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Abstract
In this paper, the EC-5 water sensor and the MPS-6 water potential sensor were used to measure water content and suction,

respectively, to investigate the evolution of soil–water retention properties of compacted loess samples prepared at

different dry densities and subjected to different numbers of wetting–drying cycles. The water retention data were

integrated with a detailed microstructural investigation, including morphological analysis (by scanning electron micro-

scopy) and pore size distribution determination (by nuclear magnetic resonance). The microstructural information obtained

shed light on the double porosity nature of compacted loess, allowing the identification of the effects of compaction dry

density and wetting–drying cycles at both intra- and inter-aggregate levels. The information obtained at the microstructural

scale was used to provide a solid physical basis for the development of a simplified version of the water retention model

presented in Della Vecchia et al. (Int J Numer Anal Meth Geomech 39: 702–723, 2015). The model, adapted for engi-

neering application to compacted loess, requires only five parameters to capture the water retention properties of samples

characterized by different compaction dry densities and subjected to different numbers of wetting–drying cycles. The

comparison between numerical simulations and experimental results, both original and from the literature, shows that only

one set of parameters is needed to reproduce the effects of dry density variation, while the variation of only one parameter

allows the reproduction of the effects of wetting and drying cycles. With respect to the approaches presented in the

literature, where ad hoc calibrations are often used to fit density and wetting–drying cycle effects, the model presented here

shows a good compromise between simplicity and predictive capabilities, making it suitable for practical engineering

applications.
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1 Introduction

Loess is a special type of sediment formed during the

Quaternary period under arid and semiarid climatic con-

ditions [61, 64, 70, 91]. Loess deposits cover 10% of the

continents, including Asia, Africa, central and southern

Europe, the American Midwest and northern France [14].

Loess is extremely important in northwestern China,

mainly in the regions of Shanxi, Gansu and Ningxia,

covering about 640,000 km2 [72]. Loess exists mainly

under unsaturated conditions: Knowledge of the water

retention curve and its evolution during wetting–drying

cycles is therefore fundamental, not only to quantify the

water stored in the pores, but also for its effect on
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engineering properties such as shear strength, stiffness,

permeability and volume change [23, 25, 40, 77, 96].

The relevant literature clearly demonstrates the impor-

tant role that the loess microstructure plays in its phe-

nomenological behavior [15, 42, 85, 92], which is also

confirmed by recent advances in techniques and methods

(see, for example, the works of [43, 47, 83], among others).

Ng et al. [56] demonstrated by scanning electron micro-

scopy (SEM) and mercury intrusion porosimetry (MIP)

tests that loess is characterized by a double porosity

microstructure with two different dominant pore sizes (and

both intra- and inter-aggregate pores). When subjected to

different hydromechanical loading paths (e.g., stress

changes, imbibition, drying), the inter-aggregate pore vol-

ume of loess changes significantly, while the intra-aggre-

gate porosity varies slightly, again confirming the dual

porosity nature of the internal structure of loess

[28, 39, 81].

A large number of experimental studies on the soil–

water retention curve of unsaturated loess can be found in

the literature [1, 53, 57]. Xie et al. [86] used the filter paper

method to determine the soil–water retention curve of loess

compacted at different water contents and showed that the

curves tend to converge at high suctions. The same method

was used by Wang et al. [82] to clarify the role of different

dry densities on the retention properties of compacted

loess, highlighting that, as for compacted clays, the role of

dry density is relevant only in the low suction range. The

soil–water retention curves (SWRC) of intact and com-

pacted samples from Lanzhou and Yan’an were determined

by Hou et al. [26], which showed that the intact loess has a

higher air-occlusion value (AOV) than that of loess com-

pacted to its natural water content, again demonstrating the

role of material microstructure. Experimental evidence has

been used as the basis for many fitting equations for loess

SWRCs. Ye et al. [90] used measurements in the low

suction range to predict the entire soil–water retention

curves; Li et al. [40] adopted a soil–water interface angle as

a fitting coefficient to predict the soil–water retention

curve, while grain size distribution was used by Zhang

et al. [97] to predict the SWRC of loess characterized by

bimodal or multimodal pore size distribution. Although

useful for some specific applications, these models are

mostly based on empirical phenomenological evidence

without linking the water retention properties to the

material microstructure: Their range of application is

therefore limited.

In recent years, fractal theory has also been increasingly

used to relate material microstructure to hydraulic prop-

erties of porous media [29, 44, 66]. Russell et al. [67]

presented analytical derivations by setting the particle and

pore surface areas equal and constant and relating all

parameters defining the SWRC to particle and pore

geometry information, size distributions, shapes, volumes

and surface areas. However, although fractal dimension

and air-entry value data based on the MIP test have been

used by Tao et al. [73] to make predictions for soil–water

retention curves, not all experimental data on loess have

been shown to be suitable for the application of fractal

theory. To link material microstructure information and

hydraulic properties, attempts to link soil–water retention

curves and pore size distribution have also been reported in

the literature (e.g., [36, 58, 60, 63]). The most commonly

used experimental technique to obtain quantitative infor-

mation on pore size distribution is the MIP (see, e.g., the

work of [22, 34, 35], among others). Unfortunately, there

are some concerns about performing MIP tests on loess. On

the one hand, the mercury used is a heavy metal that is

harmful to humans [21, 78]. On the other hand, as a product

of weathering, loess is very fragile and its open internal

structure could be damaged by mercury intrusion [59, 75],

affecting pore topology and leading to inaccurate test

results [28, 80, 87]. As an alternative, the nuclear magnetic

resonance (NMR) relaxation method has been found to be

very effective for nondestructive analysis of the pore size

distribution in loess. In fact, NMR has been widely used in

geotechnical engineering in recent years [18, 20, 31, 71].

In order to overcome the limitations of current SWRC

models in predicting loess retention behavior, this paper

presents a comprehensive investigation of the evolution of

the soil–water retention curve of compacted loess at dif-

ferent dry densities and subjected to different numbers of

wetting–drying cycles, including observation of surface

morphology by SEM photomicrographs and pore size

distribution obtained by NMR. The range of water contents

investigated in this study is between the saturated one and

10%. Indeed, previous research has shown that the water

content of loess at different depths typically reaches a

minimum in spring, but tends to remain above 10%

[88, 93]: wetting–drying cycles resulting from rainfall and

evaporation hardly allow the water content of loess to fall

below 10%, as also noted by Hou et al. [26] and Li et al.

[41]. Phenomenological and microstructural experimental

results were interpreted using a double porosity retention

framework originally developed for high and medium

activity clays [9]. The model incorporates information on

intra- and inter-aggregate pore space evolution to repro-

duce at the continuum scale the different physical pro-

cesses individuated at the microstructural scale. The low

activity of the loess allowed the simplification of the model

equations and a significant reduction of the required cali-

bration parameters. Finally, the model was validated

against the experimental data on compacted loess presented

in this paper and against experimental data on other loess

materials from the literature, including both the effects of

dry density and the effects of wetting–drying cycles.
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2 Materials and methods

2.1 Loess material

The samples investigated were taken from the foundation

pit of the Loess Plateau in Yan’an City, China (Fig. 1a).

The physical properties of the samples were determined

according to the ASTM standard [2]. According to the

grain size distribution analysis (Fig. 1b), the content of

sand is 10.39%, silt is 78.99% and clay is 10.62%. The

mineralogical composition of the loess was analyzed using

the X-ray diffraction (XRD) technique (Fig. 1c). XRD is a

technique used to analyze the crystalline structure of a

material by directing X-rays at a sample and measuring the

resulting diffraction patterns [89]. The physical parameters

and mineralogical composition of the loess samples are

listed in Table 1.

2.2 Preparation of the loess column

The loess samples subjected to wetting–drying cycles were

prepared in a column (Fig. 2) at an initial water content of

10% and three different dry densities, namely 1.45, 1.55

and 1.65 kg/m3, using an apparatus developed in-house

[48]. The sample size is 6 cm in height and 30 cm in

diameter. The sample was prepared as follows:

(1) First, the original loess was crushed with a wooden

hammer until all aggregates were destroyed. The

material was then passed through a 2 mm sieve and

dried at 105 �C for 8 h to achieve a water content w0

& 0%. An amount of deionized water, calculated

from Eq. 1, was then added to the sample using a

spray bottle until the target water content (w = 10%)

was reached:

mw ¼ 0:01 � w� w0ð Þ
1 þ 0:01w0

� m0 ¼ 0:01 � w � m0 ð1Þ

where mw is the mass of deionized water added, m0 is the

mass of the soil sample after drying, w is the target water

content (in percent) and w0 is the initial water content, in

this case set equal to 0. The crushed hydrated loess was

then sealed tightly with plastic film and placed in a

humidor at room temperature for approximately 48 h. A

portion of the processed loess was used to check the water

content. If the difference between the measured average

Fig. 1 a Occurrence of the Loess Plateau in China and sampling location; b Particle size distributions of original loess; c XRD pattern of the

original loess sample.

Table 1 Properties of the loess used in this study

Quantity value

In situ density (kg/m3) 1.35–1.42

Natural water content (%) 10

Specific gravity 2.71

Plastic limit wP (%) 16.1

Liquid limit wL (%) 28.9

Optimal water content wopt (%) 14.1

Maximum dry density (kg/m3) 1.74

Quartz (%) 45.2

Feldspar (%) 21.0

Calcite (%) 15.5

Chlorite (%) 8.0

Kaolinite (%) 5.8

Illite (%) 4.5
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water content and the target water content was within ±

0.2%, sample preparation could begin.

(2) Specimens were prepared by compacting the crushed

material in three layers. Each layer was statically

compacted in the compaction mold by compressing

the material at a fixed displacement rate of 1.5 mm/

min. To reduce the effect of compaction energy

transferred from successive layers, the multilayer

with under-compaction method was used to produce

the specimens [67]. In this case, each layer is typi-

cally compacted to a density lower than the final

desired value by a predetermined amount, defined as

the percentage of under-compaction Un, which can

be obtained from Eq. 2:

Un ¼ Uni �
ðUni � UntÞ

nt � 1
� ðn� 1Þ

� �
ð2Þ

where Un is the percentage of under-compaction in the

layer considered, Uni is the percentage of under-com-

paction selected for the first layer, Unt is the percentage of

under-compactions selected for the last layer (usually

zero), n is the number of layers considered, nt is the total

number of layers. In this study, the value of Uni was set

equal to 15%. Once Un has been selected for layer 1, the

appropriate mass of soil for layer 1 is poured into the

device (i.e., the mass of soil is the same for each layer) and

then compacted to the thickness of the soil layer corre-

sponding to the specific percentage of under-compaction

(see [69] for details).

(3) After compacting the first layer, the soil surface was

carefully leveled. Since the water potential and water

sensors had to be placed in the middle of the second

layer, half the mass of loess for the second layer was

weighed, lightly compacted in the soil column and

leveled. An MPS-6 water potential sensor (Fig. 3a)

for measuring suction in the range 9–100,000 kPa

[49, 79] and an EC-5 water sensor (Fig. 3b) for

measuring the degree of saturation from 0 to 100%

were then placed in contact with the top of the

compacted soil (Fig. 3d) [68]. After placing the

sensors, another half mass of loess was added for the

second layer and smoothed. The compaction method

was the same as in step (2);

(4) The third layer was prepared as the first one, as

discussed in step (2);

(5) Once the sample was prepared, it was placed in the

laboratory environment and weighed periodically. It

was found that the total mass remained essentially

constant, so the water content of the sample

remained at the target water content (10%). The

sample was then sealed with a film to prevent water

evaporation. The EM50 data collector (Fig. 3c) was

used to record the suction and water content data.

Fig. 2 Schematic of the device for the soil column preparation

Fig. 3 Experimental equipment (a. MPS-6 water potential sensor;

b. EC-5 water sensor; c. EM50 data collector; d. Sensor placement)
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2.3 Wetting–drying cycles and soil–water
retention curve determination

The experimental procedure for performing the wetting–

drying cycles and SWRC determination is shown in Fig. 4.

The whole test was performed in a constant temperature

environment, corresponding to 22 ± 1 �C. After the loess

column was prepared as described in Sect. 2.2, a 2 cm

layer of quartz sand was placed at the top of the loess

column to reduce damage to the top surface. To reduce the

influence of sensor hysteresis, the wetting–drying process

was performed at a relatively slow rate, allowing the sensor

to accurately measure the water content and suction values.

A water head of 2 cm was applied to the quartz sand layer

to induce wetting of the loess columns. The 2 cm water

head was maintained by a continuous supply of water.

Some small holes at the bottom of the experimental

apparatus and the presence of filter paper allowed water to

drain at the bottom of the column. Due to the difference in

hydraulic head between the top and bottom of the column,

water began to flow into the sample, increasing its water

content. The EM50 data collector operated continuously

during the wetting–drying process, recording the changes

in water content and suction. As the water content of the

sample approached saturation, some water would flow out

of the tube (red one). When the water infiltration rate in the

tube remained stable for at least two hours, along with the

measured values of water content and suction, the wetting

process was stopped and the loess column was considered

‘saturated.’ The water content and suction measured at the

center of the sample at this stage are then assumed to

provide information on the main wetting branch (from 10%

water content to saturation) of the loess water retention

curve. This assumption is based on several experimental

data showing that the hysteresis of the water retention

curve is almost negligible at low water contents (see, e.g.,

Xie et al. [86]; Liang et al. [46]; Li et al. [38]). The EC-5

water sensor and MPS-6 water potential sensor can provide

direct data on water content and suction, providing more

direct and accurate experimental information compared to

the results of the filter paper method, which requires cali-

bration and further calculations to obtain suction values

[17].

After the complete saturation of the soil column, the

drying stage follows. The loess column was subjected to

air-drying in the laboratory environment. During drying,

the weight of the sample was measured. Specimens were

weighed periodically until the total mass remained constant

for 2 weeks, during which time the water content and

suction values also stabilized. The water content at the end

of the drying stage is approximately 10%. Comparison of

water content data from both weighing and sensor methods

was performed to ensure data reliability through redun-

dancy and cross-verification. The height of the samples was

also measured using calipers during the wetting–drying

cycles: the height was found to change slightly, as in Mu

et al. [52], and thus the total volume change of the samples

during the water retention test was neglected. This is

consistent with the mineralogical composition of the loess

(mostly composed of silt) [47] and the presence of only

small amounts of non-expansive clay minerals, i.e.,

kaolinite and illite (see Table 1). The above steps were

repeated until three complete wetting–drying cycle tests

were performed. Finally, the experimental data of the time

evolution of water content and suction in the center of the

specimen were exported from the data collector.

2.4 Microstructural characterization

Samples after different number of wetting–drying cycles

were carefully selected for microstructural characteriza-

tion. Prior to SEM testing, cuboids of 1 9 1 9 2 cm

Fig. 4 Schematic of the wetting–drying experimental apparatus
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(length 9 width 9 height) were cut from the central part

of the loess samples. Appropriate sample drying methods

should be used to minimize the impact of preparation work

[65], but air-drying has been widely used in soil science

because of its cheapness and simplicity [3, 50, 76]. Sam-

ples were air-dried in the laboratory environment, allowing

the soil to slowly lose water (e.g., [7]). This process took

about 30 days. Careful measurements were taken to verify

the change in volume of the samples due to air-drying,

which was found to be less than 1%. Due to the negligible

shrinkage induced by air-drying, the effect on the

microstructure of the loess material was considered negli-

gible, as in Ma et al. [50]. Half of the rod was then attached

to the shooting pad for sputtering with platinum (Pt) in a

sputtering ion apparatus using electron-conducting tape,

without disturbing the fracture plane. A FEI MLA650F

SEM was used to record the microstructure images of all

specimens.

Geophysical NMR methods, specifically implemented

with the MacroMR12-150H-1 instrument, were used to

analyze the pore size distributions of the loess samples.

The theoretical basis for geophysical NMR methods, as

documented in the literature [6, 27], derives from the

inherent magnetic dipole moment of H protons within

water molecules, a consequence of their nuclear spin

angular momentum. In the presence of a static magnetic

field, denoted B0, the nuclear spins align with the magnetic

field, resulting in an additional macroscopic magnetization

(M) oriented parallel to B0. Conventional NMR techniques

use artificial magnetic fields in the laboratory to induce a

magnetization M whose equilibrium magnitude is propor-

tional to the amount of H protons in the observed volume,

which represents the volume of water in the sample. When

the excitation magnetic field oscillates at precisely the

precession frequency of the spins (i.e., the Larmor fre-

quency), M is forced away from its equilibrium position.

When the excitation is removed, M processes at the Larmor

frequency around B0 and returns to its equilibrium state

through an energy exchange between the nuclear spins and

their environment. The subsequent relaxation of M is

studied, showing two distinct forms: longitudinal relax-

ation (T1), which occurs parallel to B0, and transverse

relaxation (T2), which occurs perpendicular to B0. In por-

ous media, the relaxing NMR signal typically exhibits a

multiexponential decay, starting from an initial signal

amplitude that is linearly dependent on the amount of

protons in the entire pore space, which is indicative of the

water content. Consequently, the signal amplitude serves as

an indicator of the presence of fluid in the pores and is

correlated with the characteristic pore abundance when the

pores are saturated. In particular, the NMR intensity is

usually expressed in arbitrary units (a.u.), as illustrated in

previous works, e.g., [16]. In particular, the relaxation time

T2 is the transverse relaxation time of the pore water

between the loess particles as measured by a Carr-Purcell-

Meiboom-Gill (CPMG) sequence. It is a measure of the

rate at which the precession of hydrogen nuclei in the

formation of pore water gradually decays in the presence of

an inhomogeneous magnetic field, and can be used to

calculate the pore size distributions of loess samples. From

the above description, it can be concluded that pore water

between loess particles is a necessary condition for this

measurement. Therefore, the compacted loess samples

from the cutting ring were saturated under vacuum condi-

tions [86] and fixed in a specially made quartz tube (di-

ameter 23 mm 9 height 20 mm). This quartz tube

containing the loess sample was then placed in the test tube

to obtain the T2 curve. A schematic of this procedure is

shown in Fig. 5. For water-saturated loess samples, T2 can

be obtained from Eq. 3, based on the NMR relaxation

mechanisms [4]:

1

T2

=
1

T2B

+
1

T2S

+
1

T2D

ð3Þ

where T2B is the bulk water relaxation time, T2S is the

surface-enhanced relaxation time at the pore walls and T2D

is the diffusion relaxation time, which accounts for the

transverse relaxation in an inhomogeneous magnetic field.

Fig. 5 NMR sample preparation and test procedure
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For water, T2B is much larger than T2S and T2D, so the

effect of T2B on T2 can be ignored. For pore water in porous

loess, T2 of pore water is then directly related to the

internal pore structure of the loess, as

1

T2

¼ 1

T2S

¼ q
S

V
¼ q

a
r

ð4Þ

where q (expressed in general in lm/s) is the surface

relaxivity coefficient, characterizing the magnetic interac-

tions at the water-loess particles interface, and S/V is the

ratio between the pore surface area S to the pore water

volume V. The ratio S/V is proportional to the reciprocal of

pore radius r, expressed as a
r. The geometry factor a in

Eq. 4 depends on the pore shape: for example, a = 1 for

planar pores, a = 2 for cylindrical pores and a = 3 for

spherical pores. In this study, we assume that the pore

structure is made of cylindrical pores. Hence, Eq. 4 finally

reads:

1

T2

¼ q
a
r
¼ q

2

r
ð5Þ

or

T2 ¼ 1

2q
r ð6Þ

To determine the surface relaxivity coefficient q, the

widely accepted NMR-permeability equation, known as

Schlumberger-Doll Research (SDR) equation developed by

Kleinberg et al. [32], is used. The SDR equation links the

surface relaxivity coefficient (q) to soil saturated perme-

ability ks as

ks ¼ C/4T2
2LM ð7Þ

being the constant C expected to coincide with the square

of the surface relaxivity coefficient, / the porosity and

T2LM the geometric mean value of the T2 distribution,

obtained using the Statistical Product and Service Solutions

(SPSS) software [30].

This dependence of ks on q may be written as

ks ¼ q2/4T2
2LM ð8Þ

leading to

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ks

/4T2
2LM

s
ð9Þ

For the three samples corresponding to the dry densities

of 1.45, 1.55 and 1.65 kg/m3, the saturated permeability

(ks) of the loess was equal to 9:13 � 10�14, 4:36 � 10�14

and 1:93 � 10�14 m2, respectively, as obtained in [37]. As

for the mean geometric value of the T2LM distribution, the

values obtained are 0.5232, 0.4532 and 0.3935 ms,

respectively. By using these values in Eq. 9, a value of q=

2.65 lm/ms is obtained for the sample with a dry density

1.45 kg/m3, while the q values for the samples with dry

density of 1.55 and 1.65 kg/m3 are 2.49 and 2.27 lm/ms,

respectively. According to Eq. 9, the surface relaxation

coefficient should vary with / and ks. Strictly speaking,

this means that a saturated permeability measurement

should be required for each test. However, according to the

relevant scientific literature, the need to perform saturated

permeability tests to obtain q before each test is often

ignored, based on the evidence that the major contribution

to the surface relaxation coefficient is due to the param-

agnetic impurities on the surface of the grains, which

interact with hydrogen nuclei and impose an additional

relaxation [4]. This contribution is considered to be con-

stant for a given soil at a given compaction density,

depending on the specific combination of mineral grains

[37, 75].

3 Result and discussion

3.1 Evolution of soil–water retention curve
with dry density and wetting–drying cycles

The main wetting branches of the soil–water retention

curves of compacted loess with different dry densities are

shown in Fig. 6a. As expected, the highest air-occlusion

value is that corresponding to the highest density, while the

lowest is that corresponding to the lowest density. The air-

occlusion value is the suction value below which the gas

phase is no longer continuous in the pore space during a

wetting process and plays the same role as the air-entry

value for the main drying path of a water retention curve

(see, e.g., [62]). The variation of the air-occlusion values in

the retention properties at near saturation conditions

implies an intersection of the wetting curves at a suction of

near 20 kPa. This seems to be consistent with the pore size

distribution for the three as-compacted samples shown in

Fig. 6b: for a pore size diameter greater than 15 lm (cor-

responding to a suction of about 20 kPa according to the

Laplace equation), the NMR signal intensity is greater at

lower densities. The difference in retention capacity at low

suction is therefore related to the presence of a greater

number of large diameter pores in the lowest density

sample. Due to the presence of these macropores, the low

density sample is characterized by a higher water content

and a higher water uptake rate at suctions lower than

20 kPa. In agreement with the water retention curve data,

the NMR intensity curves also cross for pore size diameters

below 20 lm. For suctions higher than 200 kPa, the effect

of initial dry density begins to be negligible in the retention

plane. At high suctions, the water content in the compacted

loess is low and the water is mainly distributed in the
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smallest pores, which have already been shown to be

hardly affected by dry density (see, e.g., [80]). This is in

agreement with a number of experimental results obtained

for compacted clays (see, e.g., [13, 52, 62]). Drying curve

data are not shown because the drying stage was carried out

at such a high rate that it was not possible to guarantee

uniformity of water distribution inside the sample during

the drying process itself. Uniformity of water distribution

and suction is guaranteed only after the entire drying pro-

cess has been completed, i.e., when the total mass has

remained constant for 2 weeks, during which time the

water content and suction values have also stabilized.

Accordingly, only the data from the wetting path can be

considered reliable for representing the wetting branch of

the material’s water retention curve, while the drying path

is used only as part of the wetting–drying cycle.

It is worth noting that recent literature [94] has high-

lighted the role of the so-called ‘rain-drop’ and ‘ink-bottle’

effects on the hysteresis of the SWRC, showing that a

better relationship between the pore size distribution and

the retention curve is obtained along the main drying path.

According to these limitations, the pore size distribution

has not been used in this work to obtain the water retention

curve quantitatively, but as a tool from which qualitative

information is obtained for modeling purposes, as in

Romero et al. [62] and Della Vecchia et al. [11].

The wetting branch of the soil–water retention curves of

compacted loess previously subjected to one, two and three

repeated wetting–drying cycles is shown in Fig. 7. Fig-

ure 7a refers to loess samples compacted at a dry density of

1.45 kg/m3, Fig. 7b refers to samples compacted at

1.55 kg/m3 and Fig. 7c refers to samples compacted at

1.65 kg/m3. For each compacted dry density, the

volumetric water content at saturation (coincident with the

porosity) increases with the number of wetting–drying

cycles. For the loess specimen compacted at 1.45 kg/m3,

the increase in saturated volumetric water content from

cycle 1 to cycle 2 is 5.5%, and from cycle 2 to cycle 3, it is

4.6%. A similar increase in the saturated volumetric water

content (about 5.7% from cycle 1 to cycle 2 and 5.3% from

cycle 2 to cycle 3) is obtained for the loess sample com-

pacted at 1.55 kg/m3 and for the loess sample compacted at

1.65 kg/m3. As expected, the effect on material porosity

decreases with increasing number of cycles increases [84].

It is interesting to note that although the total volume

change of the samples during the water retention test is

negligible, the saturated volumetric water content (i.e.,

porosity) of the loess changes significantly with increasing

wetting–drying cycles. This is due to the fact that the

wetting process in loess leads to the dissolution of soluble

salts and soluble cementitious materials in water (see, e.g.,

[80]). In fact, porosity is defined as the ratio between the

volume of the voids and the total volume: if the total

volume is constant, the observed change in porosity is

related to the change in the volume of the voids, which is

equal (and opposite in sign) to the change in the volume of

the solids [33]. Significant differences in retention prop-

erties occur mostly at low suctions, where the largest voids

and macrostructural changes occur during wetting–drying

cycles [37]. Conversely, at high suction the soil–water

retention curves of compacted loess with different dry

densities tend to coincide.

Figure 8a shows a comparison between the wetting

branches of the soil–water retention curves after three

wetting–drying cycles of the loess samples compacted at

different dry densities. Compared to the retention curves

Fig. 6 a Soil–water retention curves at different dry densities along the first wetting path; b NMR signal intensity for as-compacted specimens
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Fig. 7 Soil–water retention curves after wetting–drying cycles (a: qd = 1.45 kg/m3; b: qd = 1.55 kg/m3; c: qd = 1.65 kg/m3)

Fig 8 a Soil–water retention curves measured along the third wetting path at different compaction dry densities; b NMR signal intensity curves

measured after the third wetting.
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measured along the first wetting process, the effect of dry

density seems to be more relevant. The soil–water retention

curves of loess compacted at different dry densities still

cross after wetting and drying cycles, but the suction at

which the curves cross increases. Samples with dry den-

sities of 1.45 and 1.55 kg/m3 cross at a suction of 60 kPa,

while samples with dry densities of 1.45 and 1.65 kg/m3

cross at a slightly higher suction, about 90 kPa. Despite the

slight difference in the crossing suction data, the overall

picture appears to be consistent with the results of the

NMR pore size distributions of the three compacted sam-

ples after three wetting cycles. In fact, the three NMR

curves cross at a pore diameter of about 4.8 lm, corre-

sponding to a suction of about 60 kPa according to

Laplace’s equation. It is interesting to compare Figs. 6b

and 8b, where the change in the pore distribution curves

with wetting–drying cycle is evident for different dry

densities of compacted loess with the assumption of a

constant overall volume of the sample (Sect. 2.3). This is

because the wetting process leads to the dissolution of

soluble salts and soluble cementitious materials in water

[80]. Due to some small holes at the bottom of the

experimental apparatus (Fig. 4), the mixed solution (con-

taining both soluble salts and soluble cementitious mate-

rials) was allowed to drain from the bottom of the column

through the tube (colored in red in Fig. 4). Thus, the total

volume of the sample does not change, but the total pore

volume of the sample (and thus the porosity) is affected.

This also explains the increase in saturated volumetric

water content in the soil–water retention curves for dif-

ferent dry densities of compacted loess in Fig. 7.

3.2 An insight into microstructural changes

The morphology of the skeleton particles is compared at

1000 9 magnification for each dry density before and after

wetting–drying cycles (Fig. 9). Not only are aggregates and

inter-aggregate pore space visible in the SEM image, but

the presence of intra-aggregate pores is also highlighted,

suggesting the possibility of adopting a double porosity

framework for interpreting material behavior. A structural

level is thus identified by the aggregates and the pores

within them, also called ’micropores’ or ’intra-aggregate

voids.’ Conversely, the macrostructure is identified as the

pore network consisting of the voids between the aggre-

gates, also known as ’macropores’ or ’inter-aggregate

voids’ [54]. Figure 9a shows the surface morphology at a

dry density of 1.45 kg/m3: The contacts between the

aggregates are dense and there are many inter-aggregate

pores. For compacted loess with a dry density of 1.55 kg/

m3 (Fig. 9c), the contact between the aggregates in the

loess is closer and the inter-aggregate pores in the loess

structure are significantly reduced. The inter-aggregate

voids are further reduced for the 1.65 kg/m3 dry density

sample (Fig. 9e). After three wetting–drying cycles, the

structure of the compacted loess becomes looser and more

inter-aggregate pores are formed due to the loss of soluble

salts and cementing materials [89]. In order to use NMR to

obtain a quantitative insight into the evolution of intra- and

inter-aggregate porosity of compacted loess at different

compaction states and along different wetting–drying

cycles, a criterion to distinguish between intra- and inter-

aggregate porosity is required (e.g., [5, 62, 95]). Figure 10

shows the cumulative NMR intensity curves of compacted

loess at different dry densities and wetting–drying cycles.

The pore distribution appears as unimodal, due to the

partial superimposition in terms of pore size of intra- and

inter-aggregate pores in the compacted loess. As discussed

earlier, wetting–drying cycles and dry density have little

influence on the retention curve in the high suction region:

the pore volume belonging to this retention region can thus

be assumed to coincide, to a first approximation, with the

intra-aggregate pore volume. Figure 10 also shows that the

cumulative NMR intensity curves of compacted loess with

different dry densities and wetting–drying cycles coincide

when the pore size is less than 6.9 lm (as proposed in

[92]). For pore sizes larger than 6.9 lm, the differences

between the cumulative NMR curves begin to change

significantly. Therefore, the discriminating pore size

between intra-aggregate and inter-aggregate porosity was

set constant and equal to 6.9 lm. The choice of a constant

discriminating pore size between larger and smaller voids

during wetting and drying cycles is consistent with Hasdari

and Russell [24].

To quantify the fabric evolution of compacted loess due

to density changes and after wetting–drying cycles, NMR

signal intensity data are used, relying on the fact that the

cumulative NMR intensity of saturated samples is pro-

portional to pore volume [37]. Since etot is the total void

ratio of the samples obtained by water content measure-

ments at the end of the wetting process, the changes in

intra- and inter-aggregate void ratio can be evaluated

according to the changes in cumulative NMR intensity. The

intra-aggregate void ratio em and the inter-aggregate void

ratio eM are defined here as

em ¼ etot �
Tm

Ttol
ð10Þ

eM ¼ etot �
TM

Ttol
ð11Þ

where Tm is the cumulative NMR intensity up to the dis-

criminating diameter of 6.9 lm and TM is the cumulative

NMR intensity corresponding to pores with diameter

greater than 6.9 lm, and T tol is the total cumulative NMR

intensity of loess samples.
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Figure 11 shows the evolution of em and eM with dry

density for different wetting–drying cycles. As the dry

density increases, eM decreases gradually, while em chan-

ges slightly. The rate of decrease of eM with dry density is

the same before and after the wetting–drying cycles: wet-

ting–drying cycles therefore seem to have basically the

same influence on eM regardless of the compacted dry

density. As far as em is concerned, there is no particular

influence of either dry density or wetting–drying cycles.

4 Modeling the dry density and wetting–
drying effects on compacted loess

According to the experimental data collected in this work

and in the literature (e.g., [28, 82]), the hydraulic behavior

of compacted loess can be interpreted in the framework of

double porosity media. Accordingly, the modeling

Fig. 9 SEM photomicrographs showing the surface morphology of compacted loess before and after wetting–drying cycles. (a: qd = 1.45 kg/m3

no cycles; b: qd = 1.45 kg/m3 3 cycles; c: qd = 1.55 kg/m3 no cycles; d: qd = 1.55 kg/m3 3 cycles; e: qd = 1.65 kg/m3 no cycles; f: qd = 1.65 kg/

m3 3 cycles)

Fig. 10 Cumulative NMR intensity curves of compacted loess

Fig. 11 Evolution of em and eM as a function of dry density after

different numbers of wetting–drying cycles
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framework for compacted clays proposed by Della Vecchia

et al. [9] is used here to propose a water retention model

capable of reproducing the effect of compaction density

and wetting–drying cycles on the retention properties of

compacted loess. According to the double porosity

framework, the water ratio ew (volume of water over the

volume of solids) of a double porosity medium can be split

into two contributions, one due to water belonging to intra-

aggregate pores and one due to water stored in inter-ag-

gregate pores.

ew ¼ em Srm þ eM SrM ð12Þ

where em is the void ratio of the microstructure (volume of

intra-aggregate voids over the solid volume), eM is the void

ratio of the macrostructure (volume of inter-aggregate

voids over the solid volume), Srm is the degree of saturation

of micro-voids (volume of water in the intra-aggregate

voids over the intra-aggregate void volume) and SrM is the

degree of saturation of macrovoids (volume of water in the

inter-aggregate voids over the inter-aggregate void vol-

ume). Each water retention domain can be modeled, as a

first approximation, by means of a van Genuchten equa-

tion, i.e.,

Srm ¼ Vwm

Vvm

¼ 1

1 þ ðamwÞnm
� �mm

ð13Þ

SrM ¼ VwM

VvM

¼ 1

1 þ ðaMwÞnM
� �mM

ð14Þ

where nm, mm, am and nM , mM , aM are the van Genuchten

material parameters for the intra- and inter-aggregate

retention domains, respectively, and w is suction.

4.1 Dry density effects

The introduced model has been fruitfully used to reproduce

the retention behavior of compacted clays, due to its ability

to account for the evolution of clay microstructure, i.e.,

considering the different roles of em and eM. The evolution

of the intra-aggregate void ratio is related to clay activity,

and several proposals have been made to reproduce

aggregate deformation, introducing a relationship between

the evolution of the intra-aggregate void ratio and water

content [12, 62], suction [8] or pore fluid salinity [9, 55]. In

this case, according to the experimental evidence at the

microstructural scale presented in Fig. 11, the role of

evolving aggregates is neglected and the intra-aggregate

void ratio has been set constant and equal to em0= 0.23.

Indirectly, the deformation of the aggregates also affects

the macropore volume, being eM = e - em0.

Besides the direct effects on pore water distribution,

intra- and inter-aggregate void ratios also affect the AOVs

of the relevant domains. For instance, in Della Vecchia

et al. [9] the evolution of am and aM was set as:

1

am
¼ am1 exp �am2 em

� �
ð15Þ

1

aM
¼ aM1 exp �aM2 eM

� �
ð16Þ

where am1 , am2 and aM1 , aM2 are model parameters. This

approach has been found to be useful in reproducing the

role of void ratio changes under hydromechanical loading

in compacted clays, including Boom clay [62], London

clay [51], Hong Kong clay [45], Febex bentonite and MX-

80 bentonite [13]. However, simplifications are possible for

low activity materials such as loess. Due to the negligible

change of aggregate size, the dependence of am on em can

be neglected (i.e., Equation 15 is no longer needed) and am
can be considered as a material parameter. In addition, a

link between nm and mm can be imposed, as:

mm ¼ 1 � 1

nm
ð17Þ

Thus, only two parameters are needed to describe the

water retention curve in the high suction range. Finally, for

the low suction part of the curve, Eq. (16) can be simplified

by setting a2
M = 1. The evolution of parameter aM thus

now reads:

1

aM
¼ aM1 exp �eMð Þ ð18Þ

The approach was first used to reproduce the water

retention curves of Yan’an City compacted loess at dif-

ferent dry densities. The experimental data presented in

Fig. 6a have been reproduced by the model using a single

set of parameters capable of reproducing the experimental

data over the whole suction range and for different dry

densities. Based on the calibration strategy presented by

Della Vecchia et al. [9], the model parameters can be ini-

tially set to reproduce the retention curve corresponding to

the sample with the highest density (qd = 1.65 kg/m3) and

then, if necessary, adjusted to reproduce the water retention

curves for the other dry densities. Remarkably, the model is

able to reproduce, with a single set of five parameters, the

main features of the role of dry density on the retention

behavior of loess, i.e., the effect on the saturated water

content of the material, the increase in AOV with void ratio

and the almost negligible effect of dry density on water

content at high suction values, as shown in Fig. 12. The

model parameters used for the simulations are listed in

Table 2.

To confirm the predictive capabilities of the model in

reproducing the dry density effects, experimental data

coming from Wang et al. [82] were also reproduced. The

Authors prepared a compacted sample of loess coming
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from the new district of Yan’an City, characterized by a

liquid limit of 28.5% and a plastic limit of 18.7%. Five dry

densities were considered, ranging from 1.40 to 1.80 kg/

m3. All samples were compacted at a water content of 10%.

The compacted samples were then dried and finally sub-

jected to a wetting process in order to measure the main

wetting water retention curve of the material. The model

predictions and parameters are shown in Fig. 13 and

Table 2, respectively: For clarity, only two dry densities,

1.4 and 1.7 kg/m3, are plotted in the figure. Again, the

agreement between model predictions and experimental

data is satisfactory, especially considering that the same set

of material parameters was used to reproduce the water

retention properties of the material over the density range.

Again, calibration could be performed on the data corre-

sponding to the highest density specimen and then the

model parameters should be kept constant for the simula-

tion of the specimen compacted at other densities. The

numerical simulations are able to follow the slightly

bimodal shape of the experimental water retention curve

and correctly reproduce the intersection of the retention

data, as well as the suction corresponding to the intersec-

tion of the curves, the increase in air-occlusion value with

increasing dry density and the limited density effect in the

high suction range. Model predictions and experimental

results thus confirm that, even for compacted loess, the

effects on the void ratio due to different compaction efforts

are essentially related to a reduction in the size of macro-

voids. Consistently, from the point of view of the retention

curve, this mainly implies a change in the air-entry value of

the material, as attested in the literature by Gallipoli et al.

[19], Della Vecchia et al. [10] and Hadsari & Russel [24],

among others. Furthermore, the low activity of the ana-

lyzed loess allows to neglect of the role of the evolving

microstructure upon wetting (i.e., em is kept constant),

which greatly simplifies the implementation of the water

retention model and the number of material parameters

required.

4.2 Wetting–drying cycles effects

When analyzing the water retention curves after wetting–

drying cycles, it is clear that changes in the void ratio are

not sufficient to interpret the evolution of the water reten-

tion properties. The comparison between Fig. 6a and

Fig. 8a is paradigmatic: An increase in the compaction

density implies an increase in the AOV of the water

retention curves, as well as a crossing between them.

Equation 16 has thus been considered as a state law cap-

able of reproducing the effect of changes in inter-aggregate

void ratio induced by mechanical loading and different

compaction densities (as, e.g., [19, 74]), but if the change

in material density is due to wetting–drying cycles and the

associated irreversible fabric evolution described in

Fig. 12 Comparison of numerical modeling and experimental data

(first wetting path) for the dry density effects of Yan’an loess.

Experimental data are presented in Fig. 6a

Table 2 Water retention parameters for compacted loess

Location Parameters

nm am
(1/kPa)

nM mM aM1
(kPa)

Yan’an City 1.4 5.3*

10–5
4 0.2 26

The new district of Yan’an

City

1.3 7.9*10–4 2 0.6 40

Fig. 13 Comparison of numerical modeling and experimental data for

the dry density effects for the new district of Yan’an City loess

(experimental data from Wang et al. [80])
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Sect. 3, a change in material parameters is required. This is

reasonable and consistent with the different physical

mechanisms induced by mechanical loading (i.e., affecting

total volume changes) and wetting–drying cycles (i.e.,

mainly affecting the removal of soluble salts and cemen-

titious materials). In particular, the effect on the formation

of macropores due to the loss of soluble salts, which

weakens the contact between particles during the wetting–

drying cycles, has been reproduced at the phenomenolog-

ical scale simply by changing the parameter a1
M and

keeping all other parameters fixed. This makes it possible

to reproduce a different effect of changes in inter-aggregate

porosity on the loess AOV when inter-particle contact is

weakened. Figures 14a and 14b show the predictive capa-

bilities of the model in terms of the evolution of the water

retention properties of the material with increasing number

of wetting–drying cycles, for two different compaction

densities, namely 1.55 and 1.65 kg/m3. The parameters

used are the same as in Table 2, except for a1
M, which

takes the values 33 and 47 kPa for 2 and 3 cycles,

respectively.

The experimental data of Zhao et al. [98] were also

reproduced to demonstrate the predictive capability of the

model in reproducing the effect of the wetting–drying cycle

on compacted samples of loess coming from Lanzhou City,

characterized by a liquid limit of 24.8% and a plastic limit

of 15.5%. All samples were compacted at a water content

of 12.3% and a dry density of 1.70 kg/m3 and then sub-

jected to 1, 2 and 3 wetting–drying cycles. The model

simulations are shown in Fig. 15, while materials are listed

in Table 3. It is worth noting that, in this case, all the

parameters are kept the same regardless of the number of

cycles. This further simplification with respect to the

Yan’an loess has been possible because of the different

particle size distributions: Loess from Lanzhou has a

smaller particle size (only 1.2% of the particles are larger

than 75 lm) compared to Yan’an loess (10.62% of the

particles larger than 75 lm), so that the effect of particle

rearrangement upon wetting–drying cycles is less relevant.

Fig. 14 a Comparison of numerical modeling and experimental data

for the wetting–drying effects of Yan’an loess (experimental data

presented in Fig. 7b). b Comparison of numerical modeling and

experimental data for the wetting–drying effects of Yan’an loess

(experimental data presented in Fig. 7c)

Fig. 15 Comparison of numerical modeling and experimental data for

the wetting–drying effects for the Lanzhou City loess (experimental

data presented in Zhao et al. [98])

Table 3 Water retention parameters for Lanzhou compacted loess

with different wetting–drying cycles

Parameters nm am (1/kPa) nM mM aM1 (kPa)

2 7.9*10–5 4.5 0.2 24
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5 Conclusions

In this paper, an experimental procedure using an EC-5

water sensor and an MPS-6 water potential was developed

to measure the water retention curve of compacted loess

samples prepared at different dry densities and subjected to

different numbers of wetting–drying cycles. The water

retention data were integrated with a detailed microstruc-

tural investigation, including morphological analysis (by

scanning electron microscopy, SEM) and pore size distri-

bution determination (by nuclear magnetic resonance,

NMR). Despite the apparently unimodal shape of the water

retention curve obtained at the phenomenological scale, the

microstructural investigation provided evidence that com-

pacted loess is characterized by a microstructure consisting

of both intra-aggregate and inter-aggregate pores. In par-

ticular, the two classes of pores showed different responses

to hydromechanical loading: According to the NMR data,

the size of inter-aggregate pores tends to decrease with dry

density and to increase with the number of wetting–drying

cycles, whereas the size of intra-aggregate pores seems

almost unaffected. In addition, the surface morphology

information provided by the SEM images clarified that

after three wetting–drying cycles, the structure of the

compacted loess tends to become looser and larger inter-

aggregate pores are formed due to the loss of soluble salts

and cementing materials.

The ability to link the water retention curves obtained at

the laboratory scale with the microstructural investigation

allowed the development of a robust physically based

double porosity theoretical framework for modeling the

water retention behavior of compacted loess. The proposed

model was developed following the framework presented

by Della Vecchia et al. [9] for compacted clays. Accord-

ingly, the water content of compacted loess was split into

two contributions, one due to water belonging to intra-

aggregate pores and one due to water stored in inter-ag-

gregate pores. The proposed model requires only five

parameters to capture the water retention properties of

samples characterized by different compaction dry densi-

ties and subjected to different numbers of wet–dry cycles.

Remarkably, a unique set of parameters is required to

reproduce different water retention curves corresponding to

different dry densities, which greatly simplifies the cali-

bration procedure. The comparison between numerical

simulations and experimental results, using both original

data and data from the literature, shows that the increase in

AOV with void ratio and the almost negligible effect of dry

density on water content at high suction values are built in

features of the model. Due to the different physicochemical

mechanisms involved in the wetting and drying cycles,

only one parameter is set to change to reproduce the

influence of hydraulic cycles, as suggested by the

microstructural interpretation.

In contrast to the modeling approaches presented in the

literature, which often use ad hoc calibrations to account

for density and wetting and drying cycle effects, the model

presented encapsulates compacted loess within the broader

conceptual framework of compacted geomaterials. On the

other hand, many advanced water retention models have

recently been presented in the literature, which are cer-

tainly able to reproduce several features of the water

retention behavior of geomaterials (including the depen-

dence on dry density, pore fluid composition, mechanical

paths, etc.). However, these models are often characterized

by a large number of parameters, some of which are dif-

ficult to calibrate using standard laboratory tests. In this

context, the presented model represents a good compro-

mise between simplicity and predictive capabilities, being

on the one hand consistent with the microstructural features

of loess, but on the other hand characterized by a limited

number of material parameters, and thus easy to calibrate

for engineering applications. Future investigations will

focus on the response of the material to more than three

wetting–drying cycles, assessing changes in both water

retention properties and loess microstructure. Chemical

analyses of the pore water would also provide useful

complementary information. These data will ultimately

help to evaluate the predictive capabilities of the retention

model for a larger number of cycles, suggesting possible

changes in the formulation to account for reaching steady-

state conditions after a given number of wetting–drying

cycles.
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