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a b s t r a c t

In this study, compacted loess samples with varying compaction water content but identical dry density 
were prepared to investigate the evolution of their hydraulic conductivity and compression behavior. 
Additionally, environmental scanning electron microscopy (ESEM) and nuclear magnetic resonance 
(NMR) analyses were conducted to gain microstructural insights into loess behavior at the laboratory 
scale. The results indicate that the maximum saturated hydraulic conductivity is observed at the lowest 
compaction water content, particularly in the early stage of permeability tests. In particular, for loess 
compacted at water contents below the optimum (as determined by the modified Proctor compaction 
test), the hydraulic conductivity decreases throughout the permeability tests. Conversely, when the 
water content exceeds the optimum level, the hydraulic conductivity shows an increasing trend. In 
terms of compression behavior, when the as-compacted samples are loaded in oedometer conditions, an 
increase in material compressibility is observed with increasing compaction water content. Again, a 
different phenomenological behavior was observed when the compaction water content exceeded the 
optimum, i.e. an abrupt increase in loess compressibility. ESEM tests provide microstructural confir
mation of this evidence, as the surface morphology of the compacted loess changes significantly with 
increasing compaction water content. The microstructural evolution was also quantified in terms of area 
ratio using image processing software. Finally, NMR was used to quantify the intra- and inter-aggregate 
water at different compaction water contents, once again highlighting a threshold for the presence or 
absence of inter-aggregate water similar to the optimum water content.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by- 
nc-nd/4.0/).

1. Introduction

Approximately 10% of the global land surface is covered by loess, 
mainly in arid and semi-arid regions (Yu et al., 2019). In China, the 
Loess Plateau, which covers approximately 640,000 km2, is the most 

extensive loess deposit in the world (Hou et al., 2020). With the 
rapid development of China's western region, there has been a 
substantial increase in construction activities on the Loess Plateau 
in the 21st century (Hou et al., 2024). Loess is widely used in civil 
engineering for foundations, subgrade and embankments due to its 
low cost and easy availability (Wang et al., 2025). It is characterized 
by a distinctive particle size distribution, consisting predominantly 
of fine-grained particles such as silt and clay. Under dry conditions, 
these particles interlock to form a stable, cohesive structure that is 
further strengthened by cementation bonds (Li et al., 2022; Ying 
et al., 2023).
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However, loess is very sensitive to water, the penetration of 
which into the pore space leads to a weakening of the strength of 
the cement and thus of the entire soil (Luo et al., 2018). Meanwhile, 
the high porosity of loess also provides the conditions for the 
metastability of the loess structure. Water intrusion can not only 
reduce the strength of loess but also cause the volumetric collapse 
of the loess structure upon wetting, with relevant implications for 
human life and infrastructure stability (Leng et al., 2018). Other 
common geological hazards in loess areas include landslides, 
mudflows, and subsidence, all of which are associated with water 
infiltration into loess (Damiano et al., 2017; Li et al., 2025).

To meet construction requirements, stabilization techniques 
are often used to improve the mechanical properties of loess. In 
addition to the classical procedures based on the improvement of 
the mechanical properties of the site material by means of 
compaction or dynamic tamping (e.g. Evstatiev, 1988; Peng et al., 
2017; Yuan et al., 2024), it is also worth mentioning the avail
ability of techniques based on the combination of the soil with 
certain binders. Among the various binder-based stabilization 
methods (Cui et al., 2018; Yuan et al., 2023), the addition of lime 
and cement is the most widespread due to their cost-effectiveness 
and proven technical efficiency (Jia et al., 2019; Ying et al., 2021a).

In recent years, there has been an increase in research on the 
hydromechanical properties of compacted loess due to the 
growing use of loess as a foundation material in construction 
projects worldwide (Li et al., 2016; Lan et al., 2023; Xiong et al., 
2024). Given the importance of water movement in loess, hy
draulic conductivity is recognized as one of its critical geotechnical 
properties (Chapuis, 2012; Li et al., 2024). Numerous studies have 
investigated the factors influencing  the saturated hydraulic con
ductivity of loess. For example, Xu et al. (2021) reported that 
higher temperatures lead to an increase in the initial saturated 
hydraulic conductivity, while Yuan et al. (2021) highlighted the 
effects of wetting-drying cycles and compacted dry density. In 
addition, Atashgahi et al. (2020) investigated the potential of 
microbially induced calcite precipitation (MICP) to reduce loess 
permeability, and Liu et al. (2020) highlighted the critical role of 
compaction water content. Recent evidence also shows that 
saturated hydraulic conductivity evolves due to changes in pore 
structure driven by water infiltration (Xu et al., 2022). The 
magnitude of volumetric collapse is also highly dependent on 
material compressibility, as evidenced by several experimental 
data and modeling approaches that have proven successful for 
compacted soils (e.g. Alonso et al., 1990; Della Vecchia et al., 2013; 
Musso et al., 2024). To date, the compressibility of loess has been 
extensively studied, with research focusing on its dependence on 
factors such as particle size, dry density, water content, wetting- 
drying cycles, and freezing-thawing cycles (e.g. Mu et al., 2020; 
Yuan et al., 2022). However, the majority of studies have focused 
on the effects of water content on hydraulic conductivity and 
compressibility within a narrow range of intermediate compaction 
water contents. Investigations at the extremes, such as higher 
(near-saturated) and lower (near-dry) compaction water contents, 
remain relatively scarce.

In this context, this study analyzes the water distribution in 
compacted loess as a fundamental factor influencing  its hydro
mechanical properties in the full saturation range, i.e. from dry to 
saturated conditions. Compacted loess samples were prepared by 
static compaction at different compaction water contents and the 
same dry density. The influence of water content on the saturated 
hydraulic conductivity and the unsaturated compression behavior 
was investigated. Subsequently, environmental scanning electron 
microscopy (ESEM) and nuclear magnetic resonance (NMR) tests 
were performed to provide a microstructural interpretation of the 
variations in hydraulic conductivity and compression behavior of 

the loess. In particular, the role of intra- and inter-aggregate water 
during compaction is investigated based on the distinction be
tween intra- and inter-aggregate pores obtained by ESEM photo
micrographs and according to the results of NMR, which in recent 
years has provided an innovative approach to the study of water 
distribution and water mobility in porous media (Cheng and 
Heidari, 2017). To further evaluate the evolution of the micro
structure, an image processing software was adapted to identify 
the area ratio of the pores.

The significance  of this study lies not only in the specific 
experimental results related to the specific compaction conditions, 
but also in the development of a comprehensive experimental 
framework for the interpretation of both laboratory and micro
structural data in a wide range of water contents, from dry to near- 
saturated conditions. Although in this study the samples were 
prepared by static compaction, the presented methodology 
allowed the identification  of a threshold compaction water con
tent, almost coinciding with the optimum water content (wopt) 
obtained by the modified Proctor test, which acts as a delimiting 
water content for the presence or absence of inter-aggregate water 
in compacted loess. The same compaction water content is related 
to phenomenological changes in hydraulic conductivity and ma
terial compressibility. This information can be used to select an 
appropriate water content during in situ compaction processes, 
with relevant engineering implications in all applications where 
loess is used as a foundation material.

2. Study area and soil properties

The study area is located in Yan'an City, near the center of the 
Loess Plateau. Yan'an is one of the largest cities on the plateau, 
characterized by a high population density and limited flat  land. 
The region experiences a warm temperate climate with four 
distinct seasons, and an annual precipitation ranging from 0.52 m 
to 0.55 m, most of which occurs during heavy rains from June to 
September (Zhuang et al., 2017). The susceptibility of the area to 
landslides is attributed to the loose loess texture, jointed structure, 
and significant human activity (Zhang and Liu, 2010). The studied 
soil was Q3 loess, commonly referred to as Malan loess in China, 
and was sampled from a depth of 7–7.5 m below the surface. Cy
lindrical samples, approximately 0.1 m in diameter and 0.2 m in 
height, were carefully extracted, sealed with paraffin, and packed 
in wooden boxes filled with straw to prevent disturbance during 
transport (Shao et al., 2018). Upon arrival at the laboratory, the 
physical properties of the loess were analyzed according to ASTM 
standards (ASTM D4318–00, 2000), and the results are summa
rized in Table 1. As shown in Fig. 1a, the analysis of the particle size 
distribution (PSD) revealed that silt constitutes the predominant 
composition, accounting for 75.46% of the total, while sand and 
clay account for 13.39% and 11.15%, respectively (GB/T 50123–2019, 
2019). Based on its composition, the loess is classified  as sandy 
clayey silt (Shepard, 1954). Mineralogical analysis conducted using 
X-ray diffraction (XRD) (Fig. 1b) identified  the clay mineral con
tents (weight percent, wt) using semi-quantitative methods 
(Moore and Reynolds, 1997). The results are presented in Table 2.

3. Experimental procedures and methods

3.1. Test samples

After the loess was collected, it was crushed using a wooden 
hammer to break up all aggregates, sieved through a 2 mm mesh, 
and oven-dried at 105 ◦C for 8 h. The compaction characteristics of 
the material were determined using the modified  Proctor 
compaction test, a standard method for establishing the 
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relationship between compaction water content and dry density. 
Following ASTM D1557–00 (2000) guidelines, compaction was 
performed in a cylindrical metal mold with a capacity of 
2.0139 × 10− 3 m3 and an internal diameter of 0.1524 m. A 4.5 kg 
rammer, dropped from a height of 457 mm, was used to compact 
the loess in five  layers, with each layer receiving 56 blows, 
resulting in a compaction energy of 2700 kJ/m3. The experimental 
results, including the black data points, along with the identifi
cation of the optimum water content (wopt = 14%) and the 
maximum dry density (MDD = 1.74 Mg/m3), are presented in Fig. 2
within the compaction plane. These parameters represent the 
specific conditions of the compaction method adopted.

Deionized water was sprayed gradually onto the samples using 
a spray bottle to achieve the target water content. The target water 
contents selected for this study were 3%, 5%, 7%, 10%, 12%, 14%, 
16.1%, 19%, 22%, 25%, and 28.9%. After wetting, the samples were 
sealed in plastic film and placed in a humidity chamber at 25 ◦C for 
48 h to ensure uniform water distribution. Since dry density is a 
key parameter influencing the quality of compacted loess in con
struction, the target dry density (ρd = 1.55 Mg/m3), which reflects 
typical field  conditions in the study area (Nie et al., 2024), was 
adopted for all samples. This corresponds to a void ratio of 0.748. 
The samples were statically compacted to the target density using 
a three-axis compactor and shaped into molds suitable for the 
respective tests. The degrees of saturation corresponding to the 
target water contents were 10.8%, 18.1%, 25.4%, 36.2%, 43.5%, 50.7%, 

58.3%, 68.8%, 79.7%, 90.6%, and 100%, respectively. Cylindrical 
samples measuring 61.8 mm in diameter and 40 mm in height 
were prepared for permeability tests. Oedometer samples, 
79.8 mm in diameter and 20 mm in height, were used for 
compression tests. The compaction plane in Fig. 2 contains the red 
dots, which represent the as-compacted states of the samples 
under the specified conditions.

3.2. Permeability testing

The samples were subjected to a variable head permeability 
test according to ASTM D1586–08 (2008). Fig. 3 shows the exper
imental setup. The TST-55 permeameter is a soil permeability and 
water content measuring device (Chen et al., 2023a). It is a 
convenient and accurate soil testing apparatus that is widely used 

Table 1 
Physical properties of loess.

Natural water content (%) Solid specific gravity Plastic limit, wP (%) Liquid limit, wL (%)

10 2.71 16.1 28.9

Fig. 1. (a) PSD curves; and (b) XRD pattern.

Table 2 
Mineralogical composition of loess.

Mineral wt (%)

Quartz 45.2
Feldspar 21
Calcite 15.5
Chlorite 8
Kaolinite 5.8
Illite 4.5

Fig. 2. Compaction curve and states corresponding to as-compacted conditions.
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in various engineering and construction fields. All samples were 
saturated before being processed for permeability tests. The soil 
samples were saturated using the variable head method, which 
ensured a controlled and gradual saturation process. The specific 
saturation test procedure was described in Xu et al. (2020). Data 
analysis was performed by considering the mean hydraulic con
ductivity values calculated for each sample using six different 
initial heads. The experiments were conducted under controlled 
conditions, maintaining an environmental temperature of 20 ◦C. 
The variable head saturated hydraulic conductivity kT (m/s) was 
evaluated as 

kT =
2:3aL

A(t2 − t1)
log10

H1
H2

(1) 

where H1 and H2 are the hydraulic heads (m) at times t1 and t2, 
respectively; a is the cross-sectional area of the tube (m2); A is the 
cross-sectional area of the cutting ring (m2); L is the height of the 
sample (m); and t1 and t2 are the start and end times (s) of the head 
measurement, respectively.

3.3. Oedometer test

Samples were placed in an oedometer to perform oedometer 
tests, applying the vertical stresses in a sequence of 12.5 kPa, 
25 kPa, 50 kPa, 100 kPa, 150 kPa, 200 kPa, 300 kPa, 400 kPa, 
600 kPa, and 800 kPa. The compression curve, expressed in terms 
of void ratio (e) and total vertical stress (σv), was derived from the 
measured vertical displacement and the initial void ratio (Lei et al., 
2020). The analysis focused on the evolution of preconsolidation 
pressure (σp) and compression index (CC) over different compac
tion water contents. The preconsolidation pressure was deter
mined using the well-established Casagrande procedure, while the 
compression index was calculated as Cc = –Δe/Δlogσv, which 
represents the slope of the virgin compression line.

3.4. ESEM analysis

Cubic sticks of approximately 10 mm × 10 mm × 20 mm 

(length × width × height) were taken from the center of the 
samples for ESEM examination. The microstructure of the sample 
was examined on a new surface created by breaking the soil sticks 
at a height of about 10 mm. Subsequently, an electron-conducting 
tape was used to affix the stick halves onto the sputtering pad, and 
platinum (Pt) coatings were sputtered in a plasma sputtering 
apparatus without disturbing the broken surface. ESEM was uti
lized to capture microstructure photographs of samples at 
different water contents. In this study, a series of ESEM observa
tions were made at various positions on the samples to capture 
representative microstructural features and to facilitate the se
lection of repeatable results for presentation. This approach serves 
to mitigate the potential influence of local variations or biases that 
may manifest during the ESEM imaging process. The introduction 
of randomness and repeatability into the experimental design is 
intended to mitigate subjective influences and thus to increase the 
reliability of ESEM observations. In this study, an image processing 
software (Image-Pro Plus, IPP) was employed to quantify the 
microstructural evolution (see, for example, the works of Xu et al. 
(2021) and Li et al. (2019), among others, for details).

3.5. NMR testing

The geophysical NMR method was used to investigate the pore 
size distributions in loess samples, using a MacroMR12-150H-1 
device. The samples were placed in the NMR device to identify 
the T2 curve distribution of the samples, which can be obtained 
from the following equation (Kong et al., 2018): 

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
(2) 

where T2S is the surface-enhanced relaxation time at the pore 
walls, T2B is the bulk water relaxation time, and T2D is the diffusion 
relaxation time. The effects of T2B and T2D during the analysis are 
minor and ignored, as suggested by Tian et al. (2014). Therefore, 
the following equation can be obtained: 

1
T2

=
1

T2S
= ρ

S
V
= ρ

α
r

(3) 

where ρ is the surface relaxivity coefficient (generally expressed in 
μm/s), S is the pore surface area, V is the pore volume, r is the pore 
radius, and α is a geometry factor. In this study, Eq. (3) is consid
ered to be valid for both saturated and unsaturated conditions, and 
provides information only about the pores where water is present, 
i.e. the smallest pore in near-dry conditions and the entire pore 
space in near-saturated conditions. Since the real pore topology is 
very complex, for the sake of simplicity and to avoid introducing 
arbitrary assumptions that may complicate the interpretation of 
the experimental results, the pore topology was assumed to be 
cylindrical, regardless of the pore size (i.e. α = 2), as widely 
accepted in the relevant literature (Kong et al., 2018; Tian et al., 
2018; Yuan et al., 2022). Consequently, Eq. (3) finally reads 

1
T2

= ρ
α
r
= ρ

2
r

(4) 

or 

T2 =
1

2ρ
r (5) 

The Schlumberger-Doll research (SDR) equation, introduced by 
Kenyon et al. (1988), provides a mathematical framework for 
describing the relationship between NMR signals and permeability 
in porous media. The SDR equation relates the surface relaxivity 

Fig. 3. Schematic of the permeability test apparatus.
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coefficient  (ρ) to the soil saturated permeability (ks), which is 
expressed as follows: 

ks =Cφ4T2
2LM (6) 

where the constant C = ρ2, φ is the porosity, and T2LM is the geo
metric mean value of the T2 distribution. The dependence of ks on ρ 
can be expressed as 

ks = ρ2φ4T2
2LM (7) 

thus, the surface relaxivity coefficient can be obtained as 

ρ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ks

φ4T2
2LM

√

(8) 

4. Experimental test results

4.1. Saturated hydraulic conductivity

A series of permeability tests were performed to investigate the 
influence of compaction water content on the saturated hydraulic 
conductivity of compacted loess. The compaction water content 
significantly influences the initial microstructure of loess samples, 
exhibiting divergent effects compared to those induced by changes 
in the current water content in samples prepared in the same way, 
as shown, for example, by Sun et al. (2023) and Chen et al. (2014). 
For the sake of clarity, but without losing the generality of the 
conclusions, not all the experimental results of the evolution of the 
hydraulic conductivity with time are shown in Fig. 4a. As 
demonstrated in Fig. 4a, the results indicate distinct temporal 
trends in hydraulic conductivity based on the compaction condi
tions of the samples. In region A, which represents the initial stage 
of the permeability tests, the hydraulic conductivity decreases 
significantly  with increasing compaction water content. This 
observation is consistent with the findings  of Guo et al. (2021), 
who investigated the effects of four compaction water contents 
(6%, 10%, 14%, and 18%) on the hydraulic conductivity of loess and 
reported a gradual decrease in hydraulic conductivity with 

increasing compaction water content. However, the findings  of 
this study show that when the compaction water content is 
greater than wopt (as shown in Fig. 4b, where the data are collected 
from all experiments), the change in initial hydraulic conductivity 
becomes relatively less significant.  Beyond wopt, changes in the 
compaction water content appear to significantly affect the initial 
hydraulic conductivity. The optimum water content wopt repre
sents a threshold compaction water content in terms of the time 
evolution of hydraulic conductivity. In the presence of continuous 
water flow, when the compaction water content is lower than wopt 
(14%), the hydraulic conductivity decreases with time. The most 
significant change in hydraulic conductivity over time is observed 
when the compaction water content reaches 3% (corresponding to 
a reduction in kT of approximately 42%). As the compaction water 
content increases, the rate of decrease in hydraulic conductivity is 
reduced. For example, at a compaction water content of 14%, the 
hydraulic conductivity decreases from 1.2 × 10− 7 m/s to 
8.8 × 10− 8 m/s, representing a 27% reduction. Conversely, when 
the compaction water content exceeds wopt, the hydraulic con
ductivity begins to increase with time. For example, at a 
compaction water content of w = 16.1%, the hydraulic conductivity 
increases from 6.49 × 10− 8 m/s to 8.17 × 10− 8 m/s, corresponding 
to a 25.8% variation. As the compaction water content increases, 
the time dependence of the hydraulic conductivity also increases. 
For example, for a compaction water content close to the saturated 
one, the hydraulic conductivity increased from 1.24 × 10− 8 m/s to 
2.55 × 10− 8 m/s, corresponding to a 105.9% increase. This finding 
seems to differ from the results of Li et al. (2022), who investigated 
the hydraulic conductivity at five specific water contents (14%, 16%, 
18%, 20%, and 22%) and observed an increase in hydraulic con
ductivity with time for loess samples. The discrepancy can be 
attributed to the fact that the study by Li et al. (2022) did not 
examine water contents below 14%, thus failing to account for 
potential variations in hydraulic conductivity at lower water con
tents. The present study addresses this gap by including and 
analyzing samples with water contents below 14%, thereby 
providing a more comprehensive understanding of the hydraulic 
conductivity behavior over a wider range of water contents. Since 
the hydraulic properties of loess are influenced  by its micro
structure, the fact that the hydraulic conductivity of the samples 
with compaction water contents up to wopt tends to decrease, 

Fig. 4. (a) Time variation of the hydraulic conductivity for different compaction water contents; and (b) Evolution of initial hydraulic conductivity with compaction water content.
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while the opposite is true for samples with compaction water 
content larger than wopt suggests that microstructural changes 
induced by compaction are particularly relevant in a range of 
compaction water contents around wopt.

4.2. Compression behavior

As discussed in Section 4.1, the compaction water content is 
critical in shaping the microstructure of loess, especially during 
the sample preparation processes used in this study. To illustrate 
the influence  of compaction water content and the associated 
microstructural changes induced by compaction, the oedometer 
compression curves for loess samples prepared at different water 
contents are shown in Fig. 5a. Again, for clarity, not all experi
mental compression curves are shown in the figure. The samples 
were not saturated before testing, and the tests were performed by 
keeping the drainage lines open during compression (but water 
content changes were not measured throughout the compression 
stage).

The compression curve for the saturated loess sample 
(w = 28.9%, black line) shows a preconsolidation pressure of 89 kPa 
and a normal compression line slope (CC) of 0.0388. Consistent 
with the observations for non-active geomaterials, the pre
consolidation pressure decreases with increasing compaction 
water content due to reduced matric suction, while the 
compression index increases, as shown in Fig. 5b. Conversely, 
when the vertical stress is below the preconsolidation pressure, 
the slope of the compression curve, referred to as the reloading 
index (CR), remains relatively unaffected by water content. For 
samples with compaction water contents below the optimum 
(wopt = 14%), the compression curves show little variation across 
varying water contents. However, for water contents above wopt, 
the compressibility of loess is significantly affected, indicating a 
stronger dependence on water content. A comparison of these 
results with those of Leng et al. (2021), who performed oedometer 
tests on similarly compacted loess samples with varying water 
contents, reveals a similar trend. However, Leng et al. (2021) re
ported a smoother evolution of stiffness with water content, 
emphasizing the critical influence of the initial microstructure on 
the compressibility behavior of loess. Consistent with the evidence 

provided by the findings  of the permeability testing, the most 
relevant change in the compression index is identified when the 
compaction water content exceeds wopt, again suggesting a rele
vant microstructural change in this compaction water content 
range.

4.3. Morphology of compacted loess

ESEM observations were performed to analyze the micro
structural fabric of loess compacted at different water contents (Ni 
et al., 2020). As illustrated in Fig. 6, the images show distinct ag
gregations of loess particles. These observations highlight not only 
the presence of aggregates and inter-aggregate pore spaces (P1) 
but also the intra-aggregate pores (P2), consistent with the find
ings of Yuan et al. (2022). Aggregates are structural units formed 
by the aggregation of elementary soil particles (clay, silt, and sand) 
under the influence  of various forces, including capillary forces, 
cementation processes, van der Waals attraction, and other 
interparticle interactions. These aggregates can be categorized into 
clay-silt and clay aggregates, with the latter being smaller in size 
and mostly originating from physico-chemical interactions (Xie 
et al., 2018). The aggregates and the pores within them form the 
so-called microstructural domain, also known as an intra- 
aggregate pore space. The inter-aggregate pore space consists of 
the voids between the aggregates and serves as the macrostruc
ture (e.g. Romero et al., 2011; Musso et al., 2020; Scelsi et al., 2021). 
For samples with compaction water content up to the optimum 
water content wopt (i.e. w ≤ 14%), the change in surface 
morphology with water content is very limited, and a large 
number of inter-aggregate pores are present in all samples. When 
the water content exceeds wopt (w = 16.1%), the number of inter- 
aggregate pores seems to decrease. When a higher compacted 
water content is considered (e.g. w = 28.9%), the surface 
morphology of the samples changes again. Since ESEM provides 
only qualitative insights into the surface morphology of the sam
ples, the evolution of pores in compacted loess at different water 
contents was further quantified using the image processing soft
ware IPP 6.0. This allowed for a detailed analysis of pore charac
teristics and their variation with compaction water content.

Fig. 5. (a) Compression curves; and (b) Variations of preconsolidation pressure and compression index with compaction water content.
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4.4. Pore area distribution

The IPP 6.0 software facilitates quantitative analysis by 
comparing the void fraction to the total area captured in the ESEM 
images, thereby enhancing the interpretation provided by visual 
inspection (Yuan et al., 2023). The pore area ratio (PAR), which 
quantifies  the proportion of pore space in the observed area, is 
calculated as follows: 

PAR=
Atotalpore

Atotal
× 100% (9) 

where Atotalpore is the total pore area, and Atotal is the area of the 
ESEM image. The ability of the IPP software to assess the pore 
evolution was demonstrated by its ability to provide a total 
porosity of 41.08%, which is comparable to the porosity of the as- 
compacted material (42.8%) in the loess sample compacted at a 
water content of 3%. Loess pores are usually classified  into four 
types based on their diameters: micropores (0–2 μm), small pores 
(2–8 μm), mesopores (8–32 μm), and macropores (>32 μm) (Lei, 
1988). For the compacted loess at different water contents, Fig. 7
shows the ratios of the total pore area and the percentages of the 
four pore types calculated using the IPP program on the images in 
Fig. 6. Since all samples were compacted to the same dry density, 
the total pore area ratio remains relatively stable with increasing 
water content. However, as discussed in Section 4.3, the increase in 
water content induces the movement of clay particles within the 
compacted loess. This process promotes the adhesion of clay 
particles around aggregates, resulting in a decrease in the pro
portion of macropores and an increase in the proportion of mes
opores. This trend is clearly illustrated in Fig. 7, which shows a 

decrease in the macropore area ratio and a corresponding increase 
in the mesopore area ratio with increasing water content.

4.5. Water distribution

The NMR curves illustrating the T2 distribution of loess samples 
with different compaction water contents are shown in Fig. 8a. The 
results show a unimodal T2 distribution for all samples, predom
inantly in the range of 0.026–38.72 ms. For the samples compacted 
at low water content, the T2 relaxation time is restricted to the 
interval from 0.01 ms to 1.58 ms. However, when the water content 
exceeds wopt, the maximum T2 relaxation time extends to 2.1 ms. 
The relaxation time, which correlates with the pore radius, is 
plotted on the x-axis, while the NMR signal intensity (proportional 
to the water content for each pore diameter) is then plotted on the 
y-axis. The surface relaxivity coefficient (ρ) is first calculated by Eq. 
(8) and then substituted into Eq. (5) to obtain the water distribu
tion curves at different compaction water contents (Fig. 8b). The 
results show that the water distribution curves of all samples 
appear as unimodal and are mainly distributed in the range of 
0.3–300 μm. The peak areas in the samples increase gradually as 
the water content increases. It is evident that at low compaction 
water contents (i.e. lower than wopt), the NMR signal intensity 
appears only between pore diameters of 0.3 μm and 14.9 μm, 
regardless of the water content in each pore class. In contrast, a 
non-null NMR signal intensity appears between 14.9 μm and 
22.6 μm only when the water content exceeds wopt.

This experimental evidence suggests that when the water 
content exceeds wopt, the state of water distribution in the as- 
compacted material changes. This can be related to the fact that 

Fig. 6. ESEM images of compacted loess at different compaction water contents.
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inter-aggregate water begins to exist. This interpretation regarding 
the existence of a T2 threshold between intra- and inter-aggregate 
water incorporates the methodology proposed by Tian et al. (2018)
and Ma et al. (2020), which relies on the evidence that the capillary 
water-dominated stage (when the soil is wet) and bond water- 
dominated stage (when the soil is dry) can be identified. The au
thors performed a series of drying tests and NMR measurements 
on three soils. In all cases, the right branch of the T2 distribution 
curve shifted towards shorter relaxation times with increasing 
matric suction (i.e. decreasing water content). In particular, the 
larger T2 content showed a faster decrease at the beginning of the 
drying process up to the threshold value of the matric suction. For 
larger values of matric suction, the maximum value of T2 remained 
constant. Since the drying processes considered were driven by 
changes in the matrix suction imposed by the axis translation 
technique (i.e. by increasing the air pressure), the disappearance of 
the T2 content was essentially related by the authors to the free 

water, i.e. the water that can be expelled from the porous medium 
due to the application of a hydraulic gradient. Conversely, the part 
of the T2 content that is insensitive to the applied matric suction 
was related to the bound water. Based on this methodology, the 
critical gravimetric water content acting as a limit value for intra- 
aggregate water can be considered equal to 14%, corresponding to 
wopt.

However, determining the critical threshold between intra- and 
inter-aggregate water in unsaturated soil mechanics remains a 
significant challenge. In order to validate the proposed interpre
tation, a widely accepted approach using the so-called ‘residual 
suction value’, derived from the evolution of the soil water 
retention curve (SWRC) with void ratio, is applied. Using the SWRC 
data published by Yuan et al. (2024), which were derived from the 
same loess material used in this study, the residual water content 
was determined according to the methodology proposed by 
Vanapalli et al. (1999) and Fredlund and Xing (1994). The 

Fig. 7. Pore area ratio variations with compaction water content.

Fig. 8. Water distribution curves for different water contents: (a) T2 distribution; and (b) Pore diameter.
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determination procedure involved identifying the residual water 
content as the intersection between the tangent to the SWRC at 
the inflection point and the line obtained by following the linear 
portion of the SWRC at high suction to lower suctions. It is worth 
noting that the procedure was applied in the semilogarithmic 
plane (log10(suction) vs. gravimetric water content). Although the 
SWRC data provided by Yuan et al. (2024) do not span the full 
suction range suggested for the application of the Vanapalli et al. 
(1999) procedure, the gravimetric residual water content was 
estimated to be approximately 13%, which is consistent with the 
discriminating water content of 14% determined from the NMR 
data. Although this threshold water content seems to exceed the 
values reported by Ng et al. (2016) and Wang et al. (2021a) for 
other loess materials, this difference can be justified  by consid
ering that the activity of the studied material is higher than that of 
the loess studied by the mentioned authors and by recognizing the 
role of activity on the water retention properties and water dis
tribution (e.g. Skempton, 1953; Mitchell and Soga, 2005; Romero 
et al., 2011; Della Vecchia et al., 2015).

The threshold water content of approximately 13% obtained 
from the interpretation of the SWRC data is similar to that ob
tained by NMR data. Furthermore, considering the changes in 
hydraulic conductivity and compression behavior described in 
Sections 4.1 and 4.2 (indicating a transition in mechanical and 
hydraulic response at a water content of 14%), a w value corre
sponding to approximately 14% can be considered as the threshold 
water content discriminating between intra- and inter-aggregate 
water for the studied loess compacted at a dry density of 
1.55 Mg/m3. The identified value of water content was obtained by 
comparing a comprehensive set of experimental evidence, at both 
the microscopic and the laboratory scale, including material 
stiffness, hydraulic conductivity, and water retention curve.

5. Discussion

The previous sections have highlighted the role of the optimum 
water content as obtained by the modified Proctor compaction and 
have shown its basic function as a threshold compaction water 
content even for statically compacted loess. The hydromechanical 
behavior of compacted loess depends on several factors, including 
the compaction water content, the current water content, the 
proportion of intra- and inter-aggregate water, and the micro
structural characteristics, among others. The clay fraction is also 
expected to exert a pronounced influence on both the water dis
tribution and the hydromechanical properties of loess due to its 
adsorption capacity, which increases the water retention capacity 
of loess and its adhesive properties, which promote the binding of 
soil particles into larger aggregates.

The experimental data presented in Section 4 show that the 
initial saturated hydraulic conductivity decreases from 
2.2 ×10− 7 m/s to 8.4 ×10− 8 m/s with increasing compaction water 
content. This trend emphasized the significant  influence  of the 
compaction water content on the hydraulic conductivity of com
pacted loess (Chen et al., 2023b). This is mainly due to differences 
in water distribution and microstructure caused by the compac
tion process. Morphological analysis of loess compacted at 3% 
water content reveals distinct aggregates along with numerous 
inter-aggregate pores, as shown in Fig. 6. Samples with the lowest 
water content have the highest initial saturated hydraulic con
ductivity. As the compaction water content increases, particle 
aggregates form stronger bonds. Once the compaction water 
content exceeds the optimum level, inter-aggregate water begins 
to appear within the sample. This phenomenon is likely related to 
the migration of clay particles to the surfaces of the aggregates 
during compaction, resulting in a reduction in the size of larger 

inter-aggregate pores, as discussed in Section 4.4. When the water 
content reaches saturation, the aggregated structure of the loess is 
lost, and the pore connectivity is reduced (Xu et al., 2022). The 
observed negative correlation between compaction water content 
and initial saturated hydraulic conductivity can therefore be 
attributed to the influence  of inter-aggregate water during the 
compaction process. The increase in intra-aggregate water during 
compaction mainly increases the pore volume filling  due to the 
increase in aggregate size, which is not very susceptible to flow 
due to the hydraulic gradient. In contrast, the presence of more 
inter-aggregate water during compaction promotes the movement 
of clay particles to fill  the macropores, resulting in a decrease in 
the initial hydraulic conductivity. As expected (e.g. Musso et al., 
2013; Romero, 2013), an increase in the macropore fraction pro
vides better access to water flow, and thus the macropore area 
ratio is positively correlated with the initial hydraulic conductivity.

In addition, the saturated hydraulic conductivity evolves with 
the seepage time, with different trends depending on the 
compaction water content (Fig. 4a). For samples with low water 
content, only stable intra-aggregate water is present after 
compaction. During seepage, the flow  of water can induce the 
movement of clay particles, which can in turn modify the internal 
microstructure of the loess, potentially blocking the effective 
seepage channels and inducing a significant  decrease in perme
ability over time. When compacted at a water content greater than 
the optimum one, the as-compacted samples contain not only 
intra-aggregate water but also inter-aggregate water, which can 
contribute to the movement of clay particles during compaction, 
associated with the formation of weak bonds and a flocculated 
fabric. As suggested by Wang et al. (2021b), in this case, seepage 
forces may have facilitated the conversion of weakly bound intra- 
aggregate water to water susceptible to flow and to the develop
ment of a larger pore size (Xu et al., 2021), resulting in an increase 
in hydraulic conductivity with seepage time.

Regarding the mechanical response, the experimental data 
clearly show that the preconsolidation pressure (expressed in 
terms of total vertical stress) decreases with increasing water 
content, while the compression index gradually increases. Since 
the test was performed under unsaturated conditions, the results 
are in line with expectations due to the higher matric suction, 
driven by interparticle capillary forces, which dominate at lower 
water contents. However, the distribution of water within the 
samples plays a critical role. At water contents below the optimum 
level, most of the water is within the aggregates and has a minimal 
effect on the compressibility of the material. As water begins to 
occupy the inter-aggregate voids, matric suction decreases and 
cementation bonds are weakened, leading to a more pronounced 
effect of water content on loess compressibility.

6. Conclusions

This paper presents an innovative study of compacted loess, 
focusing on its hydromechanical properties and microstructural 
behavior. The significance of this study lies in its comprehensive 
investigation over a wide range of water contents, from dry to 
near-saturated conditions, which has not been extensively inves
tigated before. The study provides a consistent framework to link 
the evidence at the microstructural scale with some evidence at 
the phenomenological scale. The saturated hydraulic conductivity 
and unsaturated compression properties of a compacted loess, 
which has been compacted at different water contents from near- 
dry to saturated conditions, were investigated using permeability 
tests and oedometer tests. The permeability test results show that 
the initial saturated hydraulic conductivity decreases with 
increasing water content. For compacted loess with water content 

K. Yuan, W. Ni, X. Lü et al. Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx

9



below the optimum, the saturated hydraulic conductivity de
creases with time. As expected, the unsaturated compressibility 
increases with increasing water content, but the increase is almost 
negligible for samples with compaction water content below the 
optimum. ESEM and NMR tests were performed to explain the 
changes in hydraulic conductivity and compression behavior of the 
compacted loess from a microstructural point of view. Using IPP 
software to quantify the microstructure of the loess, a decrease in 
the macropore area ratio and a concomitant increase in the mes
opore area ratio were found with increasing compaction water 
content. Finally, quantification of intra- and inter-aggregate water 
at different compaction water contents using NMR showed that 
the threshold water content for the presence or absence of inter- 
aggregate water was close to the optimum one, as determined 
by the modified Proctor compaction test.

The study's pertinence is further underscored by the signifi
cance of permeability and compression properties on the hydro
mechanical behavior of loess for engineering applications (Ying 
et al., 2021b; Bhukya et al., 2023), including foundation design, 
soil conservation and flood  control, and drainage. The Loess 
Plateau, due to its vast geographical extent, is geologically divided 
into three belts: the sandy loess belt, the silty loess belt, and the 
clayey loess belt, running from north to south. Of these, the silty 
loess belt occupies the largest area (Cai, 2001; Gao et al., 2021). The 
loess samples utilized in this study were collected from the Yan'an 
region of the Loess Plateau in China. These samples, classified as 
sandy clayey silt, are representative of the silty loess belt (Gao 
et al., 2021). Consequently, the results of this study are appli
cable to silty loess throughout the Loess Plateau and potentially to 
similar regions. The broad applicability provides valuable insights 
and practical recommendations for construction practices and 
engineering design in such environments. However, it is impera
tive to recognize certain limitations in the application of the re
sults of this study to the sandy and clay loess belts, as quantitative 
extrapolations to loess belonging to a different specific geological 
context may be inappropriate.
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