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w rozpacz, ze nigdy nie przeczytam tego, co powinienem przeczytac.

Marek Hlasko



Wykaz publikacji
Autoreferat zostal przygotowany na podstawie cyklu trzech publikacji, bedacych opracowaniem

wynikow badan zwigzanych z rozwijang metoda oznaczania sktadu granulometrycznego gleb. Prace

zostaly opublikowane w czasopismach znajdujacych si¢ w wykazie czasopism naukowych

i recenzowanych materialow z konferencji mi¢dzynarodowych Ministerstwa Edukacji i Nauki oraz

posiadajacych wskaznik cytowan Impact Factor (IF). Laczna liczba tzw. ,,punktow ministerialnych”

wynosi 440, a sumaryczny wskaznik IF jest rowny 11.986. Na cykl publikacji sktadaja si¢ nastepujace

prace:

= Kaszubkiewicz J., Papuga K., Kawatko D., Wozniczka P., 2020. Particle size analysis by an
automated dynamometer method integrated with an x-y sample changer. Measurement, 157,
107680. (Impact Factor: 3,927; liczba punktow: 200)

= Papuga K., Kaszubkiewicz J., Kawatko D., 2021. Do we have to use suspensions with low
concentrations in determination of particle size distribution by sedimentation methods? Powder
Technology, 389, 507-521. (Impact Factor: 5,134; liczba punktow: 140)

= Papuga K., Kaszubkiewicz J., Kawatko D., Kreimeyer M., 2022. Effect of Organic Matter
Removal by Hydrogen Peroxide on the Determination of Soil Particle Size Distribution Using the

Dynamometer Method. Agriculture, 12, 226. (Impact Factor: 2,925; liczba punktow: 100)

Wszystkie prace dotycza metody oznaczania sktadu granulometrycznego za pomoca pomiaru
cigzaru pozornego plywaka zanurzonego w sedymentujacej zawiesinie, zwanej metoda
dynamometryczng. Z racji szerokiego potencjalnego zakresu przygotowywanej pracy, skupiono si¢ na
trzech wybranych aspektach. Kazda z publikacji stanowi przedstawienie jednego z nich:
=  Okreslenie mozliwo$ci zautomatyzowania procesu oznaczania sktadu granulometrycznego.
= Zniwelowanie wplywu stosowania wigkszych, niz w innych sedymentacyjnych metodach

oznaczania sktadu granulometrycznego, nawazek gleby na wyniki.
= Okreslenie wplywu usuwania materii organicznej na otrzymywane wyniki skfadu

granulometrycznego za pomocg metody dynamometrycznej.
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Streszczenie

Mimo, iz podstawy sedymentacyjnych metod oznaczania sktadu granulometrycznego opracowano
przeszto 100 lat temu, to wciaz sa one rozwijane. Jedng z metod, ktéra w duzym stopniu eliminuje
wady najczesciej stosowanych metod sedymentacyjnych, jednoczesnie, zachowujaca wysoka
doktadnos¢ wynikow, jest metoda dynamometryczna. Metoda oparta zostala o pomiary zmian ci¢zaru
pozornego plywaka zawieszonego w sedymentujacej zawiesinie glebowej. Celem pracy bylo
uzupehlnienie wiedzy z zakresu oznaczania skladu granulometrycznego gleb, zwiazanej z nowo
powstala metoda dynamometryczng. W zwigzku z tym przeanalizowano trzy gldwne aspekty:
implementacj¢ metody dynamometrycznej do urzadzenia z wielostanowiskowym i automatycznym
zmieniaczem probek; wykorzystanie iteracyjnej procedury obliczeniowej w celu zmniejszenia wptywu
podwyzszonej koncentracji poczatkowej zawiesiny na wyniki; wplyw usuwania materii organicznej na
wyniki.

Na potrzeby pracy wykonano podstawowe analizy gleboznawcze oraz analizy powtarzalnosci
oznaczania sktadu granulometrycznego, poréwnano wyniki wzgledem uzyskiwanych za pomoca
metody pipetowej, przeprowadzono analize¢ poréwnawcza zmierzonej zawartos$ci poszczegdlnych
frakcji w mieszaninach gleb oraz obliczonej teoretycznej zawarto$ci, wykonano analiz¢ wielkosci
roznic pomigdzy probkami, w ktorych usunigto materi¢ organiczng, a probkami bez jej usuwania
i analizy statystyczne. W toku badan zostaly okre$lone optymalne parametry pomiar6w oraz
indywidualna metodyka przygotowania probek glebowych

Stwierdzono, ze zastosowanie aparatu wielostanowiskowego z automatycznym zmieniaczem
probek w metodzie dynamometryCznej cechowato sie¢ duzg zgodnoscig z wynikami metody
sedymentacyjnej i wysoka powtarzalno$cig otrzymywanych wynikow. Zaproponowana iteracyjna
metoda obliczeniowa, wykorzystujaca korekte predkosci opadania czastek w oparciu o rownanie
Batchelora, pozwala na stosowanie w pomiarach rozktadu wielkosci czastek zawiesin o stgzeniu
objetosciowym do 0,0453. Usuwanie materii organicznej w probkach glebowych powodowa¢ moze
znaczne zmiany zawarto$ci poszczegdlnych  frakcji  mierzonych za pomoca metody
dynamometrycznej. Kierunek i wielko$¢ zmian dla poszczegdlnych probek jest nieregularny i trudny
do przewidzenia. Nie stwierdzono jednoznacznych przestanek do usuwania materii organicznej

w przypadku, gdy jej zawarto$¢ w badanej glebie jest na niskim poziomie.

SLOWA KLUCZOWE: sktad granulometryczny, metody sedymentacyjne, metoda dynamometryczna,

sedymentacja ziaren gleby



Abstract

Although the basis for sedimentation methods of particle size distribution was developed more than
100 years ago, they are still being improved. One of the methods that eliminates to a large extent the
drawbacks of the most commonly used sedimentation methods, while maintaining high accuracy of
results, is the dynamometer method. The method was based on measurements of changes in apparent
weight of a float suspended in sedimenting soil suspension. The aim of this study was to supplement
the knowledge on the determination of the particle size distribution of soils, related to the newly
developed dynamometer method. In this regard, three main aspects were analysed: the implementation
of the dynamometer method in an device with a multi-station and automatic sample changer; the use
of an iterative calculation procedure to reduce the influence of an increased initial suspension
concentration on the results; the influence of organic matter removal on the results.

For the purposes of the study, basic soil analyses and repeatability analyses of particle size
determination were carried out, the results were compared with those obtained using the pipette
method, a comparative analysis of the measured content of individual fractions in soil mixtures and the
calculated theoretical content was carried out, as well as an analysis of the magnitude of differences
between samples with and without organic matter removal, and statistical analyses. In the study,
optimum measurement parameters and an individual soil sample preparation methodology were
developed.

It was found that the application of the multi-station automatic sample changer in the dynamometer
method was characterised by high agreement with the results of the sedimentation method and high
repeatability of the obtained results. The proposed iterative calculation method, using the correction of
particle falling velocity based on the Batchelor equation, allows for the use in the measurements of the
particle size distribution of suspensions with a volume concentration up to 0.0453. The removal of
organic matter in soil samples may cause significant changes in the content of particular fractions
measured by the dynamometer method. The direction and magnitude of changes for individual
samples is irregular and difficult to predict. There is no unequivocal indication for the removal of

organic matter when its content in the tested soil is at a low level.

KEY WORDS: particle size distribution, sedimentation methods, dynamometer method, soil particle
sedimentation



1. Wstep

Sktad granulometryczny to podstawowa wiasciwosé gleby (Fan i in., 2021; Ghalib i Hryciw,
1999; Shangguan i in., 2012). Jego poprawne oznaczenie jest kluczowe w pozyskiwaniu informacji
wykorzystywanych w roéznych dziatach nauk o glebie. Znajomos¢ sktadu granulometrycznego jest
niezb¢dna migdzy innymi w przewidywaniu wielkosci erozji, systematyce gleb, okreslaniu wartosci
uzytkowych (Koza i in., 2021; Paluszek i in., 2011; Tong i in., 2018). Istnieje kilka grup metod
oznaczania sktadu granulometrycznego, wykorzystujacych rozne zjawiska fizyczne. R6znig si¢ one
zakresem stosowalnosci, pracochlonnoscia, kosztami oraz wielkosciag bledéw pomiarowych. Jedna
z gltownych grup sg metody sedymentacyjne, wykorzystujace zjawisko sedymentacji ziaren
glebowych. Do klasycznych metod sedymentacyjnych nalezg metody: areometryczna opracowana
przez Bouyoucos (1927) i pipetowa stworzona niezaleznie przez Robinsona (1922) oraz Jenningsa
i Gardnera (1922). Obie metody sa powszechnie stosowane na $wiecie (Keller i Gee, 2006; ISO
11277, 2009; Ryzak i Bieganowski, 2010). Metoda areometryczna polega na pomiarze zmian ggstosci
sedymentujacej zawiesiny za pomocg areometru. W przypadku metody pipetowej wymagane jest
uzycie specjalnej pipety, ktora pobierana jest pewna objetos¢ sedymentujacej zawiesiny (Bieganowski
i Ryzak, 2011; Novak i Hlavac¢ikova, 2019). W obydwu metodach potrzebne jest okreslenie
odpowiednich czaséw, w ktorych nastepuje pomiar lub pobranie zawiesiny, na podstawie rownania
Stokesa. Ich niewatpliwg zaletg jest wysoka powtarzalno$¢ wynikow, prosta procedura wykonywania
pomiaréw oraz niski koszt wykorzystywanego sprzetu. Do glownych wad naleza: znaczna
czasochlonno$¢ i pracochtonno$¢ wykonywania analiz, istotny wptyw czynnika ludzkiego przy
odczytywaniu wynikow 1 wyznaczanie krzywej rozkladu granulometrycznego na podstawie kilku
punktéw. Ponadto w metodzie areometrycznej przy obliczaniu czaséw opadania poszczegdlnych
frakcji nie jest uwzgledniane zmienne zanurzenie areometru w glebach o réznym sktadzie
(Bieganowski i in., 2018; Bittelli i in., 2019; Di Stefano i in., 2010).

Mimo, iz podstawy sedymentacyjnych metod sktadu granulometrycznego opracowano przeszto
100 lat temu, to wcigz sg one rozwijane. Wplyw na to miato pojawienie si¢ nowych mozliwosci
technicznych (miniaturyzacja i spadek kosztow sensorow) oraz wystgpowanie wad metod innych niz
sedymentacyjne m.in. metod dyfrakcji laserowej czy Sedigraphu (Andrenelli i in., 2013; Igaz i in.,
2020; Lucke i in., 2015; Polakowski i in., 2021; Yang i in 2019). Obecny rozwdj metod ktadzie nacisk
na cyfryzacj¢ wynikow, automatyzacje¢ procesu oraz skrocenie czasu analizy. W XXI wieku powstaty
takie metody jak: The integral suspension pressure method (ISP) (Durner i Iden, 2021; Durner i in.,
2017), potaczenie metody sedymentacyjnej ze spektrofotometria (Ghasemy i in., 2018),
zautomatyzowana metoda areometryczna (Murad i in., 2020), metoda z quasi ciaglym pomiarem
(Kovacs i in., 2004), automatyczna metoda wykorzystujaca do pomiaru sedymentujacej zawiesiny
promieniowanie gamma (Naime i in., 2001), metoda pomiaru zmian nate¢zenia $wiatla laserowego
przechodzacego przez cylinder z sedymentujaca zawiesing (Orhan i Kiling, 2020) czy metoda

Buoyancy weighing-bar (Obata i in., 2009). Jedng z wielu metod eliminujagcag w duzym stopniu wady
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najczesciej stosowanych metod sedymentacyjnych, jednoczesnie zachowujaca wysoka doktadnosc
wynikoéw 1 wpisujaca si¢ w obecne trendy rozwoju, jest metoda dynamometryczna.

W 2017 roku zespol profesora Kaszubkiewicza opracowat nowa metode oznaczania sktadu
granulometrycznego gleb (Kaszubkiewicz i in., 2017). Metoda oparta zostata o pomiary zmian ci¢zaru
pozornego ptywaka zawieszonego w sedymentujacej zawiesinie glebowej. Pomiary wykonywane sg za
pomoca piezoelektrycznego dynamometru, w zwigzku z tym nowa metod¢ oznaczania sktadu
granulometrycznego nazwano metoda dynamometryczng. Oznaczanie sktadu granulometrycznego za
pomoca metody dynamometrycznej wymaga wykorzystania specjalnego urzadzenia, ktore
zaprojektowano, stworzono i opisano (Kaszubkiewicz i in., 2017). Urzadzenie zostalo opatentowane
w Urzedzie Patentowym RP (PL234924B1, 2020). Metoda dynamometryczna sktada si¢ z dwoch
kluczowych elementéw: z opracowanego algorytmu przeksztatcajacego odczytane zmiany cig¢zaru
pozornego ptywaka na rozktad granulometryczny oraz urzadzenia umozliwiajacego poprawny zapis
wynikow pomiaru. Niniejsza rozprawa doktorska opisuje rozwinigcie obydwu elementow.

Algorytm obliczeniowy metody
dynamometrycznej oparty jest na powigzaniu wzoru
Stokesa okreslajacego predko$¢ opadania ziaren
gleby w zawiesinie (Stokes, 2009) ze wzorem
opisujacym zmiang¢ gestosci zawiesiny w czasie
sedymentacji. Urzadzenie zardwno w  wersji
jednostanowiskowej, jak i z automatycznym
zmieniaczem probek sktada si¢ z podstawowych
elementow takich jak: piezoelektryczny dynamometr
mierzacy cigzar do 50 G (z doktadnoscia do 0,01 G)
wraz z podwieszonym do niego, za pomoca zyiki,
ptywakiem i mechanicznego ramienia, do ktérego
przymocowany jest dynamometr wraz z termoparg
mierzacg temperatur¢ zawiesiny. Calo$¢ jest
sterowana przez mikrokontroler, ktory przesyta
Sygnaty mi¢dzy komputerem a urzadzeniem (Rys. 1)

Metoda dynamometryczna z racji swoich

mozliwosci automatycznej i pelnej cyfryzacji

wynikow  oraz elastyczno$ci pod wzgledem

. . . . Rys. 1 Urzadzenie wykorzystywane w metodzie
parametréw pomiaru (mozliwos¢ pomiaréw dowolnej dynamometrycznej

frakcji w zakresie 0,1 — 0,002 mm, dowolna gesto$¢ sedymentujgcych ziaren czy szeroki zakres
mozliwej do zastosowania nawazki) posiada duzy potencjat rozwojowy. W przysziosci za pomoca
bardziej zaawansowanych algorytméw obliczeniowych mozna bedzie niwelowa¢ wptyw czynnikow

zaklocajacych proces sedymentacji takich jak: obecno$¢ duzej ilosci materii organicznej
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i weglanow wapnia, zasolenie czy nieregularno$¢ ksztattu ziaren glebowych. Przyktadowo mozliwe
jest zastosowanie modyfikacji wzoru Stokesa uwzgledniajacej odbiegajacy od kulistego ksztalt ziaren
frakcji ilastej (Faroughi i Huber, 2016). Badana metoda pozwala w prosty sposob okres§la¢ rozktad
granulometryczny nie tylko gleby, ale réwniez innych materiatow skladajacych si¢ z czastek
o jednorodnej gestosci i srednicach mieszczacych si¢ w wymaganym zakresie.

Ze wzgledu na to, ze metoda dynamometryczna nalezy do grupy metod sedymentacyjnych
(wykorzystujacych zjawisko sedymentacji) szczegdlny nacisk potozono na odniesienie do innych
metod sedymentacyjnych tj. metody pipetowej i areometrycznej. Metoda dynamometryczna zostata
szczegOtowo przetestowana, a rezultaty zawarto w publikacji Papuga i in. (2018), ktora stanowi
uzupelnienie niniejszej pracy oraz wiedzy dotyczacej metody dynamometrycznej. Badania
przedstawione w powyzszym artykule potwierdzaja wysoka zbiezno$¢ otrzymanych wynikéw z tymi
uzyskanymi metodami areometryczng i pipetowa. Niniejsza praca stanowi rozwinigcie wiedzy

dotyczacej metody dynamometrycznej oraz przedstawia jej rozwoj w ostatnich latach.



2.  Cel pracy oraz hipotezy badawcze
Celem pracy byto uzupelienie i rozwinigcie wiedzy =z zakresu oznaczania sktadu

granulometrycznego gleb, zwigzanej z nowo powstalg metodg dynamometryczng. W zwigzku z tym

postawiono 3 hipotezy badawcze:

e Metode dynamometryczng mozna zmodyfikowac tak, aby pomiar wykonywany byl automatycznie
w  kilkunastu probkach w pojedynczym cyklu przy jednoczesnym zachowaniu wysokiej
powtarzalnosci i bez pogorszenia doktadnosci otrzymywanych wynikow.

o Wplyw zwickszonego oddziatywania miedzy sedymentujacymi czastkami glebowymi, wynikajacy
ze stosowania w metodzie dynamometrycznej wigkszej nawazki niz w innych metodach
sedymentacyjnych, mozna zniwelowaé za pomoca iteracyjnej procedury obliczeniowej,
wykorzystujacej jedno z dostepnych roéwnan korygujacych predkos¢ opadania ziaren glebowych ze
wzgledu na gestos¢ zawiesiny.

e Usuwanie materii organicznej podczas przygotowania zawiesiny glebowej w metodzie
dynamometrycznej nie wptywa na pomiary sktadu granulometrycznego w stopniu wigkszym niz

w innych metodach sedymentacyjnych.

3. Materialy i metody

Dla weryfikacji przedstawionych hipotez badawczych dotyczgcych metody dynamometrycznej
zastosowano zréznicowany materiat glebowy. W przypadku dwoch pierwszych hipotez wykorzystano
gleby pochodzace z rejonu Dolnego Slaska o zréznicowanym sktadzie granulometrycznym. Probki
pobierano z pozioméw glebowych znajdujagcych sie ponizej 50 cm, aby uzyska¢ materiat pozbawiony
materii organicznej, ktéra mogtaby wplywac¢ na wyniki analiz. Do badan nad wpltywem usuwania
materii organicznej na wyniki oznaczania sktadu granulometrycznego pobrano probki glebowe
z poziomdéw powierzchniowych (akumulacyjnych) gleb uzytkowanych rolniczo. Lacznie we
wszystkich badaniach uzyto 65 roznych probek glebowych oraz 54 mieszaniny wybranych gleb.

W ramach prac wchodzacych w sktad cyklu publikacji wykonano podstawowe analizy
gleboznawcze:
e Oznaczanie sktadu granulometrycznego gleb za pomocg metody dynamometryczne;j;
e (Oznaczanie zawarto$ci weglanu wapnia przy uzyciu aparatu Scheiblera;
e Oznaczanie pH (w KCI i H,O) metoda potencjometryczna.

Ponadto w zaleznos$ci od celu pracy wykonano nastepujace analizy:

e Oznaczanie sktadu granulometrycznego gleb za pomoca metody areometryczno-sitowej

w modyfikacji Proszynskiego;
e Oznaczanie sktadu granulometrycznego gleb za pomoca metody pipetowe;;
e Oznaczanie zawartosci frakcji d >0,063 metoda sitowg na mokro;

e Oznaczanie catkowitej zawartosci wegla organicznego w glebie metoda chromatografii gazoweyj;
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o Pomiary gestosci sedymentujacej zawiesiny na roznych gltebokosciach.

W oparciu o uzyskane wyniki przeprowadzone zostaty:

e Analiza powtarzalnosci oznaczania skladu granulometrycznego =za pomocg metody
dynamometrycznej;

e Analiza poréwnawcza wynikow otrzymywanych metoda dynamometryczng wzglegdem wynikdéw
uzyskiwanych za pomoca metody pipetowe;j;

o Analiza porownawcza zmierzonej zawartosci poszczegdlnych frakcji w mieszaninach gleb oraz
zawartoS$ci teoretycznej obliczonej w oparciu o sktad granulometryczny sktadowych mieszaniny

1 ich udziatéw w niej;

e Analiza statystyczna przy wykorzystaniu programu STATISTICA 12 (obliczanie wspotczynnikow
determinacji, wartosci korelacji Pearsona, wzorow regresji, wartosci odchylen standardowych
i RMSE (Root Mean Square Error), odlegtosci euklidesowe i inne. Do dopasowywania funkcji
krzywych rozktadu (curve fitting) wykorzystano program TableCurve 2D v5.01

W toku badan zostaly opracowane doktadne parametry pomiaréw oraz indywidualna metodyka
przygotowania probek glebowych, ktora wzorowana byta na innych metodach sedymentacyjnych.
Brak potrzeby wprowadzania duzych zmian w przygotowaniu probek, wzglegdem procedur
pochodzacych z innych metod sedymentacyjnych, pozwolit na wyeliminowanie potencjalnego
wplywu tego etapu na analiz¢ poréwnawcza otrzymanych wynikow. Dobér optymalnych parametrow
pomiaréw umozliwit zminimalizowanie wystepujacych btedow.

W metodzie dynamometrycznej okreslono optymalng gleboko$¢ pomiaréw ciezaru pozornego
ptywaka, zoptymalizowano ksztatt ptywaka, dlugo$¢ i rodzaj materiatu zytki, na ktorej zawieszony
jest ptywak oraz ilo$¢ dyspergentu dodawanego na etapie przygotowania probek. Wielostanowiskowe
urzadzenie wymagato dobrania odpowiednich rozmiaréw cylindrow na zawiesing glebowa
1 przetestowania przydatnosci ich do pomiaréow. Opis urzadzenia z automatycznym zmieniaczem
probek zostal przedstawiony w publikacji Kaszubkiewicz i in. (2020). Podstawy teoretyczne
procedury obliczeniowej korygujace odstepstwa wynikajgce ze stosowania zawiesin o podwyzszonej
gestosci zostaty zawarte w pracy Papuga i in. (2021).

Podsumowanie wybranych elementow metodyki zastosowanej w przeprowadzonych analizach
metoda dynamometryczng zostalo Ujete w ponizszej tabeli. Szczegdlowa charakterystyka
wykorzystanych probek glebowych, opisy metodyki oraz sposoéb przygotowania probek glebowych
zostaly przedstawione w pracach wchodzacych w sktad cyklu publikacji niniejszej rozprawy

doktorskiej.
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Tabela 1. Wykorzystane probki glebowe i mierzone frakcje w wykonanych analizach

Analiza

Prébki glebowe

Mierzone frakcje d [mm)]

Implementacja metody dynamometrycznej do urzadzenia z wielostanowiskowym i automatycznym zmieniaczem probek

Powtarzalno$¢ wynikow

4 probki: piasek, glina pylasta o zawartosci itu 6,2%, glina pylasta o
zawartosci itu 22,4% oraz il. Pomiary wykonano w 6 powtdrzeniach.

Zgodno$¢ otrzymywanych wynikéw z teoretycznymi
obliczeniami rozktadu granulometrycznego
mieszanin

58 probek: piasek, glina pylasta o zawartosci itu 6,2%, glina pylasta o
zawartosci itu 22,4%, it i ich mieszaniny w proporcjach 90:10, 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, 20:80 i 10:90.

11 frakcji: <0,002; <0,005;
<0,008, <0,010; <0,016;
<0,020; <0,032; <0,050;
< 0,063, <0,080; <0,100

Poréwnanie z metoda pipetowa

12 probek: glina pylasta o zawartosci itu 6,2%, glina pylasta o
zawarto$ci itu 22,4%, it oraz ich mieszaniny w proporcjach 70:30,
50:50 i 30:70.

5 frakcji: <0.002, <0.005,
<0.01, <0.02, <0.05 <0.1

Wykorzystanie iteracyjnej procedury obliczeniowej w celu zmniejszenia wplywu podwyzszonej koncentracji poczatkowej zawiesiny na wyniki

Pomiar gestosci sedymentujacej zawiesiny na
roznych glebokosciach

5 probek glebowych: 3 probki gliny pylastej i 2 probki itu. Dla kazdej
probki wykonano 6 analiz r6znigcych si¢ glebokoscia zanurzenia
ptywaka (50, 100, 150, 200, 250, 300 mm ponizej powierzchni
zawiesiny).

Brak. Wykonywano pomiary
gestosci zawiesiny po
okreslonych czasach.

Wielkosci btedow losowych i systematycznych
wystepujacych przy zastosowaniu réznych
koncentracji poczatkowych zawiesiny

6 probek: 3 gliny pylaste, 2 gliny piaszczyste, it. Dla kazdej probki
wykonano 6 analiz r6znigcych si¢ zastosowang nawazka (20, 40, 60,

Iteracyjna procedura obliczeniowa

80, 100, 120 g). Pomiary wykonano w 5 powtorzeniach.

11 frakcji: <0,002; <0,005;
<0,008, <0,010; <0,016;
<0,020; <0,032; <0,050;
< 0,063, <0,080; <0,100

Wplyw usuwania materii organicznej na wyniki

Poréwnanie wynikow zawartosci frakcji d <0,063
pomigdzy metodg dynamometryczng a sitowa

Poroéwnanie wynikéw oznaczania sktadu
granulometrycznego pomiedzy probkami w ktorych
usuni¢to materi¢ organiczng a probkami bez
usuwania.

50 probek o zréznicowanych sktadach granulometrycznych.

1 frakcja: <0,063

3 frakcje: <0.063, <0.05
<0.002
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4.  WynikKi

4.1. Poprawnos¢ wynikow otrzymywanych za pomoca urzadzenia z automatycznym

I wielostanowiskowym zmieniaczem préobek

W celu sprawdzenia metody pomiarowej wykonano badania sktadu granulometrycznego sztucznie
uzyskanych mieszanin glebowych. Do analizy wybrano cztery monomodalne utwory glebowe
o zroznicowanym skltadzie granulometrycznym. Roznily si¢ one zar6wno wartosciami dsp, jak
i stopniem wysortowania. Zmierzono ich sktad granulometryczny (11 frakcji, tabela 1),
a nastepnie sporzadzono dwusktadnikowe mieszaniny tych utworéw w proporcjach podanych w tabeli
1. Dla kazdej z uzyskanych 54 mieszanin (6 par sktadnikéw po 9 proporcji) oznaczono zawartos¢ 11
frakcji. Nastepnie dokonano poréwnania pomig¢dzy zmierzonymi, a obliczonymi w oparciu o sktady
granulometryczne probek (z ktorych utworzono mieszaniny) zawartosciami wybranych frakeji
w poszczegolnych mieszaninach gleb. Najwigksze roznice pomigdzy zmierzonym rozktadem
granulometrycznym mieszanin, a obliczonymi na podstawie udzialu w mieszanie probek glebowych
i znanych ich sktadow granulometrycznych stwierdzono dla mieszaniny Sand-Clay, czyli mieszanin
probek piasku i itu. Wspotczynnik determinacji R? wynosit 0,9764 (wartos¢ RMSE wynosita 4,01%).
Dla pozostalych mieszanin, w kazdym przypadku wspotczynnik determinacji byt wigkszy niz 0,99
(warto$¢ RMSE wynosita od 1,77% do 2,71%).

Drugim etapem bylo zbadanie powtarzalnosci wynikdéw na podstawie analizy skladu
granulometrycznego 4 probek, z ktorych uzyskano wyzej opisane mieszaniny. Najgorsza
powtarzalno$¢ wynikow stwierdzono dla probki oznaczonej jako Silt loam 2, czyli gliny piaszczystej
o matej zawartosci frakcji ilastej (Srednie odchylenie standardowe mierzonych frakcji wynosito
1,48%). Najlepsza powtarzalno$¢ uzyskano w probce oznaczonej jako Sand, czyli piasku ($rednie
odchylenie standardowe poszczegdlnych frakcji wynosito 0,80). W trzech probkach najwigksze
odchylenie standardowe wystepowato dla wynikow pomiarow dotyczacych frakcji d <0,1 mm, czyli
frakcji o najwiekszych mierzonych $rednicach czastek. Jedynie w probce 0znaczonej jako Clay, czyli
zawierajacej najwiecej frakcji d <0,002 mm, najwicksze odchylenie standardowe stwierdzono dla
frakcji d <0,032 mm.

Trzecim etapem weryfikacji poprawno$ci otrzymywanych wynikow bylo poréwnanie wynikéw
otrzymywanych metoda dynamometryczng z wynikami uzyskanymi metodg pipetowa. Wspotczynniki
korelacji pomiedzy wynikami otrzymanymi metodami dynamometryczng i pipetowg wynosity od
0,9880 (dla mieszaniny Silt loam 2-Clay) do 0,9972 (dla mieszaniny Silt loam 1-Clay). Wartosci
RMSE dla powyzszych mieszanin wynosity odpowiednio 4,15% i 2,65%. Pod wzgledem porownania
do metody pipetowej dla poszczegdlnych mierzonych frakcji najwigksze roznice wystepowaly dla

frakcji d <0,1 mm, gdzie RMSE wynosito 6,05%. Najmniejsze roznice wzgledem metody pipetowej
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dla wszystkich przetestowanych probek obserwowano dla pomiaréw frakeji d <0,01 mm, gdzie RMSE

wynosito jedynie 1,89%.

4.2. Wplyw procedury iteracyjnej na krzywe rozkladu granulometrycznego

Wprowadzenie do wynikow

Omawiane zagadnienie sktada si¢ z trzech cze$ci. W pierwszej z nich testowano eksperymentalnie
hipoteze, ze ziarna glebowe znajdujace si¢ w momencie poczatkowym blisko powierzchni zawiesiny,
poruszaja si¢ w warstwie zawiesiny o stalej gestosci i w zwiagzku z tym przemieszczaja si¢ ze stalg
predkoscig. Udowodnienie tej hipotezy byto konieczne, poniewaz stanowila ona jedno z zatozen, na
ktérych oparto iteracyjng procedure obliczeniowa pozwalajaca na skorygowanie wynikéw pomiarow
sedymentacyjnych ze wzgledu na wzajemne oddzialywanie opadajacych w zawiesinie ziaren
glebowych. Drugim elementem pracy byto pokazanie jak ksztaltuja si¢ btedy przypadkowe (losowe)
w pomiarach sedymentacyjnych (metoda dynamometryczng) przy réznych wartosciach poczatkowej
koncentracji zawiesiny. Tym samym okre§lono potrzebe zwickszenia koncentracji poczatkowej
zawiesiny (zwigkszenie nawazki gleby), aby ograniczy¢ wielko§¢ bledow przypadkowych.
Najwazniejszym elementem pracy byto przedstawienie i wykazanie poprawnosci dziatania, iteracyjnej
procedury obliczeniowe] umozliwiajacej uwzglednienie zaleznos$ci pomiedzy predkoscia opadania
ziaren glebowych, a koncentracja sedymentujacej zawiesiny. Do opisu tej zaleznosci wykorzystano
w pracy rownanie Batchelora (1982). Dla przetestowania hipotezy o statej predkosci opadania ziaren,
ktére w momencie poczatkowym znajdowatly si¢ przy powierzchni zawiesiny, zmierzono jej ggstosc
na 6 wybranych glebokosciach po 22 réznych czasach. Nastgpnie w oparciu o uzyskane
dwuwymiarowe funkcje p=p(z,t), wyznaczono czasy po ktorych zawiesina ma te samg gesto$¢ na
réznych glebokosciach. Czasy wyznaczono dla poszczeg6lnych probek dla 3 lub 4 réznych gestosci.
Sprawdzano czy warstwy zawiesiny 0 statej gestosci przemieszczajg si¢ ze stata predkoscig. W tym
celu do wynikéw pomiardow przebytej przez warstwe drogi L w funkcji czasu t dopasowywano funkcje
liniowg (bez wyrazu wolnego) i obliczano wspotczynniki korelacji pomiedzy warto$ciami
zmierzonymi i obliczonymi.

Wyniki

Wspodtezynniki korelacji miescity sie w przedziale od 0,9738 do 0,9998. Wsrdd 17 zmierzonych
warstw, dla 12 wspotczynnik korelacji wynikow do dopasowane]j funkcji liniowej byt wigkszy niz
0,99. Wartosci RMSE dla liniowej regresji wynosity od 4,5 mm do 43,4 mm. Tylko w 3 przypadkach
na 17 wartos¢ RMSE byta wigksza niz 20 mm. Przyktadowo warstwa o gestosci 1,0218 g'cm™ (utwor
A5) przemieszczata si¢ w zawiesinie ze $rednia predkoscia 0,0543 mm-s™. Interpretujac te wartosé
wedlug réwnania Stokesa, nalezaloby przyjaé, ze w warstwie tej znajdowaly si¢ czastki gleby
o $rednicach d < 0,0232 mm (temperatura 25,4°C). Wspotczynnik determinacji dla regresji liniowej

bez wyrazu wolnego (zaleznos¢ czas-droga) wynosit 0,9677. Wspoétczynnik korelacji pomigdzy
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warto$ciami zmierzonymi i obliczonymi z regresji liniowej wynosit 0.9863 i byt istotny na poziomie
o= 1.9E-3. Warto§¢ RMSE wynosita 16.7 mm.

Wielkosci btedow wystepujacych przy zastosowaniu réznych koncentracji poczatkowych
zawiesiny (nawazek) obliczono jako odchylenia standardowe od $rednich wartosci uzyskanych z 5
pomiaréow. Odchylenia standardowe obliczano dla kazdej z 11 mierzonych frakcji, a nastepnie
obliczano $rednig warto$¢ odchylenia standardowego dla danej gleby i koncentracji poczatkowej. Ze
wzgledu na wielowgtkowo$¢ pracy i ograniczong objetosé, wyniki dotyczace tego zagadnienia zostaty
przedstawione w publikacji tylko w formie wykresow. Srednie odchylenia standardowe od $rednich
zawarto$ci poszczegdlnych frakcji w badanych probkach dla koncentracji 0,0075 i 0,0453 byty
nastepujace:

e W probee B1, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 9,1%, a przy koncentracji

zawiesiny 0,0453 — 1,2%

o W probce B2, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 5,0%, a przy koncentracji

zawiesiny 0,0453 — 1,0%

e W probce B3, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 3,0%, a przy koncentracji

zawiesiny 0,0453 — 1,0%

e W probce B4, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 2,3%, a przy koncentracji

zawiesiny 0,0453 — 0,8%

o W probce B5, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 4,2%, a przy koncentracji

zawiesiny 0,0453 — 1,1%

e W probcee B6, przy koncentracji zawiesiny 0,0075 odchylenie wynosito 12,1%, a przy koncentracji

zawiesiny 0,0453 — 0,6%

Wséréd 11 mierzonych frakeji odchylenia standardowe od $redniej zawarto$ci danej frakcji dla
wszystkich probek (przy koncentracji 0,0075, czyli nawazce 20 g) miescily sie w przedziale od 4,8%
(dla frakcji d <0,032 mm) do 7,72% (dla frakcji d <0,1 mm). W przypadku zastosowania koncentracji
0,0453 przedzial wartosci odpowiednich odchylen standardowych byt znacznie mniejszy. Srednie
odchylenie standardowe wynosito od 0,8% dla frakcji d <0,08 mm do 1,1% dla frakcji d <0,008 mm.

Zastosowanie proponowanej iteracyjnej procedury obliczeniowej spowodowalo obnizenie we
wszystkich przypadkach zawartosci mierzonych frakcji. Wartosci skorygowane byly zatem mniejsze
od wartosci bez korekty. Wraz ze wzrostem zastosowanej nawazki, zwickszata si¢ korekta zawartosci
wszystkich frakcji. Ponizej przedstawiono wyniki dla koncentracji 0,0453, dla ktorej korekta
wynikajaca ze stosowania procedury byta najwicksza.

e W probece Bl najwigksza korekta wynosita 4,63 pp i dotyczyta zawartosci frakcji d <0,034 mm
e W probce B2 najwigksza korekta wynosita 4,23 pp i dotyczyta zawarto$ci frakcji d <0,100 mm
e W probce B3 najwigksza korekta wynosita 2,38 pp i dotyczyta zawartosci frakcji d <0,044 mm
e W probce B4 najwigksza korekta wynosita 2,06 pp i dotyczyta zawartosci frakcji d <0,034 mm
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e W probce B5 najwigksza korekta wynosita 3,30 pp i dotyczyta zawartosci frakcji d <0,100 mm
o W probce B6 najwigksza korekta wynosita 2,01 pp i dotyczyta zawartosci frakcji d <0,100 mm
Po zastosowaniu procedury iteracyjnej $rednia warto§¢ RMSE rozkladéw granulometrycznych

zmniejszyta si¢ w 5 z 6 analizowanych probek. Réznice nie byly jednak statystycznie istotne.

4.3. Wplyw usuwania materii organicznej na wyniki pomiarow skladu
granulometrycznego

W ramach badan nad wplywem usuwania materii organicznej (SOM) na wyniki pomiaréw sktadu
granulometrycznego, zmierzono zawartosci frakcji d <0,063 metoda dynamometryczng i sitowa
w probkach zawierajacych materie organiczng (PM) oraz w probkach jej pozbawionych poprzez
utlenianie na mokro 30% roztworem H,O, (PB). W probkach zawierajacych materi¢ organiczng
zawarto$¢ frakcji d <0,063 oznaczonych metoda dynamometryczng byta skorelowana z wynikami
otrzymanymi metoda sitowa na poziomie r=0,9954. Wielko$¢ wspotczynnika korelacji pomigdzy
dwoma metodami przy pomiarze zawartosci frakcji d <0,063, dla probek PB byta na podobnym
poziomie i wynosit 0,9938.

Nastgpnie poréwnano Wyniki oznaczania sktadu granulometrycznego pomiedzy probkami,
w ktorych usuni¢to materi¢ organiczng a probkami bez usuwania. W wyniku usuwania materii
organicznej $rednia zawarto$¢ piasku (0,05 mm — 2,0 mm) zmniejszyta si¢ o 2,41 punktu
procentowego (pp). Jednoczesnie $rednia zawartos¢ pytu (0,002 mm — 0,05 mm) wzrosta 0 1,86 pp,
a $rednia zawarto$¢ itu (<0,002 mm) o 0,56 pp w PB. Przy odniesieniu $rednich zmian zawartos$ci
poszczegdlnych frakcji do ich poczatkowej zawartos$ci w PM stwierdzone wzgledne zmiany byty
znaczgco wicksze. Zawarto$¢ frakcji piasku zmniejszyta sie $rednio 0 6,3%, $rednia zawartos¢ frakcji
pytowej wzrosta o 9,6%, a $rednia zawarto$¢ frakcji ilastej zwigkszyta si¢ o 36,5%. Zmiany
zawarto$ci piasku zachodzace po usunigciu SOM byly pozytywnie skorelowane z poczatkowa
zawartoscig frakcji piasku oraz negatywnie skorelowane z zawarto$cig frakcji itu i pytu. Stwierdzono,
ze im wigksza poczatkowa zawarto$¢ itu w probcee, tym wigkszy wzrost zawartosci frakcji pytu w PB
(wspotezynnik korelacji wynosit 0,6029). Odwrotng korelacje stwierdzono dla zawartosci itu. Im
wigksza zawarto$¢ itu w probkach, tym wzrost zawartosci w PB w wyniku usuwania SOM byt co raz
mniejszy (wspotczynnik korelacji wynosit -0,4717). Zmiany zawartosci frakcji piasku i pylu byty
rowniez skorelowane z zawarto$cig materii organicznej w PM. Wraz ze wzrostem jej zawartosci
w probkach, nastepowal wigkszy spadek zawartosci frakcji piasku i wigkszy wzrost zawartosci frakcji
pytu w wyniku usuwania.

Srednia odlegtos¢ euklidesowa pomiedzy réznicami zawartosci frakcji piasku, pyhu i itu w PM i PB
wynosita 6,6% (warto§¢ minimalna 0,6%, maksymalna 17,1%, odchylenie standardowe 3,6%).
Odlegtos¢ euklidesowa pomigdzy wynikami przed i po usunigciu SOM zwigkszata si¢ wraz ze
wzrostem poczatkowej zawarto$ci materii organicznej w probkach glebowych (Rys. 2, Papuga i in.

2022). Wszystkie wspomniane powyzej zaleznosci byly statystycznie istotnie przy p <0,05.
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5.  Dyskusja

W rownaniu Stokesa predkos$¢ opadania czastki kulistej w zawiesinie jest wprost proporcjonalna do
kwadratu s$rednicy opadajacej czastki. Wyprowadzono je w tak zwanym ,modelu pojedynczej
czastki”, a zatem nie bierze ono pod uwage oddziatywania z innymi sedymentujacymi czastkami
i wznoszacego przeciwpradu wody, ktory powstaje skutkiem opadania czgstek o okreslonej objetosci
i predkosci ruchu (Winterwerp, 2002). W rzeczywistosci koncentracja zawiesiny wptywa na predkosé
opadania ziaren. Im wigksza jest koncentracja zawiesiny, tym bardziej predkos¢ opadania czastek jest
zredukowana w stosunku do warto$ci obliczonych na podstawie rownania Stokesa. Wraz z jej
wzrostem nastepuje zwigkszenie roznic spowodowane wickszym oddzialywaniem opadajacych ziaren
oraz wigksza predkoscig wytwarzanego przez nie przeciwpradu wody. W literaturze mozna znalez¢
wzory korygujace predko$¢ opadania czastek ze wzgledu na koncentracje zawiesiny oraz ksztalty
sedymentujacych ziaren glebowych (Ahrens, 2000; Cheng, 1997; Richardson i Zaki, 1997). Dla
zawiesin o koncentracji objetosciowej mniejszej niz 0,05 mozna stosowa¢ wzor Batchelora (Batchelor,
1982). W zwigzku z tym wyniki otrzymywane przy wykorzystaniu metody dynamometrycznej,
w ktorej stosuje si¢ stezenie zawiesiny wigksze niz w innych metodach sedymentacyjnych, moga by¢
obarczone btedami wynikajacymi z réznicy pomiedzy rzeczywista predkoscia opadania ziaren, a ta
wynikajgcg z rownania Stokesa stosowanego do interpretacji pomiarow. Odchylenie od réwnania
Stokesa bedzie miato wptyw szczegodlnie w probkach ilastych, ze wzgledu na koncentracj¢ frakcji
pozostajacych w zawiesinie przez dluzszy czas. Oczywistym jest, ze w celu uniknigcia powyzszych
odchylen, nawazka powinna by¢ mniejsza. Jednakze, stosowanie mniejszej koncentracji zawiesiny
w metodzie dynamometrycznej powoduje pomiary mniejszych zmian gestosci, skutkiem czego jest
wzrost btedow losowych.

Odchylenie od kulistego ksztaltu ziaren ma istotny wpltyw na ich predkos$¢ opadania. W literaturze
mozna znalez¢ wiele rownan empirycznych pozwalajacych obliczy¢ rzeczywiste predkosci opadania
ziaren gleby (Gibbs i in., 1971; Jiménez i Madsen, 2003; le Roux, 1992). Stosowane s3 rozne
wskazniki opisujace ksztalt ziaren, takie jak wskaznik Coreya (Dioguardi i Mele, 2015) lub wskaznik
Jankego (Dietrich, 1982), przy czym kazde odchylenie ksztattu powoduje zmniejszenie predkosci
opadania w stosunku do ziaren kulistych o takiej samej obj¢tosci jak badane. Rozwigzaniem problemu
kulistosci wydaje si¢ by¢ zastosowanie pojecia $rednicy zastgpczej rozumianej jako s$rednica kuli
opadajacej z predkoscig réwng predkosci opadania ziaren o rzeczywistym ksztatcie. Jest to jednak
rozwigzanie, ktore ma znaczacy udzial w pojawiajacych si¢ rozbieznosciach pomiedzy metodami
sedymentacyjnymi i optycznymi (Faé i in., 2019; Polakowski i in, 2014). Nalezy jednak zaznaczy¢, ze
nie ma idealnej metody oznaczania sktadu granulometrycznego, a ich ocena zalezy od przyjetych
kryteriow (Goossens, 2007).

Wyniki przeprowadzonych badan wskazuja, Zze korekta funkcji skumulowanego rozktadu

granulometrycznego (CPSD) zwigzana z zastosowaniem procedury opisanej w pracy Papuga i in.
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(2021) przebiega w rozny sposob w zaleznosci od badanej gleby. Zroznicowana jest wielko$¢ korekty,
oraz zakres $rednic czastek, dla ktorych obserwuje si¢ najwicksza zmiang ksztattu krzywych CPSD
(rys. 4 1 5, tab. 4, Papuga in. 2021). Ze wzglgdu na fakt, ze oddzialywania pomiedzy ziarnami gleby
zawsze powoduja zmniejszenie predkosci opadania, w rzeczywistosci czastki o okreslonej $rednicy
opadajg na dang glebokos$¢ w czasie dtuzszym niz wynika to z rownania Stokesa (Concha Arcil, 2009;
Dey i in., 2019; Di Felice, 1999). Korekta jest tym wigksza im wicksza jest poczatkowa koncentracja
zawiesiny. Najwigksza korekta wystepuje zawsze dla czastek o wymiarach wigkszych niz 0,02 mm,
a w przypadku 2 z 6 badanych prébek dla czastek o srednicy 0,1 mm. W wickszosci badanych gleb
gwaltowne zmiany gestosci zawiesiny zachodza w ciggu 10-100 s od rozpoczecia sedymentacji.
W zwigzku z tym nawet niewielka zmiana czasu pomiaru w tym zakresie (spowodowana
zastosowaniem proponowanej procedury) powoduje znaczacg zmiang odczytu gestosci zawiesiny, a to
skutkuje istotng roznicg pomigdzy obliczonymi wartosciami CPSD i CPSD po korekcie. Czastki gleby
o najmniejszych S$rednicach (rozpoczynajace swdj ruch od powierzchni) opadaja w najbardziej
rozrzedzonej zawiesinie, a zatem ich ruch jest bliski opisanego rownaniem Stokesa. Oznacza to, ze
szybko opadajace czastki o $rednicach bliskich 0,1 mm w najwiekszym stopniu przyczyniaja si¢ do
tworzenia przeciwpradu, ktory zmniejsza rzeczywista predko$é opadania wszystkich pozostatych
czastek (Dankers i Winterwerp, 2007; Xu i in., 2018).

Wychodzac z poczynionych zalozen mozna wnioskowac, ze czastka o $rednicy d znajdujaca si¢
w momencie poczatkowym przy powierzchni zawiesiny bedzie opadata tylko w otoczeniu czastek
o S$rednicach zastgpczych <d. Zatozenie prawdziwe jest tylko dla czastek, ktore w momencie
poczatkowym znajdowaly si¢ przy powierzchni zawiesiny. Czastki o wigkszych $rednicach opadaja
bowiem szybciej i nie ma ich w zawiesinie, w ktorej znajduje si¢ rozpatrywana czastka o $rednicy d.
Jednoczesnie wszystkie czastki o srednicach mniejszych niz d poruszajg si¢ wolniej od rozpatrywanej
i pozostajg w zawiesinie. W warstwie zawiesiny o statej gestosci, ktora opada od powierzchni,
znajdujg si¢ czastki o Srednicach wigkszych niz mierzone dla tej warstwy. Czastki te, opadajac
z predkosciag wigksza od predkosci czastki badanej, szybko opuszczajg warstwe 1 od tego momentu
analizowana czgstka porusza si¢ w warstwie o stalej gestosci i ze stalg predkoscig. Przyktadowo
obliczono, ze dla czastek o $rednicy 0,016 mm gestos¢ warstwy, w ktorej si¢ poruszajg, stabilizuje si¢
po okoto 5 s, a dla czastek o $rednicy 0,008 mm po okoto 20 s od rozpoczecia sedymentacji. Przy
glebokosci pomiaru 120 mm czastki te poruszaja si¢ zatem przez kolejne 1800 s w warstwie o stalej
gestosci.

Istotnym ograniczeniem w stosowaniu zaproponowanej procedury obliczeniowej jest zakres
stosowalno$ci réwnania Batchelora. Rownanie Batchelora moze by¢ stosowane dla zawiesin
o poczatkowej koncentracji objetosciowej <0,05 (Batchelor, 1972; Silva i in., 2015). Zgodnie
z wynikami przeprowadzonych badaf, réznica migdzy krzywymi CPSD i CPSD po korekcie, dla
stezenia zawiesiny <0,0151, jest mniejsza niz 1,51%. Stosunek zawarto$ci poszczegodlnych frakcji

CPSD po korekcie/CPSD nie spada ponizej 0,9820. Wyniki uzyskane przy niskich stgzeniach
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poczatkowych zawiesiny charakteryzuja si¢ natomiast znacznymi btedami losowymi. W celu
ograniczenia losowych btedow wystepujacych podczas oznaczania rozktadu wielkosci czastek,
uzasadnione jest stosowanie zawiesin 0 poczatkowych stezeniach objetosciowych w zakresie 0,0302-
0,0453. Dla zawiesin o takich stezeniach odchylenia od rownania Stokesa sg juz istotne. Zastosowanie
proponowanej procedury obliczeniowej zmniejsza bledy systematyczne zwigzane ze spadkiem
predkosci opadania ziaren wynikajacym z ich wzajemnego oddziatywania. Wykorzystane w niniejszej
pracy rownanie Batchelora jest jednym z kilku mozliwych do zastosowania. Procedura analogiczna do
opisanej moze by¢ przeprowadzona z wykorzystaniem rownania Richardsona-Zakiego (Richardson
I Zaki, 1954) lub Olivera (Oliver, 1961). Nalezy zaznaczy¢, ze rownanie Batchelora zaproponowano
zostato dla zawiesin o matym zréznicowaniu wielkosci czastek (Di Felice, 1999), a rownanie
Richardsona Zaki dla zawiesin prawie monodyspersyjnych (Richardson i Zaki, 1997). Zastosowanie
ich do rzeczywistej zawiesiny glebowej jest zatem pewnym przyblizeniem. W literaturze mozna
znalez¢ rowniez bardziej ztozone rdéwnania, ktore uzalezniaja predko$¢ opadania od stezenia
zawiesiny, liczby Reynoldsa, mediany $rednicy czastek dso lub kombinacji tych parametréw (Cheng,
1997; Garside i Al-Dibouni, 1977; Gibbs i Matthews, 1971; Ha i Liu, 2008; Rushd i in., 2019). Ich
zastosowanie w proponowanej procedurze jest mozliwe, jednak ze wzgledu na konieczno$¢ obliczania
skorygowanej predkosci osobno dla kazdej $rednicy czastek, bardzo utrudnione.

Na podstawie przeprowadzonych analiz mozna stwierdzi¢, ze korekta uzyskana w trakcie
stosowania proponowanej procedury dla najwyzszej zastosowanej poczatkowej koncentracji zawiesiny
z wykorzystaniem wzorow Batchelora i Richardsona-Zakiego jest zblizona i nie przekracza warto$ci
0,055. Rownanie Olivera, ze wzgledu na najwigksza redukcje predkosci opadania czastek, daje
znacznie wyzsze wartosci poprawki, ktore siegajag az 0,09 dla probki B1 (Rys. 7. Papuga i in., 2021).
Przy nizszych koncentracjach poczatkowych zawiesiny wartosci korekty byty mniejsze. Celem
zaproponowanej procedury iteracyjnej byto uwzglednienie wptywu wzajemnych oddziatywan czastek
sedymentujacych na ich predkos¢ opadania. Procedura zmniejsza btad systematyczny wynikajacy
z zatozenia zbyt duzej predkosci opadania czastek, natomiast ma znacznie mniejszy wpltyw na bledy
przypadkowe. Sa one zwigzane ze specyfika pomiaréw i z zastosowaniem roznych funkcji
wygladzajacych krzywa rozkladu granulometrycznego dla réznych poczatkowych stezen zawiesiny
(Rys. 4 i 5 Papuga i in. 2021). Proponowana procedura obliczeniowa pozwala na zastosowanie
réznych réwnan, dajac w rezultacie podobna korekte krzywych CPSD obliczonych na podstawie
zmian gestosci zawiesiny.

Materia organiczna w glebie (soil organic matter, SOM), majaca istotny wplyw na wyniki
oznaczania sktadu granulometrycznego gleb, wystepuje w dwoch formach: particulate organic matter
(POM) i mineral-associated organic matter (MAOM). MAOM i POM rdznig si¢ gestoscia
i wielkoscig czastek. MAOM zwigzana jest z frakcjg pylowa i ilasta, a jej czastki s mniejsze niz 0,057
mm. POM sktada si¢ z czastek materii organicznej o rozmiarach w zakresie 0,0057-2,0 mm i nie jest

zwigzana w mikroagregatach glebowych (Cotrufo i in., 2019; Six i in., 2002; Totsche i in., 2018).
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R&znig si¢ one wlasciwosciami, a tym samym mogg roézni¢ si¢ wptywem na wyniki analizy sktadu
granulometrycznego metodami sedymentacyjnym (Benbi i in., 2014; Lavallee i in., 2020). Rozne
wilasciwosci obu form SOM znacznie komplikuja okreslenie wptywu jej usuwania na wyniki
oznaczania wielkosci czastek gleby metodami sedymentacyjnymi. Zmiany zawartosci poszczegolnych
frakcji wynikajgce z usunigcia SOM mogly by¢ spowodowane dwoma czynnikami.

Pierwszy czynnik dotyczy mineralizacji materii organicznej podczas stosowania perhydrolu.
W trakcie pomiarow skladu granulometrycznego probek z materig organiczng, jej czastki sa
traktowane jak ziarna mineralne gleby. Materia organiczna charakteryzuje si¢ mniejsza gestoscig niz
cze$ci mineralne, w zwiazku z tym ich czastki 1 agregaty mineralno-organiczne opadaty z mniejsza
predkoscia niz wynikatoby to z ich $rednic zastepczych. Tym samym podczas analizy
granulometrycznej okreslane byly jako drobniejsze frakcje, niz sa w rzeczywistosci. Wyniki badan
tylko czesciowo potwierdzily te obserwacje. Srednia suma frakcji d <0,063 mm mierzonych metoda
dynamometryczng i frakcji d >0,063 mm mierzonych metoda sitowg byta wyzsza dla probek z SOM
(98,51%) niz dla prébek po usunigciu SOM (96,33%), to w obu przypadkach byto to ponizej 100%.
Czastki SOM o $rednicy nieco wigkszej niz 0,063 mm beda oznaczone jako <0,063 mm w analizie
sedymentacyjnej i jednoczesnie jako >0,063 mm w analizie sitowej. W rezultacie suma frakcji
d <0,063 mm zmierzonej dynamometrem sedymentacyjnym i frakcji d >0,063 mm zmierzonej analizg
sitowa powinna by¢ wigksza niz 100%. Nie znajduje to jednak potwierdzenia w uzyskanych
wynikach. Mozliwe sa dwa wytlumaczenia. Pierwszym z nich jest to, ze czastki SOM maja na ogo6t
mniejszg Srednice niz 0,063 mm, wigc podczas analizy pojawiatyby si¢ tylko raz. Jest to zgodne
z danymi pochodzacymi z literatury. Najwicksza ilos¢ w glebie stanowi MAOM, w tym materia
o $rednicy czastek mniejsze niz 0,02 mm (Bartheés i in. 2008; Haddix i in., 2020; Samson i in., 2020).
Drugim wyjasnieniem jest niedoszacowanie frakcji przez metod¢ dynamometryczng. Jest bardzo
prawdopodobne, ze oba efekty moga wystepowac jednoczesnie.

Drugim czynnikiem powodujacym zmiany odczytow zawartosci poszczegolnych frakcji w procesie
usuwania SOM jest wptyw samego usuwania materii organicznej na czastki mineralne zwiazane
z materig organiczng. Czastki SOM wystepuja w glebie w postaci zwigzanej z réznymi frakcjami
granulometrycznymi, co wplywa na interpretacj¢ ich $rednic zastepczych w pomiarach
sedymentacyjnych. Niektore czgstki SOM moga by¢ odpowiedzialne za zdolno$¢ czastek gleby
i agregatow do sklejania sie (Oades, 1988; Puget i in., 2000; Yang i in., 2009). Prosty proces dyspersji
nie wptywa znaczaco na ich stabilno$¢. Proces utleniania SOM z uzyciem H,O, moze je rozbijac,
powodujac rozpad agregatow na mniejsze fragmenty, co zmienia predkos¢ sedymentacji zwigzanych z
nimi czastek mineralnych (Schmidt i in., 1999; Steinhardt i in., 1980). Kompleksy organiczno-
mineralne zawierajgce MAOM maja mniejszag S$rednig gesto$¢ niz mineralne czgstki gleby.
Mineralizacja ich frakcji organicznej powoduje wzrost gestosci, a tym samym wzrost predkosci
sedymentacji w zawiesinie. Czastki takie mozna zatem interpretowa¢ w analizie sedymentacyjnej jako

wigksze niz byly pierwotnie, i to pomimo utraty pewnej masy. Na wyniki analizy sedymentacyjnej
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moglo réwniez wplynaé ogrzewanie zawiesiny i czas kontaktu z wodnym roztworem dyspergentu,
ktory byt dtuzszy niz w przypadku probek, z ktorych nie usunigto SOM. Standardowe przygotowanie
probek moglto nie doprowadzi¢ do rozpadu wszystkich agregatow, ktore rozpadlty si¢ pozniej
W procesie usuwania materii organicznej.

Usuniecie SOM spowodowato zatem wzgledny wzrost zawartosci frakcji mineralnych i spadek
zawarto$ci ziaren o wymiarach odpowiadajacych Srednicom ziaren zastepczych POM i MAOM.
Rezultaty tych proceséw sg zlozone i zaleza nie tylko od zawarto$ci SOM, ale takze od wielkosci
czastek SOM, ich powiazania z réznymi frakcjami mineralnymi oraz rozktadu wielkosci czastek
frakcji mineralnych. Oczywistym jest, ze taki efekt powinien mie¢ coraz mniejsze znaczenie w miarg
zmniejszania si¢ poczatkowej zawartosci SOM. Beuselinck i in. (1998) stwierdzili, ze proces
usuwania SOC z probek zawierajacych <1% SOC (ok. 1,7% SOM) nie mial istotnego wpltywu na
wyniki badan. Jeszcze wyzsza warto$¢ podali Jensen i in. (2017), ktorzy stwierdzili, ze warto$¢
graniczna zawartosci wegla organicznego, powyzej ktorej nalezy usung¢ materi¢ organiczng, wynosi
2%. Ponadto, powyzej tej zawartosci nastepuje znaczny wzrost niedoszacowania frakcji pytu i itu
w probkach, z ktorych nie usunigto materii organicznej. Do podobnych wnioskéw doszli Hereter i in
(2002). SOM nalezy usungt, jezeli jej zawarto$¢ jest wieksza niz 2%, a probka ma zawartos¢ frakcji
<0,002 mm wigksza niz 25%. Takie wtasciwosci probki prowadza do niedoszacowania frakcji ilastej
w probkach, ktore nie zostaty poddane obrobce wstepnej. Nasze wyniki nie potwierdzity jednak tej
obserwacji. Z kolei Zimmermann i Horn (2020) odnotowali w swoich badaniach znaczace rdznice
w roznych frakcjach, przy czym usuni¢cie SOM powodowalo wzrost zawartosci frakcji ilastej i spadek
zawarto$ci frakcji pytu i piasku. Wyniki badan przeprowadzonych w niniejszej pracy sa cze$ciowo

zbiezne z przedstawionymi w literaturze.
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6.

WhioskKi

Zastosowanie  wielostanowiskowego automatycznego zmieniacza probek w  metodzie
dynamometrycznej umozliwito analizy wielu probek jednoczesnie bez udziatu osob, ujednolicenie
procesu mieszania probek przed pomiarem oraz skrocenie czasu analizy w stosunku do innych
metod sedymentacyjnych. Wprowadzone rozwigzanie zachowalo mozliwoé¢ analizy wielu frakcji
o dowolnie wybranych zakresach $§rednic oraz zapis wynikow w postaci cyfrowej. Utrzymano
dobra zgodno$¢ rezultatow pomiarow z wynikami metody pipetowe;,

Metoda dynamometryczna wykorzystujaca urzadzenie z automatycznym i wielostanowiskowym
zmieniaczem charakteryzuje si¢ wysoka powtarzalno$cia otrzymywanych wynikow dla probek
o zroéznicowanym sktadzie granulometrycznym. Automatyzacja metody nie wptyneta negatywnie
na otrzymywane wyniki. Metoda zostatla zweryfikowana poprzez oznaczenie sktadu
granulometrycznego mieszanin gleb (0 znanych proporcjach) i znanym skladzie
granulometrycznym sktadnikéw mieszanin. Roznice migdzy zmierzonymi i obliczonymi
skumulowanymi rozktadami granulometrycznymi nie przekraczaty dla poszczegdlnych mieszanin
ok. 2,5% (dla mediany) i 14% (dla btgdu maksymalnego).

Roznica w poroéwnaniu z metodg pipetowa jest najwigksza przy pomiarze frakcji d < 0,1 mm,
kiedy czas od zakonczenia mieszania do pomiaru ggstosci jest najkrotszy, a wpltyw réznych
odchylen losowych najwiekszy. Zaobserwowany rozktad wynikéw wskazuje na brak istotnych
btedow systematycznych w metodzie dynamometrycznej oraz na wystepowanie pewnych bltedow
przypadkowych, ktore wymagaja usunigcia lub ograniczenia w trakcie dalszego rozwoju metody.
Stosowanie zawiesin o malych stezeniach objetosciowych w pomiarach rozkladu wielkosci
czastek gleby powoduje powstawanie znacznych btedéw przypadkowych. Wyniki charakteryzuja
si¢ znacznym stopniem rozrzutu, a uzyskanie zadowalajacych rezultatbw wymaga przestrzegania
scisle okreslonych reziméw pomiarowych. Z drugiej strony, wzrost st¢zenia zawiesiny sprawia, ze
wzajemne oddzialywania czgstek zaczynaja mie¢ istotny wplyw na ich predko$¢ opadania,
a zastosowanie rownania Stokesa do opisu tej predkosci wiaze si¢ ze znacznym blgdem
systematycznym.

Zaproponowana iteracyjna metoda obliczeniowa, wykorzystujaca korekte predkosci opadania
czastek w oparciu o rownanie Batchelora, pozwala na stosowanie w pomiarach rozktadu wielkosci
czastek zawiesin o stezeniu obje¢tosciowym do 0,0453. Przy zwigkszonym stezeniu zawiesiny
btedy przypadkowe ulegaly zmniejszeniu. Ograniczenia prezentowanej metody wynikaja jedynie
z zakresu stosowalnosci rownania uzytego w obliczeniowej procedurze iteracyjnej.

Usuwanie materii organicznej w probkach glebowych moze powodowac znaczne zmiany
zawartosci poszczeg6lnych frakcji mierzonych za pomoca metody dynamometrycznej. Kierunek
i wielko$¢ tych zmian dla poszczegdlnych probek jest nieregularny i trudny do przewidzenia.

W zwigzku z tym, podczas przygotowania probek do oznaczania sktadu granulometrycznego za
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15.

16.

pomocg metody dynamometrycznej, nie stwierdzono jednoznacznych przestanek do usuwania

materii organicznej w przypadku, gdy jej zawartos¢ w badanej glebie jest mniejsza niz 2%.
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Methods for determining the particle size distribution (PSD) of soils have been developed for many years
and we now have a wide range at our disposal. Despite this, the question of their usefulness and the qual-
ity of the results obtained by using particular methods is still open. Among them, historically, the oldest
sedimentation methods are still very much employed. The paper presents, developed and consistently
modernized by the authors, a method of determining the PSD based on changes in the apparent weight
of the float submerged in sedimenting suspension. The apparent weight measurement is performed using
a sensitive dynamometer with the piezoelectric effect. Then, it is recalculated into cumulative PSD (CPSD)
on the basis of Stoke’s law. The method allows the measurement of PSD in a range of grain diameters
from 2 um to 120-130 pum. The integration of the vertically displacing dynamometer and float with
the mixer made it possible to automate. Moving the measuring head in the horizontal plane permitted
automatic examination of several samples in one measuring cycle. The device works independently after
starting. Of note, the method allows for the determination of many different fractions selected by the
user. The results of the tests are saved in the form of a report in pdf or xls format. Verification of the
method was carried out by comparing the measured and calculated CPSD values of soils, created by mix-
ing in specified proportions of two components with known particle size distribution. The results
obtained by this method show a high repeatability and accuracy. Good agreement with the reference
method (pipette) is expressed by the RMSE value of 3.36%.

Keywords:

Particle size distribution
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Pipette method

Particle settling velocity

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sedimentary, or more precisely, sieve-sedimentary methods for
determining the particle size distribution (PSD) of soils have been
used for roughly 90 years [10,32,12]. Their modern versions are
characterized by high repeatability of results and simplicity of
the measurement process [53,21,48]. In recent decades, other
methods based on optical properties of suspensions [43,26,41],
X-ray absorption [40], impedance measurements, gamma absorp-
tion [54], terahertz radiation transmission [20] or computer image
analysis [13,49,18] have been dynamically developed. Despite this
extension of the set of research tools, sedimentation methods are
still being developed and improved. They are based on the mea-
surement of suspension density at a specified depth and after a
specified period of time from the start of the sedimentation pro-
cess. With the pipette method, considered as exemplary, the sus-
pension density is determined by the evaporation of the
collected suspension [21]. With other sedimentation methods, it

* Corresponding author.
E-mail address: krzysztof.papuga@upwr.edu.pl (K. Papuga).

https://doi.org/10.1016/j.measurement.2020.107680
0263-2241/© 2020 The Author(s). Published by Elsevier Ltd.

can be determined indirectly by measuring the hydraulic pressure
exerted by a column of suspension at a certain depth [56,19] or by
measuring the hydraulic pressure difference between the suspen-
sion and control fluid [33]. There are also proposals for methods
using more than one physical phenomenon to determine PSD
[23]. Of course, in the range of diameters larger than 0.1 mm,
owing to the short falling time of the grains, sedimentation meth-
ods have to be supplemented by sieve analysis. Many authors point
to other disadvantages of sedimentation methods, such as small
range and limited number of size classes, long analysis time [7],
lack of reliable data for smaller grain sizes (<2 um) owing to the
influence of Brownian movements on sedimentation times
[35,25] or lack of standardization of the suspension mixing pro-
cess. The usefulness of individual optical and sedimentation meth-
ods is evaluated differently [36,9,47] however most authors agree
that none of them can be considered ideal [26,7,16].

Recently, a new method has been proposed Kaszubkiewicz et al.
[31] for determining the density of a suspension, and hence soil
PSD. The method is based on measuring the apparent weight of a
float immersed in a suspension at a given depth. The apparent
weight measurement is carried out a sensitive dynamometer

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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utilizing the piezoelectric effect. The change of the float’s anchor
point position at this measurement is at a fraction of a millimeter.
Such measurements of the density of the suspension with a float
can therefore be performed at a selected depth with a frequency
of up to 10 s, In the latter part of the work, we will describe this
method as a dynamometer method. The repeatability of the results
obtained in the above method and compliance with the pipette
method has been positively verified and the results of this verifica-
tion are presented by Papuga et al. [42].

In order to automate the method, increase its efficiency,
reduce human errors and standardize the measurement condi-
tions, the authors of this work found it necessary to integrate
the measuring device with the sample changer and automatic
mixing system. The use of the new measurement method
requires checking: comparability of results, magnitude of acci-
dental and systematic errors and repeatability of test results.
The first tests of the method demonstrated its satisfactory com-
pliance with the results obtained with the pipetting method and
the correctness of results for artificially prepared soil mixtures.
The presented work includes a description of an automated
device for measuring soil grain composition and analysis of the
results obtained, including repeatability and compliance with
the pipette method that was adopted as a reference for sedimen-
tation methods [28].

2. Materials and methods
2.1. Theoretical basis of the device’s operation

To describe the theoretical basis of the proposed measurement
method, it is necessary to recognize physical forces affecting the
float immersed in a water suspension of soil particles with differ-
ent equivalent diameters. The float has a higher density than the
soil suspension and it hangs on a thin line connected to a high-
resolution dynamometer. The net force G(zt) acting on the float
immersed to depth, z, in soil suspension after time, t, from the start
of sedimentation is equal to:

G(z,t) = (My = Vpp(z.t))g (1)

where Myis the mass of the float, Vyis the volume of the float, p (z,t)
is the density of suspension on the depth, z, after time, t, and g is the
acceleration of gravity. Eq. (1) is based on changes in the density of
the suspension at the height of the float.

It is assumed in Eq. (1) that the density of particles of varying
sizes is constant or slightly different, and it is possible to approxi-
mate this with the single value of p ¢,

The mass of soil solid phase, dM;,(z, t), in the suspension layer
with a thickness of 9z at depth, z, at time, t, can be calculated from
the equation:

OM;o(z,t) = sE)ng (z,t) (2)
z

where M and V, are the total mass and total volume of the suspen-
sion and F(z, t) is the fraction of particles that did not fall below
depth, z, after time, t and s is the cross-sectional area of the vessel
in which sedimentation takes place.

Therefore, the density of the suspension at depth, z, after time, t,
can be described as:

M
p.t) = py + P (1-00) 3)
z s
where p,, is the density of water.
After modification of Equation (3) to calculate function F(z, t)
we obtain:

After the rearrangement of Eq. (1) to calculate p (z, t) and sub-
stituting it into Equation (4), one can yield:

V. p (Mg-Gzb
FeD =3, —pw) ( vg F W) G)

Equation (5) defines the relationship between the apparent
weight of the float, submerged to depth z below the suspension
surface at time t from the beginning of sedimentation (mixing)
and the cumulative fraction content F(zt) of particles that fall to
depth z, by time t. In fact, the density of water depends on the tem-
perature and can be calculated from the appropriate regression
equation [19].

On the other hand, the settling velocity of a spherical particle of
diameter d and density ps in a fluid with density p,, and dynamic
viscosity # can be calculated from the equilibrium condition of the
forces acting on it [39,52,37]:

2
v={g 0,0 )

Equation (6) can be applied to spherical particles of homoge-
neous density [15] within the range of the laminar flow (Reynolds
number < 0.25), and to the diameter of the container (cylindrical)
wherein the sedimentation that occurs is much greater than the
diameter of falling particles. In real conditions, hydrodynamic
and molecular interactions take place between the molecules [5],
and Equation (6) supplies accurate results exclusively for diluted
suspensions [45,4,2]. In addition, for particles with a higher Rey-
nolds number, the dependence of the settling velocity on their
shape is revealed [17,27,57].

The distance that particles overcome in time t during sedimen-
tation with settling velocity v is:

2
2= o= (p, - pt - ad't @)

where o = a(7) = %ﬂpS — Pw)

In fact, o(7) is a function of temperature because both p,, and 1
depend on it. The dependence of 1 on temperature can be found,
for example, in Durner et al. [19]

Equation (7) defines the depth to which, after time ¢, a particle
with the equivalent diameter d, located close to the surface of sus-
pension at the initial time t, of sedimentation has fallen. The use of
a dynamometer to measure the force acting on the float submerged
in the soil suspension, G(z, t) (the apparent weight of the float), at
desired depth z with times t;, t,, ... t, calculated with the trans-
formed formula (7):

=, /é 8)

Therefore, it is possible, on the basis of Eq. (5), to determine val-
ues of function F(z, t) for times t; and therefore for the selected val-
ues of d;.

2.2. Construction of a measuring device

The measuring device is a development of the apparatus shown
in Kaszubkiewicz et. al. [31]. The mechanical base of the structure
(guide rails, drive belts, rollers) is made with a widely used, easily
accessible “open builds” system. A trolley moving along the X-axis
is attached to the movable beam of the system that moves in the Y-
axis. A trolley moving along the X-axis is attached to the movable
beam of the system that moves along the Y-axis. The trolley is
equipped with a measuring head that permits vertical (Z-axis)
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movement of the float, thermometer and agitator. Vertical move-
ments of individual head systems are carried out independently
by stepper motors operated from the controller by power regula-
tors. The rotational speed of the motors is regulated by the fre-
quency of impulses sent by the power controllers. The step of the
motors is 1.8° and corresponds to 2 pulses from the power con-
troller. The drive from the stepper motors is transmitted to the
actuators by rubber toothed belts. The rotary movement of the
mixer is carried out by a current-controlled DC motor and a reduc-
tion gear. The heads (measuring and mixing) are set on the “open
builds” system rail, and their movement in the x-y plane facilitates
automatic movement from cylinder to cylinder, and is realized in a
similar way as vertical movement - stepper motors with transmis-
sion of drive through toothed belts and control from the controller
through power controllers (Fig. 1).

The controller is placed in the housing of the device and com-
municates with the computer via the “Bluetooth” adapter. The
entire measuring system is additionally equipped with a barcode
scanner which enables the identification of cylinders. A key ele-
ment of the analysis is the measurement of the sedimenting sus-
pension density after a specified time and at a particular depth.
In the developed solution, it is performed by measuring the appar-
ent weight of a float suspended on a sensitive dynamometer. The
float may be made of glass or acrylic glass (Fig. 2). It is important
that the average density of the float is greater than that of the sus-
pension and the total weight must not exceed the measuring range
of the dynamometer. The cross-sectional area of the float should be
much smaller than the cross-sectional area of the cylinder with
suspension. The exact size of the float may change depending on
the nature of the analysis; the number of fractions to be measured,
expected performance and precision of the measurement. The float
is hanged to the dynamometer by a very thin wire or a low-stretch
fishing line.

The apparent weight of the float is measured using a
dynamometer with resolution 0.01 gf (gram of force) (approxi-
mately 0.0001 N) and with a maximum capacity of 50 gf. The
required measuring range depends on the float design and is
approximately 0,01 gf to 50 gf (9.81E-5-4.91E-1 N). The
dynamometer measures the apparent weight of the float after
the time of the individually measured fractions, determined by
Eq. (8). A cylindrical float ending with two cones with an apex
angle of 60° was used. The volume of the float was 38.82 cm®
and the density of the material from which it was made (acrylic
glass) was 1.18 gecm 3. The measuring cylinders had a volume of
1000 cm? and an internal diameter of 78 mm. The dynamometer

Fig. 1. The device used in the dynamometer method with the integrated x-y sample
changer.

Fig. 2. Acrylic glass float.

with the attached float is mounted on a movable arm of the tripod
and positioned vertically with an accuracy of 0.3 mm (one step of
the motor). The use of a digital piezoelectric dynamometer and
precision vertical-positioning system enables accurate depth con-
trol at which the apparent weight of the float is measured. A sensor
to measure the temperature of the soil suspension is mounted on
the movable arm of the tripod. The time of measurement of a given
fraction is determined by the measured temperature values
(Eq. (7))

The entire mechanical system is mounted on a stable, solid base
equipped with legs made of a material suppressing vibrations from
the ground and a system that permits levelling. The currently
implemented system allows for simultaneous analysis in 14 cylin-
ders. A cylinder with water is placed on the 15th stand to calibrate
the float and rinse it while transferring it between cylinders with
suspension during the analysis. Cylinders are placed in 3 rows
and 5 columns.

The software of the device consists of two parts. The first is
the main software installed in the computer, which controls
the whole process. It is written in the Java language, which
ensures interoperability and portability (architecture-neutral)
with all operating systems of computers. Its functions are to
run tests, define test diagrams, define cylinders using a keyboard
or read data from a barcode reader, send commands to the con-
troller to run elementary steps in the measurement procedure
and record test results.

The controller’s software was made in the C+ language with a
version dedicated to “Arduino” series controllers. It takes com-
mands from the main program and controls executive devices:
moving the heads using stepper motors to a specific place, making
initial settings and starting reading from the dynamometer, detect-
ing the thermometer and temperature measurements (including
temperature control inside the device), starting the mixer and
determining the direction as well as speed of rotation.

The horizontal movement of the tripod arm is through the use
of the speed acceleration mechanism (soft start). There is a gradual
change from a minimum to a specified value. The same mechanism
is used to stop the arm. A similar approach was applied to vertical
movements of the head. The measurement time for the individual
fractions is calculated on the basis of their equivalent diameter and
the measured temperature of the suspension using the formulae
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previously provided (8). It is important that the room temperature
where the apparatus is located is constant during measurements.
In order to limit the influence of random errors in the float weight
reading, the device control software calculates the result of a single
measurement at the moment, t, as the average of 11 consecutive
measurements made at intervals of 150 ms, starting from the
moment, t-750 ms to t + 750 ms. Such a procedure, according to
the authors, permitted reading the float weight with an accuracy
of 0.001 gf.

The software includes a module that allows one to select and
edit measurement schemes. Through the measurement scheme,
we mean here the number and diameters of the measured fractions
and the immersion depth of the float. This software module also
performs functions related to the selection of the sequence of mea-
surements in individual cylinders and verifying if there is no over-
lap in the analysis of different fractions in various cylinders at the
same time. As a result of this control, the maximum number of
samples that can be analysed simultaneously with the number
and dimensions of the fraction is given in advance.

The operator can select a suspension mixing mode that deter-
mines parameters, such as mixing time, speed of the mixing ele-
ment, immersion depth, speed and acceleration in the vertical
movement of the agitator. At the end of the mixing process, the
system briefly changes direction of rotation in order to extinguish
the gyration of the suspension in the cylinder.

The software using Eq. (5) converts the float weight G(t) mea-
sured at the moment, t, corresponding to the given depth, h, equiv-
alent diameter, d, into the cumulated fraction, F(d), with diameters
smaller than d. Based on the F(d) function, the content of individual
fractions is calculated.

After the measurements are completed, a report is created and
saved containing all necessary information concerning the identifi-
cation of the tested sample, analysis parameters and the results
obtained. The report is produced separately for each of the anal-
ysed samples. The control computer database also stores informa-
tion surrounding the course of measurements, including results of
partial measurements, exact measurement times, temperature val-
ues and messages about possible system errors.

2.3. Material and methodology of research

In order to test the proposed measurement method, the particle
size distribution of the artificially obtained soil mixtures was eval-
uated. In the samples, the PSD was determined using the K6hn pip-
ette method [32,22] and the described dynamometer method. In
the case of the pipette method, the methodology described in the
paper by Ryzak et al. [46] was applied. Four monomodal soils with
different particle size distribution were selected as components of
the mixtures. They differed in both dso values and degree of
sorting. None of them contained organic matter. The presence

of calcium carbonate was also not found. The specific gravity of
the test soils was 2.65 g cm~> across all cases. In terms of classifi-
cation to granulometric groups, they were: sand, silt loam with
higher clay content (silt loam 1), silt loam with a lower clay con-
tent (silt loam 2) and clay. Data regarding the mentioned soils,
among others the content of the main fractions and the functions
fitted to the CPSD curve (cumulative particle size distribution
curve) in the range of 0.002-0.1 mm are summarized in Table 1.
The equation fitted to CPSD curve was selected using iterative non-
linear regression by verifying it through a correlation coefficient
(CC) and standard error of estimation (SEE).

Prior to the analysis, selected soil samples were air dried and
sieved through a 2-mm mesh screen. The mentioned soils were
mixed in pairs (six variants) in percentage proportions: 90:10,
80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80 and 10:90. There-
fore, 6x9 = 54 variants of mixtures and four “pure soils” were anal-
ysed. Measurements of the PSD of “pure soils” were made in six
replications, and, as a result, the arithmetic mean of measurements
was taken for each fraction. Preparation for the analysis of the PSD
was made in the same way as the hydrometric method.

By means of the apparatus described earlier for each of the
tested mixtures and for “pure” samples, the cumulative content
of the fraction with equivalent diameters <0.002, <0.005, <0.008,
<0.010, <0.016, <0.020, <0.032, <0.050, < 0.063, <0.080
and <0.100 mm was measured. In a single cycle, six samples were
assessed using a 12-cm float depth below the suspension level in
the measuring cylinder. The mixtures were evaluated without
replications. The measurement results for each mixture were com-
pared with the values calculated on the basis of the measurement
for “pure” soils and their percentage content in the mixture. The
statistical evaluation of the results obtained was conducted using
the values calculated as reference values.

To assess compliance with the pipette method the fractions,
<0.002, <0.005, <0.01, <0.02, <0.05 and <0.1 mm, were determined
directly via the pipette method. The determinations were made for
mixtures of three pure samples: silt loam 1, silt loam 2 and clay,
and for their mixtures in the selected proportions: 70:30, 50:50
and 30:70, respectively. In total, 12 samples (three “pure” samples
and nine mixtures) were evaluated, each for the content of the six
previously specified fractions. The “pure” sample of sand was omit-
ted based on the difficulty of determining the content of the 0.1-
0.15 mm fraction in the pipetting method.

3. Results
3.1. Reproducibility of test results
The reproducibility of the obtained results was examined for

the four tested “pure” soils by performing the analysis in six repli-
cations. The CPSDs were analysed, and therefore the share of all

Table 1
Cumulative PSD functions - F(d), fitted to the measuring points of the soils used to made the mixtures and PSD functions - f(d) calculated as a derivative of CPSD.
Soil F(d) - curve fitting equation Parameters values CcC SEE f(d) = F(d)
1 2 3 4 5 6
Sand F(d) = ated a =-0.00436 0.9925 341 x = 2cabd
1+’ b = 1506.49 (b 1)
c=1585.40
Silt loam 1 F(d) = ated’ a=0.99783 0.9996 0.97 x — 2lc=abd
1+ b = 744.125 (b 1)
c=799185
Silt loam 2 F(d) = %ﬁi =-0.00883 0.9978 1.49 X = (b%fﬁz
b = 18.6539
c =24.3517
Clay F(d) = &nd) a=1.01105 0.9988 0.26 X=_¢ca
1+bin(d) b=011723 d(bin(d)+1)

c=0.12969
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grains with substitute diameters below that tested was investi-
gated. It was decided to use the CPSD - F(d) owing to the depen-
dence of the function PSD f(d) = F(d) on the selection of the
fractions being evaluated. It was found that for individual soils,
mean values of standard deviation from six repetitions calculated
for individual readings of accumulated fraction content differ
slightly and remain within 0.80 for sand to 1.48 for silty clay.
The maximum standard deviation values remain below 2.73 (silt
loam 2, fraction d < 0.1 mm). It was determined that the largest
results scattering occurred precisely when measuring the fraction,
d < 0.1 mm, when the time from the end of mixing to measurement
isroughly 12 s (depth of measurement 12 cm) and there are still tur-
bulent movements of the suspension. Thus, as can be seen, the
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method allows obtaining results with high repeatability regardless
of the nature of the analysed soils. Table 1 lists the equations of func-
tions fitted to the results of CPSD measurements in the four exam-
ined soils, along with the parameters defining the quality of the fit
in the form of correlation coefficients (CC) and standard estimation
errors (SEE). Table 1 also lists PSD function equations calculated as a
derivative of matched CPSD functions.

Matching functions with three parameters, selected from the
libraries of several curve-fitting programs, were used. The matched
CPSD functions were not, therefore, among the most frequent and
described in the subject literature [11,55].

Graphs of CPSD curves together with standard errors and PSD
curves (calculated as derivatives of CPSD functions) are presented
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Fig. 3. Cumulative and differential particle size distribution functions for analysed individual soils.
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in Fig. 3 and some data about measured PSD for “pure” soils and
repeatability of measurement results are collected in Table 2.

3.2. Compatibility of measurement results with calculations

The quality assessment of the obtained PSD results encounters
serious problems related to the presence of errors in all methods
used. None of them is perfect [26], and their assessment depends
essentially on the criteria employed. Of course, it is possible and
often practiced to compare the results of research obtained by dif-
ferent methods [6,51], however, it does not ultimately determine
which of them and to what extent it is responsible for the observed
differences [26]. To limit this problem when assessing the pro-
posed method, a comparison of the measured course of CPSD
curves, F,;(d), was made for mixtures with curves calculated based
on the share of both mixed components and the known CPSD of
“pure” soils. The authors are aware that the PSD measurements
of “pure” soil, despite their performance in six replicates are also
affected by errors.

Using four components, six possible types of mixtures were
obtained, and each type of mixture was prepared in nine different,
previously mentioned proportions. The results of the comparisons
are summarized in Table 3 and illustrated in Figs. 4-6.

Table 2 and Fig. 4(a-f) outlines the collective results for the indi-
vidual mixtures taking into account all analysed proportions and
all fractions together. For the statistical evaluation of the obtained
results, it was assumed that the real value is the one calculated
from the proportion of the components’ share and the relevant F
(d) values for both components.

With this assumption, RMSE values and individual quartile val-
ues were calculated for errors understood as A= ((Fy,(d) - Fcal
(d))?)°>. The value of the II quartile is obviously equal to the med-
ian, and the fourth quartile is the maximum error value. As can be
seen from Table 3, the root mean square error (RMSE) of the values

A for all 6 mixtures did not exceed 4.01% with the five mixtures
falling below 2.7%. The highest RMSE value was found for a mix-
ture of clay and sand, i.e., particles with the largest grain size dif-
ference. The most likely effect here is the formation based on the
falling of particles with large diameters, ascending current, which
reduces the rate of settlement of fine particles in relation to the
walls of the cylinder. Consequently, for the sand and clay mixture,
the highest maximum error — 13.9% - and the highest median error
— 2.5% - were found.

For the remaining mixtures, the maximum error did not exceed
9.6% and the median of error was 2.1% (Table 3). It is known that
under real conditions during sedimentation, each particle experi-
ences a different fluid resistance because of: variable arrangements
of neighbouring particles [14], local pressure gradients appearing,
eddies caused by rapidly falling larger grains, water countercur-
rents and wall effects [53,38].

Owing to the phenomena described, it cannot be expected that
for a mixture of components, with the use of sedimentation analy-
sis, we will yield results exactly corresponding to the theoretical
forecasts, however this is a way to verify the consistency of the
method without referring to results obtained using other methods.

It was also found that the trend lines for the relationship
between Fq(d) and F,,(d) for individual mixtures have slopes close
to unity (from 0.9658 to 1.0009) and vertical intercepts within the
range of —0.37 to 2.06 (Table 3).

Values of RMSE, calculated separately for individually mea-
sured fractions, were also assessed. Although it was found that
the mean value of RMSE was the highest for the fraction
d < 0.1 mm where it was 3.21, the differences with respect to
the other fractions were not statistically significant at a
significance level of oo = 0.05.

Analysing the individual curves F(d), it can be concluded that
the largest differences between the calculated and measured
values occur when the curve F(d) exhibits rapid changes, and

Table 2
Statistical analysis of measurement repeatability for selected fractions of “pure” soils.
Soil definition N Mean measured fraction content [%] dso Mean STD Max STD
<0.002 [mm] <0.02 [mm] <0.05 [mm] <0.1[mm] diameter [mm] d (mm)
1 2 3 4 5 6 7 8 9
Sand 6 n.o. 4.6 5.8 93.9 0.077 0.80 1.18
0.100
Silt loam 1 6 224 40.4 80.2 95.9 0.026 1.10 2.73
0.100
Silt loam 2 6 6.2 34.6 64.0 83.7 0.033 1.48 2.48
0.100
Clay 6 75.6 92.8 96.1 97.6 <0.002 1.23 1.44
0.032

N - number of measurement replication.

STD - the standard deviation was calculated from 6 replications, separately for each of the 11 measured fractions.

Table 3

Statistical characteristics of differences between F,(d) and Fq(d) for individual mixture variants.

Mixture components n R? RMSE error A Linear trend equation
I II (median) il IV (max)

1 2 3 4 5 6 7 8 9

Sand-Silt loam 1 99 0.9942 247 0.47 1.19 2.15 9.56 y = 0.9658x + 0.36

Sand-Silt loam 2 99 0.9960 2.36 0.75 1.36 1.96 6.62 y = 0.9835x + 1.28

Sand-Clay 99 0.9764 4.01 1.06 2.52 3.36 13.92 y =0.9693x + 1.97

Silt loam 1-Silt loam 2 99 0.9986 2.18 1.00 1.61 2.58 5.95 y = 0.9850x-1.17

Silt loam 1-Clay 99 0.9931 1.77 0.82 141 2.11 4.21 y = 0.9842x + 1.70

Silt loam 2-Clay 99 0.9957 271 1.12 2.10 3.23 6.82 y = 1.0009x + 2.06

RMSE - root mean square error.

n - number of mixtures (9), multiplied by the number of fractions analysed for each mixture (11).
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Fig. 6. Mixtures of silt loam 1 and clay. CPSD calculated at the basis of pure components contents.
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therefore at high values f{d) = F(d) (Fig. 6). This is because of the
fact that a small error in determining the measurement time is
then associated with large differences in the obtained CPSD
values.

For example in Figs. 5 and 6, CPSD, calculated on the basis of the
“pure” components’ share in the mixture, are presented in the form
of continuous lines, and measurement results for the same mix-
tures are presented in the form of points.

Fig. 5 shows the results for the mixture of sand and clay, for
which the greatest differences between the measured and calcu-
lated values were found: RMSE — 4.01%, median error — 2.52%,
maximum error — 13.9%. However, Fig. 6 shows the results for
the mixture of clay and silt loam 1, for which the smallest differ-
ences were found: RMSE — 1.77%, median error — 1.41%, maximum
error — 4.21%.
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3.3. Compatibility with the pipette method

The pipette method is considered the reference method for
determining PSD [28]. It is essentially used to validate other meth-
ods [53,51,34]. The results obtained with it are characterized by
high repeatability and reproducibility.

It employs a simple and understandable mathematical model of
the single particle sedimentation phenomenon [52,17]. Its short-
comings are being considerably labour-consuming and time-
consuming. In the presented work, it was also treated as a refer-
ence method.

Suspensions for measurements with the use of dynamometer
and pipette methods were prepared separately. The results of the
comparison for the pipette and dynamometer methods are pre-
sented in Fig. 7 in the form of pairs of x-y points; on the x-axis,

Silt Loam 1:Clay
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20%

y =0.9772x + 3.42

R?= 0.9944
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0% 20% 40% 60% 80% 100%
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O,
80% | o
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40% ERS)
©0
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o /&
20% o
o
y =0.9959x + 0.24
0 R?= 0.9855
0%

0% 20% 40% 60%

Pipette method result

80% 100%

Fig. 7. Comparison of cumulative particle fraction content measured with the pipette and dynamometer method for chosen mixtures separately and for all of them together.

All fractions.
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the results of the pipette method, and on the y-axis, the results of
the measurement using the dynamometer method along with the
trend line for the y = y(x) relationship. Selected statistical parame-
ters are summarized in Table 4.

The trend lines for the relationship between the results of both
methods deviate only slightly from the line y = x. Coefficients of
slope are within 0.9641 and 0.9959, and vertical intercepts from
0.24 to 3.42. Taking into account all fractions together, for 25% of
measurements the absolute difference between the results
obtained by both methods was <0.53, for 50% of the results not
exceeding 1.71, and for 75% of the measurements, it was <3.18.
The maximum difference found was 15.83.

When considering the individual fractions separately the values
of root mean square error and error assumed as a absolute value of
the difference between result of the pipette and dynamometer
method presented in the Table 5 were found.

Thus, it is apparent that the difference between the methods is
greatest when measuring fraction < 0.1 mm, when the time from
the end of mixing to measuring density is the shortest and the
impact of different random deviations is the largest. The observed
pattern of results indicates the lack of major systematic errors in
the dynamometer method and the occurrence of some random
errors requiring elimination or at least reduction during the course
of further development of the method (see Fig. 7).

4. Discussion

Variable drag of fluid owing to the presence of other particles
and, caused by them, ascending water streams infers that the set-
tling velocity of particles depends on the concentration of suspen-
sion and PSD of measured soil. The actual settling velocity, w is
therefore different from that calculated from the Stokes equation,
g, and the difference is greater when the concentration of the sus-
pension is higher. In the literature there are many equations
describing the relationship between wg, and @ considering the
concentration of the suspension as well as the size and shape of
sedimenting particles [45,14,1]. Particularly, for suspensions at a
volumetric concentration < 0.05, the Batchelor formula [4,50]
may be used.

Table 4
Comparison of results obtained using the pipette and dynamometer methods.

Therefore, it can be expected that the results obtained with sed-
imentation methods, where volumetric suspension concentrations
used are at the level of 0.01-0.03, will depend on the applied sam-
ple weight determining the concentration of the suspension and
thus the actual particles’ settling velocities. The deviation of real
settling velocity from that calculated with the Stokes equation will
be greater in clay soils based on the higher concentration of frac-
tions remaining in the suspension for a long time. The phe-
nomenon has a complicated nature because the settling velocity
of particles depends on their concentration, and this depends on
the PSD, which would be just measured.

The obvious solution to the problem would be to diminish the
soil weight and hence the concentration of the suspension, but this
would require measuring smaller than the current changes in den-
sity. This would reduce the value of the signal:noise ratio and
increase random errors. A possible solution to the problem may
be the diversity of the soil sample based on the initial organoleptic
assessment of the PSD. As a result, uniform sedimentation condi-
tions for samples with different PSD can be achieved. The exact
approach to determining particle falling times would also require
determining the specific density of soil. It can be assumed that at
low levels of organic matter or after its removal, its impact on den-
sity is small [8]. The effect of differentiated mineral composition
and hence the varying density of fractions included in a single soil
[30] is not featured in any of the available methods.

On the other hand, effects related to the particle’s movement
phase should not be expected when they accelerate after mixing
until reaching the terminal settling velocity. According to [21],
the time it takes for a particle with a diameter of 5 pm to reach
99% of the terminal settling velocity is 0.017 ms, and for a particle
of 1000 pm, the same time is 1000 ms. The deviation from the
spherical shape of grains has a significant influence on its settling
velocity. In the literature on the subject, many empirical equations
can be found to calculate the settling velocity of real soil grains
[1,24,30]. Various indices describing the shape of grains are used,
such as the Corey index [30] or Janke index [29], with each devia-
tion of the shape resulting in a decrease of the falling velocity in
relation to the spherical grain of the same volume as the tested
ones. On the other hand, the surface roundness and smoothness

Mixture Number of fractions being Regression Correlation Root mean square error Standard regression Critical value
compared equation coefficient RMSE error v
1 2 3 4 5 6 7
Silt loam 1-Silt 30" y =09641x + 0,30 0.9915 4.07 3.29 -0.41
loam 2

Silt loam 1-Clay 30" y =0.9772x +3.42  0.9972 2.65 5.48 -3.50

Silt loam 2-Clay 30" y = 0.9875x + 0.24 0.9880 4.15 5.12 -0.24

All samples 72 y =0.9959x + 0.24 0.9927 3.36 4.86 -0.24

" 3 mixtures + 2 “pure” soils = 5. Multiplied by 6 fractions for each soil = 30. The “pure” samples were taken into account twice.

™ CV - value of x for which y = 0.

Table 5

Statistical characteristics of differences between the results of the pipette and dynamometer methods for individual fractions.

Fraction diameter d [mm)] No of repetition in different mixtures RMSE [%] Quartile [%]

I II median I IV (max)
1 2 3 4 5 6 7
<0,1 12 6,05 0.47 2.55 5.10 15.83
<0,05 12 2,92 0.49 1.77 3.66 5.35
<0,02 12 2,68 0.91 1.99 2.97 5.14
<0,01 12 1,89 0.65 1.83 2.46 2.87
<0,005 12 2,19 0.31 1.18 2.77 3.96
<0,002 12 2,68 0.77 1.30 2.62 517
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[3] turns out to be less important. The solution of the sphericity
problem seems to be the application of the concept of the equiva-
lent diameter as the diameter of the sphere falling at the velocity
equal to the settling velocity of the real shape grain. However, this
is a solution that has a significant role in the emerging discrepan-
cies between sedimentation and optical methods [44].

5. Conclusions

From a wide range of PSD analysis methods, none can be con-
sidered as ideal [26], and their evaluation depends on the criteria
used. The proposed method for the determination of PSD, which
is a development of the dynamometer method proposed by Kas-
zubkiewicz et al. [31], allows for automatic analysis of many sam-
ples simultaneously within the range of diameters 2-120 pm,
performed without staff involvement. The proposed method,
owing to standardization of mixing and complete elimination of
the human factor, exhibits very robust reproducibility of results
with the relatively highest dispersion of results found in the deter-
mination of the cumulative fraction of <0.1 mm measured in sus-
pensions after a dozen or so seconds following the completion of
the mixing process.

The method has been positively verified by determining the
composition of mixtures of reference soils (with known propor-
tions). Differences between measured and calculated CPSD did
not exceed approximately, for individual mixtures, 2.5% - for med-
ian - and 14% - for maximum - error. The method shows satisfac-
tory agreement of results with those of the pipette method
considered as reference. There is no need to calibrate the
dynamometer method to achieve convergent results with the pip-
ette method. The disagreements observed in relation to the refer-
ence method are accidental; meanwhile, no systematic
differences were observed.

Further improvements of the method both in terms of its phys-
ical aspects and the utility of improved computational algorithms
should lead to further improvement of compliance with the refer-
ence method and repeatability of results. The current advantages
of the developed method are: strong compliance with the results
of the reference sedimentation method, the ability to analyse mul-
tiple fractions with arbitrarily chosen diameters ranges, analysis of
many samples at the same time without the participation of staff,
recording results in digital form, unification of sample mixing
before measurement and shortening the analysis time in relation
to other sedimentation methods.
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are no interactions between settling soil particles. This requirement is fulfilled by using a low-concentration sus-
pension. Therefore a highly precise determination of the suspension density is needed and makes that the mea-
surement is sensitive to temperature changes and other random factors. In the presented paper, we attempted to
overcome this problem by using increased initial suspension concentrations and at the same time taking into ac-
count the mutual interactions of sedimenting particles. The Batchelor equation was used to calculate the hin-
dered settling velocity of the particles. The problem of mutual dependence among the concentration of
particles and measurement times for individual fractions was solved by applying a simple iterative procedure.
Application of the procedure caused the results obtained with the use of various initial suspension concentrations
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to become more similar than without it.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Methods of measuring the particle size composition of soils require
suspension density measurements during the sedimentation process.
Repeatedly performed density measurements make it possible to deter-
mine the concentration of particles with specific diameters that remain
in the suspension after dropping particles with larger equivalent diam-
eters. A single particle model developed by Stokes [1,2] is used to inter-
pret the results. In this model it is assumed, among other things, that
there are no interactions between particles settling in suspension.

This condition is assumed to be met when using diluted suspensions
with a volume concentration of ¢ < 0.02-0.03. In the pipette method,
suspensions with a concentration of between 0.006 and 0.008 are gen-
erally used [3-5], while in the hydrometer method suspensions at con-
centrations between 0.017 and 0.019 are typically used [6-9]. Generally,
even lower concentrations of suspensions should be used. For example,
at a concentration of only 0.015, assuming that all particles have a uni-
form diameter of 0.02 mm, a return flow of water with a velocity of 1.5%
of the particle fall rate is formed.

The mentioned effect of water counter-currents is only one of sev-
eral responsible for slowing down the process of settling particles in
suspension. The others are related to the interaction of particles, the ef-
fects of vessel walls [10], deviations of particles from a spherical shape
[11] and differentiation of density of individual fractions [8,12,13]. To-
gether, these various factors cause the rate of fall to decrease by up to

* Corresponding author.
E-mail address: jaroslaw.kaszubkiewicz@upwr.edu.pl (J. Kaszubkiewicz).
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several percent, compared to values resulting from the Stokes equation.
These effects increase as the density of the suspension used increases
[14,15].

Lower concentrations would be beneficial in reducing the interac-
tions of sedimentary particles. However, they are also concomitant
with smaller changes in the density of the sedimentary suspension,
meaning that their measurement requires more accurate methods
[16]. Additionally, lower concentrations would be expected to increase
the significance of accidental errors resulting from changes in the tem-
perature of the suspension (change in water density), vibrations of
measuring systems, inaccuracies in the equipment used to measure
density (balance, hydrometer, dynamometer), the influence of the
dispersant on the density and viscosity of water, and other factors of a
random nature. Thus, on the one hand, reduction in suspension concen-
tration limits the influence of interactions between particles and allows
the use of a single particle model based on the Stokes equation, but on
the other hand, causes a decrease in the signal-to-noise ratio and an in-
crease in the significance of accidental errors. The magnitude of the sec-
ond effect may differ based on the method used for determining
suspension density [17].

The problem described above also occurred in the dynamometer
method of determining particle size composition, developed for several
years by the authors of this paper. In this method, the suspension den-
sity is determined by measuring the apparent weight of a float
suspended at a certain depth in the suspension. The weight of the
float, suspended by a thin thread in a sedimentary suspension, is mea-
sured by a sensitive piezoelectric dynamometer. A detailed description
of the method can be found in [18-20]. In this paper, an attempt has

0032-5910/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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been made to account for the interactions between sedimentary parti-
cles in equations used to determine the velocity and time of settling
soil particles.

Taking this effect into account should allow for the use of higher
densities of suspensions than those used thus far in methods of particle
size distribution measurement. The proposed solution does have a lim-
ited scope of application, in terms of the density of suspensions. How-
ever, in the authors' opinion, it should make it possible to at least
partially eliminate systematic errors associated with the interaction of
particles, enabling the use of suspensions with densities up to ¢ =
0.05. The solution is based on the use of equations known from the lit-
erature which correct the particle settling velocity calculated using the
Stokes equation by taking into account the concentration of suspension.

In the experimental part of this study, the influence of suspension
density on the magnitude of random and systematic errors in the pro-
cess of measuring particle size distribution using the dynamometer
method was evaluated. Then, the influence of proposed theoretical solu-
tions on the results of particle size analysis was tested and evaluated.

2. Theoretical basis

Let us assume that the sedimenting suspension meets the conditions
required by the Stokes equation [2,12], that the dimensions of
sedimenting particles are much smaller than the dimensions of the ves-
sel in which sedimentation takes place, and that the Reynolds number is
less than 1 (Re < 1), which according to Allen [16] means that the par-
ticles must be smaller than 60.6 um. Let us also assume that the temper-
ature during the process of sedimentation is constant, that there are no
significant effects of vessel walls, that the density of all soil particles is
equal, and that the density of the suspension is measured at a consider-
able distance from the vessel bottom. Finally, let us assume that the sus-
pension is homogeneous at the initial moment, i.e. particles of all
diameters are evenly distributed throughout the space. Let us consider
a soil particle which has an equivalent diameter d and at t, = 0 is local-
ized at the surface of a homogeneous suspension. For the purposes of
sedimentation analysis of particle size distribution, we can assume
that the value of the volume concentration of suspension c is less than
0.05. In our considerations, let us ignore the very short period in
which the particle accelerates before it reaches its terminal velocity
[21,22]. Moreover, let us assume that particles with larger diameters
fall in the water suspension with settling velocities greater than those
of particles with smaller diameters at the same level in the suspension.

Based on the assumptions made, we conclude that the previously
mentioned particle with a diameter d, located at the initial moment at
the surface of the suspension, will be surrounded only by particles
with equivalent diameters (<d) during sedimentation. This is a very im-
portant finding, true only for the particles that were initially at the sur-
face of the suspension. Particles with larger diameters fall faster, and are
not present in the suspension in which the particle with diameter d is
located. At the same time, all particles with diameters smaller than d
fall with a settling velocity lower than the considered one and remain
in the suspension in which it moves. The situation of a particle with a di-
ameter d, which was initially at the surface, can therefore be perceived
as if there were no particles with diameters greater than d in the sus-
pension at all.

From the above considerations, it follows directly that the particle
which was initially at the surface of the suspension will fall in a suspen-
sion of constant density at a constant settling velocity. Thus, a suspen-
sion layer with fixed density will move downward from the surface at
a constant velocity. This conclusion will be experimentally verified
later in this paper. Thus, the examined particle with the equivalent di-
ameter d, which at the initial moment was at the surface of the suspen-
sion, is permanently moving in a suspension with a constant density
equal to:
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c(d) = cF(d) (1)
where c(d) is the density of the suspension containing only particles
with diameters less than or equal to d, c is the volumetric density of
the suspension at the initial moment, and F(d) is the proportion of par-
ticles with diameters less than or equal to d in the total soil formation as
described by the cumulative particle size distribution (CPSD). The fact
that the described particle moves in a suspension of constant density
also means that it moves at a constant velocity v(d) [23].

The observation of the constant density of the suspension does not
apply to particles of diameter d that were initially below the surface of
the suspension. Such particles, during their movement, are captured
and overtaken by particles with diameters greater than d. They fall in
a suspension of variable density and consequently have time-variable
settling velocities. During the sedimentation process, the settling parti-
cle experiences interactions with other particles [21], settles in the re-
turn flow of water produced by the remaining particles [24,25],
experiences buoyancy modified by the proportion of the solid phase in
the suspension [26,27], and moves in a liquid with a viscosity higher
than that of the water itself [25,28,29].

In order to account for the above effects, empirical and semi-
empirical equations are used to link the actual settling velocity of soil
particles (hindered settling velocity) in the suspension of concentration
¢ with the velocity calculated on the basis of the Stokes equation. For a
diluted (c < 0.05) bidisperse colloidal suspension, Batchelor [30,31]
proposed an approximate equation describing the hindered settling ve-
locity of particles depending on the concentration of the suspension in
the form:

v = vs(1—moc) (2)
where m is an empirical coefficient ranging from 4 to 6, c is the volume
concentration of the suspension as before, and vs is the settling velocity
calculated from the Stokes equation (single particle model). The predic-
tions using Batchelor's model are in good agreement with the experi-
mental data for monodisperse and bidisperse colloidal suspensions
[32] and even for tridisperse noncolloidal suspensions [33,34]. It has
been previously shown that each particle of diameter d, which was ini-
tially at the surface of suspension, falls in a constant density suspension
containing only particles with diameters less than or equal to d. There-
fore, it can be written that the density of the suspension in which a par-
ticle with a diameter d falls (starting from the surface) is cF(d), and for a
polydisperse suspension eq. (2) can be replaced by:

v(d)

vs(d)(1—mcF(d)) 3)

where v(d) is the hindered settling velocity measured from the walls of
the sedimentation vessel, corrected for the existence of different
particle-to-particle and vessel wall interaction effects. The parameter
min eq. (3) also takes into account the existence of a water return flow
and the interaction between molecules. The proposed eq. (3) is one of a
few that are available in the literature and can be used [35-37]. The au-
thors of this paper do not aim to obtain another equation linking the
hindered settling velocity of a particle in a suspension of a given concen-
tration with its settling velocity calculated on the basis of the Stokes
equation. Instead, we intend to show that the accuracy of sedimentation
methods can be improved by using suspensions with higher concentra-
tions, for which hindered settling velocity should be used (rather than
the settling velocity calculated from the Stokes formula).

It is useful to emphasize once again that the above eq. (3) is valid
only for particles that were initially at the surface of the suspension.
Such particles move in a suspension of constant density and therefore
their velocity is also constant. The hindered settling velocity v(d), calcu-
lated with reference to the walls of the sedimentation vessel, thus de-
pends on the CPSD described by the function F(d). Therefore, in
sedimentation methods we deal with an unfavourable situation in
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which, in order to accurately determine the settlement times of individ-
ual fractions, it is necessary to know the cumulative particle size distri-
bution function F(d), and at the same time the exact settlement times of
individual fractions are necessary to determine the value of the function
F(d).

To solve this problem, the authors propose to use the following iter-
ative procedure:

» With the selected (constant) measurement depth L, for the fraction
with diameters d; (i = 1, 2, 3, ..., n) we determine the initial measure-
ment times t?(d;) (i = 1,2, 3, ..., n) based on the Stokes equation:

L s
(Ps—p)  4i8(0s—Pw)

£ (dy)

(4)

vs(d;)

2
4 g
187

a

where ps is a density of particles, settling in a fluid with density p,, and
dynamic viscosity 1) and g is the acceleration of gravity.

* We measure the density of the suspension at the depth L at the times
t(9(d;) established above, obtaining a series of values p,(t{®(d;)).
Then we fit the function p,(t) to the obtained set of points (t(®(d;);
Pt (dy))).

« Then, for the smallest value d; = d; we calculate the initial value of the
cumulative distribution function F%(d;) based on the equation:

ﬁz(ﬂo) (dl )) —Pw

F<O> (dl ) - C(ps _pw)

* Thus, for the content of fractions with diameters smaller than d, equal
to F°(d;) based on the eq. (3) we obtain the hindered settling
velocity:

v (dy) = vs(dr) (1—keF® (dy)) (6)

» And then the corrected settlement time to depth L for a particle with
diameter d;.

« For the new settlement time of the particle with diameter d; to depth
L, we calculate from the fit equation the new value of the suspension
density p,(tV(dy)) and the new corrected value of the cumulative
particle size distribution function:

Fz(t“)(dl )) —Pw

PO == o =0

« Using the egs. (6), (7) and (8) again, we calculate the next corrected
values v (d;), t®)(d;) and F®)(d;). We repeat the calculations until
the values obtained from subsequent iterations differ by a value
smaller than the predetermined accuracy &. The calculations show
that after 3 iteration steps, the differences between the values of the
successive distribution functions F)(d;) — F®)(d,) are less than
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0.001. Next, we use diameter value d, = d; + Ad. The value of the pa-
rameter Ad should be selected to be small enough that no effects re-
lated to the numerical procedure appear. Eq. (6) now takes the
equivalent form:

v(dy) = vs(dy) (1—keF®) (dy) ) ©)

« The value of t(V(d>) is calculated in the same way as before from the
equation:

t0(dy) =

VI (d) (10)

» The value of F"(d,) is calculated from the equivalent form of eq. (8):

o2 (th _
F(l)(dz) _ pZ(tC(p(Sd_Z)p)W) Pw

* We perform calculations described by eqgs. (9), (10) and (11) again
and repeat until we obtain values from subsequent iterations that dif-
fer by a value lower than the value set in advance. For subsequent
values of diameters ds...d, we repeat the calculations using the for-
mulas analogous to (9), (10) and (11), where for the ith value of the
diameter d; and for the jth iteration the equivalent of formula (9)
has the following form:

v (d) = vs(d) (1—keF I~ (dy) ) (12)

As a result of the application of the iterative procedure presented
above, we obtain a corrected cumulative particle size distribution
(CPSDC) and values of the hindered settling velocity of particles with
different diameters d (those initially located at the surface of the sus-
pension). The procedure described above can be applied to those sedi-
mentation methods that allow a quasi-continuous measurement of
the density [18,20,38,39] or hydrostatic pressure of the suspension col-
umn [22,40] as a function of time.

In the next part of this paper, we attempt to use experimental results
to demonstrate that the application of the above procedure and the cor-
rection of the CPSD function allow the use of suspensions with volume
concentrations up to 0.05. The limitation in the scope of application of
the procedure results from limitations on the use of Batchelor Eq. [30].
We emphasize once again that the aim of the authors is not to find an
equation linking hindered settling velocity with concentration and
CPSD of sail, but to use existing equations for determining particle size
composition within the scope of average concentrations of measured
suspensions. As the equations describing the hindered settling velocity
of particles in polydisperse suspensions with average concentrations
less than 0.05 develop, they can be used as part of the proposed
procedure.

3. Materials and methods

The samples for research were taken from the subsurface horizons of
soils with different particle size composition and without calcium car-
bonate. The collected soil samples were dried, then ground and sifted
through a 2 mm sieve. Analyses of the following parameters influencing
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the sedimentation of soil particles were performed on the collected ma-
terial: organic carbon content (measured by loss on ignition) and cal-
cium carbonate content (analysed using volumetric method on
Scheibler apparatus).

In the first part of the research, the suspension density was mea-
sured at different depths and at different intervals in order to check
the assumption of constant velocity of the suspended solids layer of a
certain density. The test was performed with the use of Digital
Casagrande® device described in the paper by Kaszubkiewicz et al.
[18] in 5 soil samples (A1-A5). The granulometric classification of the
samples were as follows: silty loam with different clay content (A1-
A3) and clay with different clay content (A4, A5). The basic soil proper-
ties are presented in Table 1.

The soil suspension was prepared according to the standard
hydrometer method. The soil was dried at the temperature of 105
°C, crushed in a mortar and sieved through a 2 mm mesh sieve.
Sixty grams of the sieved soil were weighed and transferred to a
1000 cm? glass beaker, to which 25 cm? of dispersant (sodium
hexometaphosphate) and 700 cm? of distilled water were added.
The contents of the beaker was stirred in a laboratory stirrer for
15 min and then transferred to a measuring cylinder with a capacity
of 1000 cm®. The suspension was filled to the volume of 1000 cm®
with distilled water which was at ambient laboratory temperature. Sus-
pension density was measured at depths of 50, 100, 150, 200, 250 and
300 mm below the surface. Measurement times varied at individual
depths and ranged from 20 to 74,700 s. In total, the suspension density
was analysed for each depth at 22 different times. An acrylic glass float
with a volume of 39.005 cm® and a density of 1.188 g-cm™> was used.
Measurements were taken in glass cylinders with a diameter of 61
mm, which made it possible to omit the effect of walls [41]. The height
of the suspension pole was 342 mm. Then, based on the obtained two-
dimensional functions p = p(zt), the times after which the suspension
had the same density at different depths were determined. These times
were determined for individual samples for 3 or 4 different densities
(Table 2). The results are presented in the next section.

In the second stage of research, the dynamometer method devel-
oped by the authors [18,19] and described in [20] was used to conduct
analyses of soil particle size composition. Dynamometer method of de-
termining the PSD is based on changes in the apparent weight of the
float submerged in sedimenting suspension. The apparent weight mea-
surement is performed using a sensitive dynamometer with the piezo-
electric effect. Then, it is recalculated into cumulative PSD (CPSD) on
the basis of Stokes law. The method allows the measurement of PSD
in a range of grain diameters from 0.002 mm to 0.130 mm. The

Table 1

Properties of tested soils.
Soil Soil Horizon Granulometric Organic carbon Content of  pH®
sample type? group content [%]° CaCos; [%]¢
1 2 3 4 5 6 7
Al Luvisol B silty loam bdl® bdl 6.1
A2 Luvisol C silty loam bdl bdl 6.5
A3 Luvisol Bt silty loam bdl bdl 6.7
A4 Gleysol Cox clay bdl bdl 6.1
A5 Gleysol G clay bdl bdl 6.0
B1 Luvisol B/C silty loam bdl bdl 6.4
B2 Luvisol BC silty loam bdl bdl 6.7
B3 Luvisol EB silty loam bdl bdl 6.9
B4 Fluvisol C sandy loam bdl bdl 6.0
B5 Fluvisol C sandy loam bdl bdl 6.1
B6 Gleysol G clay bdl bdl 6.2

2 Soil types were classified according to the World Reference Base for Soil Resources
2014.

b Measured by loss on ignition.

¢ Below detection limit.

4" Analysed using volumetric method on Scheibler apparatus.

¢ Measured in water, using pH meter.
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integration of the vertically displacing dynamometer and float with
the mixer made it possible to automate. Moving the measuring head
in the horizontal plane permitted automatic examination of several
samples in one measuring cycle. The method allows for the continuous
determination of many different fractions preselected by the user.

The first aim of these studies was to verify the thesis that the mea-
surement results are characterized by greater random errors when
using lower density suspensions. The second aim was to verify the de-
veloped iterative calculation procedure described in the previous chap-
ter, which would allow for the use of suspensions with volume densities
up to 0.045. Six soil samples were used in these studies. The
granulometric classifications of these samples were silty loam with dif-
ferent clay content (B1-B3), sandy loam with different clay content (B4,
B5) and clay (B6). The content of fractions with equivalent diameters d
< 0.1, <0.008, 0.063, 0.05, 0.032, 0.02, 0.016, 0.01, 0.008, 0.005 and
0.002 mm was measured. Soil dry weights of 20, 40, 60, 80, 100 and
120 g-dm 3 of the suspension were used, which, assuming that the
density of soil material is 2.65 g-cm ™3, corresponds to the following vol-
ume concentrations: 0.0075, 0.0151, 0.0226, 0.0302, 0.0377, 0.0453.
Each measurement was taken 5 times by immersing the float so that
the sedimentation path of particles from the surface to the level of the
buoyancy centre of the float was 120 mm. The results were interpreted
using the procedure described above in the Theoretical Basis section. A
38.885 cm’ float made of acrylic glass with a density of 1.189 g-cm >
was used. The measurements were made in PE cylinders with a diame-
ter of 78 mm and a suspension height of 209 mm. The basic soil proper-
ties are presented in Table 1.

The influence of soil suspension concentration on the results of par-
ticle size distribution measurements was analysed. The magnitude of
random errors and systematic errors in relation to the suspension con-
centration was tested.

4. Results
4.1. Experimental studies

To verify the theoretical assumptions, the movement of a suspension
layer with specific, constant density during the sedimentation process
was analysed. Changes in position of layers with densities from 10,081
g-cm > t0 10,320 g-cm > (corresponding to float apparent weights of
7.0 gF to 6.1 gF, respectively) were analysed. The assumption that move-
ment of a constant density layer is a linear function of time was
confirmed.

According to the data in Table 2, the determination coefficients for
linear regression (y-intercept is equal to zero), for the time-distance re-
lationship, exceeded 0.90 in 15 and 0.95 in 14 cases (out of 17 test
cases). At the same time, the RMSE value for linear regression in 16
out of 17 test cases did not exceed 24.5 mm, and in 14 cases did not ex-
ceed 16.7 mm. The differences between the measured values and those
predicted on the basis of the linear time-distance relationship were
random.

For example, a layer with a density of 1.0218 g-cm > (sample A5)
moved in suspension at an average velocity of 0.0543 mm-s™ .
Interpreting this value according to the Stokes equation, it would be as-
sumed that this layer contained soil particles with diameters d <
0.0232 mm (temperature 25.4 °C). The coefficient of determination for
linear regression without constant term (time-distance relation) was
0.9677. The correlation coefficient between measured and calculated
values from linear regression was 0.9863 and was significant at o« =
1.9E-3. RMSE value was 16.7 mm.

At the same time, a layer with a density of 1.0235 g-cm™> (sample
A2) moved in suspension at an average velocity of 1.4460 mm-s™'.
When interpreting this value according to the Stokes equation it
would be assumed that this layer contained soil particles with diame-
ters d <0.1207 mm (temperature 24.6 °C). The coefficient of determina-
tion for linear regression without constant term (time-distance
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Table 2
Statistical parameters of linear regression in the process of movement of constant density layers during sedimentation.

Soil Suspension Apparent float  Linear regression The diameter of the largest  Coefficient of Correlation Significance RMSE for

sample densityin  weight equation for particles [mm]. determination for linear coefficient of linear
the layer corresponding  relationships time corresponding regression between correlation  regression
[g-cm™3] to the (t) - depth(y) to the settling velocity without constant measured p [mm)]

suspension (without calculated according to the ~ term R? and predicted
density constant term) Stokes equation. settling time r

1 2 3 4 5 6 7 8 9

Al 1.0235 6.40 y =1.0269-t 0.1017 0.9930 0.9965 1.8E-5 7.2
1.0183 6.60 y =0.5901-t 0.0771 0.9921 0.9961 2.3E-5 7.6
1.0132 6.80 y =02931-t 0.0546 0.9868 0.9934 6.5E-5 9.8
1.0081 7.00 y =0.0804-t 0.0285 0.9864 0.9960 3.0E-4 10.8

A2 1.0235 6.40 y = 1.4460-t 0.1207 0.9972 0.9987 3.0E-6 45
1.0183 6.60 y =0.8793-t 0.0941 0.9949 0.9978 8.0E-6 6.1
1.0132 6.80 y =04911-t 0.0704 0.9886 0.9948 4.0E-5 9.1

A3 1.0223 6.50 y =15129-t 0.1198 0.9875 0.9950 3.8E-5 9.5
1.0197 6.60 y = 1.2096-t 0.1071 0.9953 0.9979 7.0E-6 5.8
1.0172 6.70 y =0.8925-t 0.0920 0.9951 0.9979 7.0E-6 6.0
1.0146 6.80 y =0.6237-t 0.0769 0.9936 0.9972 1.2E-5 6.9

A4 1.0320 6.10 y = 0.0648-t 0.0253 0.6556 0.9825 1.8E-2 434
1.0308 6.15 y =0.0199-t 0.0140 0.8902 0.9854 1.5E-2 24.5
1.0295 6.20 y =0.0087-t 0.0093 0.9104 0.9738 2.6E-2 22.1

A5 1.0295 6.20 y =2.1516-t 0.1459 0.9677 0.9896 1.3E-3 16.7
1.0243 6.40 y =0.2298-t 0.0477 0.9876 0.9998 3.0E-6 103
1.0218 6.50 y =0.0543-t 0.0232 0.9677 0.9863 1.9E-3 16.7

relation) was 0.9972. The correlation coefficient between measured and
calculated values from linear regression was 0.9987 and was significant
at o = 3.6E-6. RMSE value was 4.5 mm. The lowest values of determina-
tion coefficients and the highest RMSE error values were found for sam-
ple A4, which was characterized by a clayey granulometric composition
and thus low falling velocities.

Therefore, the data presented in Table 2 confirm the hypothesis, put
forward in the previous section, that layers of constant density — and
thus particles of a fixed size starting their movement from the surface
of the suspension — move at a constant velocity (linear distance-time re-
lationship). Different compositions correspond to different particle di-
ameters, so the velocities of layers with the same density but different
compositions were different. For example, layers of density 1.0235
from A1 and A2 samples moved with velocities of 1.0269 mm-s~'and
1.4460 mm-s~!, respectively. Of course, when interpreting the results
according to Stokes equation, the same velocities of layer movement
would correspond to the same dimensions of sedimentary particles. It
has been shown that the settling velocity of particles with specific diam-
eters (starting their movement from the surface of the suspension) is
constant over time, but this does not change the fact, highlighted in
the literature, that the interaction of particles in the suspension reduces
their settling velocity, making this value lower than predicted by the
Stokes Eq. [42-44].

The results of the measurements therefore confirm the assumption
that the position of each of the analysed layers changes linearly with
time, so that a layer of suspension with a constant density moves down-
wards at a constant velocity (Fig. 1).

4.2. Random and systematic errors

The second aim of the laboratory studies was to determine the mag-
nitude of random and systematic errors that occurred, depending on the
applied soil weight (initial suspension concentration). The research hy-
pothesis was verified that, for small weights and low concentrations of
suspensions, the observed density changes associated with the sedi-
mentation process are similar to random errors resulting from temper-
ature fluctuations, surface vibrations, zero drift in an electronic
dynamometer, etc.

Measurements of particle size distribution made in 5 repetitions
showed that for small soil concentrations (0.0075 and 0.0151), the

values of standard deviation of all tested fractions are significantly
higher than for concentrations >0.0226. Fig. 2 shows the standard devi-
ation for 3 sample fractions (d < 0.063, 0.02, 0.002 mm), depending on
the weight applied. For all 6 tested soils there is a trend of decreasing
standard deviation with an increasing applied weight (and thus increas-
ing suspension concentration). Moreover, Fig. 2 shows averaged values
of standard deviations for all 11 measured fractions. These values also
show clear improvement in the convergence of results with an increase
in the applied soil weight, with the lowest average standard deviation
values observed for concentrations of 0.0377 and 0.0453.

The reasons for the observed trend are apparent. In the previously
discussed dynamometer method, the current suspension density is de-
termined from the apparent weight of the float immersed in it. The non-
systematic errors in measuring the apparent weight of a float are due to
several random factors, such as surface vibrations, air movements and
temperature changes. It can be assumed that these errors remain con-
stant. However, the total change of suspension concentration and ap-
parent weight of the float during sedimentation increases with an
increase in the initial concentration of the suspension. The latter fact is
illustrated in Table 3, in which the ranges of change of suspension den-
sity during measurements at individual initial concentrations are listed.

The second aim of the research also involved determining the occur-
rence of systematic errors associated with the interaction of sedimen-
tary particles. This phenomenon causes the actual settling velocity for
a given equivalent diameter to be lower than that resulting from the
Stokes equation. We tested the hypothesis that the application of the
presented calculation procedure described in the Theoretical Basis sec-
tion allows for the reduction of systematic errors caused by the use of
suspensions with increased concentration.

4.3. Results of the calculation procedure

The calculation procedure described in the Theoretical Basis section
was applied to the obtained results of the cumulative particle size distri-
bution (CPSD), which was measured as described in the Materials and
Methods section. Example results of direct measurements with CPSD
curves (black lines) plotted and corrected by using the proposed proce-
dure (CPSDC, red lines) are shown in Fig. 3. The error bars show a signif-
icant spread of results obtained with a small concentration (0.0075) and
very good repeatability of results with a high concentration (0.0453). It
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Fig. 1. The distance dependence on time for layers with selected constant densities in A2 and A3 samples (for x = 0,y = 0).

can also be seen that the application of the proposed procedure for a
0.0075 initial concentration has practically no influence on the results
obtained. However, in all cases for 0.0453 (Fig. 3 and others), the differ-
ence in the shape of the curve, before and after the correction resulting
from the applied procedure is clearly visible.

The results of the procedure in quantitative terms for all 6 examined
soil formations and for all analysed concentrations are illustrated in
Figs. 4 and 5. Fig. 4 shows the ratio of CPSDC/CPSD values as a function
of particle diameter d. However, the difference between CPSD and
CPSDC, also as a function of particle diameter, is shown in Fig. 5. It
should be noted that for comparison it was not the direct results of
the CPSD curve that were used, but the values from the curve matched
to the measurement results.

Based on Figs. 5 and 6 and the data presented in Table 3, it can be
seen that the maximum correction of CPSD curves (both in terms of
minimum CPSDC/CPSD and maximum CPSD-CPSDC) occurs for particle
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diameters greater than the mode value and value dsy. It is also visible
that the correction causes only a slight (within the limits of calculation
errors) shift of dsg and mode values. Evaluating the magnitude of the
correction resulting from the procedure used at different concentra-
tions, one can see that for an initial volume density of 0.0075 (20 g sam-
ple weight) the value of the CPSDC/CPSD ratio does not decrease for the
6 samples tested below 0.9894 (0.077 mm fraction, sample B6), while
the CPSD-CPSDC difference does not increase above 0.0087 (0.077 mm
fraction, sample B6). The maximum correction for both minimum
CPSDC/CPSD value and maximum CPSD-CPSDC value was observed for
the highest initial suspension concentration (0.0453, 120 g sample
weight). The lowest CPSDC/CPSDC value was observed for sample B5
and was 0.9411 (fraction <0.034 mm), while the CPSD/CPSDC differ-
ence was the highest for sample B1 and was 0.0463 for the fraction
<0.100 mm. It is worth mentioning that due to large random errors in
the measurement of CPSD curves when using a 0.075 density
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Table 3

Change of suspension density during measurements depending on the initial concentration.

Soil sample Change in suspension density during measurements (fractions 0.1-0.002 mm) [g-cm 3]
0.0075 0.0151 0.0226 0.0302 0.0377 0.0453

1 2 3 4 5 6 7

B1 1.0103-1.0005 1.0223-1.0015 1.0359-1.0031 1.0480-1.0054 1.0573-1.0057 1.0712-1.0076
B2 1.0089-0.9997 1.0145-1.0021 1.0241-1.0037 1.0331-1.0049 1.0427-1.0069 1.0509-1.0076
B3 1.0084-0.9991 1.0189-0.9996 1.0286-1.0005 1.0373-1.0015 1.0491-1.0024 1.0570-1.0034
B4 1.0066-0.9996 1.0190-1.0029 1.0300-1.0069 1.0421-1.0106 1.0526-1.0126 1.0652-1.0172
B5 1.0071-0.9978 1.0185-0.9980 1.0296-0.9988 1.0407-0.9991 1.0527-1.0003 1.0624-1.0012
B6 1.0116-1.0032 1.0222-1.0087 1.0357-1.0153 1.0461-1.0220 1.0568-1.0277 1.0687-1.0341
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Fig. 3. Cumulative particle size curves for selected soil samples, measured at the lowest and highest applied concentration.
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Fig. 4. Ratio of CPSDC/CPSD values as a function of particle diameter, for individual tested samples and concentrations.

515



K. Papuga, ]. Kaszubkiewicz and D. Kawatko

Powder Technology 389 (2021) 507-521

B1 B2
0.06 T T T 0.06 T T T
0.05 0.05
0.04 0.04
o] o]
[a] [a)]
7] 7]
o o
Q 0.03 Q 0.03
o o
7] 7]
o o
(@] (@]
0.02 0.02
0.01 0.01
0.00 0.00
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.1
Particle diameter [mm] Particle diameter [mm]
B3 B4
0.06 0.06
0.05 0.05
0.04 0.04
Q Q
[a] [a)]
7] 7]
o o
Q@ 003 Q 0.03
o o
7] 7]
o a
(] (@]
0.02 0.02
0.01 0.01
0.00 0.00
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.1
Particle diameter [mm] Particle diameter [mm]
BS B6
0.06 0.06
0.05 0.05
Volume
concentration
— 0.0075
0.04 0.04 = 0.0151
§ § — 00226
9 &2 e 0.0302
Q 0.03 Q 0.03 — 0.0377
8 8 e 0.0453
o o
O O
0.02 0.02
0.01 0.01
0.00 - . 0.00 . - - . -
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.1

Particle diameter [mm]

Particle diameter [mm]

Fig. 5. Difference in CPSD-CPSDC value as a function of particle diameter, for individual tested samples and concentrations.
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suspension, the results deviate from the others in terms of mode and di-
ameter dsq. Also, the curves for the concentration 0.0075 in Figs. 4 and 5
for some samples differ in shape from those obtained for the remaining
suspension densities. CPSDC/CPSD and CPSD-CPSDC values for 6 initial
concentrations, together with selected characteristics of CPSD and
CPSDC curves, are given in Table 4.

The repeatability of the calculation results was tested for 3 selected
soils for the suspension concentrations 0.0075, 0.0226 and 0.0453. The
convergence of individual CPSDC curves obtained as a result of iterative
calculations procedure was assessed. Thus, the curves calculated for 5
individual measurements were compared with the mean values. Corre-
lation coefficients of individual measurements to the mean, mean unbi-
ased standard deviation and mean standard error were adopted as a
measures of statistical dispersion. The results are summarized in
Table 5.

In all the tested samples, the correlation coefficients were high and
exceeded the value of 0.999. The mean unbiased standard deviation
and the mean standard error for the mean of the individual CPSDC
curves, depended on the initial suspension concentration. For suspen-
sions with the initial concentration of 0.0075, the mean unbiased stan-
dard error was 7.58%, while for the suspensions with the initial
concentration 0.0226 it did not exceed 1.70%, and for the suspensions
with the initial concentration 0.0453 it did not exceed 0.49%. This re-
peatability of results is related to the larger individual scatter of results
for low initial concentrations, not to the properties of the procedure
used.

It was expected that the application of the procedure for the correc-
tion of the particle settling velocity due to their interactions would
result in the particle size curves obtained for the different concentra-
tions being more similar to each other than without its application.
This effect was not fully confirmed. Although Mean RMSE value calcu-
lated for individual concentrations of suspensions (without 0.0075 con-
centration with large random errors) in the variant using the correction
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procedure was smaller than in the variant without the procedure (ex-
cept for sample B2). The differences were not statistically significant.
The results are shown in Fig. 6.

5. Discussion

The results of the conducted research indicate that the correction of
the CPSD function related to the application of the procedure described
in the Theoretical Basis section is carried out in a different way depend-
ing on the examined soil. Both the size of the correction and the range of
particle diameters for which the largest correction is observed in the
shape of CPSD curves (Figs. 4 and 5, Table 4) are differentiated. Due to
the fact that the interactions between sedimentary soil particles always
result in a decrease in settling velocity [2,45,46] and therefore, in reality,
particles with a certain diameter fall to a given depth over a longer period
of time than is indicated by the Stokes equation (CPSDC/CPSD values
are always smaller than one), the correction increases (CPSDC/CPSD
decreases) with increasing initial suspension concentration. This obser-
vation is quite obvious because the increase in the initial concentration
of the suspension is manifested by an increase in the coefficient c in eq.
(3) and thus by the increase in velocity difference v*)(d;) — vg(d;).
This, in turn, means an increase in the difference in readings of the sus-
pension density t{>) — ) and an increase in the difference in measure-
ments of the suspension density p,(t{™) — p,(£{9?). The latter therefore
causes a greater difference between the calculated values of the CPSD
and CPSDC functions.

Another observation is that the highest correction values always
occur for particles with dimensions above 0.02 mm, and in the case of
2 out of 6 tested samples for particles with diameters of 0.1 mm. It is im-
portant to note that for most of the studied soils, rapid changes in sus-
pension density occur within 10 to 100 s from the beginning of
sedimentation. Therefore, even a small change in the measuring time
in this range, caused by the application of the proposed procedure,
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Table 4

Statistical parameters for individual samples and concentrations.
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Parameter Concentration® Soil sample
B1 B2 B3 B4 B5 B6
1 2 3 4 5 6 7 8
dso CPSD® || dso CPSDC® 0.0075 0.019 | 0.020 0.064 || 0.065 0.050 | 0.050 0.003 || 0.002 0.028 || 0.028 <0.002 || <0.002
0.0151 0.019 1 0.019 0.056 || 0.057 0.037 || 0.038 0.009 || 0.009 0.026 || 0.027 0.003 || 0.003
0.0226 0.0190.019 0.055 || 0.057 0.034 || 0.035 0.009 || 0.009 0.026 || 0.027 0.003 || 0.003
0.0302 0.019 ]/ 0.019 0.058 || 0.060 0.034 ]| 0.033 0.009 || 0.009 0.028 || 0.029 0.003 || 0.003
0.0377 0.018 ]/ 0.019 0.054 || 0.056 0.032 ]| 0.034 0.010] 0.011 0.026 || 0.028 <0.002 || <0.002
0.0453 0.017]10.018 0.059 || 0.062 0.032 ]| 0.034 0.009 || 0.010 0.027 || 0.028 <0.002 || <0.002
Distribution mode PSD€ || 0.0075 0.020 || 0.020 0.004 || 0.004 0.044 || 0.044 0.004 || 0.004 0.022 || 0.022 0.002 || 0.002
Distribution mode PSDC® 0.0151 0.018 1 0.018 0.004 || 0.004 0.024 || 0.022 0.004 || 0.004 0.004 || 0.004 0.004 || 0.004
0.0226 0.016 || 0.016 0.004 || 0.004 0.020 || 0.020 0.004 || 0.004 0.004 || 0.004 0.004 || 0.004
0.0302 0.01710.017 0.004 || 0.004 0.020 || 0.020 0.004 || 0.004 0.004 || 0.004 0.004 | 0.004
0.0377 0.018 ] 0.018 0.004 || 0.004 0.020 || 0.020 0.004 || 0.004 0.004 || 0.004 0.004 || 0.004
0.0453 0.016 || 0.016 0.004 || 0.004 0.018 || 0.018 0.004 || 0.004 0.004 || 0.004 0.004 || 0.004
Min (CPSDC/CPSD)? || 0.0075 0.9914 1 0.038  0.9908 || 0.100  0.9894 || 0.077  0.9953 || 0.002  0.9917 || 0.053  0.9915 || 0.100
d for which the minimum has been 0.0151 0.9820]/0.032 0.9871]0.100 0.9857|0.038 09914 0.042 0.9841]0.072 0.9894 | 0.100
reached 0.0226 0.9735(10.030 0.9758]0.100  0.9785]/0.036  0.9876 || 0.032  0.9791 | 0.063  0.9865 || 0.100
0.0302 0.9623 ] 0.030 0.9634]0.100 09712/ 0.034 09830 0.028 0.9731]0.061 0.9853 | 0.100
0.0377 0.95231/0.029 0.9567]0.100 0.9637||0.032 09778 0.026 0.9673 ] 0.056  0.9830 || 0.100
0.0453 0.9420]10.028  0.9411]0.100 0.9576]/0.032 09727 0.024 0.9613 ] 0.054 0.9803 || 0.100
Max (CPSD -CPSDC)¢ || 0.0075 0.0069 || 0.045  0.0063 || 0.100  0.0087 || 0.100  0.0036 || 0.040  0.0067 || 0.068  0.0096 || 0.100
d for which the minimum has been 0.0151 0.0138]0.038  0.00850.100  0.0083 || 0.052  0.0074 | 0.062  0.0151] 0.100  0.0109 || 0.100
reached 0.0226 0.0205 1 0.038  0.0168]0.100  0.0124 ]| 0.048  0.0098 || 0.044  0.0184 ] 0.100  0.0140 || 0.100
0.0302 0.0290 || 0.035  0.0258 | 0.100  0.0165]/0.046  0.01310.036  0.0239( 0.100  0.0146 || 0.100
0.0377 0.0374]10.034 0.0313]0.100  0.0210/ 0.044 0.0165]0.036  0.0286(0.100  0.0175 || 0.100
0.0453 0.0463 |1 0.034  0.0423]0.100  0.0238 ]/ 0.044  0.0206 || 0.034  0.0330(0.100  0.0201 || 0.100
Range CPSD' || Range CPSDC’ 0.0075 0.7820.781 0.485 || 0.479 0.725 ] 0.716 0.543 || 0.544 0.670 || 0.694 0.599 || 0.590
0.0151 0.808 || 0.807 0.504 || 0.496 0.670 || 0.665 0.647 || 0.641 0.847 |1 0.832 0.560 || 0.551
0.0226 0.848 || 0.847 0.547 | 0.530 0.691 || 0.684 0.610 || 0.605 0.858 || 0.840 0.549 | 0.538
0.0302 0.825 ] 0.825 0.573 || 0.548 0.699 || 0.690 0.621 1 0.616 0.862 || 0.838 0.521 1 0.510
0.0377 0.809 || 0.809 0.587 || 0.557 0.714 || 0.703 0.630 || 0.624 0.867 || 0.838 0.479 || 0.467
0.0453 0.830 | 0.830 0.605 || 0.564 0.699 || 0.687 0.633 ]| 0.628 0.867 || 0.835 0.477 | 0.463

a
b

Concentration of suspension as a initial ratio of suspended particles volume to the suspension volume.

Ratio of particle median diameter read of uncorrected and corrected CPSD
¢ Mode of uncorrected and corrected particle size distribution.

4 Minimum value of the ratio F *(d)/F(d) for all analysed values of d, when F*(d) is the CPSDC and F(d) is the CPSD.

e
f

Maximum value of the difference F(d) — F*(d) for all analysed values of d.

Frin(d).

results in a significant change in the reading of suspension density. As
before, this in turn results in a significant difference between the calcu-
lated CPSD and CPSDC values. Soil particles with the smallest diameters
(starting their movement from the surface) fall in the most diluted sus-
pension, and therefore their movement is correctly described by the
Stokes equation. This means that rapidly falling particles with diameters
close to 0.1 mm make the greatest contribution to the formation of re-
turn flow that reduces the actual settling velocity of all other particles.
[47,48].

In a specific layer of constant density, which falls from the surface of
the suspension, there are initially particles with diameters greater than
those measured for that layer. These particles, settling at a velocity
higher than that of the tested particle, will leave the layer relatively

Difference between maximum and minimum values of function CPSD - Fy;,qx(d) — Fnin(d) and difference between maximum and minimum values of function CPSDC - Fyq(d) —

quickly and from that moment on the tested particle will already
move in the layer with a constant velocity. The conducted computa-
tional experiments allow us to state that for particles with a diameter
of 0.016 mm, the density of the layer in which they move is stabilized
after about 5 s, and for particles with a diameter of 0.008 mm after
about 20 s from the start of sedimentation. At a measuring depth of
120 mm they therefore move for another 1800 s in the constant density
layer.

The limit to the application of this calculation procedure is the appli-
cability of the Batchelor equation [30,49]. Its author suggests that it can
be used for initial concentrations of c < 0.05. However, as results from
the presented study shows, the difference between the CPSD and
CPSDC curves for the suspension concentration ¢ < 0.0151 is less than

Table 5
Statistical parameters of repeatability of the iterative procedure for selected soils.
Soil sample B1 B2 B6
1 2 3 4 5 6 7 8 9 10
Suspension concentration 0.0075 0.0226 0.0453 0.0075 0.0226 0.0453 0.0075 0.0226 0.0453
imation® ul d d
p(z,t) approximation (a+ Ot, ) (a+ bt) ; (ab + ct?) exp(a+ b +c In() (ab + ct?)
CIEND) (1 +ct +de?) b+t t (b+1t9)
Correlation coefficient” 0.9991 0.9996 1.0000 0.9941 0.9997 0.9999 0.9980 0.9985 0.9999
Standard deviation® 0.0957 0.0137 0.0109 0.0555 0.0225 0.0105 0.1694 0.0380 0.0057
Standard error? 0.0428 0.0061 0.0049 0.0248 0.0101 0.0047 0.0758 0.0170 0.0025

@ Equation used to approximate the function p = p(z, t) in the iterative procedure.

b Average correlation coefficient of individual measurements in relation to the average of 5 measurements.
€ Unbiased standard deviation for 5 individual curves, averaged over all (50) points of calculation.
9 Mean unbiased standard error for 5 individual curves, averaged over all (50) points of calculation.
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Fig. 7. Differences between the values of CPSD and CPSDC functions calculated on the basis of the Batchelor, Richardson-Zaki and Oliver equations.
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1.51%, and the ratio of the content of individual fractions of CPSDC/CPSD
does not fall below 0.9820. Also, the results obtained with low initial
concentrations of the suspension are characterized by significant ran-
dom errors. Therefore, it seems that in order to limit random errors oc-
curring during the determination of particle size distribution, it is
justified to apply the proposed procedure to suspensions with initial
volume concentrations in the range of 0.0302-0.0453.

The Batchelor equation used in this paper [30] is one of several pos-
sibly applicable ones. A procedure analogous to that described can be
carried out using the Richardson-Zaki Eq. [35]:
v=vs(1—0c)? (13)
in which ¢ is a hindered settling exponent. According to Richardson-
Zaki, its value for an Re < 0.2 is 4.65 while for 0.2 < Re <1 this value de-
pends on the Reynolds number and is 4.4-Re ~%°3, The equation pro-
posed by Oliver (1961) can also be used.
v = v5(1—2.15¢) (1—0.75¢"%) (14)

It should be remembered that the Batchelor Eq. [30] was proposed
for suspensions with low particle size variation [45], and that the Rich-
ardson Zaki Eq. [35] is postulated for almost monodispersive suspen-
sions. Applying them to a real soil suspension involves a certain
amount of approximation. In the literature, there are also more complex
equations that make the hindered settling velocity dependent on the
suspension concentration, the Reynolds number, the median particle di-
ameter ds, or a combination of these parameters [34,37,50-52]. How-
ever, their use in the proposed model (calculation procedure) is made
difficult (albeit possible) by the need to calculate an adjusted velocity
for each particle diameter separately.

Fig. 7 shows the differences between the values of CPSD and CPSDC
functions calculated on the basis of the 3 mentioned equations for 6
studied samples, for the highest initial concentration used (0.0453). As
we can see, the correction obtained in the course of application of the
proposed procedure using the Batchelor [30] and Richardson-Zaki [35]
formulas is similar and does not exceed the value of 0.055. Oliver
Eq. [36], due to the highest reduction of particle hindered settling veloc-
ity [53], gives significantly higher values of correction, which reach as
much as 0.09 for sample B1. It should be noted that with the remaining
(smaller) initial concentrations of the suspension, the correction values
are smaller than those presented in Fig. 7.

The aim of the proposed iterative procedure was to take into account
the influence of mutual interactions of sedimenting particles on their
hindered settling velocity. As can be seen in Figs. 3 and 4, as a result of
the procedure, the CPSDC curves (obtained by calculation) are shifted
towards larger values of d diameters in relation to the CPSD curves.
Thus, the procedure reduces the systematic error resulting from the as-
sumption of too high particle settling speed, while it has a much smaller
impact on random errors. These are related to the specificity of mea-
surements, and also with the use of various approximating functions
p = p(zt) for different initial suspension concentrations (Table 5).

According to the authors, the question of choosing an appropriate
equation for correcting the rate of particle drop in relation to the density
of the suspension used is still open and should be based on a wider
range of experimental material. The choice of a particular equation
may depend on the range of fractions to be measured and the initial
concentration of the suspension used. The proposed procedure allows
for the use of different equations, giving a similar correction of the
CPSD curves calculated on the basis of changes in the suspension den-
sity. Of course, the problem of particle shape deviation from the spher-
ical and its influence on the settling velocity remains unresolved
[54-56]. It was expected that the application of the procedure for the
correction of the particle settling velocity due to their interactions
would result in the particle size curves obtained for the different con-
centrations being more similar to each other than without its
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application. This effect was not fully confirmed. Nevertheless, the vari-
ance for the concentration ¢ = 0.0302, 0.0377 and 0.0453 as tested
with a paired Student's t-test were smaller with the iterative procedure
than without it, and the difference was statistically significantat p = 0.1
(Fig. 6).

6. Conclusions

The use of suspensions with low volume concentrations in measure-
ment of soil particle size distribution results in significant random er-
rors. The results obtained are characterized by a significant degree of
spreading, and obtaining satisfactory results requires observing strict
measurement regimes. On the other hand, an increase in the suspension
concentration causes mutual interactions of particles to begin having a
significant impact on the particle settling velocity, and the use of the
Stokes equation to describe the velocity is associated with a significant
systematic error.

The iterative calculation method proposed by the authors, using the
correction of the settling velocity of particles based on the Batchelor
equation, allows the use of suspensions with volume concentration up
to 0.0453 in measurements of particle size distribution. At increased
suspension concentrations, random errors were reduced. The curves
obtained for different concentrations of suspensions had similar shapes.
The limitations of the presented method are only due to the scope of ap-
plicability of the equation used in the iterative procedure.
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Abstract: The dynamometer method of determining particle size distribution was developed several
years ago. The principles of sample preparation for this method are based on those used in other
sedimentation methods. With improvements in these procedures, an investigation of the effect on
obtained particle size distribution results by removing organic matter using hydrogen peroxide was
proposed. For this purpose, the particle size distributions were determined in 50 soil samples with
varying organic matter content, before and after organic matter removal. A comparative analysis of
the results, including calculation of the Euclidean distance, was performed on both groups. It was
found that differences in the particle size distributions of the soils after the application of hydrogen
peroxide were difficult to predict, and irregular in both magnitude and direction. However, in light
soils, the process of organic matter removal caused an increase in the clay fraction at the expense of
the silt fraction, which decreased. In soils with a higher initial clay fraction, there were decreases in
the clay and sand fractions, while the silt fraction increased.

Keywords: particle size distribution; dynamometer method; grain size analysis; soil organic matter

1. Introduction

The particle size distribution is the most important property of soil. Over the past
100 years, several different sedimentation methods have been developed to determine soil
particle size distributions [1,2]. These methods include the pipette, hydrometer, Atterberg
and photo-sedimentation methods, and the sedimentation balance and centrifugation. The
first two are the most commonly used, with the pipette method being considered to be the
reference technique [3-5]. Sedimentation methods use the Stokes equation, which describes
the dependence of the falling velocity of a spherical body on its diameter and density
in relation to the dynamic viscosity and density of the fluid it is falling through [6-8].
The direct use of Stokes equation in the natural sciences requires certain assumptions to be
made that do not fully represent the actual process of particle sedimentation. The Stokes
equation concerns the settling of particles in a fluid that fulfil the following conditions:
the falling particle has a perfectly spherical shape; the particle falls with uniform motion;
the particle is smooth and inelastic; the Reynolds number is <2; the falling particle is not in
contact with other particles; and the particle falls in a vessel with a diameter many times
the diameter of the particle [9-12]. When using the Stokes equation in the pipette and
hydrometer methods, it is assumed that the soil particle fulfils the assumptions described
above. Furthermore, at the beginning of any sedimentation experiment, the soil sample
suspension is completely homogenised (i.e., all particles are evenly distributed throughout
the medium they are suspended in). In addition, it is only possible to determine fractions
consisting of particles of measurable size using the pipette and hydrometer methods.
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The upper limit is a diameter of 0.1-0.3 mm, as particles with a larger diameter fall off too
quickly [13-15]. The smallest diameter of the determinable particles is 0.002 mm, below
which free fall is significantly affected by Brownian motion [13,16]. It is also assumed that
there is no return flow phenomenon affecting the settling velocity of soil particles [17].

Soil does not only consist of mineral grains, which are the subject of the above consid-
erations on the determination of particle size distributions. Soil also contains soil organic
matter (SOM), carbonates, salts, and other organic and inorganic compounds. Therefore,
the determination of particle size distributions using sedimentation methods requires the
appropriate preparation of the soil samples. For each method, there is a different sample
preparation procedure; however, practically each method includes the removal of SOM.
This is due to two facts. Firstly, it has a specific density of 1.0-1.5 g-cm 2, which signifi-
cantly differs from the density of the mineral fractions. Secondly, the organic matter causes
soil particles to stick together in microaggregates, making full dispersion of the soil sample
impossible [18].

Hydrogen peroxide is the most common chemical used to remove SOM, and must be
added in appropriate amounts [9,19-21]. Then, excess hydrogen peroxide is removed from
the sample by heating until no CO, is released or a much lighter coloured suspension is
obtained. Heating the sample also allows the organic matter to decompose more intensively.
The process of removing organic matter is time-consuming, thus significantly increasing
the sample preparation time. The addition of hydrogen peroxide also strongly influences
the properties of the tested soil. Inorganic substances are decomposed and new minerals
are formed. It increases the content of Al,O3 and Fe;O3, and affects the particle size
distribution of the soil [22-24].

Other methods that use the sedimentation process are currently under development
that minimise the disadvantages of the methods developed so far [25,26]. In particular, there
is a focus on automating the entire process and minimising human involvement [27-29].
One of the automated sedimentation methods is the dynamometer method, developed
several years ago by the authors. The dynamometer method is based on the measurement
of changes in the apparent weight of a float immersed in a sediment soil suspension.
The apparent weight of the float is measured using a dynamometer, and a cumulative
particle size distribution curve is calculated using the Stokes formula. The advantages of
the method are strong compliance with the results of the reference sedimentation method,
the ability to analyse multiple fractions, recording results in digital form, and shortening
the analysis time in relation to other sedimentation methods. Still a disadvantage of the
method is the need for manual sample preparation, as in other sedimentation methods.
A detailed description of the method is provided in Kaszubkiewicz et al. [30,31] and
Papuga et al. [32]. The developed method requires checking the influence of organic matter
removal on the obtained results of particle size distribution. Consequently, the authors
attempted to determine the extent to which the organic matter removal process affects the
results obtained using the dynamometer method. Moreover, it was checked whether the
dynamometer method differed from the other sedimentation methods in this respect, and
whether the amount of organic matter in soil samples significantly affects the results of the
analysis of particle size distribution using the dynamometer method.

2. Materials and Methods

The 50 samples used in this study were taken from the surface horizon (0-30 cm
depth) of agriculturally cultivated soils in the Lower Silesian area (Poland). The soils varied
in particle size distribution and soil organic carbon (SOC) content. The samples were
air-dried, crushed in mortar, and sifted through a 2 mm sieve. Analyses of the following
parameters that influence the sedimentation of soil particles were performed: the SOC
content (measured by gas chromatography); the calcium carbonate content (analysed using
the volumetric method and a Scheibler apparatus); and the pH in 1:1 soil:water mixture by
weight of one part to one part distilled water (by potentiometric pH meter).
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The particle size distribution in the samples was then determined using the dynamome-
ter method, with and without SOM removal. The soil suspension was prepared according
to the dynamometer method described in Kaszubkiewicz et.al. [31]. An aliquot of 60 g
of the sieved soil were weighed and transferred to a glass beaker, to which 25 cm® of
dispersant (sodium hexametaphosphate) and 700 cm? of distilled water were added (for
samples with the organic matter removed, a weight of >60 g was used, in proportion to
the SOC content of each soil sample, in order to obtain 60 g of dry soil after organic matter
removal). The contents of the beaker were stirred in a laboratory stirrer for 15 min, and
then transferred to a measuring cylinder with a capacity of 1000 cm®. The suspension
was filled to a volume of 1000 cm® with distilled water, which was at ambient laboratory
temperature. Measurements were taken at a depth of 120 mm. The particle size distribution
of the soil samples was determined using the dynamometer method with an automatic
sample changer. A detailed description of the method is presented in Kaszubkiewicz
et al. [31]. The fractions with equivalent diameters of <0.063, <0.05 and <0.002 mm were
measured. The granulometric groups were determined according to the US Department of
Agriculture’s classification [33].

The results were verified by comparing the <0.063 fraction content obtained by the
dynamometer method with the results obtained by the sieve method. The 2.0-0.063 mm
fraction was determined by wet sieving over a sieve with a mesh diameter of 0.063 mm.
After rinsing, the soil residue on the sieve was dried, weighed and then the <0.063 mm
fraction was calculated (the weight of the dried soil remaining on the sieve was subtracted
from the individual weight of soil sample). Comparisons were made for all samples, both
those with and without organic matter.

The organic matter was removed according to a procedure reported in the literature,
appropriately modified to accommodate the soil weights used (which were heavier than
those used in other sedimentation methods) [3,10,34]. To the air-dried soil, 50 mL of distilled
water was added, and then 50 mL of 30% hydrogen peroxide. After 24 h, another 50 mL of
hydrogen peroxide was added. Then, after another 24 h, the samples were transferred to a
heating plate where they were heated to 90 °C until the remaining hydrogen peroxide was
completely removed (i.e., until there were no gas bubbles in the suspension).

The results were used to determine the magnitude of the differences between the
different fractions of samples subjected to SOM removal and those in which the organic
matter was retained. For this purpose, a reduced main axis (RMA) analysis is suggested,
instead of simple regression when both variables (in this study, the two variables are
the contents of a specific fraction in samples with and without SOM) are affected by
measurement errors [35,36]. The regression line is determined in such a way that the
sum of the areas of right-angled triangles formed between the measurement points and
the line (triangle sum of squares (TSS)) is the smallest. Changes in all three fractions
(<0.063, <0.05, and <0.002 mm) were also analysed by determining the Euclidean distance
between points. Points are the contents of each fraction measured in samples with and
without SOM [37]. The distribution of the Euclidean distances, and the selected statistical
parameters that characterised them, were determined (mean, median, range, and Pearson
correlation coefficient).

3. Results
3.1. pH, Carbonates and Soil Organic Matter Content

The pH values of the analysed samples ranged from 3.4 to 7.2. Only three samples
were classed as strongly acidic and six as acidic. The remaining samples were slightly
acid (21) and neutral (20). Classification determined according to the US Department of
Agriculture’s classification [33]. The calcium carbonate content in the investigated soils
ranged from 0 to 3.8%. In 24 samples, the calcium carbonate content was below detection
level (i.e., less than 0.1%). Moreover, a calcium carbonate content in the range of 0.1 to 1%
was found in 19 samples. For the remaining seven samples, this value exceeded 1%. The
mean calcium carbonate content for all samples was 0.4%, with the median being only 0.1%.
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Based on the results, it was found that there was no need to remove the calcium carbonate
before proceeding with analysis of the particle size distribution. The samples differed in
their SOC contents, which ranged from 0.88 to 4.5%. Eighteen samples were from soils
containing up to 1.4% organic carbon. The organic carbon content in 21 samples ranged
from 1.5 to 2.4%. The remaining 11 samples contained more than 2.4% organic carbon. The
mean SOC content was 1.9% and the median was 1.6%. Details of these properties are
included in Table 1.

Table 1. pH, soil organic carbon (SOC) and calcium carbonate content of the investigated soils.

No. H SOC CaCO3 No. H SOC CaCOs
Sample P (%) (%) Sample P (%) (%)
1 5.7 4.5 0.0 26 7.0 0.9 0.5
2 6.7 2.8 1.6 27 6.3 3.3 0.2
3 6.6 3.6 0.1 28 42 1.6 0.0
4 6.7 3.2 1.7 29 6.6 14 0.0
5 7.0 31 0.2 30 6.7 1.1 0.2
6 6.3 1.5 0.0 31 6.3 1.5 3.8
7 7.2 1.2 1.2 32 5.6 22 0.0
8 6.8 1.7 0.6 33 6.2 0.9 0.0
9 6.2 2.1 0.3 34 4.6 1.6 0.0
10 59 1.8 0.1 35 4.5 1.1 0.0
11 6.6 1.9 0.3 36 59 1.6 0.0
12 6.2 25 0.0 37 7.0 1.4 0.5
13 3.6 1.1 0.0 38 6.6 1.2 0.2
14 55 1.0 0.0 39 6.8 2.3 0.4
15 6.7 1.7 0.0 40 44 1.7 0.2
16 6.0 2.1 0.0 41 6.0 0.9 0.0
17 6.1 1.5 0.0 42 6.6 1.9 0.0
18 6.4 1.2 0.0 43 6.4 1.4 0.3
19 5.8 1.3 0.0 44 6.7 2.3 1.2
20 6.4 1.4 0.0 45 6.7 24 0.2
21 54 1.5 0.0 46 55 1.5 0.0
22 6.0 1.2 0.2 47 6.2 2.6 0.0
23 6.4 1.2 0.2 48 7.0 25 1.9
24 6.3 1.3 0.7 49 7.1 3.5 1.9
25 55 1.8 0.0 50 6.9 29 0.4

3.2. Particle Size Distribution with and without Soil Organic Matter Remouval

Based on determinations of particle size distribution in samples without the SOM
removed, the following granulometric groups were distinguished: sandy loam, 18 samples;
silt loam, 10; loamy sand, 12; loam, 8; sand, 1; and clay loam, 1. After SOM removal, the
classes were: sandy loam, 22 samples; silt loam, 14; loamy sand, 7; loam, 6; and sand, 1.
There was no tendency towards a change in category in any particular direction after SOM
removal. For example, a sample containing SOM, classed as a clay loam, met the guidelines
for loam after removal of the SOM. In four cases, samples that were identified as loam
changed the category to silt loam after SOM removal. In five samples, the category changed
from loamy sand to sandy loam after removal of the SOM. The classes for each sample are
shown in Table 2.
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Table 2. Granulometric groups of the investigated soils with SOM and after SOM removal.

No. Granulometric Granulometric Group No. Granulometric Granulometric Group
Sample Group with SOM without SOM Sample Group with SOM without SOM
13 Sand Loamy Sand 29 Sandy Loam Sandy Loam
20 Loamy Sand Loamy Sand 30 Sandy Loam Sandy Loam
23 Loamy Sand Loamy Sand 35 Sandy Loam Sandy Loam
32 Loamy Sand Loamy Sand 36 Sandy Loam Sandy Loam
33 Loamy Sand Loamy Sand 37 Sandy Loam Sandy Loam
38 Loamy Sand Loamy Sand 42 Sandy Loam Loam
40 Loamy Sand Loamy Sand 3 Loam Loam
27 Loamy Sand Sandy Loam 4 Loam Loam
28 Loamy Sand Sandy Loam 25 Loam Loam
39 Loamy Sand Sandy Loam 50 Loam Loam
41 Loamy Sand Sandy Loam 5 Loam Silt Loam
15 Loamy Sand Sandy Loam 8 Loam Silt Loam
34 Loamy Sand Sand 9 Loam Silt Loam
1 Sandy Loam Sandy Loam 31 Loam Silt Loam
6 Sandy Loam Sandy Loam 7 Silt Loam Silt Loam
10 Sandy Loam Sandy Loam 17 Silt Loam Silt Loam
11 Sandy Loam Sandy Loam 18 Silt Loam Silt Loam
12 Sandy Loam Sandy Loam 43 Silt Loam Silt Loam
14 Sandy Loam Sandy Loam 44 Silt Loam Silt Loam
16 Sandy Loam Sandy Loam 45 Silt Loam Silt Loam
19 Sandy Loam Sandy Loam 46 Silt Loam Silt Loam
21 Sandy Loam Sandy Loam 47 Silt Loam Silt Loam
22 Sandy Loam Sandy Loam 48 Silt Loam Silt Loam
24 Sandy Loam Sandy Loam 49 Silt Loam Silt Loam
26 Sandy Loam Sandy Loam 2 Clay Loam Loam

The clay fraction (<0.002 mm) in all the samples with SOM ranged from 0.8 to 27.3%,
the mean content being 11.1%, and the median 9.4%. After SOM removal, the range in clay
content was from 4.6 to 24.3%, while the mean content (11.6%) changed minimally, and the
median increased to 11.4%.

For the silt (0.05-0.002 mm) and sand (2-0.05 mm) fractions, the range was much
greater. The silt fraction in all the samples with SOM ranged from 2.1 to 63.2%, the mean
content being 31.7%, and the median 28.9%. After SOM removal, the range in silt con-
tent was from 5.3% to 65.0%, while the mean silt content (33.5%) was almost identical.
The median increased to 30.7%.

The sand fraction in all the samples with SOM ranged from 22.0 to 89.5%, the mean
content being 57.2%, and the median 58.1%. After SOM removal, the range in sand
content was from 18.9 to 89.2%, while the mean content (54.8%) decreased, and the median
decreased to 57.7%. The three fractions in the different samples are shown in Table 3.



Agriculture 2022, 12, 226 6 of 14
Table 3. Content of the three fractions in the samples with SOM, and after SOM removal.
N Sand Content Silt Content Clay Content Sand Content Silt Content Clay Content
o. Sample o o o o o o
(%) (%) (%) (%) (%) (%)
Samples with SOM Samples after SOM Removal

1 52.5 29.3 18.2 53.1 31.2 15.7
2 35.8 36.9 27.3 31.7 44.0 24.3
3 43.0 38.3 18.7 36.1 48.2 15.7
4 46.0 37.2 16.8 35.4 41.8 22.8
5 36.0 45.6 18.4 31.5 53.1 154
6 61.0 27.1 11.9 59.7 30.1 10.2
7 22.0 59.2 18.8 19.0 65.0 16.0
8 40.0 46.4 13.6 36.9 50.1 13.0
9 35.0 49.2 15.8 30.8 54.4 14.8
10 62.0 25.7 12.3 63.7 26.5 9.8
11 56.0 29.5 14.5 61.0 24.8 14.2
12 73.5 12.8 13.7 64.9 26.6 8.5
13 89.5 2.1 8.4 85.9 8.3 5.8
14 59.5 24.7 15.8 55.5 31.2 13.3
15 78.7 13.2 8.1 76.4 16.0 7.6
16 67.5 24.1 8.4 67.3 26.5 6.2
17 24.4 63.2 12.4 21.7 63.8 14.5
18 34.6 514 14.0 34.3 51.2 14.5
19 63.2 26.9 9.9 60.2 28.3 115
20 82.4 10.6 7.0 81.7 12.1 6.2
21 65.8 28.5 5.7 66.2 25.9 7.9
22 67.9 25.1 7.0 68.1 25.8 6.1
23 79.7 12.5 7.8 82.6 10.4 7.0
24 71.1 20.7 8.2 67.9 25.0 7.1
25 51.4 40.3 8.3 48.0 425 9.5
26 73.5 144 12.1 73.4 18.6 8.0
27 84.6 9.0 6.4 79.6 9.0 114
28 79.9 11.3 8.8 75.4 10.0 14.6
29 56.6 35.7 7.7 53.4 39.2 74
30 53.7 32.6 13.7 55.7 329 114
31 43.5 48.1 8.4 36.0 58.4 5.6
32 79.9 134 6.7 85.0 9.7 5.3
33 79.1 14.3 6.6 83.6 10.2 6.2
34 84.3 8.7 7.0 89.2 5.3 5.5
35 73.9 21.7 4.4 71.9 17.9 10.2
36 55.5 42.2 2.3 53.9 36.7 9.4
37 70.9 25.4 3.7 66.7 28.7 4.6
38 84.9 14.3 0.8 83.5 11.9 4.6
39 76.2 21.3 25 77.3 15.0 7.7
40 84.4 14.6 1.0 82.2 11.5 6.3
41 80.3 12.1 7.6 80.3 8.3 114
42 51.5 42.0 6.5 47.1 39.3 13.6
43 40.2 51.0 8.8 37.2 50.1 12.7
44 37.0 52.7 10.3 29.7 53.0 17.3
45 26.7 57.7 15.6 18.9 58.4 22.7
46 26.3 56.7 17.0 20.3 63.8 159
47 25.9 54.5 19.6 27.3 53.8 18.9
48 27.2 50.4 224 20.5 59.4 20.1
49 31.5 52.1 16.4 20.5 63.4 16.1
50 35.8 47.1 17.1 329 494 17.7

3.3. Differences in the Particle Size Distributions in Samples with and without SOM

Of the 50 samples tested, the granulometric categories of 13 samples after SOM
removal were changed. In 11 of these, there was a decrease in sand content after SOM
removal. Only in one sample was there an increase in the sand fraction, with a simultaneous
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decrease in the silt and clay fractions. In one sample, the sand fraction increased, whilst the
clay fraction also increased. These re-categorised samples were characterised by at least
one fraction being close to the category limit for a particular granulometric group.

The effect of SOM removal on the different fractions showed that the mean sand
fraction in the different samples decreased as a result of the SOM removal process by
—2.41 percentage points (pps) (minimum —11.0 pps, maximum 5.1 pps). At the same time,
the mean silt fraction increased by 1.86 pps (minimum —6.3 pps, maximum 13.8 pps), and
the mean clay fraction increased by 0.56 pps (minimum —5.2 pps, maximum 7.1 pps). How-
ever, when considering the changes relative to the initial fraction (in samples with SOM)
for each sample, the relative changes were much greater for the clay fraction. The mean
difference in the clay fraction of different samples was as high as 36.5% (minimum —38.0%,
maximum 530.0%). This is due to the fact that the finest fraction was the least abundant, so
every 1 pp difference translated into a large relative difference. For the silt fraction, this
value was 9.6% (minimum —39.0%, maximum 295.0%). Such a large maximum difference
occurred in sample 13, which contained only 2.1% silt in the variant with SOM. For sand,
this value was —6.3% (minimum —34.9%, maximum 8.9%). The average sand and silt
fractions were much more abundant than the clay fractions.

The change (value after SOM removal—value before SOM removal) in the sand
fraction as a result of SOM removal was positively correlated with its initial content and
negatively correlated with the initial contents of silt and clay. These correlations were
statistically significant at p < 0.05. The change in silt content was, in turn, negatively
correlated with the initial sand content and positively correlated with the initial silt and
clay contents. These correlations were statistically significant at p < 0.05. For the change
in silt content and initial clay content, the correlation coefficient was 0.6029 and the linear
regression equation had the form y = 0.4860x — 3.5305 (increasing trend). Furthermore,
the change in clay content due to SOM removal was negatively correlated with initial
clay content. These correlations were statistically significant at p < 0.05. The correlation
coefficient for these two quantities was 0.4717, and the linear regression equation had
the form y = —0.2778x + 3.6368 (decreasing trend). Thus, in light soils (sandy, containing
<10% clay fraction), the process of SOM removal caused an increase in the clay fraction at
the same time as a decrease in the silt fraction. On the other hand, in soils with a higher
initial clay fraction (medium and heavy soils, containing >10% clay), the SOM removal
process caused a decrease in the clay and sandy fractions, while the silt fraction increased
(Figure 1). A correlation between changes in the three fractions as a result of SOM removal
and the initial SOC content of the soil samples was also tested. It was found that there was
a negative, statistically significant correlation for the sand fraction (r = -0.3718, p = 0.008)
and a positive correlation for the silt fraction (r = 0.3171, p = 0.025).
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Figure 1. Difference in the silt (A) and clay (B) fractions between samples with SOM and after SOM
removal relative to the clay fraction in the different soils.

The Euclidean distance was used to provide an overall assessment of the influence
of the SOM removal process on the results of the dynamometer method. In this study,
the distance was between points in a three-dimensional space describing the particle
size distribution through three parameters (the sand, silt, and clay fractions). The points
represented the differences between these fractions in samples with and without SOM.
The Euclidean distance thus calculated for the 50 samples ranged from 0.6 to 17.1%, with a
mean value of 6.6% and a standard deviation of 3.6%. The Euclidean distance between the
means of the different fractions calculated before and after SOM removal was also deter-
mined, and found to be 3.1%, with the ratio of the two values being 2.13 (2.13 = 6.6%/3.1%).
Thus, it can be concluded that, while the individual sample results sometimes changed
significantly during the SOM removal process, the change in the means of the different
fractions was much smaller. In other words, the changes in the different fractions were
irregular and did not show an overall trend. The Euclidean distance was found to be corre-
lated with the organic matter content of the samples. These correlations were statistically
significant (r = 0.3998 and p = 0.004) (Figure 2).
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Figure 2. Euclidean distance between the points representing particle size distribution with SOM
and after SOM removal, relative to initial soil organic carbon content.

3.4. Fractions <0.063 mm Obtained by the Dynamometer and Sieve Methods

To control the quality of the results of the particle size analysis using the dynamometer
method, a comparison was made between data from the <0.063 mm fraction determined
by dynamometer and those of the same fraction determined by wet sieving. For samples
with SOM, the fraction determined using both methods correlated at r = 0.9954, and the
trend line for their mutual relation had the form y = 0.9324x + 1.8313 (where x is the <0.063
fraction measured by wet sieving, and y is the same fraction measured by dynamometer.
A similar correlation was occurred for the two methods after SOM removal, with r = 0.9938
and the trend line being y = 0.9512x + 1.1197 (Figure 3).

Using this regression model [35,36], for the samples with SOM, the equation y =
0.9367x + 1.6203 was obtained (determinations as above), and the TSS value was 111.6.
The average for one measurement was 2.232. For the samples after SOM removal, the
regression line determined by the RMA method was described by the equation y = 0.9571x
— 1.4117, and the TSS value was 158.7. The average TSS for one measurement was 3.175.
In both cases, agreement between the sieve and dynamometer determinations was high,
with similar values, and only slightly affected by the SOM removal process.
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Figure 3. Comparison between the <0.063 mm fractions determined by the dynamometer and sieve
methods for all samples: with SOM (A), and after SOM removal (B).

4. Discussion

When considering SOM, in terms of its influence on the results of the sedimentary
analysis of particle size distribution, it is important to note that it occurs in particulate
organic matter (POM) and mineral-associated organic matter (MAOM) forms. Additionally,
dissolved organic matter is present, but its proportion is small in relation to total organic
matter [38]. MAOM and POM differ in density and particle size. MAOM is associated
with silt and clay fractions and its particles are smaller than 0.057 mm. POM is composed
of organic matter particles with sizes in the range 0.0057-2.0 mm and is not bound in
microaggregates [39-41]. These differ in their properties, including in their influence on the
results of particle size analysis by sedimentation methods [42]. The different properties of
these fractions strongly complicate the effect of SOM removal on the results of soil particle
size distribution using sedimentation methods. The authors consider that the changes in
the different fractions resulting from SOM removal were caused by two factors.

The first factor is the mineralisation of organic matter with the removal of its decom-
position products. In the measurement process of samples containing SOM, its particles
were determined as mineral grains. Their lower density value caused the organic particles
and organic-mineral complexes to fall with velocities lower than their equivalent diameters
would suggest. Therefore, they were interpreted as small particles, while in reality, they
are particles with larger diameters. The results of the tests only partially confirmed this
observation because, although the average sum of the <0.063 mm fractions measured by
dynamometer method and the >0.063 mm fractions measured by sieving was higher for
samples with SOM (98.51%) than for those after SOM removal (96.33%), both indicated
numbers below 100%.

The Stokes [43] equation shows that particles with densities ps; and ps, have equal
falling velocities when their diameters, D1 and D5, satisfy the equation:

D1 _ (P2~ pw) 1
D, (Psl - Pw) @

where py, is the water density.
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Therefore, SOM particles with diameters slightly larger than 0.063 mm are shown
as <0.063 mm in the sedimentation analysis and simultaneously as >0.063 mm in the
sieve analysis. As a result, the sum of the <0.063 mm fraction measured by sedimentation
dynamometer and the >0.063 mm fraction measured by sieve analysis should be greater
than 100%. However, this is not confirmed by the results obtained. Two explanations are
possible. The first is that SOM particles are generally smaller in diameter than 0.063 mm,
so they would appear only once during the analysis. This is consistent with data from
the literature. Barthes et al. [44] reported that SOM particle diameters are mostly smaller
than 0.02 mm. A second explanation is that the dynamometer method underestimated the
fractions. It is highly likely that both effects might occur simultaneously, and the absence
of SOM particles with dimensions not much larger than 0.063 mm.

The second factor is the effect of the SOM removal process on the mineral particles
associated with organic matter. SOM particles are found in soil in a form associated with
different granulometric fractions which affects the interpretation of their equivalent di-
ameters in sedimentation measurements [45]. Some SOM (especially that which is less
than 6 years of age) may be responsible for the ability of soil particles and aggregates
to stick together [46]. The simple peptisation process does not significantly affect their
stability. The process of SOM oxidation using HyO, can break it down, causing the mineral
particles (actually aggregates) to break down into smaller fragments, thus changing the
sedimentation velocity of the associated mineral particles [47]. Organic-mineral complexes
containing MAOM have a lower average density than mineral soil particles. Mineralisation
of their organic fraction causes an increase in density, and thus an increase in sedimentation
velocity in aqueous suspension. Such particles can therefore be interpreted in the sedimen-
tation analysis as being larger than they originally were, despite the loss of some mass. The
results of the sedimentation analysis may also have been influenced by the heating of the
suspension and the contact time with the aqueous peptiser solution, which was longer than
in the samples from which SOM was not removed. The preparation of the samples may
not have disintegrated all the aggregates, which disintegrated later in the organic matter
removal process. Moreover, the interpretation of results may be hindered by the shape of
clay grains, which may significantly deviate from the spherical shape (which is one of the
conditions for the application of the Stokes equation). Despite the existence of a modified
Stokes equation [12], the currently used algorithms of the dynamometer method do not
contain equations correcting the deviation of clay particles from the spherical shape.

Removal of the SOM therefore resulted in a relative increase in the mineral fractions
and a decrease in the content of grains with dimensions corresponding to the diameters
of substitute grains of POM and MAOM. The results of these processes are complex,
depending not only on the SOM content, but also on the diameters of its substitute grains,
their association with different mineral fractions, and the particle size distribution of the
mineral fractions. Obviously, this effect should have had a decreasing significance as the
initial SOM content decreased. Beuselinck et al. [48] found that the process of SOC removal
from samples containing <1% SOC (SOC equivalent to 1.7% SOM) did not significantly
affect the results of their study; the results of the present study at least partly support that
finding. In samples containing up to 0.9% SOC, the application of hydrogen peroxide did
not affect the results of the particle size distribution analysis. An even higher value was
reported by Jensen et al. [49], who concluded that the organic carbon limit above which
organic matter should be removed was 2%. They also found that, above this content, there
was a large increase in the underestimation of the silt and clay fractions in samples that the
organic matter had not been removed from. Similar conclusions were reached by Hereter
etal. [50]. SOM should be removed if the SOM content is greater than 2% and the sample has
a <0.002 mm fraction greater than 25%. Such sample properties result in an underestimation
of the clay fraction in samples that have not been pre-treated. However, our results did
not confirm this observation. On the other hand, Zimmermann and Horn [24] reported
significant differences in the different fractions in their study, with the removal of SOM
causing an increase in the clay fraction and a decrease in the silt and sand fractions.
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5. Conclusions

Changes in the particle size distribution of soils due to the removal of SOM using
30% hydrogen peroxide were irregular in both magnitude and direction. Only in light
soils (containing an initial <10% clay fraction) was it found that the SOM removal process
caused an increase in the clay fraction and a decrease in the silt fraction. In soils with a
higher initial clay fraction (>10%), the SOM removal process caused a decrease in the clay
and sand fractions, with a simultaneous increase in the silt fraction.

It was observed that there was a negative, statistically significant correlation between
the initial SOM content and the change in the sand fraction, and a positive correlation
between the initial SOM content and the change in the silt fraction. This suggests that the
SOM particles in the soil had diameters smaller than 0.063 mm in most cases.

The mechanisms responsible for changes in the particle size distributions resulting
from the removal of SOM are complex, with their orientation resulting from the SOM
content and properties, and the nature of the links between SOM and the soil mineral
fraction. Potentially important influences on the results may include the breakdown of
microaggregates bound by young SOM, a change in the average density of mineral organic
particles in the mineralisation of their organic parts, or a relative increase in some soil
fractions. All this indicates that, in soils with different origins, compositions and content
of different types of organic matter, the effect of SOM removal may be difficult to predict.
Therefore, there was no rationale for removing SOM in samples containing less than 2%
SOM. The effect of organic matter removal on the results obtained by the dynamometer
method is consistent with that presented in work on other sedimentation methods.
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