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Abstract The pore microstructures of loess control the

porosity and permeability of the loess, affecting the pat-

terns of groundwater flow and the transport of contami-

nants. In the present study, the pore microstructure of

Malan loess was investigated quantitatively in samples

from five different loess layers. Specimens were examined

via SEM, and pore microstructure parameters were deter-

mined using the digital image analysis method. Pore

structures (including pore area ratio (PAR), pore size dis-

tribution, pore shape and pore morphology), the effects of

the pore structure on loess permeability and the environ-

mental significance of these factors are discussed in this

paper. The results indicate that the samples of five loess

layers in this study are considered to be porous soil,

according to both the PAR and porosity values. The

number of micropores, small pores, mesopores and

macropores decreased significantly. The differences in

number were mainly due to the significant reduction in the

number of round pores, indicating that round pores tend to

be small. In terms of area, micropores, small pores,

mesopores and macropores were dominated by elongated

and irregular pores. The macro- and mesopore structural

characteristics of loess determined the transfer character-

istics of groundwater and pollutants in the loess. Addi-

tionally, the 62% area reduction in the area of elongated or

irregular macro- and mesopores and the decreasing

connectivity from top to bottom layers caused by the

deformation and destruction of the pores due to the over-

lying soil reduced the permeability and the water/pollutant

migration rate with depth.

Keywords Malan loess � Microstructure � Pore shape �
Pore morphology � Environmental significance

Introduction

Loess is widely distributed around the world and is com-

mon in China. Loess covers almost 7% of the total land

territory of China. Recently, large-scale engineering pro-

jects have been implemented in the loess area of northwest

China (Li et al. 2014a), resulting in large changes in the

natural loess structure and consequential effects on the flow

of water and the transport of contaminants within the loess.

To promote the establishment of ecological civilization in

the Loess Plateau of China, various studies related to

hydrodynamics and water pollution in loess areas have

been performed (Li et al. 2014b, c, d, e, 2016a, b, c, d; Wu

and Sun 2016). The flow of water and the transport of

contaminants in loess are controlled by the porosity, which

is regulated by the structure of the loess. However, research

on this aspect is rare.

Soil and loess are homogeneous, porous, friable, and

non-stratified media. The microstructure is one of the most

important parameters affecting material behavior. For

natural unsaturated loess, the microstructure affects water

retention properties (Muñoz-Castelblanco et al. 2012),

water permeability (Romero et al. 1999; Romero and

Simms 2008) and montmorillonite layer aggregation. Pore

shape, especially elongated transmission pores, is essential

for root growth, water movement, water storage, and air

This article is a part of a Topical Collection in Environmental Earth

Sciences on Water resources development and protection in loess

areas of the world, edited by Drs. Peiyue Li and Hui Qian.

& Lincui Li

llc934157098@163.com; 934157098@qq.com

1 College of Geology Engineering and Geomatics, Chang’an

University, Xi’an, Shaan xi 710064, China

123

Environ Earth Sci (2017) 76:523

DOI 10.1007/s12665-017-6855-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-017-6855-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-017-6855-7&amp;domain=pdf


exchange in porous media (Vandenbygaart et al. 1999;

Pagliai et al. 2004). In soils, pore orientation is related to its

consolidation (Cetin 2004). The shear strength reduction in

loess results from structural changes (Wen and Yan 2014);

additionally, collapse processes can lead to smaller pore

sizes and more oriented pore distributions, which result in a

decrease in shear strength. For cement-based materials, the

pore structure plays a crucial role in the mechanical

properties, transport properties, and durability (Promentilla

et al. 2009; Wan and Xu 2014). For clay, changes in the

pore microstructure are closely connected to its hydration

mechanisms (Rasa et al. 2012). To study aging effects in

compacted bentonite, Delage et al. (2006) investigated

inter-aggregate porosity and the very thin porosity not

intruded by mercury. Delage (2010) also examined the

intact and remolded microstructure, to better understand

the relationship between microstructure and sensitivity. An

interesting correlation between the compressibility coeffi-

cient and the slope of the cumulative pore size distribution

curve is observed in Champlain clays. Mitchell indicated

that the changes in fabric orientation led to engineering

property differences.

In addition, natural or artificial causes and changes in the

environment can lead to the internal structure of a soil (Li

et al. 2014a, 2017; Pires et al. 2008). For example, soil

shrinkage due to drying can generate planar voids, and ice

lenses that formed during soil freezing can generate elon-

gated voids and platy or lenticular structures (VandenBy-

gaart et al. 1999). Winter freezing causes a platy pedality

created by the growth of ice segregation blades, and desic-

cation causes a prismatic pedality in silt loam soils (Sveistrup

et al. 2005). Seasonal swelling and shrinking contribute to

large structural changes in clay soils (Messing and Jarvis

1990). For example, Bottinelli et al. (2016) proposed that soil

shrinkage increased the volume of pores as well as their

connectivity. Round pores or channels in loess are generated

from root growth, burrowing animal activity, structural

collapses, and changes in inter-aggregate pore spaces due to

shrinkage pressure (Rasa et al. 2009).

There are numerous experimental techniques to char-

acterize material structure, such as mercury intrusion

porosimetry (MIP), optical microscopy, gas adsorption,

X-ray and CT. Pore structure changes in cement pastes

during wetting and drying cycles were characterized by

Aono et al. (2007) using water vapor adsorption and mer-

cury intrusion porosimetry. Bernardes et al. (2015) ana-

lyzed the pores of a Portland cement composite. Gutierrez

et al. (2009) investigated the deformation and microstruc-

ture of clayey soils induced by collapse using an optical

microscope. To determine pore characteristics quantita-

tively, Munkholm et al. (2012) quantified pore structures in

undisturbed field moist soil assessed from X-ray and CT.

Levitz (2007) and Yang et al. (2014) further investigated

volume porosity, pore size distribution and connectivity via

3D imaging of porous media. Scanning electron micro-

scopy (SEM) has been widely used to study the micropore

structure of porous material. Delage (2010) and Romero

and Simms (2008) described the microstructure changes in

sensitive clay during compression and the microstructure

of partially saturated soils, respectively, based on MIP and

SEM. These works showed that the measured Kfs values

were strongly correlated with the total inter-aggregate

(macro-) porosity, estimated from a simple model of soil

shrinkage (Messing and Jarvis 1990). Much valuable

research has been conducted to characterize other porous

media structures using SEM. For example, Nie et al. (2015)

analyzed the pore structure of coals based on gas adsorp-

tion and SEM. Additionally, the pore microstructures of the

catalyst layer were evaluated by Klaver et al. (2015), who

found that the circularity of shale pores exhibits a left-

skewed distribution, a main pore convexity of 1 and a left-

skewed elongation distribution.

Little research appears to have focused on the influence

of depth on pore structure. In this paper, five samples from

different depths were analyzed quantitatively using SEM

and Image-Pro Plus 6.0 (IPP). The pore structure, including

pore area ratio (PAR), pore size distribution, pore shape,

and pore morphology, was characterized. The aim was to

study the effect of depth on the loess microstructure. The

environmental significance of loess microstructure is also

discussed in this paper.

Experimental

The basic soil mechanics test

As the top layer of a Pleistocene loess–paleosol sequence,

the Malan loess is widely distributed across the Loess

Plateau in China (Fig. 1) with a thickness up to 30 m.

Thus, the Malan loess acts as the main substrate for

industrial production, daily life, and construction activities.

In this study, the microstructures of the Malan loess were

taken as the research focus.

Natural Malan loess samples were collected from

Yan’an City, situated on the Loess Plateau of China

(Fig. 1). The sample depths were 2, 4, 6, 8 and 10 m. The

basic physical properties of Malan loess in the five loess

samples are presented in Table 1. Natural Malan loess

samples have a low water content that varies between 7.8

and 15.5%, as measured using the oven-drying method.

The liquid and plastic limits of the five loess samples were

tested using liquid–plastic combined tests and ranged from

29.3 to 30.6% and from 15.9 to 17.5%, respectively; thus,

the sampled material can be regarded as plastic loess. A

laser particle sizer was applied to test the grain size content
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of the loess. The sand content in the loess samples ranged

from 11.29 to 19.86%, the silt content ranged from 59.75 to

65.60%, and the clay content ranged from 17.5 to 23.13%.

Thus, the sampled material represents a type of fine-

grained loess. A ring sampler was applied to test unit

weight. The void ratios ranged from 39.5 to 43.2%; thus,

the sampled material represents loose or porous loess with

high compressibility.

Specimen preparation and test procedures

Figure 2 shows the process of specimen preparation and

test procedures. (1) The cuboid samples were cut from

natural features and dehydrated under laboratory condi-

tions. Long dehydration durations and stable laboratory

temperature and humidity conditions allow for minimal

dimensional changes and negligible effects on soil struc-

ture (Fig. 2a). (2) To facilitate the intrusion of resin

throughout the loess pores, the pore-filling process was

assisted by minutes-long vacuum treatments using a vac-

uum pump (Fig. 2b). Samples were impregnated with resin

until no more air bubbles appeared and sealed for thirty

days to allow the resin to harden, followed by drying in an

oven for three days at 60 �C.
Prior to mixing with acetone (solvent), the epoxy resin

(cement) was treated with a water bath to dilute it. Then, the

epoxy resin was dissolved in acetone and stirred constantly

until a clear solution was obtained. Ethylenediamine (hard-

ener) and dibutyl phthalate (plasticizer) were added in order.

Epoxy resin, acetone, ethylenediamine and dibutyl phthalate

were mixed thoroughly at a 60:30:4:1 volume ratio.

(3) Specimens impregnated with hardened resin were

cut with specific machines to eliminate the excess parts

(Fig. 2c). (4) To protect the specimen from disturbance or

breakage during later polishing, specimen was transferred

into a cylindrical mold full of cold mounting material and

then left to become embedded over the course of many

days (Fig. 2d). (5) The MultiPrepTM system, which per-

forms an automatic grinding process, was applied for rough

grinding and polishing via silicon carbide paper and a

Fig. 1 Distribution of Malan

loess on the Loess Plateau (Q4
eol

represents Holocene alluvial

sand. Q4
al?l represents

Quaternary lacustrine clay and

sandy gravel. Q4
fgl?pl represents

Quaternary glacial and gravel

deposits. Q4
al?pl represents

Holocene alluvial and diluvial

loess soil. Q3
eol means the Late

Pleistocene eolian loess. AnN2

means pre-Pliocene bedrock.)

Table 1 The basic properties of the loess

Properties Value

Depth (m) 2 4 6 8 10

Water content (%) 11.9 14.1 15.5 7.8 8.9

Liquid limit (%) 30.6 29.3 30.1 29.9 30.1

Plastic limit (%) 17.5 16.0 16.4 15.9 16.3

Unit weight (kN/m3) 16.2 16.4 16.4 15.4 15.7

Porosity (%) 44.0 39.5 40.5 39.2 42.1

Sand (%) 11.29 15.75 17.12 17.13 19.86

Silt (%) 65.60 62.24 59.75 60.37 62.64

Clay (%) 23.11 22.03 23.13 22.50 17.50
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polishing agent, respectively (Fig. 2e). The preparation of

loess microstructure specimens was deemed complete

when the surface of the samples became shiny and the

structure of the loess could be observed clearly under an

optical microscope.

Image post-processing

Polished samples were scanned at a magnification of 8009

using SEM (Quanta FEG, 10 kV, the working distance is

11.4 mm). Four images of each specimenwere collected and

were spliced together to increase the analysis area, which can

greatly enhance accuracy of the quantitative analysis. Image

post-processing and data acquisition were conducted using

IPP. First, the brightness and contrast of the raw images were

enhanced to make the boundaries of the pores and particles

easier to recognize (Fig. 3a). Then, a median filter was

applied to modify the isolated erroneous pixels and remove

random and high impulse noise (Fig. 3b). A low-pass filter

was then applied to eliminate random noise, making image

segmentation easier and more accurate (Fig. 3c). Finally,

pore boundaries were identified automatically based on the

HSI colormodel (Fig. 3d). After delineating and locating the

boundaries between loess particles and pore spaces suc-

cessfully, the images were binarized (Fig. 3e). The particles

and pores were masked with white and black, respectively,

enabling the quantification and visualization of the pore

microstructure (Fig. 3f).

Pore microstructure parameter acquisition

Raw images, binary images and PAR values for the five

loess samples are presented in Fig. 4. Image analysis

allows for quantification of the microstructure of each

available pore, including pore area (Apore), total pore area

(Atotal pore), the area of the image (Atotal), pore mean

diameter (D pore), pore perimeter (Ppore), pore long and

short axis lengths (Lpore, Wpore), and area of the convex hull

of the pore (A convex hull). Pores surrounding the loess clods

and particles became progressively disconnected as the

depth increased (Fig. 4), which is similar to the findings of

Fener and Yesiller (2013). The number, size, and connec-

tivity of pores decreased as well, which can be communi-

cated qualitatively via the black space occupied by pores in

the images.

Results and discussion

Pore area ratio (PAR) and porosity

The pore area ratio (PAR), calculated directly from the

binary images, was introduced to quantify the pore area in

the microscopic images.

PAR ¼ Atotal pore

Atotal

� 100% ð1Þ

where Atotal pore is the total pore area and Atotal is the area of

the SEM image.

The PAR values of the samples of five loess layers are

presented in Fig. 5 using the pie charts in the top right

corners of the slides in Fig. 4. Based on image analysis,

soil can be classified as dense when its porosity is\10%,

moderately porous when its porosity is between 10 and

25%, and porous when its porosity is between 25 and 40%.

Therefore, the five samples at different depths were

Fig. 2 The procedures of

sample preparation
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considered porous, because their PARs were all [30%,

which is consistent with the classification of the loess based

on porosity (Table 1). The general trend of the PAR values

obtained from image analysis was validated by comparing

it with the porosity obtained from phase relationships

(Fig. 5). The change in PAR was in good agreement with

the variation in the porosity of each loess layer, thereby

supporting the assumption that pores obtained from

segmented SEM images were representative of the pore

distribution in the loess.

Pore size distribution

The pore size and area percentage distribution of the five

loess samples are presented in Fig. 6. The artificial defect

in post-processing and image noise cannot be avoided

Fig. 3 Image post-processing

Environ Earth Sci (2017) 76:523 Page 5 of 14 523

123



Fig. 4 SEM raw images and

binary images of the five

samples (The designation code

on the bottom left was designed

to differentiate the images. The

first number indicates depth;

‘‘r’’ and ‘‘b’’ indicate the raw

image and binary image,

respectively. The pore area

ratios are shown with pie charts

at the top right corners.)
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completely, and pores smaller than 1 lm constitute only

1–2.7% of the total pore area. Thus, only pores larger than

1 lm, which comprise the majority of the loess structure,

were considered in this paper.

For all specimens, the range of pore diameter was

1–460 lm as determined via digital analyses. Approxi-

mately more than 95% of the pores had a diameter between

1 and 20 lm for specimens from each loess layer. The

number of pores decreased with increasing pore diameter.

When the diameter was larger than 40 lm, the number of

pores became stable.

However, there were differences between each of the

samples. It can be seen from the maximum value of each

horizontal axis that the diameter of the largest pore

decreased with depth. Additionally, the pore size distribu-

tion of some specimens did not contain medium-sized

pores (pore diameters ranged between 120 and 440 lm for

the specimen from 2 m, 100 and 240 lm for the specimen

from 4 m, 140 and 240 lm for the specimen from 6 m, 140

and 220 lm for the specimen from 10 m). Medium-sized

pores are connected to larger pores in the top layer, facil-

itating a good connectivity between macropores in top

layer. This pattern explains why the area percentage of

pores in mid-range diameters seems to be lower or even

lacking in Fig. 6. Moreover, the area percentage of pores

larger than 200 lm in each specimen decreased with depth

(Fig. 6), medium-sized pores start to gradually appear, the

area percentage of pores smaller than 120 lm increased.

The pressure of the overlying loess is inferred to lead to the

deformation and breakage of larger pores, squeezing them

into smaller pores. This trend was even more pronounced at

10 m. This result is basically consistent with the literature

(Fener and Yesiller 2013). Thus, greater overburden

Fig. 5 Comparison between the pore area ratio and porosity

Fig. 6 Pore size distribution

(Pores in loess are classified into

intervals of 20 lm. The pore

area percentage in each interval

is presented by a histogram, and

the variation in the number of

pore in each interval is

illustrated by the red line.)
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pressure reduces the size of large pores, and the physical

and engineering properties of loess at depth will differ from

those of loess in the top layer.

The area and number distribution of different types

of pores

Pores in loess can be classified into four types based on the

mean radius, with micropores having a mean radius from 0

to 1 lm, small pores from 1 to 4 lm, mesopores from 4 to

16 lm, and macropores larger than 16 lm.

Figure 7 provides an insight into the change in area and

connectivity of different pore types. For the sample from a

depth of 2 m, smaller pores are connected to larger pores,

facilitating good connectivity between macropores, which

is consistent with the conclusion drawn from Fig. 6.

However, the connectivity becomes weaker as the burial

depth gradually increases. Simultaneously, the area of the

Fig. 7 Pore distribution of specimens at the different depths
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macropores and mesopores decreases, while the area of

small pores and micropores increases, especially for small

pores.

Table 2 illustrates the number and area percentage of

these four types of pores in specimens from each soil layer.

The number and area percentage of the four types of pores

present a similar distribution in all five specimens. The

number of micropores, small pores, mesopores and

macropores decreased significantly in each specimen. More

specifically, the number of micropores in each specimen

showed a strong relation to total pore number, and the

number percentage of micropores decreased from 94.64%

from two meters deep to 88.15% from ten meters deep.

However, the contribution of small pores to the total pore

number increased from 4.80 to 10.78%. Mesopores and

macropores contributed very little to the total pore number.

However, the contribution of micropores to the total pore

area increased significantly from 8.31% from 2 m deep to

30.78% from 10 m deep, which shows an opposite trend to

its number distribution. The area of small pores also

increased, from 4.68 to 45.25%. Additionally, the areas of

meso- and macropores were responsible for approximately

87% of the total pore area in sample from 2 m deep, but this

contribution of meso- and macropores decreased to 24% in

the sample from 10 m deep. Thus, approximately 62% area

reduction for macro- and mesopores, 22% area increase for

small pores and 40% area increase for micropores were

resulting from overburden pressure.

Pore shape distribution in different types of pores

Pore shape factor (F) was used in this work to determine

the pore shape distribution in the five samples.

F ¼ APore

P2
pore

ð2Þ

where Apore is the area of each single pore and Ppore is the

perimeter of each single pore. The F values were\0.015

for elongated pores, from 0.015 to 0.04 for irregular pores,

and [0.04 for rounded pores. The distributions of these

three different pore shapes in micropores, small pores,

mesopores and macropores for sample of each soil layer

are presented in Fig. 8.

The distribution of pore shapes in micropores, small

pores, mesopores and macropores exhibited a similar pat-

tern in the five specimens (Fig. 8). Specifically, micropores

were dominated by rounded pores (80%), with the

remaining 20% dominated by irregular pores and a smaller

proportion of elongated pores. Small pores consisted of

50% irregular pores, 20% elongated pores and 30% roun-

ded pores. Medium porosity consisted of elongated and

irregular pores and macropores were entirely elongated

pores. So, the most significant changes in the number of

micropores, small pores, mesopores and macropores in

Table 2 were mainly due to the differences in the number

of round pores, as round pores tend to be small.

In terms of pore shape, the areas of micropores, small

pores, mesopores and macropores were dominated by

elongated pores, followed by irregular pores and a small

area of round pores (Fig. 8). Additionally, the areas of

elongated or irregular meso- and macropores showed a

significant decrease in the five specimens, while the areas

of elongated, irregular and rounded micropores presented

an increasing trend in the five specimens. A slight increase

can also be found in small pores. Apparently, the 62% area

reduction in macro- and mesopores in Table 2 resulted

from the overburden pressure, as indicated by the change in

elongated and irregular meso- and macropores.

Pore morphology distribution

Figure 9 exhibits the overall morphologic characteristics of

all the pores in the five different loess layers, including

circularity, convexity, and elongation (Klaver et al. 2015).

All parameters vary from 0 to 1, and the three parameters

were calculated via the following formulas.

Circularity ¼ 4pApore

P2
pore

ð3Þ

Convexity ¼ Apore

Aconvex hull

ð4Þ

Elongation ¼ 1� Wpore

Lpore

� �
ð5Þ

where Aconvex hull is the convex hull of each individual

pore, Wpore is the short axis of each individual pore, and

Lpore is the long axis of each individual pore.

The frequency distribution histograms show that the

circularity of pores in each specimen exhibited a stationary

distribution between 0 and 0.95 and a frequency peak

between 0.95 and 1 (Fig. 9). This pattern can also be seen

from the slope of the cumulative frequency curve, which

indicates that round pores were in the majority. The mean

Table 2 Number and area percentage of four types of pores

Depth (m) 2 4 6 8 10

Pore number Micropore 94.45 93.93 93.95 92.19 88.15

Percentage (%) Small pore 4.73 5.07 5.23 7.27 10.78

Mesopore 0.51 1.00 0.80 0.53 1.07

Macropore 0.31 0 0.02 0.01 0

Pore area Micropore 8.31 15.10 21.90 30.90 30.78

Percentage (%) Small pore 4.68 12,73 21.53 30.50 45.25

Mesopore 10.58 72.17 23.27 23.80 23.97

Macropore 76.43 0 33.30 14.80 0
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Fig. 8 Number and area of

pores’ shapes for different types

of pores in the five samples
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diameter of pores decreased with increasing circularity,

indicating that the rounder the pore, the smaller the

diameter. The cumulative frequency curve of convexity

suggests an exponential function distribution, with a fre-

quency stationary between 0 and 0.7, accounting for just

5% of the pore number. Additionally, a rapid growth from

0.7 to 1 was observed, accounting for more than 95% of the

total pores. The cumulative frequency curve of elongation

formed an S-shaped curve, and its frequency obeyed the

Gaussian distribution or normal distribution with a peak at

approximately 0.6. Notably, the pore surfaces in Malan

loess tended to be smooth, and most pores were elongated.

Pore structure of loess and its significance

in environmental research

The special microstructures of loess, as a typical porous

media, make it as an excellent migration channel or storage

Fig. 9 Pore morphology
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space for water or contaminants. The porosity, permeabil-

ity and storage or adsorption capacity of loess are closely

related to its microstructures.

First, the characteristics of the pore structure of loess

determine the permeability and storage capacity, which

consequently influences the transfer characteristics of water

and contaminants. Generally, the higher loess porosities,

larger average pore diameters and more elongated or irreg-

ular large connected pores are associated with better per-

meability and faster water/contaminant migration rates.

Second, the characteristics of the loess particles determine

the adsorption capacity of the loess. Generally, finer loess

particles or higher proportions of clay particles are associ-

ated with larger loess surface areas, resulting in stronger

adsorption capacities with respect to contaminants.

In Model I (Fig. 10) from the literature (Liu et al. 2016),

clay–silt aggregate is composed of clay and silt particles.

Model II (Fig. 10) shows four different types of loess

microstructures ‘‘a’’, ‘‘b’’, ‘‘c’’ and ‘‘d’’, as studied in this

paper. In Model II a (Fig. 10), loess is composed only of

silt particles and lacks clay. Pores formed by a scattered

distribution of loess particles mainly belong to macro- or

mesopores as classified by diameter, and most are elon-

gated or irregular in shape (Fig. 8). These pores provide

spaces for water or contaminants and have a significant

relationship with the permeability coefficient and migration

rate of water or contaminants in the loess. A 62% areal

reduction in macro- or mesopores from the top to bottom

layer was found in the loess as demonstrated in Table 2,

causing a decreased trend in the permeability and storage

capacity of loess with depth. However, the surface area of

loess with this structure (Fig. 10 Model II a) is the smallest

among the four types of structures. Thus, this type of loess

has the slowest adsorption rate for pollutants. For granule-

floor cemented structure (Fig. 10 Model II d), coarse par-

ticles are dispersed in a matrix of clayey cemented mate-

rials. Due to the dominance of clay and small particle sizes,

the surface area of this material is the largest among the

four structure types; therefore, the contaminant adsorption

capacity is the strongest, and the contaminant migration

velocity is the slowest. For clay onion-skin bond structures,

clay forms in place via authigenesis, creating a parallel

onion-skin-like layer around quartz particles as illustrated

in Model II b (Fig. 10). For flocculated clay buttress bonds,

the clay forms a random flocculated structure as illustrated

in Model II c (Fig. 10), creating a buttress-like structure

between bulky grains. The clay contents of ‘‘b’’ and ‘‘c’’

are less than that of ‘‘d’’, but more than ‘‘a’’. Therefore, the

adsorption rates and migration velocities of contaminants

in these two types of loess are intermediate.

Due to the influence of the loess microstructure on

permeability, storage and absorption capacity, changing the

structure of the loess, e.g., via compression, is a feasible

way to protect the loess from pollution, deterioration and/or

erosion.

Conclusions

This investigation was conducted to evaluate the pore

microstructures in Malan loess at various depths. Macro-

scopic and image analyses were employed to quantify pore

Fig. 10 Conceptual models of loess microstructure at different depths and their corresponding SEM images (‘‘A’’, ‘‘B’’, ‘‘C’’ and ‘‘D’’ are the

corresponding SEM images to ‘‘a’’, ‘‘b’’, ‘‘c’’ and ‘‘d’’, respectively)

523 Page 12 of 14 Environ Earth Sci (2017) 76:523

123



microstructures in the loess. The results show the

following:

1. The variation in the PAR determined via image

analysis was in good agreement with the change in

porosity obtained from phase relationships for each

loess layer. Furthermore, the Malan loess can be

characterized as a loose soil according to either the

PAR or the porosity. This finding supports the

assumption that pores obtained from segmented SEM

images were representative of the pore distribution in

loess.

2. The number of pores decreased significantly with

increasing pore size from micropores to small pores to

mesopores to macropores, due to the considerable

decrease in the abundance of round pores, indicating

that the diameter of round pores tends to be small.

3. The overburden pressure can cause the deformation

and breakage of larger pores in loess. Because of

increase in the overburden pressure with increasing

depth, a 62% areal reduction in macro- and meso-

elongated or irregular pores, a 22% increased area of

micropores as well as 40% area increase in small pores

has been found with the increase in depth.

4. Micropores are dominated by rounded pores (80%).

More than 50% of small pores were irregular in shape.

Medium pores were elongated and irregular in shape,

and macropores were all elongated in shape. The areas

of micropores, small pores, mesopores, and macrop-

ores were dominated by elongated pores, followed by

irregular pores, then by round pores.

5. Elongated and irregular macro- and mesopores con-

tributed significantly on the permeability and water/

pollutant migration rate in the loess. Additionally,

higher clay contents in the loess were associated with

better adsorption capacities.
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