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Abstract

The influence of the soil granulation, grain diameter and the soil type on the FID signal intensity is presented. The FID
signal intensity is used to determine the water content in soil sample by the use of the NMR spectrometry. Eighty five
samples taken from four different soils (3 sand,1 sandy silt) were tested. The samples were characterized by different
masses and water contents. The results of the FID signal intensity were compared to the mass of water in soils calculated
by empirical formula obtained for clay soils and the mass of water obtained by the oven-drying method. The empirical
Jormula using FID Signal Intensity can be used to calculate the mass of water in every soil regardless of its type. The
type of soil, grain diameter and granulation do not appear to influence the FID Signal Intensity value. The factors that
influence the FID Signal Intensity are the mass of water in soil, the water content in case of poorly sorted soils and the
mass of soil sample in well sorted soils. The statistical analysis were conducted using Statistica 9.1 software.
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1. Introduction

Nuclear Magnetic Resonance (NMR) Spectrometry
method is widely used for both scientific research
and in industry [1, 2]. The method is still rarely used
in soil science, mainly because of the concerns that
soils could be too heterogeneous material for NMR
spectrometry tests. According to reference data [3-5],
a lot of different factors could have an influence on the
signal intensity, which is the direct result of FID (free
induction decay) tests. Therefore, interpretation and
analysis of the result should be done very carefully.
Despite this, NMR method has numerous advantages,
such as the short time of the test running and the
possibility of using one sample in several test [5, 6]
(NMR tests are non-destructive), and therefore, the
authors of this paper attempted to evaluate the influence
of the granulation, grain diameter and the soil type on
the FID signal intensity. In other words, an experiment
was designed to indicate whether some portion of

water gives the same signal intensity in different soils,
or maybe some factors disturb the signal, causing its’
enhancement (or undervaluation). Disturbed signal can
cause the incorrect determination of water content in
soil sample by the use of NMR method.

2. Experiment and Materials

For this study, four natural soils were used. The soils
were obtained from Swietokrzyskie region in Poland.
According to PN-EN ISO 14688-1:2006 there were
three sands (Sa) and one sandy silt (saSi). A total
of 85 samples were tested. 42 specimen were well
sorted soils (Cu < 6) which separated from the sand
(Sa) by the sieving analysis. There were: gravel (Gr)
d=2.5 mm, coarse sand (CSa) d=1 mm and d =2 mm,
medium sand (MSa) d = 0.5 mm and d = 0.25 mm,
fine sand (FSa) d = 0.1 mm, silt (Si) d < 0.063 mm.
43 specimen were poorly sorted soils: medium sand
(MSa), fine sand (FSa) and sandy silt (saSi) (Table 1).
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Table 1. Granulometric parameters of poorly sorted soils

Parameters Medium sand Fine sand Sandy silt
Gravel fraction [%] 7 4 0
Sand fraction [%] 88 88 35
Silt fraction [%] 5 8 65

dg, [mm] 03 02 0.03
Cu (uniformity coefficient) 10 6.4 6.7

Bruker Minispec mq20 spectrometer was used in
the experiments. The research was conducted with
normal field of 0.47 Tesla corresponding to frequency
of 20 MHz. NMR method is based on the excitation
of nuclear spins in an external magnetic field through
a quick change of magnetic field, and the registration
of the electromagnetic radiation arising due to the
relaxation phenomenon (the nuclear spins return to
the equilibrium thermodynamic) [7]. Resarchers [3,
6, 8, 9] suggested that the technique can be adapted
for use in soil investigations. The soil specimens have
a mass between 0.04 and 2.75 g and water content
between 0 and 64.7% (Table 2).

Table 2. Mass and water content in experimental soils

Parameters Well sprted Poorly .sorted
soils soils
Average 0.31 0.66
mass(m) [g] Minimum 0.1 0.04
Maximum 0.54 2.75
Average 17.36 11.62
water content(w) [%] | Minimum 6.09 0
Maximum 64.7 23.95

According to apparatus specification, samples of
9 x 10 mm max. size were placed in glass NMR tubes.
Next, Free Induction Decay (FID) were registered
at room temperature for each soil sample. After the
experiment, the samples were dried at 105°C for 24
hours in purpose to determine the mass of water in
soil (m_, T) and the water content (w, T).

Many studies [3-5] indicate that the soil properties
influence the FID signal intensity. To test this
hypothesis, the parameters were used directly related
to the intensity of the FID signal. For each soil the mass
of water (m , formula) (1) and the water content (w,
formula) (2) were calculated as follows (1), (2) [10]:

_ FID-0.8607

m 1
v 0.4051 M
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FID-0.8607

w= x100% 2)
0.4051xm-FID+0.8607

where:

m_ — mass of water [mg],

w — water content [%],

FID — intensity of Free Induction Decay signal [%],
m — mass of soil sample [mg].

There were experimental formulas obtained by the
present authors on the basis of clay soils tested [10].
Obtaining similar values calculated by formulas (1),
(2) and traditional oven- drying method for the tested
soils well and poorly sorted could indicate that the type
of soil has no influence on the FID Signal Intensity.
The type of soil is in a direct relationship with its
granulometric composition. The paper presents the
influence of the granulometric composition of soil
on the FID Signal Intensity. On the basis of obtained
results, the statistic analysis has been carried out in
the Statistica 9.1 software.

3. Results and Analysis

The potential predictors for FID Signal Intensity
were calculated with using the correlation matrix tool.
There were considered correlations between FID Signal
Intensity and the mass of water and the water content
calculated from the traditional oven-drying method
(m_, T), (w, T) and according to formula (1), (2) (m,,
formula) as well as grain diameter (d) in the case of
well sorted soil and the type of soil in the case of poorly
sorted soil. The results are summarized in Table 3.

Table 3. The correlation coeffictient for FID Signal Intensity
with the mass of water, the water content, the mass of soil
sample, grain diameter and the type of soil for well and
poorly sorted soils(effects p < 0.05 marked)

The correlation coefficient for FID with
m, w * *%
m, [Tl [formula] ol [formula] m ¢ type
Well . 0.98 1.00 0.32 0.37 0.72 | -0.26 -
sorted soil
Poorly | oga | 100 | 079 | 052 | 050 | - | 0
sorted soil

*grain diameter d = 2.5; 2; 1; 0.5; 0.25; 0.1; < 0.063 [mm]
** medium sand (MSa), fine sand (FSa), sandy silt (Sasi)

The best correlation with FID was obtained for the
mass of water calculated according to the formula (1)
derived for clay soils, which may indicate that the type
of soil has no influence on the FID Signal Intensity. In
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addition, the high correlations with the water content
calculated by formula (2) for clay soils in the tested
non-cohesive soils with water content determined by
the oven-drying method r = 0.98 for the weak sorted
soils and 0.91 for poorly sorted soils were obtained.
This may indicate that the formula (2) is valid
regardless of the type of soil. In the case of well sorted
soils, the results indicate a statistically significant
influence of the mass of soil specimen (0.72)
(p = 0.00) (Fig. 1) on the FID Signal Intensity. An
influence of the water content (0.79) (p = 0.04) is
observed and in the case of poorly sorted soil.

FID =4,8072+ 28,752 * mass of soil specimen
correlation r= 71508

FID [%]

0.0 0.1 0z 0.2 0.4 0.5 0.8

mass of soil spacimen [g) | " _95% confidence interval |

Fig. 1. The relationship between mass of soil specimen
and FID Signal Intensity

The correlation coefficients of the grain diameter
and the type of poorly sorted soils with FID Signal
Intensity were not statistically significant. Multiple
Regression Analysis for estimating the relationships
among variables was conducted. Results indicated
a not statistically significant influence of the grain
diameter (d) on the mass of water in soil (m, T)
(p = 0.14) and FID Signal Intensity (p = 0.09) (Fig. 2).

FID =13003-2,157 = gramn ciamatsrin sol

correlation :r= - 2628

FID [%)]

0.0 0.5 1.0 1.5 20 25 3.0

grain diamstar in soil [Mm] [~o_95% confidence interval |

Fig. 2. The relationship between grain diameter of soil
and FID Signal Intensity

The Analysis of Variance (ANOVA) for estimating
influence of the type of soil on the FID Signal
Intensity were conducted. Results indicated that we
couldn’t reject the null hypothesis (Table 4).

Table 4. The Analysis of Variance ANOVA for the type of
soil and FID Signal Intensity

55 df Ms F p
Intercept | 2409395 | 1 | 24093.95 | 1629892 | 0.000000
Typeofsoil | 20249 | 2 | 10125 | 06849 | 0.509949
Error 5913.00 | 40 | 147.83

Linear Regression Analysis showed no linear
relationship (p = 0.25) between the type of soil and
FID Signal Intensity (Fig. 3).

FID  =12.082 + 24882 ° soil typs
correlation: r= 17044

FID [%]

L]
]

10 a
o
a
5 a &
a
o MSa FSa =a8i 4

soil typs [o.25% confidencs interval |

Fig. 3. The relationship between the type of soil and FID
Signal Intensity

4. Conclusions

1. The empirical formulas (1) using FID Signal
Intensity can be used to calculate the mass of water
in every soil regardless of its type.

2. The use of FID application in NMR research to
determination of the amount of water in soil seems
to be a proper tool in soil investigations in spite of
the heterogeneous soil structure.

3. The type of soil, grain diameter and granulation
do not appear to influence the FID Signal Intensity
value.

4. The mass of water in soil, the water content in case
poorly sorted soils and the mass of soil sample in
well sorted soils may be the factors influencing the
FID Signal Intensity.
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Wptyw sktadu granulometrycznego gruntow
na intensywnos¢ sygnatu FID (Free Induction Decay)
w badaniach NMR

1. Wprowadzenie

Metoda spektrometrii magnetycznego rezonansu ja-
drowego (NMR) jest wszechstronnym narzgdziem,
szeroko wykorzystywanym zarowno do badan czy-
sto naukowych, jak i w przemysle [1, 2]. Metoda ta
jest jednak nadal rzadko uzywana do badan gruntow,
glownie z powodu obaw, iz grunty s3 zbyt heteroge-
nicznym i niejednorodnym materiatem, aby badac
je przy uzyciu spektrometrii NMR. Wedlug zrodet
[3-5] na intensywnos¢ sygnatu, bedacego bezposred-
nim wynikiem pomiaru przy uzyciu aplikacji FID
(Free Induction Decay) moze mie¢ wptyw wiele czyn-
nikow, przez co interpretacja wynikoéw i ich analiza
powinna by¢ przeprowadzana bardzo ostroznie. Ze
wzgledu na liczne zalety metody NMR, m.in. szyb-
kos¢ wykonywania pomiaru oraz mozliwos¢ wyko-
rzystania jednej probki do wielu testow [5, 6] (badania
przy uzyciu spektrometru sa nieniszczace, dlatego tez
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mozna wielokrotnie wykonywac testy przy uzyciu
roznych dostepnych aplikacji na tej samej probee), au-
torzy podjeli probe oceny wplywu uziarnienia, Sred-
nicy ziaren 1 rodzaju gruntu na intensywnos¢ sygnatu
FID, co, innymi stowy, ma za zadanie sprawdzi¢, czy
ta sama ilos¢ wody w roznych gruntach bedzie dawata
taki sam sygnal, czy tez moze sygnat ten w niekto-
rych przypadkach bedzie zawyzony (lub zanizony),
co moze spowodowac btedne okreslenie ilosci wody
W probce gruntu przy uzyciu metody NMR.

2. Materiat i metody badawcze

Materiat badawczy stanowily grunty pochodzace
z terenu wojewodztwa swigtokrzyskiego, ktore zgod-
nie z PN-EN ISO 14688-1:2006 zakwalifikowano
jako piaski (Sa) i pyt piaszczysty (saSi).

W sumie przebadano 85 probek gruntow. 42 prob-
ki stanowity grunty rownoziarniste (Cu < 6), ktore
wydzielono z piasku (Sa) poprzez analize sitowa.
Byty to: zwir (Gr) o d = 2,5 mm, piasek gruby (CSa)
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od=1mmid=2 mm, piasek $redni (MSa)
od=0,5mmid= 0,25 mm, piasek drobny (FSa)
o0 d= 0,1 mm oraz pyt (Si) od < 0,063 mm. 43 probki
to grunty réznoziarniste: piasek sredni (MSa), piasek
drobny (FSa) i pyl piaszczysty (Sasi) (tabela 1).

Badania przeprowadzono w spektrometrze NMR
minispec q20 firmy Bruker w temperaturze 20°C przy-
stosowanym do pracy w normalnym polu natezenia
(0,47 Tesli), co odpowiada czgstotliwosci Larmora 20
MHz. Zasada dzialania NMR polega na wzbudzaniu
spindw jadrowych znajdujacych si¢ w zewnetrznym
polu magnetycznym poprzez szybkie zmiany pola ma-
gnetycznego, a nastepnie rejestracje promieniowania
elektromagnetycznego powstajacego na skutek zja-
wisk relaksacji (powrot uktadu spinéw jadrowych do
stanu réwnowagi termodynamicznej) [7]. Zrodta lite-
raturowe [3, 6, 8, 9] wskazuja, ze metoda ta moze byc¢
zaadaptowana do badan gruntéw. Eksperymenty prze-
prowadzono na probkach o zréznicowanych masach
(0,04 —2,75 g) 1 wilgotnosciach (0 — 64,7%) (tabela 2.)

Grunt umieszczano w szklanej tubie, formulujac
probki o wymiarach 9 x 10 mm, co bylo wymo-
giem aparaturowym wynikajagcym z zastosowa-
nej aplikacji. Nastepnie, po zwazeniu umieszczano
je w komorze NMR-a 1 rejestrowano intensyw-
nos¢ sygnatu FID (Free Induction Decay). Po ba-
daniu probki suszono do statej masy w T = 110°C.
Na podstawie masy probki w tubie przed i po su-
szeniu i masy tuby wyznaczano mas¢ wody za-
wartej w gruncie (m , T) oraz wilgotnos¢ (w, T).
W wielu publikacjach wskazuje si¢, ze intensywnosc
sygnalu FID moze zaleze¢ od wtasciwosci gruntu
[3-5]. W celu sprawdzenia tej hipotezy postuzono
si¢ parametrami bezposrednio zwigzanymi z inten-
sywnoscig sygnatu FID. Dla badanych gruntoéw wy-
znaczono mas¢ wody (m_, wzor (1)) 1 wilgotnos¢ (w,
wzor (2)) przy udziale wzordéw [10]. Sg to zalezno$ci
otrzymane eksperymentalnie przez autoréw na pod-
stawie badan gruntéw spoistych [10]. Otrzymanie
zblizonych wartosci parametréw wyliczonych wg
wzordéw (1), (2) 1 metodg suszarkowa dla badanych
gruntéw roéwno- i réznoziarnistych mogtoby wskazy-
wac na brak wptywu rodzaju gruntu na intensywnosc
sygnatu FID. Rodzaj gruntu ma bezposredni zwigzek
z jego sktadem granulometrycznym, ktoérego anali-
za stanowi temat pracy. Dane opracowywano przy
udziale oprogramowania Statistica 9.1.

3. Analiza wynikow badan

W celu okreslenia potencjalnych predyktorow sy-
gnatu FID postuzono si¢ narzedziem macierzy kore-

lacji dla okreslonych parametrow. Pod uwage brano
wspotzaleznosci FID z masa wody i wilgotnoscia wy-
znaczong metodg suszarkowg (m ,T) (w, T) i wg wzo-
row (1), (2) (m_, wzor), (w, wzor), masg probki (m)
oraz w przypadku gruntéw réwnoziarnistych — $red-
nicg ziaren (d), réznoziarnistych — rodzajem grun-
tu. Wyniki zebrano w tabeli 3. Najlepsze korelacje
z FID uzyskano dla masy wody wyliczonej wedlug
wzoru wyprowadzonego dla gruntéw spoistych (1),
co moze $wiadczy¢ o braku wptywu rodzaju gruntu
na wartos¢ sygnalu FID. Dodatkowo uzyskano wy-
sokie korelacje wilgotnosci obliczonej wg wzoru (2)
dla gruntéw bardzo spoistych w badanych gruntach
sypkich 1 mato spoistych z wilgotnosciag wyznaczong
metoda suszarkowo-wagowa, uzyskujac odpowied-
nio r = 0,98 dla gruntoéw réwnoziarnistych 1 0,91 dla
roznoziarnistych. Co moze s$wiadczy¢, iz wzor (2) ma
znaczenie niezaleznie od rodzaju gruntu. W przypad-
ku gruntéw réwnoziarnistych istotne znaczenie na
wartos¢ sygnatu FID moze mie¢ masa probki (0,72)
(p = 0,00) (rys. 1), za§ w gruntach réznoziarnistych
wilgotnos$¢ (0,79) (p = 0,04). Uziarnienie, $rednica
ziaren 1 rodzaj gruntu réznoziarnistego nie koreluje
si¢ istotnie z FID. W celu oceny wspotzaleznosci
czynnikdéw postuzono si¢ analizg regresji wielorakiej,
ktora wykazata brak istotnosci wplywu srednicy zia-
ren (d) na mas¢ wody w gruncie (m_, T) (p = 0,14)
i sygnat FID (p = 0,09) (rys. 2). W celu oceny wply-
wu rodzaju gruntu na warto$¢ sygnatu FID postuzo-
no si¢ analizg wariancji ANOVA, wykazujac, iz jest
zbyt mato podstaw, aby sadzié, iz rodzaj gruntu nie
ma wplywu na sygnat FID (tabela 4). Analiza regresji
liniowej wykazata brak zwigzku liniowego (p = 0,25)
pomiedzy rodzajem gruntu a sygnatem FID (rys. 3.)

4. Wnioski

1.Przy udziale jednego wzoru empirycznego wyko-
rzystujacego intensywnosci sygnatu FID jest mozli-
we z duzym prawdopodobienstwem okreslenie masy
wody zawartej w gruncie niezaleznie od jego rodzaju.

2.Zastosowanie aplikacji FID w badaniach NMR do
okreslenia zawarto$ci wody w gruncie okazuje si¢
by¢ idealnym narz¢dziem do badan gruntow mimo
ich heterogenicznej struktury.

3.Rodzaj gruntu, $rednica ziaren i uziarnienie nie wyda-
ja sie mie¢ wptywu na wartos¢ sygnatu FID.

4.0 intensywnosci sygnatu FID moze decydowa¢ masa
wody zawartej w gruncie, wilgotnos¢ w przypadku
gruntéw roznoziarnistych i masa probki w gruntach
réwnoziarnistych.
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