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Abstract: A new procedure is developed for rapidly determining the water retention curves of unsaturated fine-grained soils based on the
nuclear magnetic resonance (NMR) technique. From a well-defined pore-size distribution function, a distribution function of NMR transverse
relaxation time (T2) is derived for fully-saturated soils, by virtue of the Young-Laplace equation and the linear relationship between pore
radius and T2. By fitting the measured T2 distribution curve with the proposed T2 distribution function, the key parameters characterizing the
soil-water retention characteristics can be determined. To validate the proposed method, a series of the NMR measurements was performed
for two types of fully-saturated fine-grained soils. The proposed procedure is then used to obtain the soil-water retention curves of the tested
soils from the NMR measurements; the obtained soil-water retention curves are compared with those determined independently by the
pressure-plate method. It is shown that the proposed procedure can be effectively used to determine the soil-water retention curves of
fine-grained soils in a capillary regime. Compared to conventional methods, which are generally time-consuming, the proposed procedure
can save a significant amount of time in determining the soil-water retention curves.DOI: 10.1061/(ASCE)EM.1943-7889.0001231.© 2017
American Society of Civil Engineers.

Author keywords: Unsaturated soil; Soil-water retention curve; Nuclear magnetic resonance technique; Transverse relaxation times;
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Introduction

The soil-water retention curve (SWRC) of unsaturated soils plays a
crucial role in analyzing the water flow and contaminant migration
in the vadose zone (e.g., Lenhard et al. 2004; Chen et al. 2015). In
addition, the strength properties of unsaturated soils and stability of
earthen slopes during rainfall events are also tightly related to the
soil-water retention characteristics (e.g., Iverson 2000; Chen et al.
2013). Thus far, many methods have been proposed to determine

the SWRCs for different types of soils in either direct or indirect
ways (e.g., Lu and Likos 2004). In direct methods such as pressure-
plate apparatus and tensiometers, the axis translation technique
is usually adopted to prevent pore water from cavitation due to
negative pore-water pressure (e.g., Lu et al. 2006). Many indirect
methods have been available in practice, including filter paper,
time-domain reflectometry, and so on (e.g., Agus and Schanz
2005). In general, the SWRCs of unsaturated soils are measured
under equilibrium conditions. Thus, it is generally time-consuming
to conduct such measurements in that a certain amount of time is
required for the pore water to reach equilibrium in the soil sample
for each applied suction step. This is the case especially for fine-
grained soils or at a low degree of saturation where the hydraulic
conductivity is very small. Recently, Wayllace and Lu (2012)
proposed an indirect method to rapidly determine the soil-water
retention curve based on measurements of a one-step outflow
experiment coupled with a back-analysis of the related initial/
boundary value problem. Despite such advancements, it is still
meaningful to develop alternative methods to determine the SWRCs
of unsaturated soils in a quick and effective way.

Soil-water retention characteristics can be influenced by many
factors. As pointed out by Mitchell and Soga (2005), the soil-water
retention curve depends largely upon the pore characteristics,
i.e., pore size, pore-size distribution, and pore connectivity. Based
on the pore-size distribution of soil, some empirical SWRC models
have been developed (e.g., van Genuchten 1980; Fredlund and
Xing 1994). Conventionally, the parameters of these SWRC mod-
els are determined using the measured soil-water characteristic data
through a curve-fitting method. Alternatively, the SWRCs of plastic
soils can also be directly inferred from the pore-size distribution
curve as determined by mercury intrusion porosimetry (e.g., Simms
and Yanful 2002). In this method, however, the pore structure of a
soil can be changed due to the mercury intrusion during the sample-
preparation stage, so that some error can occur in the obtained
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SWRC. In addition, in the mercury intrusion measurement, all the
pores are assumed to be interconnected, which is not always the
case (e.g., Bird et al. 2005). Hence, some discrepancy unavoidably
exists in calibrating the SWRC model based on the pore-size dis-
tribution data determined by the mercury intrusion porosimetry.

Compared to the mercury intrusion porosimetry method, the
nuclear magnetic resonance (NMR) method has advantages in de-
termining the pore-size distribution curves of soil and rock. For
example, in sharp contrast to the mercury intrusion method, the
NMR method is nondestructive and time-saving (e.g., Coates et
al. 1999). Perhaps because of this, the NMR technique has been
extensively adopted to effectively determine the pore-size dis-
tribution curves of soils in both the laboratory and the field
(e.g., Tyrologou et al. 2005; Duschl et al. 2015).

The NMR method has also been applied to characterize the
soil-water characteristics at microscopic scales based on the NMR
relaxation distribution in soils (e.g., Bird et al. 2005; Tian et al.
2014a). Bird et al. (2005) applied the stray field nuclear magnetic
resonance technique to explore the relative size distribution of
pores in saturated and unsaturated samples. They determined the
amount of water-filled pores during the drying process based on
the measured T1 relaxation-time distribution data, shedding in-
sights into the microscopic drainage process in the soils. Tian et al.
(2014a) employed a proton nuclear magnetic resonance device to
reveal the microscopic mechanisms of pore-water migration in
sandy soils with different saturation levels and proposed a method
to determine the amount of the water-filled pore volume based on
the measured T2 relaxation-time distribution data. Although the
NMRmethod has been extensively used to characterize the SWRCs
of soils, a general mathematical model has yet to be developed for
determining these curves by directly using the NMR relaxation-
time distribution data.

In this paper, the authors propose a new approach to determine
the soil-water retention curve in a capillary regime directly based
on the NMR relaxation-time measurements. First, based on the lin-
ear dependence of the pore radius upon the transverse relaxation
time T2 and the Young-Laplace equation, a well-defined pore-size
distribution function proposed by Fredlund and Xing (1994), is re-
cast into a new functional form, which simply describes the NMR
T2 relaxation distribution of the soil. By fitting the measured pore-
size distribution curve with the T2 relaxation function, one can de-
termine the key parameters that determine the soil-water retention
curves. To validate the proposed method, the soil-water retention
curves of the soils are first determined based on the NMR measure-
ments, and then compared to the results independently measured by
the pressure-plate method. In general, the NMR measurements can
be completed in several minutes. Hence, significant amount of time
can be saved in determining the SWRC of fine-grained soils in the
proposed procedure.

Theory

In general, the NMR transverse relaxation time, T2, of a water-
saturated soil depends largely upon pore sizes. Consider a small
body of water contained in a soil pore with a characteristic radius
R. In order to derive a relation between R and T2, one first notes
that (e.g., Coates et al. 1999)

1

T2

¼ 1

T2B
þ 1

T2S
þ 1

T2D
ð1Þ

where T2B = bulk fluid relaxation time (in ms); T2S = surface re-
laxation time (ms); and T2D = fluid diffusion relaxation time (ms).
The fluid diffusion relaxation time, T2D, can be neglected compared

to the surface relaxation time, T2S, if a short echo time is adopted
(e.g., Coates et al. 1999). In general, T2B depends upon the pore-
fluid’s properties. The surface relaxation is dominated by the inter-
actions between pore fluids and pore surfaces, and can be expressed
by

1

T2S
¼ ρ2

S
V
¼ ρ2

α
R

ð2Þ

where ρ2 = surface relaxivity (μm=ms); S = pore surface area
(μm2); V = pore-water volume (μm3); R = pore-body radius of
soils (μm); and α = pore-shape factor, which assumes a value
of 1, 2, or 3, for planar, cylindrical, and spherical pores, respec-
tively (e.g., Machado et al. 2011). In general, compared to the sur-
face relaxation time, the bulk relaxation time is very long (e.
g., Coates et al. 1999; Saidian and Prasad 2015). Hence, for cylin-
drical pores, Eq. (1) becomes

1

T2

≈ 1

T2S
¼ ρ2

2

R
ð3Þ

For clarity, one can write

R ¼ bT2 ð4Þ
where b¼ 1=ð2ρ2Þ = material parameter depending upon the sur-
face relaxivity of soil, and can be determined using the measured T2

distribution data, as discussed later.
For an idealized spherical pore or cylindrical capillary tube, the

Young-Laplace equation can be adopted to describe the relationship
between the pore radius and matric suction (e.g., Lu and Likos
2004), i.e.

ua − uw ¼ 2Ts cos θ
R

ð5Þ

where ua − uw = matric suction; Ts = surface tension; and θ =
contact angle. It is reasonable to assume that θ ¼ 0 during a drying
process with water for most soil (e.g., Lu and Likos 2004). Hence,
Eq. (5) can be reduced as

ua − uw ¼ 2Ts

R
ð6Þ

To characterize the soil-water retention curve, Fredlund and
Xing (1994) developed a pore-size distribution function as

fðscÞ ¼
mnðsc=aÞn−1

a½eþ ðsc=aÞn�fln½eþ ðsc=aÞn�gmþ1
ð7Þ

where scð¼ ua − uwÞ = matric suction; and m, n, and a = material
coefficients, where a is in kPa. Substituting Eqs. (4) and (6) into
Eq. (7), one has

f

�
2TS

bT2

�
¼ hðT2Þ ¼

mn
�

2Ts
abT2

�
n−1

a
h
eþ

�
2Ts
abT2

�
n
in

ln
h
eþ

�
2Ts
abT2

�
n
io

mþ1

ð8Þ

Now, the pore-size distribution function, fðscÞ, is transformed
into a new function, hðT2Þ, which indeed describes the T2 distri-
bution of a soil at its fully-saturated state. Clearly, if the pore-size
distribution function fðscÞ is obtained, the T2 distribution function
hðT2Þ is fully determined, and vice versa. Indeed, both functions
include the same set of parameters: m, n, and a. Thus these param-
eters can be determined based on the measurement of the T2

distribution curve.
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Only if m, n, and a are determined, the soil-water retention
curve can be calculated by

SrðscÞ ¼
Z ∞
sc

fðscÞdsc ð9Þ

where Sr = degree of saturation.
There is a subtle point in Eq. (9) described briefly in the follow-

ing. Based on the capillary-tube bundle theory, matric suction sc
corresponds to a certain equivalent porosity radius R. Under a
specified matric suction sc, all the water in pores with a radius
larger than or equal to R [given by Eq. (6)] should be totally driven
out of the soil. In practice, however, this is not always the case,
since a small amount of water can be trapped in some of these
pores, which are occluded or isolated by a series of interconnected
dried pores of larger sizes. A more-detailed discussion of this
mechanism can be found in Chen et al. (2015). Hence, the water
phase cannot be completely expelled from pores by increasing ma-
tric suction, since the pores are not ideal capillary-tube bundles.
Indeed, incomplete drainage processes have been detected in
unsaturated soils under some matric suction (e.g., Bird et al. 2005;
Tian et al. 2014a), and they could induce some error in applying the
proposed method. Of course, such a problem also occurs in the
other methods for determining the SWRC (e.g., in the pressure-
plate method). Hence, in the proposed method, Eq. (9) is applied
without considering the effect of incomplete drainage.

Function fðscÞ is explicitly given by Eq. (7). Hence, by Eq. (9),
one obtains the soil-water retention curve as (Fredlund and
Xing 1994)

SrðscÞ ¼ fln½eþ ðsc=aÞn�g−m ð10Þ

Parameter a is closely related to the air entry value (Fredlund
and Xing 1994); parameters n and m determine the shape of the
SWRC of soils. These parameters can be determined by fitting
Eq. (8) with the T2 distribution curve measured by a NMR device.
Oncem, n, and a are obtained, the soil-water retention curve of soil
can be calculated by Eq. (10).

Material and Method

To demonstrate the performance of the proposed method, a series of
NMR measurements were performed on two fine-grained soils,
which can be classified as silt (ML-CL) and clay (CL), respectively,
according to the unified soil classification system (USCS) (ASTM
2010). The clay fractions in the tested silt and clay soils are about
12.0 and 23.0%, respectively. The physical properties of the soils
are summarized in Table 1. The grain-size distribution curves are
shown in Fig. 1.

Cylindrical specimens (45.0 mm in diameter and 20.0 mm in
height) with different dry densities were prepared by the static
pressure method for the NMR measurement. The dry densities
of the silt samples were 1.45 g=cm3 (Silt 1), 1.60 g=cm3 (Silt 2),
and 1.75 g=cm3 (Silt 3), respectively, and the dry densities of the
clay samples were 1.40 g=cm3 (Clay 1), 1.60 g=cm3 (Clay 2), and
1.80 g=cm3 (Clay 3), respectively. Before the NMRmeasurements,
these samples were saturated with distilled water under vacuum
conditions for about 2–3 h for the silts, and 3–5 h for the clays,
and then kept in the water for about 24 h.

The NMR measurements were performed using 23-MHz
low-field MiniMR equipment, which was developed jointly by
the Institute of Rock and Soil Mechanics, Chinese Academy of
Science, and Niumag Corporation (Suzhou, Jiangsu, China). The
system consists of a sample tube, a magnet unit, the radio-fre-

quency (RF) system, temperature-controlling system, and data-ac-
quisition system (Fig. 2). Dunn et al. (2002) indicated that the
NMR signals from metal minerals cannot be detected by low-field
NMR equipment. Hence, it is reasonable to assume that the effect
of soil minerals can be effectively ruled out by the adopted low-
field NMR system, and any detected NMR signals can be attributed
to the protons in the pore water.

To minimize thermal effects, the specimens were first precondi-
tioned in the NMR equipment. The Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence was adopted (Carr and Purcell 1954;
Meiboom and Gill 1958). The CPMG pulse sequence is briefly ex-
plained here. One π=2 pulse followed by a number of π pulses are
separated by the echo time in the pulse sequence. After the π=2
pulse stops, the loss of the NMR signal can be recorded by the free
induction decay, and the coherence of the spins after each π pulse is
termed as the pulse spin echoes (e.g., Dunn et al. 2002). In the

Table 1. Classification and Physical Properties of Tested Soils

Parameter

Soil

Silt Clay

USCS ML-CL CL
Specific gravity 2.73 2.74
Initial content (%) 12.0 12.0
Plastic limit (%) 15.5 19.4
Liquid limit (%) 27.5 36.2

Fig. 1. Gradation curve of the tested soils

SN 

Sample tube 

Permanent magnet 
Insulation 

RF coil 

RF transmitter 

Data logging 

Magnet unit 

Measured sample 

Fig. 2. Schematic diagram of the NMR system
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CPMG sequence, a number of spin echoes are produced, which is
the spin echo train data. The echo train is the initial data measured
for T2 time distributions. The parameters, including the pulse am-
plitude and length, echo time, and number of spin echoes, are given
according to the properties of the fluid in the soils. After the CPMG
pulse sequence, an inversion method based on Laplace transforma-
tion is used to determine the distribution of transverse relaxation
time, T2. The parameters adopted in the NMR measurement
include the echo time of 120 μs, 10,000 echoes, and 4 scans. A
more-detailed explanation of the NMR T2 measurements can be
found in Tian et al. (2014a).

After the T2 distribution curve is obtained, parametersm, n, and
a can be determined by fitting the obtained result using Eq. (8). The
measured distribution curves of T2 are given in Figs. 3 and 4 for the
tested fine-grained soils. It is clear that all the T2 distribution curves
are unimodal. The unimodal T2 distribution of a silty sand were
observed by Tian et al. (2014a) and Tian et al. (2014b) also ob-
served the bimodal distribution of T2 for fine-grained soils. The
modal of the pore-size distribution is closely related to the local
structure and lithological composition (particularly, clay content)
of the soils. Because the soil is fully saturated, the magnitude of
the NMR signal corresponding to a T2 represents the amount of
the pore volume with some pore radius in the tested soils, to the
extent that the size and dry density of the sample and the soil type

are specified. Hence, before using Eq. (8) to fit the T2 distribution
curves, the measured T2 distribution curves are first transformed by a
normalized method. Then these unimodal distribution curves are nu-
merically fitted by Eq. (8) through a computer program embedded
with an inverse analysis algorithm. From the mentioned inverse
analysis parameters m, n, and a are determined for various soils.

The surface tension Ts in Eq. (8) may change with the temper-
ature. Because the ambient temperature remained 20°C in the ex-
periment reported herein, the effect of temperature variation can be
neglected. In the authors’ analysis, Ts assumes a value of
72.75 × 10−3 N=m, which corresponds to an ambient temperature
of 20°C (e.g., Lu and Likos 2004). Here, the least-squares method
is used to determine the parameters m, n, and a. If the normalized
magnitude of the NMR signal is represented by PðTi

2Þ at
some value of Ti

2, the problem can be stated as follows. First,
find m, n, and a so that function Cðm; n; a; bÞ achieves its mini-
mum, where

Cðm; n; a; bÞ ¼
XM
i¼1

½PðTi
2Þ − fðTi

2;m; n; a; bÞ�2 ð11Þ

where the function fðT2;m; n; a; bÞ ¼ T2 distribution function,
given by Eq. (8); and M = total number of the NMR signals in
the T2 distribution curves. Once after m, n, and a are obtained

Fig. 3. Measured and calculated T2 distribution curves for the silt samples with different dry densities: (a) 1.45 g=cm3 (Silt 1); (b) 1.60 g=cm3 (Silt
2); (c) 1.75 g=cm3 (Silt 3)
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by the aforementioned method, the SWRC can be calculated by
Eq. (10).

In order to validate the proposed method, the soil-water reten-
tion curves for all tested soils were independently measured using a
pressure-plate apparatus, based on the method described in ASTM
D6838-02 (ASTM 2008). The size of the sample is the same as the
one used in the NMR measurement, which is placed in an acrylic
confining cell with a High Air Entry value (HAE) ceramic disk. The
top of the cell is connected to an external source of air pressure,
while the bottom is connected, via a water tube, to a water chamber.
During the experiments, the air pressure is changed on the top of
the sample, and the water is expelled out of or sipped into the
sample through the HAE ceramic disk on the bottom. The outflow
mass is determined by measuring the variation in the specimen’s
weight. Two series of applying matric suction were chosen in
the experiments. The one for silts was 0.0, 5.0, 10.0, 20.0, 40.0,
60.0, 80.0, 120.0, 160.0, 200.0, 260.0, and 350.0 kPa, and for
the clays, it was 0.0, 20.0, 40.0, 60.0, 80.0, 120.0, 160.0, 200.0,
260.0, 350.0, 450.0, 550.0, 700.0, and 900.0 kPa.

Results and Discussions

The measured T2 distribution curves for the silts are shown in
Fig. 3. Clearly, the T2 distributions are different for soils with

different densities. The ranges of T2 for Silts 2 and 3 are similar
and vary from 0.04 to 30.00 ms, whereas the range of T2 varies
from 0.04 to 148.00 ms for Silt 1. According to the correlation be-
tween the pore size and T2 value (e.g., Straley et al. 1994), there
exist large pores (T2 larger than about 30.00 ms) in Silt 1. The fit-
ting pore-size distribution curves using Eq. (8) are also given in
Fig. 3. It can be seen that the fitting curves agree well with the
measurements except for Silt 1 with a small value of T2 [Fig. 3(a)].
The reason is probably due to the fact that Silt 1 has a small amount
of large pores, and the soil has an unstable structure, which can be
easily disturbed when the sample is saturated. The structural dis-
turbance can affect the measured results of the T2 distribution. The
obtained soil-water characteristic parameters are given in Table 2. It
can be observed from Fig. 3 that the range of the fitting pore-size
distribution curves using Eq. (8) is wider than the measured T2

distribution curves at large values of T2. For example, for Silt 1,
when T2 ≥ 100.00 ms, some larger contents of T2 are clearly
predicted by the T2 distribution function, whereas these contents of
T2 disappear in the NMR measurement for Silt 2 and Silt 3.

The measured T2 distributions of the clay samples are shown in
Fig. 4. The T2 distribution for Clay 1 is slightly different from those
for Clays 2 and 3, which are quite similar. The range of T2 varies
from 0.04 to 30.00 ms for Clay 1, while the ranges of T2 vary from
0.04 to 10.00 ms for both Clays 2 and 3. The fitting pore-size

Fig. 4. Measured and calculated T2 distribution curves for the clay samples with different dry densities: (a) 1.40 g=cm3 (Clay 1); (b) 1.60 g=cm3

(Clay 2); (c) 1.80 g=cm3 (Clay 3)

© ASCE 04017032-5 J. Eng. Mech.

 J. Eng. Mech., -1--1 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
H

E
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

C
A

ST
L

E
 o

n 
02

/2
6/

17
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



distribution curves using Eq. (8) are also given in Fig. 4 for
comparison. The obtained soil-water characteristic parameters
are given in Table 2. Clearly, the fitting curves agree very well with
the measured results in small values of T2. It can be observed that
the range of the fitting pore-size distribution curves using Eq. (8)
is wider than the measured T2 distributions when T2 ≥ 10.00 ms
for all the clay samples.

There is some discrepancy between the fitting curves and mea-
sured data for both silt and clay samples. The discrepancy can be
attributed to the following reasons: (1) the T2 distribution function
accounts for the surface relaxivity only, and some amount of error
can be induced because both the bulk fluid relaxation T2B and the
fluid diffusion relaxation T2D are neglected in Eq. (1); (2) the cylin-
drical pores are assumed and the pore-shape constant α ¼ 2, which
might not be the case, and thus the pore-size distribution deduced
from the T2 distribution curves only approximately represent the
true ones; and (3) the capillary-tube bundle theory and the Young-
Laplace equation are adopted in the proposed procedure, so that the
effect of the water adsorption is excluded (e.g., Lu and Khorshidi
2015). Remarkably, the discrepancy between the measured and
fitting T2 distribution curves may directly influence the predicted
results of SWRC, as discussed later.

Parameters m, n, and a obtained from the mentioned method
are used to determine the SWRCs for all the tested silts and clays.
The obtained SWRCs are compared to the measured data in Figs. 5
and 6. It is clearly shown that the predicted curves agree well with
the measured results, especially in the range of high suction. Fig. 5,
shows that some discrepancy appears at small matric suction (lower
than 20.0 kPa also) for the silts. This is due to the fact that the pore-
size distribution curves given by Eq. (8) deviate from the measured
T2 distribution data in the range of large T2 (Fig. 3). A small
amount of large pores are predicted by Eq. (8). According to
Eq. (6), a larger radius corresponds to a smaller matric suction.
Hence, the predicted value is lower than the measured data in the
range of low matric suction. Nevertheless, the predicted SWRCs
agree well with the measured data for all the silt samples, since
the pore-size distribution curves given by Eq. (8) agree reasonably
well with the measured T2 distribution data. Parameters a is 12.0,
18.0, and 20.0 kPa for Silt 1, Silt 2, and Silt 3, respectively
(Table 2), and the value of a is slightly higher than the air entry
value, which is 10.0, 15.0, and 20.0 kPa for Silt 1, Silt 2, and Silt
3, respectively. A similar conclusion was made by Fredlund and
Xing (1994). The slopes of the predicted curves are close to each
other, since the controlling shape parameter n assumes similar
values for all the soils with different dry densities. Parameter m
increases with the dry density. The slope of the SWRC decreases
with the increment of m in the high-matric-suction range. It can be
observed that the slope for Silt 1 is the smallest, as shown in Fig. 5.

Fig. 6 shows that the predicted SWRCs agree very well with the
measured data, though some discrepancies exist between the pre-
dicted and measured SWRCs for Clay 1. The discrepancy can be
attributed to the reasons as discussed earlier. The obtained values of
parameter a is 25.0, 50.5, and 70.0 kPa for Clay 1, Clay 2, and Clay
3, respectively (Table 2), which are slightly higher than the air entry

values of the soils (i.e., 20.0, 40.0, and 60.0 kPa for Clay 1, Clay 2,
and Clay 3, respectively). The slope of the predicted SWRCs is
sharpest for Clay 3 since parameter n increases with dry density.
The slope of the SWRC in the high-matric-suction range decreases
with the increase of dry density, since parameter m increases with
an increase in dry density (Table 2).

It is remarkable that the Young-Laplace equation, Eq. (6), is a
key component in the proposed procedure. This equation is de-
duced from the force equilibrium on the air–water interface. As
pointed out by Lu and Khorshidi (2015), the capillary pore water
has to be present in pores where the Young-Laplace equation is
valid. At low saturation (especially for fine-grained soils), however,

Table 2. Obtained Soil-Water Characteristic Parameters for Silt and Clayey Soils

Parameter

Silt Clay

1.45 g=cm3 1.60 g=cm3 1.75 g=cm3 1.40 g=cm3 1.60 g=cm3 1.80 g=cm3

m 0.9296 0.8117 0.6732 0.5292 0.4351 0.4268
n 1.528 1.740 1.686 1.731 1.899 1.948
a 12.0 18.0 20.0 25.0 50.5 70.0
b 4.41 5.18 4.05 5.40 3.24 2.71

Fig. 5. Comparison of the measured and predicted SWRCs for the
silt samples

Fig. 6. Comparison of the measured and predicted SWRCs for the
clay sample
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capillary water may disappear and the adsorbed water becomes
dominant. In this case, the Young-Laplace equation is no longer
applicable. Hence, the application of the proposed method should
be limited to soils with medium to high saturation, namely in a
capillary regime, where capillary effects become dominant in the
pore water. For those fine-grained soils with a significant amount of
adsorbed water, other methods should be applied (e.g., Lu and
Khorshidi 2015; Lu 2016).

Conclusions

Based on a well-defined pore-size distribution function and the
NMR technique, a new procedure is developed for determining
the soil-water characteristics of unsaturated fine-grained soils in
a capillary regime. In the proposed procedure, the linear relation-
ship between pore radius and NMR relaxation time T2 is adopted.
By virtue of the Young-Laplace equation, the pore-size distribution
function is then transformed into a function that simply describes
the T2 distribution. The obtained distribution function is used to fit
the T2 distribution curve, which can be readily measured by using a
NMR device. Based on this, all the parameters characterizing
the soil-water retention characteristics can be inferred. Hence, the
proposed procedure includes two key components, namely, NMR
measurement for determining the T2 distribution curve, and the
proposed model to fit the measured distribution curve.

To demonstrate the proposed procedure, a series of NMR mea-
surements was performed on two types of saturated fine-grained
soils with different dry densities, and the parameters of the pore-
size distribution function were determined. To validate the
proposed procedure, the soil-water retention curve of all the tested
soils were independently measured by the pressure-plate method.
It is clearly shown that, although some discrepancies exist, the pro-
posed procedure can be effectively used to describe the soil-water
retention curves of unsaturated fine-grained soils over a range of
saturation levels in which the capillary effect is dominant.

In the proposal procedure, only the T2 distribution curves of
soils at full saturation need to be determined. Because the NMR
measurements do not rely upon the soil equilibrium state, which
is generally time-consuming for a soil to reach, significant amounts
of time can be saved by the proposed model in determining the soil-
water retention characteristics. Indeed, in a sharp contrast to the
traditional method for the SWRC, it takes only a few minutes to
finish the NMR measurements in the proposed method, and the
parameters that are used to characterize the SWRC can be obtained
by a curve-fitting procedure, which takes minimal time if a com-
puter program is adopted in the inverse analysis.
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