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Abstract
Purpose  Different compaction conditions (i.e., molding water content or compaction degree is varied) can lead to great 
differences in the microstructure, which has a control on the mechanical and hydraulic properties of compacted loess. The 
effect of molding water content on both the microstructure and properties of compacted loess has been rarely reported. This 
study aims to gain a deep insight into the microstructure and water retention capacity of compacted loess under different 
compaction conditions.
Materials and method  Compacted loess specimens with different molding water contents or compaction degrees were 
prepared, and their pore-size distribution curves (PSDs) and soil–water characteristic curves (SWCCs) were measured by 
various methods.
Results and discussion  The pore-size distributions of small pores and mesopores are mainly affected by molding water con-
tent, while compaction degree only changes the density of mesopores in compacted loess. The influence of molding water 
content on the SWCC is mainly on the air-entry value (AEV) and slope of the curve in the transition zone, while compaction 
degree mainly influences the AEV.
Conclusions  Molding water content has a control on the size of aggregates; with the increase of molding water content, the 
size of aggregates decreases, and the shape of PSD changes from bimodal to trimodal and then back to bimodal. The AEV 
corresponds to a diameter at which there is a sharp increase in the pore-size density. The slope of SWCC in the transition zone  
is related to the range of dominant diameter of inter-aggregate pores.

Keywords  Compacted loess · Molding water content · Compaction degree · PSD · SWCC​

1  Introduction

Loess, a type of quaternary aeolian sediment, is mainly 
distributed in arid and semi-arid regions, accounting for 
about 10% of the land area of the world (Li et al.  2016). 
The Loess Plateau of China has the most extensive and 
thickest loess deposition in the world; 70% of the loess in 
the world cumulates here (Derbyshire 2001; Li et al.  2016; 
Xu et al.  2021). Loess is featured by a high porosity, loose 
structure, and weak intergranular cementation. In particular, 
loess is highly sensitive to water. The geological disasters 
and geotechnical problems that are commonly seen in loess 
regions, such as landslide, mud flow, collapse, and ground 
subsidence, are generally related to water (Fan et al.  2017; 
Peng et al.  2018). In recent years, with the acceleration of 
urbanization in Northwest China, major engineering activi-
ties are unprecedentedly frequent in loess regions, such as 
the “Moving Mountains and Filling Gullies,” “Smart City,” 
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and “Urban Subway Construction” project. In addition, the 
“Moving Mountains and Filling Gullies” project has become 
the main measure to add new construction land in the Loess 
Plateau. This measure not only makes the high-filling founda-
tion become the main type of foundation (Zhu et al.  2019), 
but also changes the geological and hydrological equilib-
rium in local area (Li et al.  2019; Hou et al. 2020; Ge et al.  
2021). For these reasons, increasing attention is drawn to 
the mechanical and hydraulic properties of compacted loess.

Both intact loess and compacted loess are typically 
unsaturated; their properties need to be defined as nonlinear 
unsaturated soil property functions (USPFs). The soil–water 
characteristic curve (SWCC) was found to hold an important 
relationship to each of the USPFs (Fredlund et al.  2012). 
In other words, the USPFs could be estimated from the 
SWCC, along with saturated soil properties (Vanapalli et al.  
1996; Blatz et al.  2002; Al-Khazaali and Vanapalli 2019). 
Therefore, the SWCC, i.e., the relationship between water 
content and soil suction, is of great significance for address-
ing geotechnical problems related to unsaturated soils (Sun 
et al.  2016). Up to now, researches on the SWCC can be 
mainly divided into describing equations, influencing factors, 
measurement, estimation, description, and prediction of the 
hysteretic effect. The main factors influencing the SWCC are 
suggested to include the mineral composition, sample prepa-
ration conditions, temperature, and stress state and stress his-
tory (such as drying-wetting cycling and freezing–thawing 
cycling) (Aldaood et al.  2015; John et al.  2021). The sample 
preparation conditions of compacted soils mainly refer to 
molding water content, compaction degree (or dry density), 
and nature of energy (dynamic or static). When molded at dif-
ferent water contents, compacted soils may have very different 
properties even though they have identical dry densities, so 
it is difficult to duplicate an intact sample in the laboratory 
(Jiang et al.  2014; Wang et al.  2019; Hou et al.  2020). Dif-
ferent compaction conditions would result in great differences 
in the water retention capacity of compacted soils (Gallipoli 
et al.  2003; Ng et al.  2016; Wong et al.  2017; Zhang et al.  
2021). Romero et al. (1999) found that compaction density 
can affect the SWCC in the low suction range. Jiang et al. 
(2017) reported that compaction density and water content 
influence the shape of SWCC. That is essentially due to the 
difference in soil structure; that is, the macro-mechanical and 
hydraulic properties of any soil are governed by its micro-
structure (Delage et al.  1996; Romero et al.  1999; Ng et al.  
2016; Rabot et al.  2018; Li et al.  2020).

As mentioned, compaction degree and molding water 
content are the two factors controlling the microstructure 
of compacted soils when preparing specimens by static 
compaction in the laboratory. The effect of compaction 
degree (or dry density) is well studied and similar to that 
of confined compression (Wang et al.  2019). However, 
the effect of molding water content is not yet clear. It has 

been increasingly accepted that molding water content may 
change the type of structure (flocculated or dispersed) of 
compacted fine-grained soils (Vanapalli et al.  1999; Casini 
et al.  2012; Alonso et al.  2013). The effect of molding 
water content on both the microstructure and properties of 
compacted loess has been rarely studied. Guo et al. (2020) 
studied the effects of compaction density and water con-
tent on the permeability of compacted loess and suggested 
that the permeability is inversely proportional to either dry 
density or molding water content because the void ratio of 
compacted loess reduces as dry density or molding water 
content increases. Hou et al. (2020) compared the wetting 
SWCCs of loess samples molded at different water contents 
and observed that those SWCCs coincide when suction is 
greater than 70 kPa. In fact, molding water content is so 
important that not only the size and arrangement of skeleton 
particles but also the occurrence of clays and other cement-
ing materials in compacted loess could be influenced by 
molding water content. For this reason, the effect of mold-
ing water content on the microstructure and water retention 
capacity of compacted loess is investigated in this study.

This study aims to (1) investigate the effects of molding 
water content and compaction degree on the pore-size dis-
tribution curve (PSD) and SWCC of compacted loess and 
(2) interpret the influence of microstructure on the water 
retention capacity of compacted loess. The results reveal the 
microstructure and water retention capacity of compacted 
loess under different compaction conditions, which can pro-
vide a helpful suggestion for the design and construction of 
artificial loess slopes and foundations, and are beneficial for 
the prevention of loess engineering hazards.

2 � Material and methods

2.1 � Test material

The loess tested was collected from Yan’an, China, at a 
depth between 4 and 6 m below the ground. The physical 
properties of the loess are summarized in Table 1, and the 
grain-size distribution curve shows that sands (> 0.075 mm), 
silts (0.002–0.075 mm), and clays (< 0.002 mm) take up 

Table 1   Physical properties of the loess soil studied

Property Value

In situ water content (%) 9.9
In situ density (g/cm3) 1.46
Specific gravity, Gs 2.71
Liquid limit, wL (%) 28.2
Plastic limit, wP (%) 17.7
Plastic index, Ip 10.5

3152 Journal of Soils and Sediments (2022) 22:3151–3165



1 3

15.1%, 75.1%, and 9.8% by mass in the loess, respectively. 
The mineral composition was determined using the X-ray 
diffraction method. The minerals could be divided into non-
clay minerals and clay minerals. Non-clay minerals include 
biotite, albite, quartz, and calcium carbonate. With regard to 
clay minerals, kaolinite was only identified. The compaction 
curve of the loess is shown in Fig. 1. It can be seen that the 
optimum water content is about 18%, and the maximum dry 
density is 1.75 g/cm3.

2.2 � Samples preparation

Compacted specimens were used in the tests, and the steps to 
prepare compacted specimens are as follows. Disturbed soils 
were first air-dried for several days, then crushed, and sieved 
using a 2-mm sieve. After that, the soils were oven-dried at a 
temperature of 105 ℃ and divided into five parts. Each part 
was added with a given amount of distilled water to achieve a 
predesigned gravimetric water content (14%, 16%, 18%, 20%, 
or 22%). The wet soils were sealed in plastic bags and stored 
in humid chambers for 72 h for water equalization. Thereaf-
ter, each soil was compacted statically using a self-designed 
sampling apparatus to a compaction degree of 85%, 90%, or 
94%. In total, 15 groups of compacted loess specimens were 
prepared; they had different molding water contents or com-
paction degrees, as illustrated in Fig. 1. The properties of all 
compacted specimens are summarized in Table 2.

2.3 � SWCC measurement

2.3.1 � Axial translation technique

A 15-bar pressure plate extractor produced by the Ameri-
can Soil Moisture Instrument Company was used to 

measure the SWCCs of compacted specimens in the low 
suction range (up to 1500 kPa). The specimens with a 
diameter of 5.3 cm and a height of 1 cm were saturated 
first and placed on the ceramic disk which was saturated 
in the pressure chamber. About 1.5 L distilled water was 
added to the chamber containing the ceramic disk, and an 
air pressure close to the air-entry value of the ceramic disk 
was applied to the chamber for 5 h. As water outflowed 
from the chamber at a constant rate, the ceramic disk was 
considered to be saturated. Then, an air pressure that could 
be controlled by the pressure control system was applied 
to the pressure chamber to obtain a predesigned suction 
(matric suction, equal to the air pressure applied to the 
specimens, i.e., axis translation technique) for drying the 
specimens. The air pressure applied to the specimens fol-
lowed the order of 1 → 3 → 6 → 9 → 25 → 50 → 75 → 100 
→ 150 → 200 → 300 → 400 → 500 → 700 → 900 → 1100 kP
a. In response to any suction increment, water would drain 
from the specimens until reaching the equilibrium. The 
equilibrium was considered to be reached when no water 
outflowing from the chamber. The time for the equilibrium 
varied between 4 and 14 days depending on the suction 
(or air pressure) applied to the specimens; the higher the 
suction, the more the time required for the equilibrium. 
This time in fact depends on the permeability of specimens, 
which in turn is controlled by the suction applied to the 
specimens (Schelle et al.  2013; Jiang et al.  2017; Zhang 
et al. 2021). After reaching the equilibrium, the specimens 
were taken out of the chamber and weighed for determining 
their water contents later.

Fig. 1   The compaction curve of the loess studied

Table 2   Initial conditions of the compacted loess specimens tested

MWC molding water content, CD compaction degree

Specimen MWC (%) CD (%) Dry density 
(g/cm3)

Void ratio

14–85% 14 85 1.4875 0.8218
14–90% 14 90 1.5750 0.7206
14–94% 14 94 1.6450 0.6474
16–85% 16 85 1.4875 0.8218
16–90% 16 90 1.5750 0.7206
16–94% 16 94 1.6450 0.6474
18–85% 18 85 1.4875 0.8218
18–90% 18 90 1.5750 0.7206
18–94% 18 94 1.6450 0.6474
20–85% 20 85 1.4875 0.8218
20–90% 20 90 1.5750 0.7206
20–94% 20 94 1.6450 0.6474
22–85% 22 85 1.4875 0.8218
22–90% 22 90 1.5750 0.7206
22–94% 22 94 1.6450 0.6474
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2.3.2 � Chilled‑mirror dewpoint technique

The WP4C Dewpoint PotentiaMeter from METER Group 
was used to measure the suctions (total suction) greater than 
1500 kPa since it has become acceptable practice to plot 
total suction when graphing SWCC in the high suction range 
(above 1500 kPa). This instrument can measure total suc-
tion using the chilled-mirror dewpoint technique in less than 
20 min. The accuracy is ± 0.05 MPa in the range of 0–5 MPa 
and 1% in the range of 5–300 MPa. Previous studies have 
demonstrated the successful use of this instrument for total 
suction measurement (Patrick et al. 2007; Lipovetsky et al.  
2020).

After the measurement of suction using the pressure plate 
extractor, some specimens were used to prepare specimens 
for the measurement of total suction using the WP4C. The 
specimen with a diameter of 4 cm filled about half the capac-
ity of the container (1 cm high), which was then placed in a 
sealed chamber in the WP4C. The specimen would equili-
brate with the water vapor in the chamber, which is equipped 
with a mirror whose temperature is precisely controlled 
by a thermoelectric cooler. Before each measurement, the 
0.5 mol/kg KCl standard solution was used to calibrate the 
WP4C. After each measurement, the specimen was weighed 
and placed in a desiccator for drying for some time.

2.4 � PSD measurement—MIP technique

The PSDs of compacted loess specimens were determined 
using the MIP technique, which is coming-of-age and has 
been commonly used to quantitatively characterize the pore 
structure of porous media (Juang et al.  1986; Romero et al.  
1999; Jiang et al.  2014; Li et al.  2020; Xiao et al.  2022). 
The porosimeter used in this study could apply a pressure 
ranging between 0.5 and 60,000 psi to the mercury, and the 
corresponding range of entrance diameter was 3 nm–360 µm 
according to the law of capillarity. The specimens for the 
MIP tests were 1 cm × 1 cm × 1 cm in size and extracted 
from the specimens after the measurement of SWCC. Before 
each test, the specimen was dried using the freezing-drying 
method and placed in the chamber that was full of mercury 
in the porosimeter. The pressure in the mercury was subse-
quently raised in steps, causing the mercury to intrude the 
soil pores progressively, from the larger to the smaller.

3 � Results and analysis

3.1 � SWCCs of compacted loess specimens

The drying SWCC was determined using the axis transla-
tion and chilled-mirror dewpoint techniques. The curve was 
fitted with the equation proposed by van Genuchten (1980):

where θ is the volumetric water content, %; θs is the satu-
rated volumetric water content, %; θr is the residual volu-
metric water content, %; s is the suction, kPa; α is a fit-
ting parameter primarily related to the inverse of air-entry 
value (AEV); n is a fitting parameter primarily related to 
the rate of water escaping from the soil once the AEV has 
been exceeded; and m is a fitting parameter primarily related 
to the residual water content (Fredlund et al.  2012). The 
desaturation of a soil is commonly divided into three stages, 
which are delineated by three zones on the drying SWCC, 
i.e., boundary effect zone, transition zone, and residual zone 
(Vanapalli et al.  1996). In the boundary effect zone with 
suctions up to the AEV, the soil is essentially saturated. In 
the transition zone that is between the AEV and residual 
suction, water content reduces significantly in response to 
suction increase. This is a two-phase zone; the continuity 
of water phase reduces while that of air phase grows. In 
the residual zone with suctions beyond the residual suction, 
large increases in suction lead to relatively small changes in 
water content, and the air phase gets continuous. The desatu-
ration is dominated by the capillarity in the boundary effect 
zone and transition zone, in which suctions were measured 
using the pressure plate extractor, while the desaturation is 
controlled by the absorption in the residual zone, in which 
suctions were measured using the WP4C.

It is worth noting that the volume change that may occur 
due to drying was not considered when the measured gravi-
metric water content was converted into volumetric water 
content. That is because the drying-induced change in the 
PSD under null pressure condition was observed to be very 
small.

3.1.1 � Effect of molding water content on the SWCC​

The SWCCs of specimens compacted at different molding 
water contents are shown in terms of both volumetric water 
content (Fig. 2) and gravimetric water content (Fig. 3). It 
should be noted that the data of all specimens measured by 
WP4C are almost the same; so, only the data measured by 
pressure plate extractor are concerned. That is understand-
able since the adsorption that contributes to retaining water 
during the residual stage is dependent on the mineral com-
position, which is invariable among specimens.

It can be seen from Fig. 2 that the influence of mold-
ing water content is mainly on the AEV and slope of the 
curve in the transition zone. At the same compaction degree, 
the specimen with a lower molding water content has a 
greater AEV and a larger slope of the curve in the transi-
tion zone. So, for the specimens with the same compaction 
degree, their SWCCs intersect at a suction, below which the 

(1)� = �
r
+

�
s
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r
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specimen with a lower molding water content holds more 
water than the specimen with a larger molding water content 
at the same suction, while the opposite is true beyond this 
suction.

Fig. 2   SWCCs in terms of volumetric water content of the specimens 
compacted to compaction degrees of a 85%, b 90%, and c 94%

Fig. 3   SWCCs in terms of gravimetric water content of the specimens 
compacted to compaction degrees of a 85%, b 90%, and c 94%
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The SWCCs in terms of gravimetric water content are 
comparable to that in terms of volumetric water content. At 
the same compaction degree, the curves intersect at a suc-
tion, above which the curve of the specimen with a lower 
molding water content is below that of the specimen with a 
higher molding water content, meaning that the latter has a 
better water retention capacity than the former at the same 
suction. Similar results were obtained by Jiang et al. (2017) 
on compacted Lanzhou loess.

Table 3 summarizes the fitting parameters of the VG 
model for all compacted loess specimens. It can be seen 

that the VG model provides an excellent representation of 
the measured curve, with a deviation parameter, R2, greater 
than 0.99. As mentioned earlier, α is primarily related to the 
inverse of AEV. The variation of α with respect to molding 
water content and compaction degree is shown in Fig. 4a; 
α reduces with the increase of compaction degree that is 
because the AEV grows with the increase of compaction 
degree, as mentioned earlier. Shen et al. (2021) suggested 
a quadratic function of dry density for α based on their test 
results. It can be seen from Fig. 4b that at the same compac-
tion degree, α grows almost linearly with the increase of 
molding water content. Moreover, the influence of molding 
water content on α gets less significant with the increase of 
compaction degree.

3.1.2 � Effect of compaction degree on the SWCC​

The SWCCs of specimens compacted to different compac-
tion degrees are shown in terms of both volumetric water 
content (Fig. 5) and gravimetric water content (Fig. 6). Simi-
larly, only the data measured by pressure plate extractor are 
concerned.

From Fig. 5, it can be seen that compaction degree has a 
significant influence on the SWCC of compacted loess, to be 
specific, the saturated water content and AEV. The saturated 
water content decreases with the increase of compaction 
degree, which is understandable. The AEV grows with the 
increase of compaction degree. For example, the AEVs of 
the specimens compacted at a water content of 14% to com-
paction degrees of 85%, 90%, and 94% are approximately 14, 
18, and 19 kPa, respectively (Fig. 5a). That is because the 

Table 3   Summary of the fitting parameters of the VG SWCC model

Specimen α m n R2

14–85% 0.05289 0.2352 2.5143 0.9991
14–90% 0.0479 0.1403 3.9905 0.9994
14–94% 0.0412 0.1692 3.3976 0.9989
16–85% 0.0687 0.1769 2.6452 0.9990
16–90% 0.0573 0.1009 4.3200 0.9989
16–94% 0.0447 0.0947 4.3713 0.9992
18–85% 0.0997 0.0894 3.5968 0.9989
18–90% 0.0741 0.0923 3.2890 0.9991
18–94% 0.0545 0.1518 1.9016 0.9935
20–85% 0.1630 0.0377 2.7706 0.9997
20–90% 0.1097 0.0374 4.2337 0.9992
20–94% 0.1058 0.0356 3.8676 0.9969
22–85% 0.1764 0.0542 3.3383 0.9985
22–90% 0.1330 0.0099 2.8068 0.9994
22–94% 0.1132 0.0028 3.4915 0.9993

Fig. 4   Variation of the fitting parameter α with respect to molding water content and compaction degree (CD means compaction degree)
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AEV is the suction at which air enters the largest pores in the 
soil; it therefore relates to the maximum diameter of pores 
in the soil (Vanapalli et al.  1996). The maximum diameter 
of pores in compacted loess is linearly related to compac-
tion degree, reported by Wang et al. (2019). For these rea-
sons, at the same molding water content, the curves of the 
specimens with different compaction degrees intersect at a 
suction around the AEV. Besides, the SWCCs in terms of 
volumetric water content are very different in the transition 
zone.

As the SWCCs are presented in terms of gravimetric 
water content, the effect of compaction degree on the satu-
rated water content is magnified, see Fig. 6. In comparison to 
the SWCCs in terms of volumetric water content, the curves 
in terms of gravimetric water content are almost overlapped 
when suction is approximately greater than 30 kPa. Similar 
result was observed by Hou et al. (2020), who measured 
the wetting SWCCs of compacted loess specimens using 

the filter paper method. Their specimens were remolded at 
a water content of 10% to different dry densities (i.e., 1.5, 
1.6 and 1.7 g/cm3). They suggested that compaction density 
and disturbance to the intact structure have no impact on the 
SWCC in the suction range of 102–105 kPa.

3.2 � PSDs of compacted loess specimens

3.2.1 � Effect of molding water content on the PSD

Figure 7 shows the PSDs of specimens compacted at dif-
ferent molding water contents. It can be seen that, except 
for the specimens compacted at the water content of 22%, 
all the other PSDs display a bimodal characteristic, sug-
gesting that there are two families of pores in the speci-
mens. That is because aggregates which are associations 
of elementary particles (sands, silts and clays) are skeleton 
particles in compacted loess. Each aggregate (both clay 

Fig. 5   SWCCs in terms of 
volumetric water content of the 
specimens compacted at water 
contents of a 14%, b 16%, c 
18%, d 20%, and e 22%

3157Journal of Soils and Sediments (2022) 22:3151–3165



1 3

aggregates and silt–clay aggregates, the latter is herein-
after shortened to silt aggregates) has its microstructure, 
while aggregates are arranged to form the skeleton struc-
ture of compacted loess. The pores in aggregates belong to 
the family of intra-aggregate pores, and the pores between 
aggregates belong to the family of inter-aggregate pores. 
According to the idealized PSD proposed by Xiao et al. 
(2022) for compacted loess, the boundary diameter of the 
two pore families is about 150 nm.

It is shown in Fig. 7 that the size distribution of intra-
aggregate pores is not affected by molding water content 
at any compaction degree, as indicated by the overlapping 
curves in the diameter range of intra-aggregate pores. With 
the increase of molding water content, the peak density (cor-
responding to the dominant diameter) of inter-aggregate 
pores reduces greatly, whereas the dominant diameter of 
inter-aggregate pores (dmacro) changes a little. Besides, as 

molding water content increases to 22%, the shape of PSD 
changes, from bimodal to trimodal. It indicates that molding 
water content might have a control on the shape of PSD of 
compacted loess, which will be discussed later.

To facilitate the description of PSD variation due 
to changes in molding water content, pores in com-
pacted loess are classified into four groups: micropore 
(d ≤ 150 nm), small pore (150 nm < d ≤ 2000 nm), mesopore 
(2000 nm < d ≤ 12,000 nm), and macropore (d > 12,000 nm) 
(see Fig. 7). Micro pores are in fact intra-aggregates, which 
are not affected. There is a number of macropores in the 
specimen 22–85% (molding water content-compaction 
degree), while the others almost have no macropores. At any 
compaction degree, the PSDs in the ranges of small pores 
and mesopores are mainly different. The larger the molding 
water content, the higher the density of small pores and the 
lower the density of mesopores (see Fig. 7). This can be seen 

Fig. 6   SWCCs in terms of 
gravimetric water content of the 
specimens compacted at water 
contents of a 14%, b 16%, c 
18%, d 20%, and e 22%
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more clearly in Fig. 8, where the void ratios of micropores, 
small pores, mesopores, and macropores of specimens com-
pacted at different molding water contents are compared. It 

shows that the void ratio of small pores grows and the void 
ratio of mesopores reduces with the increase of molding 
water content at any compaction degree, while little changes 
take place in the void ratios of micropores and macropores. 
The cumulative intrusion void ratios (ein) are also summa-
rized in Fig. 8. The specimens with the same compaction 
degree should have identical void ratios (e), while different 
values of ein were measured by MIP, which could be mainly 
because they have different PSDs. In general, ein is less than 
e (as summarized in Table 2), because in addition to the 
pores with a diameter beyond the range of 3 nm–360 µm, 
insolated pores and constricted pores could not be intruded 
(Wang et al.  2020; Li et al.  2020; Xiao et al.  2022).

3.2.2 � Effect of compaction degree on the PSD

Figure 9 shows the PSDs of specimens compacted to dif-
ferent compaction degrees. The PSDs of the specimens 
compacted at 22% are trimodal (Fig. 9e), and the others are 
bimodal, as mentioned before. In each group of specimens 
(with the same molding water content), the size distribution 
of intra-aggregate pores is not affected, while the PSD in 
the range of inter-aggregate pores is compressed towards 
the left as compaction degree increases. This differs from 
the assumption of Hu et al. (2013) and Zhang et al. (2019) 
that the PSD of inter-aggregate pores translates towards the 
left in response to the decrease of void ratio. Moreover, not 
only is the peak density of inter-aggregate pores decreased 
significantly, but also dmacro reduces.

Similarly, pores are classified into four groups (see 
Fig. 9). It can be seen that mesopores are mainly affected by 
compaction degree; the larger the compaction degree, the 
lower the density of mesopores. The PSD in the ranges of the 
other three groups of pores is basically unchanged. In fact, 
the specimen with a larger compaction degree is equivalent 
to be obtained by compressing the specimen with a lower 
compaction degree in a confined cell. So, the effect of com-
paction degree is similar to that of confined compression 
on the PSD of compacted loess, i.e., inter-aggregate pores 
are compressed, from the larger to the smaller, resulting in 
reductions in the peak density and dominant diameter of 
inter-aggregate pores (Wang et al.  2019). Figure 10 com-
pares the void ratios of micropores, small pores, mesopores, 
and macropores, as well as ein, of specimens compacted to 
different compaction degrees. It can be seen that at any 
molding water content, the void ratio of mesopores drops 
greatly with the increase of compaction degree, and the void 
ratios of the other three groups of pores remain basically 
unchanged. As a result, ein that is the sum of the four void 
ratios decreases with the growing compaction degree.

Fig. 7   PSDs of the specimens compacted to compaction degrees of a 
85%, b 90%, and c 94%
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4 � Discussion

4.1 � Controlling effect of molding water content 
on the shape of PSD

As analyzed before, the size distributions of small 
pores (150  nm < d  ≤ 2000  nm) and mesopores 
(2000 nm < d ≤ 12,000 nm) are mainly different in specimens 
with different molding water contents even if their compac-
tion degrees are the same (Fig. 7). At the same compaction 

degree, the larger the molding water content, the higher the 
density (or void ratio) of small pores, and the lower the den-
sity (or void ratio) of mesopores (Fig. 8). That is because 
molding water content has a significant influence on the size 
of skeleton particles (aggregates) in compacted loess. At a 
low molding water content, the diffuse double layer (DDL), 
i.e., water molecules electrically attracted to the surfaces of 
clay particles, could not be developed completely, such that 
attractions (such as van der Waals attraction and capillary 
attraction) are dominated between clay particles. Under such 

Fig. 8   Void ratios of micropores, small pores, mesopores, and macropores of the specimens compacted to compaction degrees of a 85%, b 90%, 
and c 94%

Fig. 9   PSDs of the specimens compacted at water contents of a 14%, b 16%, c 18%, d 20%, and e 22%
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a scenario, aggregates (both clay aggregates and silt aggre-
gates) developed in compacted loess are more likely to have 
large sizes; pores between aggregates also have large sizes. 
While at a high molding water content, both aggregates and 
pores between aggregates have small sizes. For this reason, 
with the increase of molding water content, the density of 
small pores grows and the density of mesopores reduces.

Among the specimens tested in this study, only the speci-
men 22–85% has a number of macropores (Fig. 7a), while 
the others almost have no macropores. In addition, the PSDs 
of the specimens compacted at 22% are trimodal (Fig. 9e). 
Those curves have two peaks within the range of inter-
aggregate pores (d > 150 nm). That is to say, there are two 
groups of inter-aggregate pores in those specimens. It sug-
gests that molding water content may have a control on the 
shape of PSD of compacted loess. Delage et al. (1996) were 
among the first to interpret the PSD shape of compacted 
soils. Their results show that the specimen compacted at 
the wet side (higher than the optimum water content) had a 
matrix type structure along with a unimodal PSD, whereas 
the specimen compacted at the dry side had a bimodal PSD 
and a structure characterized by a skeleton made of silt 
aggregates linked together by clay bridges. Similar results 
were obtained by Kong et al. (2011) on a compacted clay, 
and they thought there is a reduction in the aggregation 
of clays in response to an increase in molding water con-
tent (Delage et al.  1996; Romero et al.  2011; Cheng et al.  
2020). Casini et al. (2012) drew a very different conclusion 
based on their results on a compacted silt. They observed 
that aggregates could not be fully developed, in both the 
size and the quantity, when molding water content and com-
paction degree were all very low. In that case, the com-
pacted silt had a unimodal PSD. While there was a high 
tendency for the development of aggregates when molding 

water content was close to the optimum water content, 
the PSD turned to be bimodal. As molding water content 
increased further (the soil was nearly saturated), large pores 
were filled with aggregates, and the compacted silt had a 
unimodal PSD again. However, Koliji et al. (2009) reported 
different finding that the PSD of a silty clay was bimodal 
when it was compacted at low water contents, while as it 
went to be saturated (saturation degree > 50%), large pores 
were reduced, resulting in a unimodal PSD. These differ-
ent findings could be mainly attributed to the differences 
in grain composition of the test materials and methods to 
determine the PSDs. For example, the peak in the diameter 
range of intra-aggregate pores (less than 200 nm, typically) 
could not be detected by MIP when the porosimeter used 
cannot provide a wide range of pressure (Casini et al.  2012; 
Hou et al.  2020; Wang et al.  2020; Cheng et al.  2020).

In the present study, the PSD of compacted loess is 
observed to vary from bimodal to trimodal as molding water 
content increases from 14 to 22%. To investigate in depth 
the controlling effect of molding water content on the shape 
of PSD of compacted loess, five more specimens were pre-
pared, and their PSDs were measured, as shown in Fig. 11. 
They were compacted at 8%, 10%, 12%, 24%, and 26% 
(close to the liquid limit, 28%) to a compaction degree of 
90%; it was difficult to compact the soil at a lower (< 8%) or 
a higher water content (> 26%). It can be seen from Fig. 11a 
that the PSD of compacted loess is bimodal even if molding 
water content is as low as 8%. In Fig. 11b, it shows that the 
specimen compacted at 24%, similar to the specimens com-
pacted at 22%, has a trimodal PSD. However, when molding 
water content increases to 26%, the PSD is bimodal again.

This special change of the PSD shape could be attributed 
to that molding water content has a control on the occurrence 
of clay particles (Juang et al.  1986; Simms and Yanful 2002; 

Fig. 10   Void ratios of micropores, small pores, mesopores, macropores, and ein of the specimens compacted at water contents of a 16%, b 18%, 
and c 20%
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Romero et al.  2011). There is a high tendency for clay aggre-
gates to have large size at the dry side of the optimum since 
attractions are dominated between clay particles. However, 
at the wet side, electrostatic repulsion is produced since the 
electrostatic equilibrium in the DDL is destroyed by water 
molecules; meanwhile, osmotic repulsion between particles 
cannot be neglected. Both repulsions can lead to a reduc-
tion in the size of clay aggregates. So, the higher the mold-
ing water content, the smaller the size of clay aggregates. 
However, when there is a wide gap between the size of clay 
aggregates and that of silt aggregates (and clay-coated sands), 
the pores between clay aggregates could be the group of 
inter-aggregate pores with smaller diameter, while the pores 
between silt aggregates (and clay-coated sands) are the group 
of inter-aggregate pores with larger diameter. In other words, 
the PSD is trimodal, as shown in Fig. 11b; the peak in the 
range of small pores corresponds to the dominant diameter 
of the pores between clay aggregates, and the peak in the 
range of mesopores corresponds to the dominant diameter 
of the pores between silt aggregates (and clay-coated sands). 
With the further increase of molding water content (close to 
the liquid limit), the soil is nearly a paste, large pores could 
be filled with clay aggregates. As a result, there is only one 
group of inter-aggregate pores in the soil, the PSD becomes 
bimodal again.

The size distribution of intra-aggregate pores (or micro 
pores, ≤ 150 nm) remains unchanged no matter how mold-
ing water content changes. That is because aggregates are 
skeleton particles in compacted loess within the range of 
molding water content considered in this study (8–26%), the 
group of intra-aggregate pores (pores between clays in fact) 
cannot be changed as long as the clay content is unchanged. 
In other words, the size distribution and density of intra-
aggregate pores in compacted loess are strongly dependent 
on the amount of clay (Juang et al.  1986) rather than mold-
ing water content (Hou et al.  2020).

4.2 � Influence of the microstructure on the SWCC​

The SWCC is the representation of interactions between 
solid particles and water stored in soil pores. It is widely 
recognized that there is a close relationship between the 
SWCC and PSD in the low suction range where the drain-
age of water is governed by the capillarity. The capillary law 
states an inverse relationship to the pore size being desatu-
rated at a particular suction. Some classical SWCC models, 
such as Brooks and Corey model and Fredlund and Xing 
model, were obtained by integrating the function of PSD 
(Fredlund and Xing 1994). Experimental evidence indicates 
that soils with a dual-porosity structure, such as gap-graded 
soils, cracked soils, and fine-graded soils compacted at the 
dry side, may have a bimodal SWCC that can be consid-
ered as the superimposition of two unimodal SWCCs (Li 
et al.  2014). In other words, when two or more pore families 
exist in the soil, the SWCC might be bimodal or multimodal 
(Zhang and Chen 2005; Satyanaga et al.  2013). However, 
such a bimodal feature of the SWCC was not captured in 
this study. In fact, it is very difficult to obtain a bimodal 
SWCC, because it requires measuring the water contents 
at many suctions, which is very time-consuming; it also 
depends on the method or instrument used and the opera-
tor’s ability and experience (Zapata et al.  2000). For this 
reason, the measured bimodal SWCC of loess (both intact 
loess and compacted loess) is rarely seen. In many studies 
on loess, the measured SWCCs are unimodal even though 
the samples tested have a dual-porosity structure along with 
a bimodal PSD (Muñoz-Castelblanco et al.  2012; Zhang 
et al.  2019; Hou et al.  2020; Wang et al.  2021). The first 
part of the bimodal SWCC measured by Ng et al. (2016) for 
a compacted loess is within the suction range of less than 
20 kPa. So, a bimodal SWCC of compacted loess might be 
obtained by increasing the number of measurements in the 
range of 0 – 20 kPa.

Fig. 11   PSDs of the specimens compacted at different water contents
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Figure 12 presents the measured SWCCs (including the 
data measured by pressure plate extractor and WP4C) and 
PSDs of some specimens (pore diameter is converted to suc-
tion according to the Yang-Laplace equation, s = 2Tscosα/r, 
where s is the suction, Ts is the surface tension of water, α  
is the contact angle between solid particle and water, and  
r is the pore radius). The suctions converted from the pore 
sizes in the high suction range may not be the actual suc-
tions since it is the adsorption that contributes to those suc-
tions. This is also indicated by the inconsistency at high 
suctions (> 5000 kPa, approximately) between the meas-
ured SWCC and the SWCC predicted from the PSD (see 
Fig. 12a). It is worth mentioning that the predicted SWCC 
also does not match the measured SWCC at low suctions 
(< 100 kPa, approximately) (Fig. 12a). That is because, as 
mentioned before, pores with a diameter beyond the range of 
3 nm–360 µm, insolated pores and constricted pores could 
not be detected by MIP. For this reason, the measured satu-
rated water content is larger than that predicted from ein.  
From Fig. 12, it can be seen that the AEV corresponds to a  
diameter at which there is a sharp increase in the pore -size den-
sity. Besides, the slope of SWCC in the transition zone is  
related to the range of dominant diameter of inter-aggregate 
pores; the narrower the range of dominant diameter, the 
steeper the SWCC in the transition zone (see Fig. 12b and d) 
that is consistent with the observation of Hou et al. (2020).

As a soil commences desaturating, air first replaces some 
of the water in large pores; in other words, water drains from 
large pores in response to suction increase in the low suction 

range, and vice versa. It can be seen from Fig. 12 that water 
drains from macropores and mesopores during the tran-
sition stage and from small pores and micropores during 
the residual stage. Since there are almost no macropores 
in the specimens (except for the specimen 22–85%), water 
drains mainly from mesopores during the transition stage. 
So, the higher the density of mesopores is, the more the 
water content decreases in the transition zone. Small pores 
and micropores have a control on the desiccation during the 
residual stage. For this reason, the specimens with different 
molding water contents have different PSDs in the ranges of 
mesopores and small pores (Fig. 7); they therefore have very 
different SWCCs in the transition zone and residual zone 
(Figs. 2 and 3). The specimens with different compaction 
degrees have different PSDs only in the range of mesopores; 
their SWCCs are close to each other in the residual zone 
(Fig. 12).

5 � Conclusions

The PSDs and SWCCs of specimens with different molding 
water contents or compaction degrees were measured, to 
gain a deep insight into the effects of molding water con-
tent and compaction degree on the microstructure and water 
retention capacity of compacted loess. Several important 
conclusions can be drawn upon this integrated experimen-
tal study.

Fig. 12   Relationship between 
the SWCC and PSD of com-
pacted loess
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(1)	 The size distributions of small pores and mesopores 
are mainly different due to the difference in molding 
water content; at the same compaction degree, the 
higher the molding water content, the lower the den-
sity of mesopores, and the larger the density of small 
pores. However, at the same molding water content, 
mesopores are mainly affected and compressed from 
the larger to the smaller with the increase of compac-
tion degree.

(2)	 Molding water content has a control on the size of 
aggregates in compacted loess; with the increase of 
molding water content, the size of aggregates (both 
clay aggregates and silt aggregates) decreases. When 
there is a wide gap between the size of clay aggregates 
and that of silt aggregates (and clay-coated sands), the 
PSD is trimodal, and there are two groups of inter-
aggregates pores in the soil. As molding water content 
increases further (close to the liquid limit), large pores 
could be filled with clay aggregates; there is only one 
group of inter-aggregate pores in the soil, and the PSD 
becomes bimodal again.

(3)	 The influence of molding water content on the SWCC 
is mainly on the AEV and slope of the curve in the 
transition zone. At the same compaction degree, the 
specimen with a lower molding water content has a 
greater AEV and a larger slope of the curve in the tran-
sition zone. Compaction degree influences the AEV, 
and when presented in terms of gravimetric water con-
tent, the SWCCs are almost overlapped when suction 
is approximately greater than 30 kPa.

(4)	 Water drains mainly from mesopores during the transi-
tion stage and from small pores and micropores during 
the residual stage. There is a close relationship between 
the SWCC and PSD in the low suction range where 
the drainage of water is governed by the capillarity. 
The AEV corresponds to a diameter at which there is a 
sharp increase in the pore density. Besides, the speci-
men with a narrower range of dominant diameter of 
inter-aggregate pores has a larger slope of SWCC in 
the transition zone.
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