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Abstract The study of water infiltration helps to
investigate the pollutants’ migration, grasp the mech-
anism of the water cycle, and correctly evaluate water
resources. This paper reveals the mechanism of com-
pacted loess’s one-dimensional vertical water infiltra-
tion characteristics using a low-cost water infiltration
device. In addition, it investigates particle arrange-
ment and pore size distribution characteristics using
nuclear magnetic resonance (NMR) and scanning
electron microscopy (SEM). The test finding suggests
that the loess’s early-stage infiltration rate is signifi-
cant, and the dry density is not related to the infiltra-
tion characteristics. With the advance of the wetting
front, the infiltration rate decreases under air resist-
ance. The unsaturated permeability decreases with
dry density at lower matric suction while unaffected
by the dry density at higher matric suction. Moreover,
the volume and connectivity of pores mainly control
the water infiltration characteristics. Finally, based
on the test results, a method for rapidly predicting the
unsaturated permeability of loess is proposed. The
results of the study help predict contaminant transport
and guide groundwater extraction and management.
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Highlights

1. Loess’s unsaturated infiltration characteristics
with different dry densities were obtained.

2. The relationship between loess’s unsaturated per-
meability and microstructure was investigated.

3. An unsaturated permeability prediction model
based on basic physical indices is proposed.
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1 Introduction

The hydrological cycle depends heavily on soil, espe-
cially topsoil, which is a critical part of the natural
ecosystem. Rainfall infiltration, surface evaporation,
and dynamic soil water storage are all accomplished
in a soil medium. Loess is a regional soil deposited
under arid and semi-arid conditions and covers an
area of about 324,600 km? in northwest China (Peng
et al. 2019). As the primary construction material in
the loess area, loess is prone to collapse and other
hazards during water infiltration (Wang et al. 2021a,
2021c). Water infiltration is also one of the main fac-
tors for frequent slope damage and landslides in loess
areas with seasonal rainfall (Au 1993; Chen et al.
2004; Kassim et al. 2012; Galeandro et al. 2014;
Jones and Rowe 2016). In a human social environ-
ment where various pollutants are present in large
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quantities, the downward transport of pollutants with
water can contaminate soil and groundwater. The pore
space in loess is a natural channel for water transport.
Therefore, investigating water infiltration in loess
is essential in preventing and controlling geological
hazards and optimizing the human environment.

Soil permeability is an essential characteristic of
geotechnical engineering (Liu et al. 2016; Gao et al.
2018; Xu et al. 2020), which influences the engineer-
ing behavior (Ma et al. 2017; Wang et al. 2018) and
the capacity to transport pollutants (Gao et al. 2018;
Li et al. 2018). Multiple researchers have extensively
investigated the saturated permeability of various soil
types worldwide (Bevington et al. 2016; Damiano
et al. 2017; Zhang et al. 2019b; Hou et al. 2020; Wang
et al. 2020; Xu et al. 2020). However, due to several
limitations of unsaturated permeability measure-
ments, they have not been classified as design param-
eters so far (Shackelford et al. 2000; Aldaeef and
Rayhani 2014). Although unsaturated permeability
has not been adequately studied, researchers have rec-
ognized dry density as a critical factor affecting loess
permeability (Cai et al. 2014; Jing et al. 2022). Fur-
thermore, the mechanism of unsaturated permeability
variation in compacted loess is unclear. Soil micro-
structure is the primary determinant of macroscopic
properties (Shao et al. 2018; Li et al. 2019b; Wang
et al. 2019). The unsaturated permeability is closely
related to the microstructure of the loess. Since it is
difficult to accurately describe the structural changes
within the soil by conducting macroscopic tests,
investigating loess’s unsaturated permeability using
soil microstructure has become an essential tech-
nique. Consequently, a number of tests on permeabil-
ity and microstructure is required to investigate the
response of permeability to microstructure.

In the past decades, many theories have been devel-
oped to predict soil’s unsaturated permeability due to
the difficulty in measuring this parameter (Gao et al.
2021). For instance, influenced by the pore size dis-
tribution, Mualem (1976) and Fredlund et al. (1994)
proposed estimating unsaturated permeability using
soil and water retention curves. In the twenty-first cen-
tury, researchers began to use conventional soil data to
assess unsaturated permeability (Wagner et al. 2001;
Zhuang et al. 2001). Zand-Parsa and Sepaskhah (2004)
proposed an unsaturated permeability equation based
on the area of the liquid—gas interface around the par-
ticles. The prediction model proposed by Lebeau and
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Konrad (2010) takes the capillary and thin film flow
into account. Gao and Shao (2015) considered the
effect of temperature. Despite the extensive research
on unsaturated permeability prediction, unsaturated
permeability prediction models considering dry den-
sity/porosity ratio are still poorly described. Therefore,
further research is needed on unsaturated relative per-
meability prediction methods that consider the effects
of porosity and dry density.

This study uses a low-cost one-dimensional soil
column percolation device to conduct permeability
tests, and SEM and NMR are adopted to observe its
microstructure. The major objectives of this study are
as follows: (1) Evaluate the infiltration characteris-
tics; (2) Measure the microstructure of different dry
density specimens to reveal the mechanism of water
infiltration in loess; (3) Propose a microstructure-
based model that describes unsaturated permeability
with different void ratios; (4) Compare the measured
data against the predicted values using the proposed
permeability model.

2 Study areas

The study area is situated in Longde County, Guyuan
City. The stratigraphic distribution of the area is char-
acterized by Maran loess overlying clay. One land-
slide developed in this region is about 220 m in length
and 249 m in width (Fig. 1). Typically, the sliding belt
in the area forms at the contact surface between loess
and mudstone. The hydraulic conductivity of loess
is significantly greater than clay, so during rainfall,
water enters the slope through the loess and collects
at the contact surface of the clay and loess. The action
of water rapidly softens the loess and clay, thereby
reducing the stability of the landslide. Therefore, it is
practical to investigate the infiltration characteristics
of loess in this region for landslide management.

3 Materials and methods
3.1 Materials

The material used in this study was Malan loess
obtained from the above-mentioned landslide. Table 1
lists the fundamental physical indicators of loess. The
tested loess consists primarily of silt (2<d<75 pm)
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Fig. 1 The Wenbu landslide: a location of the landslide; b geological section A—A'

Table 1 Major physical properties of loess

Property Value
Maximum dry density p, (g/cm?) 1.69
Optimal water content w, (%) 14.11
Specific gravity Gs 2.72
Liquid limit w; (%) 28.9
Plastic limit wp (%) 16.1

grains (about 78.99%), with approximately the same
sand (d>75 pm) and clay (d<2 pm) content of
10.39% and 10.62%, respectively (Fig. 2).

3.2 Experimental apparatus

The unsaturated permeability test instrument was
a low-cost one-dimensional infiltration test device
(Fig. 3). It consists of a Plexiglas barrel, a steel base,
and a counterforce frame. The plexiglass barrel meas-
ures 63 cm in height, 30 cm in diameter, and 1 cm
in wall thickness. The Plexiglas barrel is evenly dis-
tributed with small holes on both sides which have a
diameter of 0.8 cm and a vertical spacing of 10 cm.
The MPS-6 and EC-5 sensors were buried in small
holes for matric suction () and volumetric water
content (@) testing at each height. Four threaded tie
rods hold the Plexiglas barrel securely to the steel
base. Permeable holes with a 5 mm diameter are uni-
formly distributed at the base of the soil column. A
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Fig. 2 Particle size distribution (PSD) of test loess

drainage pipe discharges water from beneath the per-
meable hole.

3.3 Methods

The loess retrieved from the site was broken with
a rubber hammer and air-dried. Pass the air-dried
loess through a 2 mm sieve. Optimal water content is
achieved by spraying water evenly into the soil. The
soil is sealed and maintained for 72 h to ensure uni-
form water distribution within it.
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Fig. 4 Saturated permeation test device

3.3.1 Saturated permeability test

A metal mold is employed for statically compacted
soil. The p, of the specimens were 1.45, 1.55, and
1.65 g/cm?®, respectively. The dry density of the
specimens used for saturation infiltration and the soil
columns utilized for subsequent one-dimensional
infiltration tests were kept consistent. Therefore,
the results of the saturation permeability test can be
used to determine the saturation permeability of the
soil column. The variable head method measured
the saturation permeability at 20+ 2 °C. Nanjing Soil
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Instrument Factory produced the instrument used in
this study (Fig. 4). The specific operation steps were
reported in Yuan et al. (2022). The variable head
permeability was determined using the following
formula:

L H,

a
k¢=23 log —
s ey (1)

Al = 1)
where kg is the permeability (cm/s), A is the cross-
sectional area of the sample (cm?), a is the cross-sec-
tional area of the tube (cm?), L is the height of the
sample (cm), and t; and t, are the start and end times
of the test (s), respectively.

3.3.2 One-dimensional soil column permeability test

In Plexiglas drums, the soil was compacted in layers
to densities of 1.45, 1.55, and 1.65 g/cm3 following
maintenance. The specific steps are outlined below.
The soil mass necessary for a 5-cm high column is
calculated from the soil’s p; and water content (w).
The soil is evenly spread on the bottom of the Plexi-
glas barrel and compacted to the desired height using
the self-contained pressurizing device. The above
steps were repeated ten times, with each layer 5 cm
reaching a height of 5 cm. The sensors were spaced
10 cm apart in four groups. Soil columns were con-
structed and then dried naturally to monitor changes
in @ and y throughout the process from drying to
saturation. The infiltration test is conducted after the
sensor reading has stabilized. Observe the water infil-
tration process during the test and record it in time.



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:12

Page 5 of 18 12

When water flows out of the drainage pipe, measure
the water flow rate regularly.

The soil mass required for a 5 cm high soil column
is calculated using the following formula:

mg=Ap - hs - p(1+w,) )

where m is the soil mass required for a 5 cm high soil
column (g), Ap is the bottom area of the plexiglass
drum (cm?), and hs is the height of the soil column,
which is 5 cm in this case.

The total head 4, is the sum of the positional head
h and the matric suction head 4,,,, i.e.:

h, =h+h, ?3)
The hydraulic gradient i,, is the slope of the total
head distribution along the soil column, i.e.:

dh,,
R 4
iy = “
The volume of water between the i point and the
bottom of the soil column is:

h
vV, = / 0,,(h),Adh (5)
0

where 0,(h), is the volumetric water content at point
h at time ¢.
The flow velocity v,, at point / can be defined as:

_dv, ©)
= Adi
The unsaturated permeability is:
VW
k== ™
where i, is the average hydraulic gradient.

The forward differential method is applied to cal-
culate i ,,:

P2y = w2
h2 — hl

1 Pony.i1 = My

;= 8
fave = ST ) ®)

where h,,,, is the water head at point A at time 7
(cm).

Based on the y and 6, the instantaneous profile
method described above can compute the unsatu-
rated permeability s of compacted loess at various dry
densities.

3.3.3 NMR test

After the one-dimensional soil column infiltration
test, the samples were cutting with a cutting ring
inside the soil column. The PQ-001 mini NMR
instrument developed by Suzhou Newman was used
for NMR testing. Nuclear magnetic resonance is a
technique for testing hydrogen protons. Notably, the
ferromagnetic material in traditional stainless steel
ring cutters can affect the homogeneity of the main
magnetic field in the NMR analyzer. In this experi-
ment, a PTFE ring cutter replaced the traditional
stainless steel ring cutter. When pores are saturated
with water, the hydrogen proton distribution cor-
responds to the pore size distribution (PSD). Due
to the difficulty of achieving full soil saturation at
standard atmospheric pressure, the specimen should
be vacuum-saturated before the NMR test to evalu-
ate the entire PSD curve. The specific operational
steps have been reported by Wang et al. (2021a).
Transverse relaxation time (T,) curves are used to
depict the test results. The T, curves can be con-
verted into pore size distribution curves (Kong et al.
2017; Wang et al. 2021a, 2021Db).

3.3.4 SEM test

The surface soil of the intact block sample was care-
fully and uniformly removed to prevent disturbing
the soil sample structure during NMR testing. Then,
a cubic stick with dimensions of 10X 10Xx20 mm
(L x W x H) was trimmed from the core of the intact
block sample. The conventional air-drying method
causes soil samples to shrink and deform. In this
study, the sticks were dehydrated in a freeze dryer
to eliminate the potential influence of water on the
subsequent microstructure observations (Wei et al.
2020). Then, create a minor groove in the middle
of the soil column. A flat fresh surface was obtained
by breaking the groove before the test. A repre-
sentative section was selected for observation. The
MLAG650F SEM developed by FEL was used for
SEM imaging.

The microstructure of compacted loess was
investigated using NMR and SEM techniques. Fig-
ure 5 displays the testing procedure is shown in.
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Fig. 5 Flowchart of microstructure testing

4 Results
4.1 One-dimensional infiltration characteristics

4.1.1 Time series curves of cumulative infiltration
volume and infiltration rate

Since the cross-sectional area of the soil column is
constant, the infiltration volume is given as the vol-
ume of water infiltrated per unit area Q (Fig. 6). The
cumulative infiltration volume gradually increases
with the increase in infiltration duration. However,
the infiltration rate shows an opposite trend, decreas-
ing with the increase in time and stabilizing at a fixed
value. On the other hand, the cumulative infiltration
and the infiltration rate are negatively correlated with
the dry density.

The cumulative infiltration and infiltration rate
time series curve can be divided based on the shape

40t
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E o py=155g/em’ o6 E
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Fig. 6 Cumulative infiltration volume (Q) and infiltration rate
(v;) time series curves
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of the curve into a fast infiltration stage, a slow infil-
tration stage, and a stable infiltration stage. In the fast
infiltration stage (0-59 min), the cumulative infiltra-
tion volume increases rapidly, indicating that the soil
has a strong infiltration capacity. The infiltration rates
of different dry densities overlap and show a rapidly
decreasing trend. In the fast infiltration stage, the
influence of dry densities is insignificant on the infil-
tration rate. The cumulative infiltration continues to
increase during the slow infiltration stage until water
emerges from the soil column. The time taken for
water to emerge from the bottom of each dry-density
soil column is 415, 585, and 1142 min, respectively.
The time required for the saturation of the specimen
gradually increases with the increase of the p,. The
infiltration rate decreases slowly in the slow infiltra-
tion stage, with the range of decreasing infiltration
rate increasing with the rise in dry density. Therefore,
at this stage, the time series curves start to diverge,
and the cumulative infiltration for the same time
reduces with the increase in p,;. In the stable infiltra-
tion stage, water is discharged from the soil column,
which indicates that the column is close to satura-
tion. Therefore, the cumulative infiltration of soil
columns with different dry densities increases lin-
early with time, and the infiltration rates are stable
at 8.46x107%, 4.42x107%, and 1.07x 10~ cm/min,
respectively.

4.1.2 Wet front advance distance and rate time series
curve

The wet and dry interfaces in the one-dimensional soil
column are wetting fronts. The migration characteris-
tics of the wetting fronts visually reflect the rapidity
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of water infiltration in the soil. The transparent Plexi-
glas barrel provides the conditions for observing the
migration characteristics of the wetting front with the
naked eye. The wetting front kept moving forward as
the soil column infiltration test proceeded (Fig. 7).
The time series curve of the wetting front advanc-
ing distance (S) is steeper in the initial stage, and the
slope gradually decreases as the test proceeds. The
time series curve of the wetting front advance rate
(v,,) shows that the advance rate is significant and
decreases rapidly in the initial stage. In this stage, the
soil is drier, has a strong infiltration capacity, and the
wetting front migrates downward quickly. As infil-
tration proceeds, the upper layer of the soil gradu-
ally becomes saturated, and its infiltration capacity

o py=145g/em’

pa=1.55 g/em®

pa= 165 g/em®
1

v,, (cm/min)

400
Time (min)

0 200 600

Fig. 7 Time series curves of the wetting front advancing dis-
tance (S) and rate (v,,)
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Fig. 8 Time series curves of € and y

~

gradually decreases. Thus, the wetting front migra-
tion rate decrease. The dry density also influences
the wetting front advancing distance and rate. The
wetting front advancing distance decreases with the
increase in the p,. It also influences the wetting front
steady advance rate at the late infiltration stage. The
wetting front steady advance rates for 1.45, 1.55, and
1.65 g/cm?® dry density soil columns are 0.103, 0.067,
and 0.034 cm/min, respectively.

4.1.3 Time series curves of € and y at monitoring
points

The changes in 8 and y within the soil column during
infiltration can be monitored with the help of sensors
(Fig. 8). The changes in # and y at each position of
the soil column can be divided into (i) a stable stage,
(ii) a rapid change stage, and (iii) a slow change stage.

Before the water infiltration to the monitoring
point, the time series curve is at stage (i), and the 0
and y are stable as the test proceeds sensors respond
sequentially from shallow to deep. The time series
curve enters stage (ii). Due to the different sensor
response times, the time series curves diverge at stage
(ii) (Table 2). The sensor’s response time at the same
position increases with the increase in p,. The sen-
sor response time difference between soil columns
with various p, increases with the burial depth. For
example, the sensor response time difference between
the p, of 1.45 g/cm® and 1.65 g/cm® soil columns
is 16 min at 10 cm and 407 min at 40 cm. Both the
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Table 2 Time required for sensor response at different burial
depths 12 F
Dry density (g/ Time (min)
cm’®) 10
10 cm 20 cm 30 cm 40 cm —
1
1.45 10 46 103 196 § 8y
1.55 12 60 166 299 S
1.65 26 137 322 603 x or
4+
sensor response time and the response time difference
between two adjacent sensors increase with the bur- 2r ) ) .
ial depth. For example, the response time difference 1.45 1.55 1.65
i - 3
between the sensors at 10 cm and 20 cm in a dry den p, (glem®)

sity of 1.45 g/cm® soil column is 36 min, and at 30 cm
and 40 cm is 93 min. It indicates that the advancing
speed of the wetting front gradually decreases, which
is consistent with the results in Fig. 5. Moreover, the
shape of the time series curve in stage (ii) corrobo-
rates the above results. Stage (ii) can be divided into
a steep stage and a gentle stage. The steepening stage
gradually decreases with the increase in p, and burial
depth. The time taken from the beginning of the sen-
sor response to the end of the stage (ii) is defined as
the humidification duration, which reflects the humid-
ification rate of the soil (Table 3). The humidification
duration increases gradually with the rise in dry den-
sity. In stage (iii), the volumetric water content and
matric suction slowly change until each position’s
water content and matric suction are equal.

4.1.4 Permeability

The results of the saturation permeability test are
shown in Fig. 9. As shown in the figure, the saturation
permeability of the three specimens is between 107
and 1073 cm/min. As the dry density increases, the
saturation permeability gradually decreases.

Table 3 The humidification duration of loess at different mon-
itoring points

Dry density (g/ Time (min)

cm’)

10 cm 20 cm 30 cm 40 cm
1.45 34 63 139 229
1.55 49 93 214 267
1.65 54 147 253 375

@ Springer

Fig. 9 Saturated permeability kg

The unsaturated permeability of the loess can be
calculated from Egs. (2) to (8) and the data in Fig. 8
and the results are as shown in Fig. 10. This test is
a humidification process, with a gradual increase in
volumetric water content and a gradual decrease in
. The unsaturated permeability increases rapidly.
The permeability is mainly distributed from 107 to
10~* cm/min, spanning five orders of magnitude. The
unsaturated permeability of different dry densities in
the high suction section (y > 50 kPa, 8 <0.2) overlap.
The dry density has almost no effect on the perme-
ability of loess when the w is low. As the matric suc-
tion decreases, the unsaturated permeability begins to
diverge, with the smaller the p,, the greater the per-
meability of the specimen. As the y decreases, the
unsaturated permeability enters the saturation stage.
As the y decreases, the saturation stage’s permeabil-
ity is almost constant. The air entry value (y,) is the
turning point between the saturated and humidified
stages (Fig. 10a). The dry density has a significant
effect on the y,, which increases as the p, rises.

4.2 Microstructure
4.2.1 SEM results

The microstructure of loess specimens is observed
in Fig. 11, with the particles, aggregates, and pores
being visible. Generally, loess structure depends on
the irregularity and randomness of the clay position.
Most of the particles are encapsulated by clay to form
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Fig. 11 Microstructure of loess with different dry density

outer clay particles (Xie et al. 2018). Aggregates of
varying sizes are formed between the outer clay par-
ticles through cementation. Moreover, large-diameter

aggregates form overhead structures (Fig. 11a). The
larger the aggregates’ diameter, the lower the stiff-
ness and strength (Xu et al. 2021). The increase in
dry density is essentially a process of soil compaction
in which aggregates break up into smaller ones. The
pores are filled with aggregate particles, resulting in
a reduction of the total pore area and a deterioration
of the pore connectivity (Fig. 11b). Thus, the frag-
mentation degree of aggregates in a cemented state
is proportional to the dry density (Fig. 11c). In terms
of particle skeleton, as the dry density increases, the
broken aggregates fill the pores in the form of inter-
locking (Fig. 11b). The aggregates do not break con-
tinuously. When the dry density reaches a certain
level, the aggregates can only reduce the void ratio
by cementing with the skeletal particles. The cemen-
tation of the aggregate and skeleton particles blends
the skeleton particle profile to form a matrix structure
(Fig. 11c). In general, the particles’ contact relation-
ship increases with the dry density from an over-
head structure to an interlocking structure to a matrix
structure.

4.2.2 NMR results

The particle and aggregate arrangement and combi-
nation forms of various dry densities were analyzed
using SEM images, and then the pore size distribu-
tion properties were analyzed using NMR results
(Fig. 12). The specimens’ pore size distribution
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Fig. 12 Pore size distribu-
tion curve 1.45 o/cm?
—1.55 g/em®

— < 0
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curves mainly exhibit a single-peak distribution and
conform to a normal distribution in semi-logarith-
mic coordinates (Li et al. 2020b). As the dry den-
sity increases, pore diameters that exceed 10 pm are
significantly compressed, and the maximum pore
diameter decreases. There is a slight compression
of the pore volume for pore sizes below 2 pm. The
overall pore size distribution curve shrinks towards
the middle, i.e., a smaller pore size distribution
range. Compression makes the pore space more
uniformly distributed in the soil. The pore diam-
eter corresponding to the peak point of the PSD
curve is the advantage pore diameter (d,), and the
d, decreases with the increase in dry density. For
example, when the p, of the specimen is increased
from 1.45 g/cm® to 1.65 g/cm® and d,, is reduced
from 24 pm to 8.7 pm (Fig. 12). The pore ratio e
and d, relationship curves are plotted in logarithmic
coordinates (Fig. 13), showing a linear relationship
between e and d,. The relationship between the e
and the d, is given by:

lge=algd, +b )

where a and b are parameters of soil properties.

This study takes a and b as 0.262 and —0.379,
respectively. Phadnis and Santamarina (2011) also
found the same law and concluded that e and d,
have a theoretically linear relationship. Comparing
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the results of Wang et al. (2019) (Fig. 13), it can
be seen that the slope of the linear relationship
between e and d, is the same, except for the inter-
cept, which may vary from one soil type to another.

Water flow occurs within the pores in the soil;
hence the soil’s permeability is related to its pore
size distribution (Greenland et al. 1977; Pagliai
et al. 2004). In this paper, the pores are divided
based on their size into micropores (d <2 pm), small
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pores (2<d<8 pm), mesopores (8<d<32 pm),
and macropores (d> 32 pm) (Lei 1988).

Compared to the 1.45 g/cm® specimen, the
1.55 g/cm?® specimen shows a significant decrease in
the macropores volume and a slight decrease in the
mesopores volume. In contrast, the micropores vol-
ume and small pores are unaffected (Fig. 14). When
the dry density increases to 1.65 g/cm?®, the large
pore volume decreases, and the mesopore volume
reduces significantly. It is noteworthy that the small
pore volume has increased, indicating that the com-
pression of macropores and mesopores produces
small pores. On the other hand, the microporous
volume reduction is not evident during the whole
process. The loess’s structural strength mainly
comes from the strength and number of particles’
contact points (Li et al. 2019a). Therefore, in com-
pression, the large pores are first compressed into
smaller ones, and then the object of influence is
transformed into a tiny pore size step by step (Oual-
makran et al. 2016). The compression of pores is
not strictly in the order of pore diameter from large
to small. Because the location and direction of each
contact point in the loess are different, compress-
ing pores with the same diameter is not the same;
thus, the mesopores compression does not start
only when the macropores disappear completely.
For example, compared to the specimen with a p,
of 1.45 g/cm’, the mesopores volume in the speci-
men with a p,; of 1.55 g/cm?® has started to decrease,
but the macropores have not entirely disappeared.
The micropores are mainly within the aggregates,
and the micropores are the same for different dry
densities. This finding is similar to that reported by
Zhang et al. (2019a) and Burton et al. (2014).

150
I Micropore
[ Small pore
~ 120 Mesopore
mQD Macropore
g
& 90
i)
£
S 60
[
g
&30
145g/em®  1.55gem®  1.65 glem’

Fig. 14 Histogram of different types of pore volumes

5 Discussions
5.1 Response of PSD curve to microstructure

The PSD curve of the 1.45 g/cm? dry density sam-
ple shows a double peak, but the difference between
the two peaks is enormous, with the prominent peak
being seven times the secondary one. The PSD
curves of the 1.55 and 1.65 g/cm? dry density speci-
mens exhibit a single peak, as shown in Fig. 12.
Although the overall change in the micropore vol-
ume is not significant (Fig. 14), it is evident from
the pore size distribution curve that the micropores
are compressed. However, the current study’s find-
ings do not support previous research. The tradi-
tional understanding of loess pores mainly consists
of interaggregate and intra-aggregate pores; hence,
the pore size distribution curve should be bimodal
(Shao et al. 2018; Li et al. 2020a). Moreover, the
loess aggregates exhibit significant stiffness and are
affected by the forces generated in static compac-
tion (Barden and Sides Geoffrey 1970). Thus, dif-
ferent specimens have the same micropores (Birle
et al. 2008).

The prepared sample water content influences the
pore size distribution curve of loess. At lower water
contents, capillary action tends to link loess particles
and clay grains together and form flocculated structures
during sample preparation (Seed and Chan 1959). This
indicates that more aggregates are produced when the
samples are prepared with low water contents (Delage
et al. 1996; Watabe et al. 2000; Monroy et al. 2010).
Therefore, the PSD curves of the specimens prepared
at low water content exhibit a double peak. When the
water reaches the optimum water content, the water
pushes the loess units apart in the sample preparation,
preventing the formation of aggregates (Fig. 11) (Oual-
makran et al. 2016). The distinction between micro-and
macro-pores is not apparent, thus showing a single peak
(Delage et al. 1996). Therefore, when compressed at
optimum water content, a single-peaked pore size dis-
tribution curve usually appears and no longer combines
micropores and macropores (Delage et al. 1996). When
the soil’s optimal moisture content is reached, the cap-
illary phenomenon decreases, and the compressibility
increases. During compression, the inter-agglomerate
pores change, and some large-diameter particles aggre-
gate (Birle et al. 2008). Therefore, the PSD curves at
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the micro-pores show signs of compression when the
dry density increases (Fig. 12).

5.2 Effect of microstructure on water infiltration

Accumulated water infiltration is essentially the pro-
cess of expelling air from the soil. The low w of the soil
column at the beginning of infiltration resulted in high
matric suction (Fig. 8). Therefore, the infiltration rate is
faster at the beginning of infiltration. According to the
principle of suction equilibrium, water preferentially
occupies pores with smaller pore sizes. The micropore
volumes of soil columns with different dry densities
are the same (Figs. 12 and 14); hence the dry density
has no influence on the infiltration and wetting front
advance rates of soil columns at the beginning of infil-
tration. The upper pores of the soil column are the first
to be filled with water at the beginning of infiltration,
which leads to constant compression of the gas in the
pores as the wetting front advances (Touma and Vau-
clin 1986; Weir and Kissling 1992). The air pressure
gradually increases, which means that the wetting front
advance and infiltration rates decrease (Figs. 6 and 7).
The findings of this section support those of previous
studies (Culligan et al. 2000; Essig et al. 2009). As
the dry density increases, the macropores within the
soil decrease (Fig. 14), and the connectivity between
the pores decreases (Fig. 11). The air is expelled more
slowly in the soil column with higher dry density and
more significant air pressure. Therefore, the decreased
degree of the wetting front advance and infiltration rates
in the soil column increases with the rise in dry density.
When water seeps out at the soil column bottom, the
column is close to saturation, and the dry density has
a negative effect on the infiltration rate. Consequently,
the steady-state infiltration rate is negatively correlated
with the dry density (Cho 2016; Sun et al. 2016).

To observe the effect of the PSD curve on the unsat-
urated permeability more visually, the PSD curve and
the unsaturated permeability are plotted with the same
coordinate system (Fig. 15). It is noteworthy that the
pore diameter is converted to matric suction using the
Young—Laplace equation:

4T, cos a

V=g {10

where y is the matric suction (kPa), T is the surface
tension at the air—water contact surface (mN/m), a is
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Fig. 15 Correspondence between unsaturated permeability
and PSD curve

the contact angle between the soil and water (°), and
d is the pore diameter (pm).

Upon seepage initiation, the w gradually
decreases, and the maximum diameter of the satu-
rated pore gradually increases. Unsaturated seep-
age occurs in these saturated pores, so the PSD
curve and the unsaturated permeability correspond
well. When the y is greater than 30 kPa, the PSD
curves of various dry densities overlap, resulting
in the same unsaturated permeability. This means
that the dry density under high matric suction con-
ditions does not affect the unsaturated permeability
of the specimen (Xu et al. 2004). The PSD curve
and the permeability no longer overlap when the y
is less than 30 kPa. The pore volume decreases with
increasing p, at the same matric suction. The rise
in pore volume increases the number of percolation
channels and the connectivity between channels.
Therefore, the permeability decreases at this stage
with increasing dry density (Xu et al. 2004). The
permeability remains unchanged when the y is less
than 1 kPa. When the y is less than 1 kPa, the pore
volume of different dry densities is close to zero,
which has almost no effect on the permeability.

5.3 Unsaturated permeability model

Darcy’s theorem applies to unsaturated soil in a steady
flow state (Tian et al. 2020). By Darcy’s theorem:
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k=—= 11
. an

where k is the permeability (cm/s), Q is the sample
volume flow rate (cm?/s).

Because the soil is composed of massively inter-
connected pores, seepage occurs (Fig. 11). The
pores are divided into n different sizes (Fig. 16). It
is hypothesized that water fills the first m classes of
pores in the soil. Therefore, the pore flow Q of the
sample can be represented as the total of the pore
volume flows in the grades up to m (m <n):

0= (12)

where g; is the volume flow of the i-th grade pore
(cm3/s).

According to Hagen Poiseuille, the volume flow
g, in the pores of grade i can be expressed as:

4
zr;Ap

87 (13)

q; =

where r; is the pore radius (pm), Ap is the pressure
difference between the two ends of the pore (Pa), n
is the viscosity, [ is the pore length (cm), and N is the
number of pores.

Assuming that the ratio of [ to L is P,, the pore
length can be expressed as LP;. Based on the frac-
tal model theory of pore volume distribution, the

The 1-th pore
A

The 1-th pore volume
he|1-th pore radius 7;

v

Pore radius, r

Cumulative pore volume, V,

Fig. 16 Diagram of aperture classification

relationship between pore radius and the corre-
sponding number (N) is (Pfeifer and Avnir 1983):

N=crP (14)

where C is a constant value, D is the fractal dimen-
sion of pore distribution.
Therefore, Eq. (11) can be expressed as:

m 4Ap
§ an, (15)

k= -
Ai

Since the cross-sectional area of pore in the
j-th grade is defined as A,=nr,> water head loss is
defined as Ah=Ap/pg, and the hydraulic gradient is
defined as i =An/L, Eq. (15) can be expressed as:

pg < T

= —N 16
A 2 (16)

L

The volume of pores in the ith is AV,, hence,
AN=AV /Lp, For the ideal hypothetical model, p,
is taken as a constant. Therefore, Eq. (16) can be
expressed as:

K, ¢
- ¢ 2
k= v i:zl r;AV, (17)

where V is the sample volume (cm?), and K =pg/
(84p;?) and for the same soil K. is a constant.

From Eq. (14), it can be observed that the
pore volume with a pore radius less than r can be
expressed as follows:

" Anp _
=/0 ( 7? YdN = Br*™P (18)

where B=4nCD(D-3)/3.
Therefore, Eq. (17) can be expressed in integral
form as given below:

_ _/ Z
- B
(19)

The relative permeability (k,) is proportional to
the pore volume fraction used for fluid flow, which
can be expressed in terms of w or degree of satura-
tion (S,) (Leij and Wu 1999). When the pores in the
soil are filled with liquid (V,,=V,), the permeability

5-,

_G-DK. 1> =
w—mv%) -
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is taken as the saturated permeability k,. Therefore,
the k, can be expressed as:

k=% =) (20)

The only unknown parameters in Eq. (20) are
the k; and the fractal dimension D. Among them,
the saturated permeability can be obtained through
a simple permeability test, so acquiring the fractal
dimension is particularly important. Taking the log-
arithm of the left and right ends in Eq. (18) results
in the following equation:

B

lgV, =0 -D)lgd+lg =5 21

It can be seen from Eq. (21) that if the pore vol-
ume and pore diameter are the logarithms with
base 10, and the slope of the scatter plot is k, then
D =3 —k; therefore, the fractal dimension can be
expressed using the formula given as follows (Yu
and Li 2001):
gV

v

—lgd

min

D=3- (22)

lgd

max

where d,,,. and d,,;, are the maximum and minimum
pore diameters (um), respectively.

Equation (22) considers all pores and applies
them to coarse-grained soils. The moisture pen-
etration in loess is mainly in the form of capillary
wetting fronts advancing, and capillary water is
mainly present in pores with diameters of 2 pm to
500 pm(Wang et al. 2020). The micro-pores are
mainly bound to water within them. Therefore, the
micro-pore volume (V,,) should be neglected when
calculating the fractal dimension. Since d,,;, =2 pm,
Eq. (22) can be improved as

lg Vv - lg Vm
lgd .. —1g2

max

(23)

where V, is a function of the pore ratio that can be
expressed as e/G,.

Previous studies found that the PSD curve con-
forms to a normal distribution in semi-logarithmic
coordinates and a normal distribution during defor-
mation (Li et al. 2020b). The relationship between
the d, and the d,,,, can be obtained from the normal
distribution characteristic (lgd,,,,=2lgd,). Based on

max

@ Springer

the relationship between e and d

e (EQ. (9)), the
relationship between e and d,,,, can be obtained as
follows:

lge—b
lgd . =2 P 24)

Hence, the fractal dimension expression is:

alg(e/ G,V,,)
D=3- £ / (25)
21ge—2b—alg?2

where parameters a and b were previously found, V,,
is considered a fixed parameter (Fig. 14) (Tao et al.
2021), with the value taken as 11.49 mm3/g based on
the average of the test results.

The model proposed in this study (Eq. (20) and
Eq. (25)) for predicting the unsaturated permeability
of loess requires only the void ratio and saturation
permeability, which are parameters that can be typi-
cally obtained through simple geotechnical tests.

5.4 Model validation

In order to verify the model’s accuracy, the unsatu-
rated permeability of the three specimens was pre-
dicted as follows:

1. The void ratio (e) of the specimen was calculated
based on the dry density.

2. The void ratio is substituted into Eq. (24) to find
the maximum pore size (d,,,,), where the param-
eters a and b are obtained from Eq. (9).

3. The pore volume (Vy) is obtained using the pore
ratio, as Vy,=¢/G,.

4. The fractal dimension D is obtained by sub-
stituting Vy, V, and d,,, into Eq. (23), where
V., is a constant value for different specimens,
v, =11.49 mm*/g.

5. The unsaturated permeability can be obtained by
substituting the fractal dimension and saturated
permeability into Eq. (20).

The values of the parameters obtained during the
calculations are shown in Table 4.

Figure 17 shows the predicted curve and the meas-
ured data, which are in agreement with each other.
It indicates that the method provided in this study
to predict the unsaturated permeability is feasible.



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:12

Page 15 of 18 12

Table 4 Predicted

parameters of unsaturated Pa (glem’) ¢ Y, (mm’g) Vi (min’/) 8 (H) b Ky (em/s)

permeability 1.45 0.88 322 11.49 2.77 2.45 1.18E-4
1.55 0.75 275 11.49 2.24 231 6.14E-5
1.65 0.64 249 11.49 1.72 2.03 2.35E-5
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p,=1.45 g/em’
o} =1.55 g/lem®
12E-4} pe £
A p,=1.65g/em?
> Predicted Curve
g 8. 0E-5 | Predicted Curve
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Fig. 17 Comparison of measured unsaturated permeability
and predicted curve

Based on the prediction results, technical guidance
can be provided for the early prevention and control
of geological hazards such as landslides and founda-
tion instability.

6 Conclusions

This study investigates the infiltration characteristics
of compacted loess by conducting one-dimensional
vertical infiltration tests on soil columns with differ-
ent dry densities. In addition, it performs SEM and
NMR techniques to study the microstructure of soil
columns and reveal the mechanism of unsaturated
seepage in compacted loess. The main findings of this
study are as follows.

1. The infiltration rate and a wetting front advance
rate of soil columns with different dry densities
decrease with increasing the infiltration time. The
initial infiltration and wetting front advancement
rate are mainly controlled by the micropore vol-
ume and are not affected by the dry density. Once

the soil column surface layer is saturated, advanc-
ing the wetting front generates air pressure and
rapidly decreases the advancing rate of the wet-
ting front and the infiltration rate. The pore con-
nectivity controls the wetting front advance rate.

2. The sensor response reflects the advancing wet-
ting front. The response time difference between
two adjacent sensors increases with the rise in the
burial depth. Besides, the sensor’s response time
at the same position increases with the increase
in dry density, whereas the wetting front advance
rate decrease with the increase in dry density.

3. The unsaturated permeability increases with the
decrease in matric suction. The pore size distri-
bution curves of different dry density specimens
are the same when the matric suction is greater
than 30 kPa, which is reflected in the fact that the
unsaturated permeability in the infiltration curve
is not affected by the dry density. The unsatu-
rated permeability decreases with the increase in
dry density when the matric suction is less than
30 kPa.

4. A simple yet efficient unsaturated permeabil-
ity prediction model based on the void ratio and
saturation permeability is proposed in this study.
The results show that this model agrees well
with the experimental results, indicating that the
developed model has satisfactory accuracy.
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