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Abstract
The pore structure is one of the most important properties of loess, which can directly affect the other
properties such as water content, permeability and strength. It is of great signi�cance to study the loess
pore structure to ensure the safety and reliability of large-scale land creation and arti�cial infrastructure in
the loess region. In this paper, the 3D pore characterization of intact loess and four kinds of compacted
loess (with different dry densities) was investigated by microscale computed tomography. An e�cient
work�ow is proposed to determine the structural representative volume elements of intact loess and
compacted loess. Quantitative statistical analysis has shown that the heterogeneous level of the
compacted loess is much greater than that of the intact loess on a microscopic scale. The intact loess
has a higher porosity than the compacted loess, mainly because it has much more pores with an
equivalent radius of 5~13μm. And the pores of intact loess are more connected and more stable. As the
compactness increases, pores of the compacted loess have been compressed, separated, or even
disappeared. And pore disappearance of the small pores (<7μm) mainly occurs under low compaction,
while the compression and separation of medium (7~12μm) and large pores (>12μm) are dominant
under high compaction. Moreover, the compacted loess will become more stable due to the present warm-
humid climate.

1. Introduction
Loess, a grayish yellow or brownish yellow, clastic, highly porous, brittle Quaternary aeolian sediment,
covers approximately 10% of the Earth’s land surface 1,2. The Loess Plateau in mid-north China is the
greatest bulk accumulation of loess on the earth 3. It covers an area of 624,641 km2 and spans seven
provinces in China, making up 20% of arable land and supporting 17% of its population 4,5. As loess is a
highly erosion-prone soil, the unique hilly-gully landscape was formed under the in�uence of human and
natural activities for thousands of years 6. Due to inappropriate soil conditions and multi-hazard
scenarios, local farmers were in poverty as their efforts can hardly be paid off. The tense relationship
between nature and human beings developed gradually.

With the development of economic construction in recent years, urban areas on the Loess Plateau have
expanded rapidly, and the restriction of mountainous terrain on available construction land is becoming
increasingly prominent 7. To alleviate the nature-human tension and solve the shortage of construction
land resources, local governments proposed the Mountain Excavation and City Construction (MECC)
project 8. In cities such as Chongqing, Yichang, Lanzhou and Yan'an, tens of square kilometers of new
lands have been created. As one of the largest MECC projects, the amount of earthwork in Yan’an new
district exceeded 600 million m3 to create 78.5 km2 of �at land 9. Dozens of hills with 100–150 m in
height were removed to �ll in valleys. Compaction, the most cost-effective way 10, was used to improve
the manual �lling loess body. Its basic principle is to increase the density of loess by rolling or heavy
tamping. The height of compacted loess �lled in the valley could �nally exceed 80 m. Besides the
unprecedented scale, the coexistence of intact and compacted loess is another feature that differs from
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previous projects. Recent work by engineers has established that the two kinds of foundations have
obvious differences 7,11−13. The intact loess is uniform in nature and has good engineering geological
conditions. By contrast, the compacted loess has a different degree of compressibility and collapsibility.
These differences make the two kinds of foundations prone to uneven settlements, and ground �ssure
often occurs at the contact place. Hence, the comparative study of these two kinds of loess is of great
value to the stability analysis of the site. This will be directly related to the long-term stability of this kind
of large arti�cial loess project and whether it can meet the demand of urban construction.

Recently, a large number of scholars have carried out research on the properties of intact and compacted
loess, and have found that compacted loess is quite different from intact loess 11,13−16. Many laboratory
experiments proved have shown that despite the compaction measures, remolded loess still has
collapsibility which can be even more serious than original loess 17–20. Besides, water retentions of the
compacted loess and the intact loess are also different 12,21. Compared to re-compacted loess, intact
loess exhibits a more pronounced hysteresis in the soil-water retention curve (SWRC) for low suctions.
However, re-compacted loess exhibits larger hysteresis than intact loess for high suctions. It is worth
mentioning that, the macro-level hydrological and mechanical properties of soils either in their compacted
state or intact state is profoundly affected by the microstructure, especially the pore structure 12,14,21−25.
As the compacted loess has a distinct pore-structure in comparison to the intact loess, it behaves
differently from the intact loess in response to hydrological and mechanical change 21,26,27. Thus,
qualitative and quantitative research on the soil pore structure of compacted loess and intact loess is of
great signi�cance for agricultural cultivation, water and soil conservation and engineering construction.

Mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) are the most widely
adopted techniques in such pore studies. The investigations have mainly concentrated on the
determination of the plane morphology, two-dimensional characteristics of the loess pores, pore size
distribution (PSD) and corresponding microstructural parameters 28–32. However, SEM can only obtain 2D
images and the results are highly dependent on the choice of observing directions, which will result in
non-unique shape descriptors for the pores 33. Because of the principle that forcing a non-wetting liquid
(often mercury) to intrude into a material at high pressure to get the PSD, MIP is destructive so that the
results may not be true 34,35, and it cannot directly visualize the pore structure 11. Fortunately, with the
development of new observation apparatuses and processing technologies, X-ray computed tomography
(CT) has been used to investigate the pore structure of loess in recent years 1,26,36−40. It can provide the
images of each layer inside the sample without interfering with the test process and obtain 3D results 26.
Nonetheless, due to the exorbitant price and the limited scanning pixels, researchers can only get 3D
reconstructed pore structures in size of hundreds of microns, when the CT scan resolution is up to 1µm
39,40. And such high-resolution CT studies are extremely limited. Considering the heterogeneity of loess,
especially compacted loess, the accuracy of such studies needs to con�rm whether the tiny 3D pore
structure can represent the properties of conventional size samples.
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Representative volume element (RVE) is an important concept in the mechanics and physics of random
heterogeneous materials 41,42. The RVE is usually regarded as a volume of heterogeneous material that is
su�ciently large to be statistically representative of the microstructural heterogeneities 43. If the volume
is relatively small, a slight increase in size may result in a notable change in characteristics. When the
volume is larger than a critical value, the characteristics would no longer change with an increase in size.
This critical value is called the representative volume element (RVE) size 44. Knowledge of the RVE size
has been widely applied to accurate analyses of three-dimensional fractures network of jointed rock
mass 45–48. Similarly, it also contributes to the correct and accurate analysis of soil microstructure. This
means that studies based on CT scans are representative if the tiny 3D volume corresponds to the RVE
size. However, little research in this direction has been carried out.

Overall, the comparative studies on the 3D pore microstructure between intact loess and compacted loess
based on the non-destructive CT scanning technology, especially at high resolution (1µm), is very limited.
Moreover, whether such tiny three-dimensional pore structures are representative needs to be veri�ed
urgently.

In this paper, 3D pore microstructures of intact and compacted loess from the Loess Plateau were
established based on serial CT images with a voxel size of 1 µm3. Quantitative analysis and comparison
were carried out to characterize the parameters of 3D structure volumes with different sizes. And
geometrical RVE sizes of the microstructure of intact and compacted loess were determined. This
research is expected to provide an in-depth and comprehensive understanding of the 3D pore geometrical
characteristics of intact and compacted loess and insights into the study of the mechanical mechanism
of loess behavior.

2. Methodology

2.1 Sampling and sample preparation
The soil materials used in this study were obtained from a slope of MBCC projects in Yan’an City,
Shannxi, China (Fig. 1). Considering the obvious differences in material composition and microstructure
of loess in different strata 49,50, all the samples used in the tests all come from the same place in the
same stratum, the L6 layer of Middle Pleistocene (Q2) strata, to ensure the uniformity. The intact loess
samples were well sealed by PVC pipe, plastic wrap and plastic tapes to avoid disturbance during the
transportation. Primary physical parameters were determined according to the Chinese standard for soil
test method (GB/T 50123 − 1999). The dry density and speci�c gravity were 1.54g/cm3 and 2.71,
respectively. The liquid limit and plastic limit were 28.5% and 18.7%, respectively.

After sampling, the loose soil was dried at 100°C for more than 8 h, ground and sieved (passing through a
2-mm sieve). Then, 100g distilled water was sprayed onto 1000g dry soil, after which mixing continued
until it obtained a uniform color and texture. And the well-mixed soil should be sealed in a resealable bag
for more than 48 hours to reach moisture equilibrium. Subsequently, the soil was added into the sample-
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making apparatus and compacted by the jack at the bottom for more than 40 seconds 26. The dry
densities of compacted soil samples used in this study are 1.50g/cm3, 1.60g/cm3,1.70g/cm3 and
1.80g/cm3, respectively.

Both the intact (YA-L6) and compacted (YA-1.5, YA-1.6, YA-1.7, YA-1.8) initial samples were then put in a
dry place with constant temperature and ventilation for more than one month to meet the requirements of
the CT scan. After air-drying, the samples were trimmed to cylindrical specimens (3mm in diameter and
5mm in height) by extremely thin and sharp blades. All the specimens were encased in a plastic tube to
prevent disturbance (Fig. 2).

2.2 CT scanning and 3D reconstruction
In this study, a micro-CT device with high resolution (ZEISS Xradia520 Versa, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing) was used to scan the specimens (Fig. 2). The voltage
and current used for the image acquisition were 60 kV and 81 µA, respectively. Given the scanning
resolution of 1µm, 800 gray images were obtained for each specimen, and each image consisted of
1,002,820 (1015×988) pixels with gray values in the range of 0-255. The 3D-cylindrical micro-samples
can be obtained after the gray image combination (Fig. 3a). And the 3D cylindrical micro-samples were
preprocessed by a Gaussian �lter to clarify the particle boundary and facilitate the subsequent threshold
selection (Fig. 3b).

2.3 Cube partition and data processing
For facilitating the subsequent pore segmentation and pore size statistics, a 600µm×600µm×800µm
cube in the middle part of each 3D cylindrical micro-sample was selected as the region-of-interest (ROI)
(Fig. 3c). Then each of these ROI cubes was cropped into different smaller cubes from 8 different
positions. At each position, following a certain direction, a new bigger cube was generated while the side
length increases every 100 voxels until the side length reaches the ROI cube size (Fig. 3d). The sub-
volume selection scheme here can also be regarded as eight different grow regimes (self-similar regime)
of a small cube to the original big cube 51,52.

For each cube (Fig. 4a), particles and pores were segmented in a semi-automatic way by using an
interactive watershed tool and arti�cial selection. Then, the segmented pores were selected in 3D mode to
generate new volume without the particle parts to obtain the 3D pore microstructure (Fig. 4b). Here, the
porosity (Po) is de�ned as the ratio of the number of pore voxels to the number of all voxels. As the
connected pores and isolated pores could be distinguished (Fig. 4c, Fig. 4d), here the connected porosity
(Pc) is de�ned as the ratio of the number of connected pore voxels to the number of all voxels, and the
isolated porosity (Pi) is de�ned as the ratio of isolated pore voxels to the number of all voxels.

After pore space separation (Fig. 4e), the pores were generalized to form a pore network (Fig. 4f). By
separation, the number of pores of (Np) each cube could be obtained. And the Avizo
XporeNetworkModeling Extension was required to access different statistics, such as pore volume, pore
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area, pore equivalent radius, coordination number, throat equivalent radius and throat channel length. The
pore volume is expressed as the number of voxels in a single pore. The pore area is expressed as the area
of the total boundary in a single pore. The pore equivalent radius is expressed as the radius of a sphere
whose volume is equal to the pore volume. The coordination number is de�ned as the number of throats
connected to a given pore. The throat equivalent radius is de�ned as the radius of the thinnest contact
position between two connected pores. The throat channel length is de�ned as the length of the throat
between two connected pore centers. The median of pore volume, pore area, pore equivalent radius,
throat channel length (MV, MA, MR, ML) and the average coordination number (Cn) were selected for the
analysis. In addition, correlation accumulative curves were used for veri�cation.

3. Results

3.1 Quantitative comparison of cubes of different sizes
Due to the limitation of the ROI size, the 8 cubes at different positions have a wide range of overlap when
the side length is greater than 400µm3 (Fig. 3). Hence only two sizes of cubes, 200µm3 and 300µm3, were
selected for analysis of mean and standard deviation. The results are shown in Fig. 5.

Considering the standard deviation can re�ect the dispersion of a data set, the most interesting aspect of
this graph is that Po, Pc, Pi, Np, Cn of the intact loess are more uniform than those of the compacted loess.
And the dispersion of data has reduced when the side length increases, especially for the compacted
loess. Even though YA-1.5 has a smaller dry density, the intact loess has greater porosity (Po) and greater
connected porosity (Pc) than the compacted loess (Fig. 5a, Fig. 5b), while its isolated porosity (Pi) is
smaller than the compacted loess (Fig. 5c). And the intact loess has larger pore numbers (Np) and larger
average coordination numbers (Cn) (Fig. 5d, Fig. 5e).

By comparing the results of YA-1.5, YA-1.6, YA-1.7 and YA-1.8, it can be found that Po and Pc of the
compacted loess decrease as the dry density increases (Fig. 5a, Fig. 5b). Pi shows a trend of increasing
�rst and then decreasing when the dry density increases (Fig. 5c). By contrast, Np and Cn show a trend of
decreasing �rst and then increasing when the dry density increases (Fig. 5d, Fig. 5e). It needs to be
emphasized that all the turning points occurred when the dry density was 1.60g/cm3.

3.2 Determination of geometrical RVE
Figure 6 has shown part of the RVE analysis results based on different parameters of the intact loess (YA-
L6) and the compacted loess (YA-1.5, YA-1.6, YA-1.7, YA-1.8). The x-axis represents the side length of
cubes, while the y-axis represents the 3D parameters. As shown in Fig. 6, there are erratic �uctuations in
the 3D parameters if the cube size is relatively small. And some lines begin to be steady as the cube size
increases. Here the minimum X coordinate of the steady state is de�ned as the RVE side length. All the
results based on different parameters at different positions are shown in Fig. 7. It can be observed that
the results of different sub-volume selection schemes are different, even from the same loess sample.
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And the difference is particularly evident in compacted loess. Besides, the RVE side lengths of the intact
loess are generally smaller than those of the compacted loess. And as the dry density increases, the
number of small RVE side lengths of the compacted loess has increased.

In this study, the biggest RVE side length based on nice parameters of eight sub-volume selection
schemes should be taken as the geometrical RVE size of the original sample. Hence, the geometrical RVE
sizes of YA-L6, YA-1.5, YA-1.6, YA-1.7 and YA-1.8 are 500µm3, 600µm3, 600µm3, 600µm3 and 600µm3,
respectively. To verify the reliability of the results, correlation accumulative curves of the ROI cube and the
geometrical RVE cubes have been compared. It is apparent from Fig. 8 that the cumulative curves of
different geometrical RVE cubes are in good agreement with those of ROI cubes. Therefore, the current
geometrical RVE sizes are trusted.

3.3 Quantitative statistical analysis based on RVE
dimensions
For further understanding the 3D micro-structure difference of the intact and compacted loess, the RVE
cube with a size of 600µm3 of each kind of loess was selected to carry out quantitative comparative
statistics of pore equivalent radius distribution and throat equivalent radius distribution. For data
consistency, the intact loess cube used here has the same size as the compacted loess’s geometrical RVE
cube. The results are shown in Fig. 9. Here the volume percentage means the ratio of the sum of the pore
volumes of a particular equivalent pore radius to the sum of all the pore volumes. And the total volume
means the sum of the pore volumes of a particular equivalent pore radius. Similarly, the length
percentage means the ratio of the sum of the throat lengths of a particular equivalent throat radius to the
sum of all the throat lengths. And the total length means the sum of the throat lengths of a particular
equivalent throat radius.

From Fig. 9a and Fig. 9b, the intact loess has different pore equivalent radius distribution with the
compacted loess. When the pore equivalent radius is less than 5µm, the volume percentage of the intact
loess is smaller than that of the compacted loess. But its total volume is slightly larger than the
compacted loess, except for YA-1.8. When the pore equivalent radius is in the range of 5 ~ 13µm, the total
volume of the intact loess is much larger than that of the compacted loess. And its volume percentage
tends to be close to that of compacted loess, especially the samples with higher dry density (YA-1.7),
despite the dry density of the intact loess being closer to that of YA-1.5. When the pore equivalent radius
is more than 13µm, the volume percentage of the intact loess is gradually smaller than that of the
compacted loess. And the total volume of the intact loess is smaller than that of the compacted loess
under low compaction, while higher than that of the compacted loess under high compaction. Besides, as
the only compacted loess sample whose dry density is less than that of the intact loess, YA-1.5 has a
similar volume percentage and total volume with YA-L6 when the pore equivalent radius is less than 5µm.

From Fig. 9c, there are no signi�cant differences between the intact loess and the compacted loess on
length percentage of throats at different equivalent throat radius. However, it is shown in Fig. 9d that, the



Page 8/24

intact loess has a longer total length of throats than the compacted loess. Overall, the throats with the
equivalent radius of 1–2µm account for the largest proportion, both for the intact and the compacted
loess.

What is also interesting in Fig. 9 is to compare the results of compacted loess with different dry densities
(YA-1.5, YA-1.6, YA-1.7 and YA-1.8). As shown in Fig. 9a, when the pore equivalent radius is less than 7µm,
the volume percentage of the compacted loess increases with the increasing of dry density. When the
pore equivalent radius is in the range of 7 ~ 15µm, the volume percentage of the compacted loess
increases �rst and then decreases with the increasing of dry density. When the pore equivalent radius is
more than 15µm, the volume percentage of the compacted loess decreases with the increasing of dry
density, except for YA-1.8. Under some conditions, YA-1.8 can have a larger volume percentage. However,
there are some differences in the total volume results. As shown in Fig. 9b, when the pore equivalent
radius is less than 7µm, the total volume of the compacted loess decreases �rst and then increases with
the increasing of dry density. When the pore equivalent radius is in the range of 7 ~ 10µm, the total
volume decreases �rst in the case of low compactness, then increases rapidly with the increasing of dry
density, and decreases again in the case of high compactness. When the pore equivalent radius is in the
range of 10 ~ 12µm, the total volume increases �rst and then decreases with the increasing of dry
density. When the pore equivalent radius is more than 12µm, the total volume decreases with the
increasing of dry density, generally. Similarly, YA-1.8 can have a larger total volume under some
conditions.

What’s more, from Fig. 9c and Fig. 9d, it is obvious that the length percentage and the total length have
decreasing trend with the increasing of dry density when the throat equivalent radius is more than 5µm.
When the throat equivalent radius is less than 2µm, YA-1.8 has the largest length percentage and the
largest total length, while YA-1.7 has the largest length percentage when the throat equivalent radius is in
the range of 2–5µm. And for the throats whose equivalent radius is in the range of 0–3µm, the total
length decreases �rst and then increases with the increasing of dry density.

4. Discussion

4.1 Comparison of intact loess and compacted loess
The afore mentioned results of standard deviations and RVE sizes (Fig. 5, Fig. 6, Fig. 7) have
demonstrated that the heterogeneous level of the compacted loess is much greater than that of the intact
loess on a microscopic scale.

Interestingly, by comparing the physical properties of natural loess and compacted loess, Zhang, et al. 13

have found a similar pattern on a macroscopic scale. The difference of the heterogeneous level is closely
related to the loess formation process of different loess. According to the hypothesis of eolian origin for
loess, the formation process of intact loess is complex 53–55. The particles from the same source area are
suspended under the combined action of upper westerly wind and near-surface wind. During
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transportation, dust descends due to air�ow and is deposited differently according to particle size.
Therefore, the properties of sediments at the same location at the same age are basically the same, and
the subsequent long-term evolution state is also basically the same. However, the formation process of
compacted loess is done in a very short time. During sample remolding, an external force is needed to
compact the sample into the required state. The external force is usually anisotropic and has a
heterogeneous effect on the surface soil samples 56, which results in the anisotropic pore structure of
remolded sample 57. According to the results in this study (Fig. 5, Fig. 7), it can be concluded that for the
compacted loess, the degree of such pore heterogeneity decreases with the increase of dry density. A
possible explanation for this might be that the particles have a certain optimal stacking state.

Another signi�cant conclusion can be drawn from Fig. 5, that the pores of intact loess are more
connected than those of the compacted loess. The total length results in Fig. 9d can also demonstrate
this conclusion. This is because the long period of water seepage promotes the formation of connected
pores in the natural intact loess 1,58. Thanks to the determination of geometrical RVE, it is con�rmed that
such tiny three-dimensional pore structures (no less 600µm3) are representative. There are also some
interesting �ndings by the quantitative statistical analysis (Fig. 9a, Fig. 9b).

Firstly, unlike the previous study 21 that dominant pores of the intact loess are smaller than the remolded
loess, there is little difference in the dominant pores in this study. This discrepancy could be attributed to
whether the results were obtained by MIP test or by CT scanning. Zhang, et al. 26 have found that the
dominant pores from CT scanning are smaller than those from MIP test. Because X-ray CT is a
nondestructive technique that does not interfere with or destruct the internal structure of soil. It means
that the strength of pore structure of the compacted loess is less than that of the intact loess, hence the
pores may greaten more obvious under high pressure intrusion by mercury compared. The high strength
of the intact loess may from the reprecipitate calcium carbonates and cements in long period of water
in�ltrating 59,60.

Secondly, the intact loess has much more pores whose equivalent radius is in the range of 5 ~ 13µm than
the compacted loess (Fig. 9b). And this is the main reason for the intact loess’s high porosity. Previous
research has established that pores with a radius of less than 13µm are mostly occupied by combined
water 61. As the combined water cannot move freely under gravity, only the pores with radii larger than
13µm allow water to migrate 36. Therefore, the total volume of pores with a radius greater than 13µm,
instead of the porosity, is directly related to the permeability of loess. This means that the compacted
loess under low compaction (YA-1.5, YA-1.6) may have higher permeability than the intact loess, even
though the intact loess has a greater porosity. And the compacted loess under high compaction (YA-1.7,
YA-1.8) may have lower permeability than the intact loess. Zhang, et al. 13 has found similar results by
the comparative study on the permeability of natural sedimentary loess and manual �lling compacted
loess from a site of MBCC projects.
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4.2 Difference analysis of compacted loess with different
dry density
According to the quantitative comparison in Fig. 5, one can �nd that the increase of compaction degree is
accompanied by the shrinkage, separation and even disappearance of pores. Thanks to the
determination of geometrical RVE, we can quantify the true volume and length value of pores rather than
just the percentage content (Fig. 9).

By traditional percentage statistics, Zhang, et al. 26 has divided the pores of the compacted loess into
three categories: large pores (> 13µm), medium pores (8 ~ 13µm) and small pores (< 8µm). They indicated
that the large pores were �rstly broken into medium pores and some small pores until the pore structure
was close to the natural structure of the loess. Then a lot of medium pores were broken into small pores
as the compactness was further increased. Similar results can also be obtained from Fig. 9a, but the
three categories are large pores (> 15µm), medium pores (7 ~ 15µm) and small pores (< 7µm). This may
be due to the difference in calculation methods of pore segmentation statistics during data processing
62,63. However, such conclusions cannot explain why Np shows a trend of decreasing �rst and then
increasing when the dry density increases (Fig. 5d).

Fortunately, the quantitative statistical analysis of the total volume of pores based on the pore equivalent
radius has provided the evidence that explains the problem (Fig. 9b). Under low compaction, many small
pores are compressed until they disappear, so that the total volume of the small pores (< 7µm) decreases.
The medium pores and large pores are also compressed or even separated. The results have shown that
the large pores are mainly compressed into the pores in the range of 10 ~ 12µm. At this time, the number
of pores increased by separation is less than the number of pores that disappeared, so the Np shows a
trend of decreasing. As the compactness increases, more pores are compressed and separated. A lot of
pores in the range of 7 ~ 10µm appear. Here the number of pores increased by separation is much larger
than the number of pores that disappeared. Under high compaction, the pores are further compressed
and separated, especially for the pores whose equivalent radius is more than 7µm. And more small pores
(< 7µm) appear. As a result, the Np shows a continuous upward trend. Besides, YA-1.8 sometimes has a
larger volume percentage and a larger total volume when the pore equivalent radius is more than 12µm.
Because it is di�cult to distinguish pore-throat segments under high compaction, so that some extremely
narrow and long pores may be identi�ed as large pores, resulting in large equivalent diameters.

To sum up, pores of the compacted loess have been compressed, separated, or even disappeared as the
compactness increases. Pore disappearance mainly occurs under the condition of low compaction and
small pores. Under the condition of high compactness, the compression and separation of medium and
large pores are dominant. Considering the true volume results, the �nal partition scheme of the three
pores is: large pores (> 12µm), medium pores (7 ~ 12µm) and small pores (< 7µm), based on the pore
equivalent radius.

4.3 Inspiration of the micro-structural difference
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Deng, et al. 50 have obtained the distribution of channel length for various loess and paleosol layers and
indicate that the pore channel becomes slenderer with increasing stratum depth. In this study, one can
�nd that the loess with high compaction has slenderer pore channels from Fig. 9c. This means that the
compacted loess with high compaction is more similar to the older intact loess.

The difference between the intact loess and paleosol in permeability and water-bearing space is
attributed to climatic difference and pedogenesis 64. The loess was mainly the dust deposits transported
by the northerly wind of winter monsoons and also suffered to some extent from pedogenesis caused by
weakened summer monsoons. It implies the history of a cold-dry climate with winter monsoon
dominance. The paleosol accreted by the rather slow dust accumulation was closely related to
strengthened summer monsoons. It implies the history of a warm-humid climate with summer monsoon
dominance. Hao and Guo 65 have identi�ed spatial changes in monsoon climate over the Loess Plateau
in China at key glacial, interglacial, and interstadial intervals for the last 600kyr. The results indicate
strong coherence between the interglacial periods and present-day precipitation and temperature
patterns. Hence, the present-day climatic conditions are more conducive to the evolution of compacted
loess towards the direction of paleosol.

Due to rainfall or the rise of groundwater level, the water content of compacted loess increases. With the
downward migration of water, the horizontal tensile stress induced by matric suction and surface tension
could easily cause the initial micropores to extend vertically 66, which facilitates the percolation of water.
And the in�ltrating water can dissolve soluble salts, causing transportation and reprecipitation of calcium
carbonates and reinforcement of existing pores by cements 1,59,67. Besides, this long period of structural
evolution can also reinforce the contacts of the clay particles 68. Hence, the compacted loess will become
more stable.

5. Conclusion
In this paper, 3D pore microstructures of intact and compacted loess from the Loess Plateau were
established based on micron-scale computed tomography. By quantitative analysis and comparison of
the parameters of 3D structure volumes with different sizes, several important conclusions can be
reached:

1) An e�cient work�ow for determinate the structural representative volume elements of intact loess and
compacted loess is proposed. The geometrical RVE sizes of the microstructure of intact and compacted
loess are 500µm3 and 600µm3, respectively.

2) The heterogeneous level of the compacted loess is much greater than that of the intact loess on a
microscopic scale.

3) The pores of intact loess are more connected and more stable than those of the compacted loess.
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4) The intact loess has a higher porosity than the compacted loess, mainly because it has much more
pores with an equivalent radius of 5 ~ 13µm.

5) As the compactness increases, pores of the compacted loess have been compressed, separated, or
even disappeared. And pore disappearance of the small pores (< 7µm) mainly occurs under low
compaction, while the compression and separation of medium (7 ~ 12µm) and large pores (> 12µm) are
dominant under high compaction.

6) The compacted loess will become more stable due to the present warm-humid climate.
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Figure 1

Location of the sampling site: (a) satellite image from google earth of the study area; (b) the excavated
slope pro�le. 

Figure 2

The micro-CT scanner and specimens.
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Figure 3

Work�ow to generate the cubes to be analyzed: (a) 3D reconstruction; (b) noise reduction; (c) cubic region
selection; (d) extract cubes of different sizes.
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Figure 4

Main steps to get the quantitative parameters:(a) a selected cube; (b) pore microstructure;(c) connected
pores; (d) isolated pores; (e) pore space separation; (f) pore network.
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Figure 5

The mean values and standard deviations of parameters of different size cubes of the intact loess (YA-
L6) and the compacted loess (YA-1.5, YA-1.6, YA-1.7, YA-1.8): (a) porosity; (b) connected porosity; (c)
isolated porosity; (d) number of pores per 200μm3; (d) average coordination number.
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Figure 6

Value of parameters with variation of cube side length, (a)–(e) represents different parameters, start point
represents different sub-volume selection schemes.
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Figure 7

The RVE side lengths based on different parameters of the intact loess (YA-L6) and the compacted loess
(YA-1.5, YA-1.6, YA-1.7, YA-1.8), A1-D2 represents different sub-volume selection schemes.

Figure 8

Correlation accumulative curves of the ROI cube and the geometrical RVE cubes: (a) the intact loess; (b)
the compacted loess. (Start point represents different sub-volume selection schemes).
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Figure 9

Pore equivalent radius and throat equivalent radius distributions based on the geometrical RVE cubes
(600μm3) of the intact loess and the compacted loess: (a) volume percentage of pores at different
equivalent pore radius; (b) total volume of pores at different equivalent pore radius; (c) length percentage
of throats at different equivalent throat radius; (d) total length of throats at different equivalent throat
radius.


