersji manuskryptéw przygotowanych przez mgra inz. Rafata Mazura oraz na etapie
odpowiedzi na recenzje. W pracy P4 bralem dodatkowo udziat we wspélopracowaniu koncepcji
pracy.

e Pl. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

e P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski
A. Surface deformation and displacement of bed elements during splash - Model tests.
CATENA 2020, 185, 104277. DOI:10.1016/j.catena.2019.104277

e P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation afier One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOIL: 10.1016/j.geoderma.2022.115838

e P4 Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

Jednoczesnie uznajg kluczowy wklad mgra inz. Rafata Mazura w przygotowanie wszystkich czterech
publikacji i wyrazam zgode na wykorzystanie ich w Jego rozprawie doktorskie;. /
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Michal Beczek Lublin 01.04.2026

Zaklad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o§wiadczam, ze w pracach:

P1. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski
A. Surface deformation and displacement of bed elements during splash - Model tests.
CATENA 2020, 185, 104277. DOI:10.1016/j.catena.2019.104277

P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation after One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOI: 10.1016/j.geoderma.2022.115838

P4. Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

moj wkiad obejmowal wspolopracowanie metodyki badan, pomoc w realizacji pomiaréw oraz
wsplluczestnictwo W nanoszeniu poprawek i uwag do pierwszych wersji manuskryptow
przygotowanych przez mgra inz. Rafata Mazura oraz na etapie odpowiedzi na recenzje. W pracy
P4 bratem dodatkowo udziat we wspétopracowaniu koncepcji pracy.

Jednoczesnie uznaje kluczowy wktad mgra inz. Rafata Mazura w przygotowanie wszystkich czterech
publikacji i wyrazam zgode na wykorzystanie ich w Jego rozprawie doktorskiej.
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dr inz. Cezary Polakowski Lublin 15.10.2025
Zaklad Biogeochemii Srodowiska Przyrodniczego

Instytut Agrofizyki im. Bohdana Dobrzafiskiego PAN

ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze w pracach:

e PI. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. Soil
Deformation after Water Drop Impact—A Review of the Measurement Methods. SENSORS
2023, 23(1), 121. DOI 10.3390/s23010121

e P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski
A. Soil Deformation after One Water-Drop Impact - The Effect of Texture and Soil Moisture
Content. GEODERMA 2022, 417, 115838. DOI: 10.1016/j.geoderma.2022.115838

e P4. Mazur M., Ryzak M., Sochan A., Beczek M., Polakowski C., Bieganowski A. The
potential effect of temperature on surface deformation after water drop impact in soils with
different  texture and moisture content. Catena 2025, 255, 109005. DOI:
10.1016/j.catena.2025.109005

moj wklad obejmowat wspétopracowanie metodyki badan, pomoc w opracowaniu wynikéw oraz
wspoltuczestnictwo w nanoszeniu poprawek i uwag do pierwszych wersji manuskryptow
przygotowanych przez mgra inz. Rafata Mazura oraz na etapie odpowiedzi na recenzje.

1 Jednoczesnie uznaje kluczowy wkiad mgra inz. Rafala Mazura w przygotowanie wszystkich
| powyzszych publikacji i wyrazam zgode na wykorzystanie ich w Jego rozprawie doktorskiej.
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dr hab. Krzysztof Lamorski Lublin 02.06.2026

Zaktad Metrologii i Modelowania Proceséw Agrofizycznych
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie
Niniejszym o$wiadczam, ze w pracy:

P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski A. Surface
deformation and displacement of bed elements during splash - Model tests. CATENA 2020, 185,
104277. DOI:10.1016/j.catena.2019.104277

mé6j wklad obejmowat pomiary z wykorzystaniem mikrotomografu, techniczne opracowaniu
wynikéw uzyskanych z tych pomiaréw, wspotuczestnictwo w nanoszeniu poprawek i uwag do
pierwszej wersji manuskryptu przygotowanej przez mgra inz. Rafata Mazura, a takze wspotudzial
w pracach prowadzonych na etapie odpowiedzi na recenzje.

Jednoczesnie uznaj¢ kluczowy wklad mgra inz. Rafala Mazura w przygotowanie powyzszej
publikacji i wyrazam zgode na wykorzystanie jej w Jego rozprawie doktorskie;.
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dr Bartosz Przysucha Lublin 01.06.2026
Katedra Metod Ilosciowych w Zarzadzaniu

Wydziat Zarzadzania

Politechnika Lubelska

ul. Nadbystrzycka 38, 20-618 Lublin

Oswiadczenie
Niniejszym o$wiadczam, ze w pracy:

P3. Mazur R., Ryzak M., Sochan A., Beczek M., Polakowski C., Przysucha B., Bieganowski A. Soil
Deformation after One Water-Drop Impact - The Effect of Texture and Soil Moisture Content.
GEODERMA 2022, 417, 115838. DOI: 10.1016/j.geoderma.2022.115838

moj wklad obejmowat pomoc w statystycznej analizie danych oraz wspéluczestnictwo w nanoszeniu
poprawek i uwag do pierwszej wersji manuskryptu przygotowanej przez mgra inz. Rafata Mazura,
a takze wspotudziat w pracach prowadzonych na etapie odpowiedzi na recenzje.

Jednoczesnie uznaje¢ kluczowy wkiad mgra inz. Rafala Mazura w przygotowanie powyzszej
publikacji i wyrazam zgode¢ na wykorzystanie jej w Jego rozprawie doktorskiej.
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mgr inz. Karolina Marciszuk Lublin 01.04.2026
Wydziat Lotnictwa

Lotnicza Akademia Wojskowa

ul. Dywizjonu 303 nr 35, 08-521 Deblin

Oswiadczenie
Niniejszym o$wiadczam, ze w pracy:
P2. Mazur R., Ryzak M., Sochan A., Marciszuk K., Beczek M., Lamorski K., Bieganowski A. Surface

deformation and displacement of bed elements during splash - Model tests. CATENA 2020, 185,
104277. DOI:10.1016/j.catena.2019.104277

méj wkiad obejmowat pomoc w technicznym przygotowaniu probek oraz w opracowaniu wynikow.

Jednoczesnie uznaje kluczowy wkilad mgra inz. Rafala Mazura w przygotowanie powyzszej
publikacji i wyrazam zgode na wykorzystanie jej w Jego rozprawie doktorskiej.
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