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Abstract
This study explores the compression deformation characteristics of compacted loess after different wetting–drying (WD) 
cycles, by tracking microstructure changes by scanning electron microscope (SEM), laser particle size analyzer, Fourier trans-
form infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR). Experimental results show that, as the number 
of wetting–drying cycles increases, the compression deformation of the compacted loess upon mechanical loading increases 
and the yield stress decreases. The first wetting–drying cycle causes the largest change in terms of mechanical response. As 
long as the number of wetting–drying cycles increases, their effect is less significant. Microstructural analyses have been 
exploited to interpret the evolution of the mechanical properties at the laboratory scale. With the increase in the number of 
wetting–drying cycles, FTIR results showed that the functional group strength gradually decreased, implying a reduction 
of the cementation strength between the particles of the compacted material. SEM images showed that the contacts among 
loess aggregates (composed by particles) varied from “face to face” to “point to point.” NMR results demonstrated that the 
total and inter-aggregate pores volume increased, while the intra-aggregate pores volume decreased upon wetting–drying 
cycling. The microstructure investigation allowed understanding the major role played by cementation strength, aggregate 
contact type, and pore size distribution on the compression behavior of compacted loess after wetting–drying cycles.
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Introduction

Loess is a special sediment formed under arid and semi-
arid climate conditions during the Quaternary Period (Shi 
and Shao 2000; Rost 2001; Nicolli et al. 2010; Yu et al. 
2019). Its particular microstructural arrangement is char-
acterized by high porosity and by a silt-dominated particle 

size, with an open fabric supported by cementation bonds. 
These features cause the peculiar engineering properties of 
loess (Lv et al. 2014; Wang et al. 2019a, b). Among them, 
loess sediments may experience sudden volumetric collapse 
upon both mechanical loading and wetting processes, caus-
ing relevant damages to infrastructure founded on these for-
mations (Wang et al. 2011; Yao et al. 2020a, b; Zhang et al. 
2020). As a consequence, it is often necessary to improve 
loess mechanical properties through artificial techniques, to 
make them suitable to fulfill the requirements of engineer-
ing construction. Compaction methods, such as static com-
paction, dynamic compaction, and chemical stabilization, 
are considered able to provide sufficient strength and stiff-
ness to the loess material to meet construction requirements 
(Mariri et al. 2019; Meng and Li 2019). Although the com-
pacted loess can meet the engineering requirements from 
the mechanical point of view (i.e., sufficient strength and 
stiffness as a foundation material), wetting–drying cycles 
(WD cycles) caused by subsequent rainfall and evaporation 
processes have proven to decrease loess strength and induce 
relevant deformation (Yao et al. 2020a, b). Collapse and 
serviceability issues for infrastructures built on compacted 
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loess foundations due to absolute and/or differential settle-
ments after WD cycles have been recently evidenced by 
Zhang et al. (2019), Li et al. (2018), and Qi et al. (2008). 
Several researches have been carried out in order to under-
stand the effect of WD cycles on the mechanical behavior 
of compacted loess. A decrease in unconfined compressive 
strength, cohesion, and elastic stiffness of loess specimens 
for an increasing number of WD cycles has been identi-
fied by Pinyol et al. (2007), together with an increase in 
one-dimensional compressibility and collapse deformation. 
Arthur et al. (2013) performed uniaxial confined compres-
sion tests and found that the WD cycles reduced the pre-
consolidation stress and compressibility of the loess sam-
ples. WD cycles have been also proved not only to reduce 
the bonding strength between particles, but also to increase 
void ratio and permeability, vanishing the effects of chemi-
cal stabilization (Lu et al. 2015). Consistent evidences have 
been also provided by Mao et al. (2013), which showed void 
ratio increase and cohesion decrease with WD cycles, and 
Zhang et al. (2017), which reported the influence of WD 
cycles on the dissolution of cement bondings, expansion of 
cracks and fissures, change in pore structure, and reduction 
in water retention capacity.

The microstructure of loess plays a very important role on its 
compression behavior (Hu and Cheng 2017; Ma et al. 2020; Ni 
et al. 2020). Wang et al. (2020a, b) reported that the mesopore 
content (10 ~ 35 μm) of compacted loess increased significantly 
with the increase of the number of wetting–drying cycles. The 
role of particle size on particle disintegration has been studied 
by Ono et al. (2020), who performed triaxial compression tests 
on sedimentary rock specimens after the WD cycle. Rosone 
et al. (2018) conducted MIP tests on lime-treated clay before 
and after WD cycles, proving that the pore size distribution of 
the material changed, passing from an initial bimodal pore size 
distribution to a unimodal one. Experimental evidence on the 
impact of drying–wetting cycles on the water retention, hydrau-
lic conductivity, and fabric of compacted silt specimens have 
also been recently presented by Azizi et al. (2020) and Musso 
et al. (2020), who evidenced fabric changes without significant 
volumetric strains, which induced an increase of hydraulic con-
ductivity and a reduction in the retention capacity compared to 
the as-compacted material.

Despite the evolution of mechanical properties and micro-
structure of compacted loess under different WD cycles 
have been documented by several authors, no quantitative 
microstructural evaluation of compacted loess cementa-
tion strength has been provided yet. Current knowledge on 
this aspect has been just exploited to link compacted loess 
cementation strength to mechanical properties at the labora-
tory scale. As for pore size distribution changes, this aspect 
has been mainly investigated in the literature through MIP 
testing (Sun et al. 2020; Wang et al. 2020a, b). Beyond the 
well-known problem due to the fact that MIP underestimates 

the amount of micropores (due to the limited injection 
capacity of the experimental device), a peculiar limitation 
of MIP for loess stems from its fragile and complex internal 
microstructure. MIP measurement in fact has been proven 
to induce significant damage to loess structure (Tian et al. 
2014), changing the structure of internal pores and thus lead-
ing to inaccurate experimental results.

Based on the above considerations, this study first pre-
sents experimental results about the compression behavior 
of compacted loess specimens after different number of 
WD cycles, and then provides a microstructural interpreta-
tion considering different aspects of loess microstructure, 
including (i) cementation strength, (ii) aggregate contacts, 
(iii) particle size distribution, and (iv) pore size distribution 
(Shao et al. 2018). Cementation strength evaluation relies on 
FT-IR spectra, to calculate the strength of functional groups 
on the loess surface. The size of the particles is estimated by 
a laser particle size analyzer, and particle contact relation is 
observed on the surface of the loess by SEM photomicro-
graphs. The pore size distribution is finally evaluated via 
NMR, a non-destructive testing method that ensures that 
the original microstructure of the compacted loess after dif-
ferent WD cycles is preserved. The innovative contribution 
of this study relies on the capacity of providing a sound 
microstructural interpretation for the compression behavior 
of compacted loess due to increasing number of WD cycles.

Materials and methods

The study location

The Luochuan Loess National Geopark is located in Luo-
chuan County, south of Yan’an City, Shaanxi Province 
(Fig. 1). It is famous not only for its typical loess-paleosol 
sequences (i.e., stratigraphy relic), but also for some unique 
loess landscapes (i.e., geological landform) (Wang et al. 
2019a, b). The area is characterized by a semi-arid conti-
nental monsoon climate. The average annual temperature 
is 7.7–10.6 °C. The extreme values of the average tempera-
ture by month are −28.5 °C in January and 39.9 °C in July 
(Chen and Wang 2014). The average annual precipitation is 
490.5–663.3 mm. The distribution of precipitation through-
out the year is uneven, with the maximum precipitation 
occurring in summer and the minimum in winter (Zhu et al. 
2020).

Original loess material

The investigated samples were retrieved from a founda-
tion pit at a depth of 6.5–7 m below the ground surface. 
The retrieved material can be classified as Malan loess 
(Liu 2016). In order to minimize sampling disturbance, all 
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the samples were retrieved by hand, sealed with a plastic 
film inside a cylindrical iron bucket, and transported to the  
laboratory. The physical properties of the retrieved mate-
rial were determined following ASTM (2006) test  
methods. According to the XRD pattern of the original 
loess (Fig. 2), the quantitative mineralogical composition 
was calculated. Physical parameters, Atterberg limits, and 
the mineralogical composition of the loess samples are 
listed in Table 1.

Preparation of the specimens

After the original loess collection, the experimental speci-
mens were prepared as follows. Firstly, the original loess 
was crushed with a wooden hammer until all aggregates 
are destroyed. The crushed material was then passed 

through a 2 mm sieve, oven-dried at 105 °C for 8 h (up to 
w0 = 0%) and finally cooled at room temperature. Thereaf-
ter, an amount of deionized water, calculated from Eq. (1), 
was gradually added to the material using a spray bot-
tle, until it reached the target compaction water content 
(w = 12%). The target compaction water content has been 
set equal to the natural water content, in order to reduce 
the influence of the initial water content on the experimen-
tal findings (Hong et al. 2010):

where mw is the mass of deionized water added, m0 is the 
mass of the soil sample after drying, w is the target com-
paction water content, and w0 is the initial water content, 
i.e., the water content of the material after oven-drying 
(w0 = 0%). Crushed hydrated loess was then tightly sealed 
with plastic film and placed in a humidor for about 48 h at 
room temperature. Part of the processed loess was used for 
water content check. If the difference between the average 
water content after retesting and the target water content was 
within ± 0.2%, the sample preparation process could begin. 
Finally, the material was compacted directly in an oedometer 
cell. After compaction, the specimens was characterized by 
a height of 20 mm, a diameter of 79.8 mm, a dry density of 
1.35 g/cm3, and a water content of 12%.

Wetting–drying cycle testing

Each wetting–drying (WD) cycle was carried out on 
the loess specimens prepared in the oedometer cell (as 
described in “Preparation of the specimens” section) 
according to the following procedure: (1) the specimens 
were firstly saturated for 12 h in the mold under vacuum 
conditions. They are considered saturated according 
to GB/T 50,123–1999 (National standards of People's 

(1)m
w
=

0.01 ×
(

w − w0

)

1 + 0.01w0

× m0

Fig. 1  Major occurrence of the Loess Plateau in China and sam-
pling location at the excavation site (latitude 35°42′46.09″, longitude 
109°26′0.10″)

Fig. 2  XRD pattern of the original loess sample

Table 1  Properties of the loess used in this study

Quantity Value

In situ density (g/cm3) 1.33 ~ 1.40
Natural water content (%) 12
Specific gravity of solids 2.71
Plastic limit (ωP/%) 19.5
Liquid limit (ωL/%) 28.8
Plasticity index  (Ip /%) 9.3
Quartz (%) 51.1%
Feldspar (%) 7.70%
Calcite (%) 15.2%
Chlorite (%) 9.00%
Kaolinite (%) 2.90%
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Republic of China 1999); (2) the saturated specimens were 
completely oven dried by exposure to air at 105 °C for 8 h, 
reaching a complete dry state (w = 0%) based on the results 
of ASTM. D2974-07a (2007); (3) the dried specimens were 
finally brought to the water content of 12% according to the 
same procedure shown in “Preparation of the specimens” 
section; (4) finally, the loess specimens were then sealed 
in polythene wraps for a period of at least 24 h to achieve 
a uniform water distribution after each WD cycle. Upon  
wetting–drying cycles, the material ranges between a  
saturated and a dry state. During the wetting–drying  
cycles, the height of the samples was also measured, using 
a Vernier caliper with a resolution of 0.01 mm. Specimen 
height was found to change slightly, as in Mu et al. (2020).  
Different numbers of WD cycles were performed, namely 
1, 3, 5, 10, 15, and 20. For each WD cycle, at least two 
samples were collected: one for oedometer testing,  
the other one for microstructural characterization. For  
comparison, the loess samples that have not undergone any 
WD cycles are indicated as 0 WD cycles.

Oedometer tests

After being subjected to WD cycles, specimens were 
subjected to oedometer testing. Specimens were cut 
into a standard 79.8 mm (diameter) × 20 mm (height) 
cutting ring (with the specimen confined in the ring to 
prevent radial deformation), and placed between two 
porous stones. The piston of the cell, which was fixed to 
the upper porous stone, was in contact with the loading 
ram, whose displacement is accurately measured with a 
dial gauge. All specimens were subjected to increasing 
vertical stresses of 50 kPa, 100 kPa, 150 kPa, 200 kPa, 
300 kPa, 400 kPa, 600 kPa, and 800 kPa. The confined 
compression strain εsi has been obtained as:

where h0 is the initial specimen height, and h
i
 is specimen 

height at the end of each loading step, after excess pore pres-
sure dissipation.

Microstructural characterization

Samples subjected to the WD cycles were also care-
fully selected for microstructural characterization. Then, 
1 cm × 1 cm × 2 cm (length × width × height) cuboids were 
trimmed out from the central part of the loess samples. In 
order to minimize the impact of preparation work, appropriate 
sample drying methods should be used (Russ 1992). Despite 
freeze-drying can be preferred to other preparation techniques 

(2)�
si
=

h0 − h
i

h0

× 100%

because of the very limited effect on the original structure of 
the sample (Ahmed et al. 1974; Delage and Pellerin 1984; 
Romero and Simms 2008), air-drying has been also widely used 
in soil science (Bai 1992), mostly because of its economy and 
simplicity. Samples were air-dried in the laboratory environ-
ment (temperature of 20 ± 2 °C and 50% of relative humidity), 
allowing the soil to slowly lose water (e.g., Dathe et al. 2001). 
This process took around 30 days. Careful measurements were 
performed to check the change in volume of the samples due 
to air-drying, which was found to remain lower than 1%. Due 
to the negligible shrinkage induced by air-drying, the effect on 
loess material micro-structure has been considered negligible, 
as in Ma et al. (2017). After drying, half of the cuboid is stuck 
to the shooting pad for sputter coating with platinum (Pt) in a 
sputtering ion equipment, using an electron-conductive tape 
without disturbing the fractured plane. A FEI MLA650F SEM 
was used to record the microstructure images of all samples. 
FT-IR spectra measurement surface group of loess samples 
were registered in KBr using a Thermoelectric Nicolet iS51. 
The particle size distribution of loess samples was determined 
by Bettersize 2000 Intelligent Laser Particle Size Analyzer in 
a range of 0.02 μm to 2000 μm.

Geophysical NMR methods were used to analyze the distri-
butions of pore size in loess samples by MacroMR12-150H-1. 
According to the literature (Costabel and Yaramanci 2013; 
Houston et al. 2001), it is well known that (i) the amplitude 
of the 1H protons NMR signal in water molecules of the 
loess sample is proportional to the water content and (ii) the 
relaxation times  (T2) provides information on pore size dis-
tributions when the sample is placed in a magnetic field and 
excited with a brief pulse of radio frequency (RF) energy. 
The relaxation time  (T2) is the transverse relaxation time of 
the pore water among 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 pore water gradually decay in the presence of an 
inhomogeneous magnetic field, which can be used to calculate 
the pore size distributions of loess samples, as described in 
the following. From the description above, it can be inferred 
that the presence of pore water in loess voids is a necessary 
condition for this measurement. Thus, the compacted loess 
samples from the cutting ring were saturated under vacuum 
conditions and fixed in a specially-made quartz tube (diam-
eter 23 mm × height 20 mm). The quartz tube containing the 
sample was finally placed in the testing tube to obtain the  T2 
curve. A schematic of this process is shown in Fig. 3.

For water-saturated loess samples,  T2 can be obtained 
from Eq. (3), based on the NMR relaxation mechanisms 
(Kong et al. 2018):

(3)
1

T2

=
1

T2B

+
1

T2S

+
1

T2D
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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. For water, 
T2B is much larger than T2S and T2D, so the contribution of 
T2B on T2 can be neglected. For loess pore water,  T2 is then is 
directly related to the internal pore structure of the loess, as

where ρ (expressed in general in μm/s) is the surface relax-
ivity coefficient, characterizing the magnetic interactions 
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 �

r
 . The geometry factor α in Eq. (4) depends 

on the pore shape, e.g., � = 1 for planar pores, � = 2 for 
cylindrical pores (as assumed in this study), and � = 3 for 
spherical pores. Hence, Eq. (4) finally reads:

or

To determine the surface relaxivity coefficient � , a 
widely accepted NMR-permeability equation, known as 
Schlumberger-Doll Research (SDR) equation developed 
by Kleinberg (1996), is used. The SDR equation links the 
surface relaxivity coefficient ( � ) to soil saturated perme-
ability ks as

being the constant C expected to coincide with the square 
of the surface relaxivity coefficient (Kleinberg et al. 2003), 
∅ is porosity and T2LM is the geometric mean value of the 
 T2 distribution.

(4)
1

T2

=
1

T2S

=�
S

V
=�

�

r

(5)
1

T2

=�
�

r
=�

2

r

(6)T2=
1

2
�

r

(7)k
s
= C∅

4
T
2

2LM

This dependence of the saturated permeability of the soil 
k
s
 (measured on the virgin compression curve, generally 

expressed in  m2) on � may be expressed as

leading to

In this study, values of k
s
 = 3.66 ×  10−14  m2, ∅ = 0.50, 

and T2LM = 0.5324 ms have been considered. The resulting 
ρ value was 1.4375 μm/ms.

Results and discussion

FTIR of loess samples after different WD cycles

FT-IR spectroscopy is a useful technique to investigate 
the functional groups adsorbed onto the surface of loess 
particles. In order to compare the effect of different WD 
cycles on the surface group of loess particles, loess sam-
ples have been subjected to the same WD cycle number 
considered in the previous section, and then used to collect 
spectra, allowing a quantitative comparison between loess 
particles. Experimental results are illustrated in Fig. 4. The 
x-axis represents the wavenumber, which is related to the 
functional groups. The y-axis represents the transmittance: 
the lower the transmittance, the higher the strength of the 
functional group. The results indicated that the seven 
spectra of the loess were very similar. The seven FTIR 
spectra indicated the presence of five strong absorption 
bands at 3624  cm−1, 1437  cm−1, 1032  cm−1, 825  cm−1, and 
472  cm−1, respectively. The absorption peak in 3624  cm−1 
was associated with the stretching vibrations of surface 
hydroxyl groups of loess particles, whereas the band 
around 1437  cm−1 was attributed to the bending vibration 
of carbonate groups  CO3

2− (Huang et al. 2018). The strong 

(8)k
s
= �

2
∅

4
T
2

2LM

(9)� =

√

k
s

∅4T
2

2LM

Fig. 3  NMR sample preparation and test process
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and broad peaks around 1032  cm−1 were attributed to the 
antisymmetric stretching vibration peak of Si–O-Si, while 
the sharp peaks observed at both 825  cm−1 and 472  cm−1 
could be ascribed to the symmetric stretching vibration 
peak of Si–O-Si, indicating the presence of  SiO4

2− on the 
surface of all samples. These observations confirm that 
hydroxyl groups, carbonates, and silicate anions were pre-
sent on the surface of loess particles.

It is evident that the surface of loess samples after dif-
ferent WD cycles exhibited fewer numbers of hydroxyl 
groups than that of loess before WD cycling. It was 
hypothesized that hydroxylation levels play a role in the 
interaction between adjacent loess particles. Accord-
ing to the intensity changes of hydroxyl groups, it can 
be inferred that the salts on the surface of loess particles 
were removed away during WD cycles, resulting in the 
decreasing number of hydroxyl groups. From the FT-IR 
spectra intensity of the seven loess samples after different 
WD cycles, it follows that the interaction between adjacent 
loess particles after WD cycles became weaker as long as 
the number of WD cycle increases. Vice versa, the loess 
particles not subjected to WD cycles are characterized by 
a larger number of  OH− group, which could provide more 
hydrogen group for the interaction between the adjacent 
loess particles, as proved in the following.

Morphology of loess after WD cycles

Figure 5 shows a schematic of the three typical possible con-
tacts between adjacent loess aggregates. Aggregates are usu-
ally formed by the association of individual sand, silt, and clay 
particles (Vasava et al. 2019), and their contacts control the 
onset of relative movement between aggregates. Fang and Shen 
(2013) proposed two main contact relationships between aggre-
gates, based on the contact area and the amount of clay, namely 
“direct” and “indirect” contact. Direct contacts between aggre-
gates are mostly sensitive to mechanical forces, while indirect 
contacts (usually characterized by thin layer of clay at the point 
of contact, as described by Li et al. 2016) are more sensitive to 
the presence of water. Water can soften the cementing mate-
rial and weaken aggregate cementation, up to the disruption 
of the connection between aggregates and to local collapse 
upon wetting. In this study, the influence of edge to edge con-
tacts on loess structure has also been evidenced: their contact 
area is intermediate between the point to point and the face to 
face ones. Also edge to edge contacts may be both direct and 
indirect. Note that the structural strength of compacted loess 
increases as the contact area between aggregates increases (Li 
et al. 2019). Thus, the largest structural strength is obtained 
for face to face contacts, while the lowest strength is related 
to point to point contacts. The morphology of the compacted 

Fig. 4  FTIR spectra of loess 
samples subjected to different 
WD cycles
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loess is compared at 800 times magnification for different WD 
cycles (Fig. 6). Figure 6A~G show the images of loess samples 
after 0, 1, 3, 5, 10, 15, 20 WD cycles, respectively. In Fig. 6A, 
corresponding to 0 WD cycles, the connections between the 
aggregates are densely arranged, and there are a few inter-
aggregate pores. Contacts between aggregates are mainly face 
to face. After 1 WD cycle, the number of inter-aggregate pores 
increase, but the connection between the aggregates is still pre-
dominantly face to face (Fig. 6B). Increasing the number of 
WD cycles, the connection between the aggregates is gradually 
loosened and more inter-aggregate pores appear (Fig. 6C). For 
the samples after 5 WD cycles, the number of edge to edge con-
tacts between aggregates appears to increase, and the number 
of face to face contacts appears to decrease, compared to the 
samples subjected to a lowest number of cycles (Fig. 6D). After 
10 WD cycles, the number of point to point contacts signifi-
cantly increases, and the presence of large inter-aggregate pores 
is evident (Fig. 6E). After 15 (Fig. 6F) and 20 (Fig. 6G) WD 
cycles, the changes in surface morphology are slight, compared 
with Fig. 6E. As for the type of contact between loess particles, 
the number of face to face contacts then gradually decreases 
upon WD cycling, while the number of edge to edge contacts 
and point to point contacts gradually increases.

Particle size distribution of loess samples after WD 
cycles

A laser particle sizer was used to evaluate the changes in 
loess particle size distribution after WD cycles. In order to 
validate the laser diffraction measurement of particle size 
distribution, the classical sieving and picnometer methods 
have been also used, to measure the granulometric distri-
bution of the 0 WD sample. The particle size distribution 
was determined by sieving through aperture sizes of 2 mm, 
1 mm, 0.5 mm, 0.25 mm, and 0.075 mm. Particles with a 
diameter smaller than 0.075  mm were analyzed with a 

picnometer using the SediGraph method. A dispersing agent 
(sodium hexametaphosfate) was added to the soil–water mix-
ture before the sedimentation test, in order to avoid particle 
flocculation. The cumulative particle volume curves of the 
0 WD samples, obtained via both the classical method and 
laser diffraction, are shown in Fig. 7A: very small differ-
ences were obtained. Figure 7B shows the frequency distri-
bution curves of loess samples, obtained by laser diffraction 
measurements, after different WD cycles. All the particle 
size distributions presented a bimodal curve, typical of loess 
(Sun et al. 2004; Vandenberghe 2013). The particle sizes 
span the range 0.06–188.5 µm and the frequency curves are 
asymmetric. Particle sizes can be classified based on the con-
tent of clay (particle size < 2 μm), silt (2–50 μm), and sand 
(50–2000 μm) particles, e.g., according to U.S. Department 
of Agriculture (USDA). Table 2 presents the volume pro-
portion of the different particle categories in the compacted 
loess samples after different WD cycles. It can be seen that 
the composition of the compacted loess is still dominated by 
silt independently from the number of WD cycles, and that 
the proportion of each class of particles is hardly affected. 
Similar results were also obtained by Shao et al. (2018).

Pore size distribution of loess samples after WD 
cycles

As discussed in “Oedometer tests” section, NMR signal inten-
sity is proportional to the water content, which is related to 
pore abundance. The distribution curves of relaxation time  T2 
of loess samples are shown in Fig. 8, showing bimodal relaxa-
tion distributions: short relaxation times correspond to small 
pores, while long relaxation times correspond to large pores. 
According to the SEM images, where aggregates and inter-
aggregate pores were identified, the bimodal relaxation distri-
bution curves confirm that both intra-aggregate pores (micro-
pores) and inter-aggregate pores (macro-pores) are present in 

Fig. 5  Schematic illustration of 
aggregate contacts
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Fig. 6  SEM images of loess after different WD cycles (A: no cycles; B: 1 cycle; C: 3 cycles; D: 5 cycles; E: 10 cycles; F: 15 cycles; G: 20 cycles)
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all loess samples. According to Eq. (6) and Fig. 8, the pore 
size distribution curve and cumulative NMR intensity curve 
of compacted loess after different WD cycles can be obtained 
(as shown in Fig. 9). The results show that the bimodal pore 

distribution of all samples mainly consists of a pore diameter 
ranging from 1.202 to 879.521 μm. The as-compacted PSD 
function has been used to identify a discriminating pore size 
between intra-aggregate and inter-aggregate porosity (see, 
e.g., Romero et al. 2011; Della Vecchia et al. 2015): data 
shown in Fig. 9a suggests a discriminating pore size between 
intra- and inter-aggregate voids of 6.9 μm. For any sample 
subjected to WD cycles, the pore volume corresponding to 
a pore size lower than 6.9 μm is attributed to intra-aggregate 
pores, while the pore volume corresponding to a pore size 
larger than 6.9 μm is attributed to inter-aggregate pores. Fig-
ure 10 shows the changes in cumulative NMR intensity corre-
sponding to intra-aggregate pore volume, inter-aggregate pore 
volume, and total pore volume after different WD cycles. For 
intra-aggregate pores, the decrease of cumulative NMR inten-
sity from the initial value is 13.59%, 30.58%, 35.81%, 39.40%, 
39.42%, and 42.46%, for 1, 3, 5, 10, 15, and 20 cycles, respec-
tively; while an increase of about 71.16%, 161.27%, 192.36%, 
224.05%, 225.51%, and 238.55% is obtained for the NMR 
intensity corresponding to inter-aggregate pores. As for total 
pore volume, the relative increase of pore volume is 4.12%, 
9.50%, 11.85%, 15.63%, 15.92%, and 16.24%, for 1, 3, 5, 10, 
15, and 20 cycles respectively. WD cycling thus seems to 

Fig. 7  A Cumulative particle volume curve of the 0 WD samples and B particle size distributions of loess samples after WD cycles

Table 2  Volume proportion of clay, silt, and sand particles after different WD cycles

Number of WD cycle

0 1 3 5 10 15 20

Particle volume 
percentage (%)

Clay 11.32 11.32 12.32 12.32 11.63 11.61 10.16
Silt 76.30 76.30 76.27 76.27 75.81 77.12 77.68
Sand 12.38 12.38 11.41 11.41 12.56 11.27 12.16

Fig. 8  Variation of  T2 distribution curves under different WD cycles

Page 9 of 13    348Bulletin of Engineering Geology and the Environment (2022) 81: 348



1 3

induce a reduction in intra-aggregate porosity and as a con-
sequence an increase in inter-aggregate porosity, that cannot 
be explained by the total volume increase alone. As expected, 
the larger effect on pore size distribution is obtained after the 
first WD cycle; as long as the number of cycles is increased, 
the effects are less significant. After 10 cycles, further WD 
cycles seem not to affect material fabric anymore, consistently 
to “Morphology of loess after WD cycles” section.

Compression behavior of loess after WD cycles

After being subjected to WD cycles, specimens were loaded 
in oedometer in order to evidence the role of WD cycles 
on material compressibility. After different WD cycles, the 

measured compression strain of loess samples for each verti-
cal loading is shown in Fig. 11. The application of a vertical 
stress of 800 kPa causes confined compression strain with 
values ranging from 1.25 to 17%. As expected, from the 
mechanical point of view a locking response is obtained, 
with one-dimensional stiffness increasing with the applied 
vertical loading. Interestingly, the compression behavior of 
compacted loess samples is closely related to the number 
of WD cycles experienced before loading. The larger the 
number of WD cycles applied, the larger the confined com-
pression strain at the end of the loading stage: the largest 
confined compression strain (17%) was in fact recorded for 
the maximum number of WD cycles (20). The effect on the 
following mechanical response of each WD cycle reduces 

Fig. 9  A Pore size distribution curve in terms of NMR intensity and B cumulative NMR intensity curve after different WD cycles

Fig. 10  Variations in volume of intra-aggregate, inter-aggregate and 
total pore volume, expressed in term of NMR signal intensity

Fig. 11  Relationship between the confined compression strain and 
vertical stress
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as the number of cycles increases: the largest difference 
between compression curves in terms of compression strain 
is between the sample subject to 1 WD cycle and the sample 
not subjected to any cycle; to obtain the same difference in 
terms of confined compression strain, it is necessary to pass 
from 3 to 10 WD cycles. After 10 WD cycles, the mate-
rial seems not significantly affected anymore by previous 
wetting–drying cycles, consistently to the evidences about 
microstructure evolution.

In order to show the compression curve also in terms 
of void ratio, the void ratio at the beginning of the loading 
process has been estimated. The void ratio at the beginning 
of the mechanical loading has been obtained via the cumula-
tive NMR intensity curves shown in the “Pore size distribu-
tion of loess samples after WD cycles” section, being the 
amplitude of the 1H protons NMR signal in water molecules 
of the loess sample proportional to water content (Houston 
et al. 2001). In this study, the cumulative NMR intensity of 
the saturated compacted loess sample not subjected to any 
WD cycle is 62,752.51 ms, corresponding to a void ratio of 
1.007: accordingly, the void ratios after 1, 3, 5, 10, 15, 20 are 
1.041, 1.095, 1.118, 1.156, 1.159, and 1.162, respectively. 
Figure 12 shows the compression curves after different num-
bers of WD cycles in the void ratio vs vertical stress plane. It 
is interesting to note that all compression curves tend to the 
same logarithmic compliance for stress larger than 400 kPa, 
while for lower stresses the samples corresponding to more 
than 10 WD cycles exhibit a sort of volumetric collapse 
before stabilization. This is consistent with the reduction in 
cementation strength of the loess structure with WD cycles 
(see Fig. 4) and the increase in the pore volume between the 
particles (Fig. 9). Accordingly, a lower yield stress of the 
compacted loess with WD cycles is obtained, together with 
a larger compressibility in the immediate post-yield stage.

The effect of WD cycles on compression behavior 
of loess

Based on the above results, it can be concluded that the dif-
ferent compression behavior of compacted loess after WD 
cycles can be strongly linked to microstructure changes in 
the loess structure, which affect its macroscopic mechani-
cal properties. With the increasing numbers of WD cycles, 
microstructure changes have been identified in the follow-
ing three aspects: surface groups, contact relations, and 
pore size distribution. During the WD cycle, the soluble 
salts of loess structure will dissolve into water, which leads 
to an increase in the volume of the inter-aggregate pores. 
Meanwhile, part of the clay particles on the surface of the 
aggregates detaches from the aggregates toward the water, 
possibly leading to an increase in the volume of inter-
aggregate pores and a decrease in the intra-aggregate pores. 
Furthermore, the amount of salts on the surface of loess 
particles was reduced, leading to the decreasing numbers 
of surface hydroxyl groups for loess particles. As a conse-
quence, the hydrogen bond between the hydroxyl groups is 
weakened, reducing the interaction among loess particles. 
The WD cycles will also cause part of the clay particles to 
move, so that the connection between the compacted loess 
aggregates will be converted from “face to face” to “point to 
point.” However, the particle size remained quite stable, and 
does not shows relevant changes as a consequence of WD 
cycles. The decrease of loess particle cementation strength, 
the change in the contacts between aggregates from “face to 
face” to “point to point,” and the increase in macroporosity 
may be considered the main reasons for the changes in the 
compression behavior of compacted loess after WD cycles.

Conclusions

A series of experimental tests investigating the microstruc-
tural changes of compacted loess subjected to WD cycles 
were conducted, with the aim of identifying their role on the 
subsequent mechanical response. The increasing number of 
WD cycles weakens the interaction between adjacent loess 
particles, influencing the macroscopic response of loess 
specimens in terms of compression behavior. Despite WD 
cycles seem to not affect the particles size distribution of 
loess samples, WD cycles are capable of inducing meas-
urable alterations of the surface hydroxyl groups, contact 
relations, and pore volume distribution.

During the WD cycle processes, the salts between adja-
cent loess particles transfer to the surface of loess, lead-
ing to a decrease of the number of surface hydroxyl groups 
between adjacent loess particles. The decreasing numbers 
in surface hydroxyl groups between adjacent loess particles 
reduce the interactions between adjacent particles, because Fig. 12  Compression curves for different WD cycles
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the hydrogen bonds between the hydroxyl groups are weak-
ened. The interaction among adjacent loess aggregates has 
been found to pass from “face to face” to “point to point,” 
forming inter-aggregate pores between aggregates. NMR 
results showed in fact that, as the number of WD cycles 
increases, the intra-aggregate pore volume decreases, while 
the inter-aggregate volume increases. A consistent micro-
structural picture has thus been provided, including cemen-
tation strength, aggregate contact relation, and pore size 
distribution, to justify the major role of WD cycles on the 
one-dimensional compression behavior of compacted loess.
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