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ABSTRACT: Microfabric studies of soil have been enhanced by using Scanning Electron Microscopy (SEM). Through 

various techniques of image analysis, many studies have been done to determine quantitative characteristics of 

morphology of soil microstructure. This research examines the changes in microstructure of stiff clay at the Hai Duong 

site in Vietnam due to shearing, consolidating and swelling. It was found that for samples that have been sheared the 

structure specimens exhibited face-to-face contact between particles, while consolidation pressure created the closeness 

of particles contact and swelling seemed not to be affecting the microstructure.  

 

I	TRODUCTIO	 

 

Although soils are composed of discrete soil particles and 

particle groups, a soil mass is almost always treated as a 

continuum for analysis and design in geotechnical 

engineering. Nonetheless, the values of properties such as 

strength, permeability, and compressibility are controlled 

by the size and shape of the particles, their arrangements, 

and the force between them. Furthermore, with theories of 

particulate mechanics and computational methods, such as 

the discrete element method, it may ultimately be possible 

to predict the mechanical behavior of soil masses starting 

with the particles themselves, assuming that the 

distributions and arrangements of the particles are known 

(Mitchell, 1993). The particle arrangements in soils 

remained largely unknown until development of suitable 

optical, X-ray diffraction, and electron microscope 

techniques made direct observations possible starting in 

the mid-1950s. 

The scanning electron microscope (SEM) is a useful tool 

for the study of microstructural changes in clay with high 

resolution. This study deals with application of scanning 

electron microscopy techniques and image analysis for 

study of clay microstructure. Its main objective is 

evaluation of the changes in the clay microstructure due to 

consolidating, shearing and swelling. We performed 

digital image processing to quantitatively assess the 

physical properties of clay using Matlab and Image 

Processing Plus (IPP) programs. 

Overview of SEM 

The SEM is a microscope that uses electrons rather than 

light to form an image. There are many advantages in 

using SEM instead of a light microscope. The SEM shows 

very detailed 3-dimensional images at much higher 

magnifications than that by a light microscope. The 

images created without light waves are rendered black and 

white.  

The high resolution of SEM permits observation of 

individual particles of clay within a maximum field of 

view on the nanoscale at a high magnification. A clay 

SEM image usually contains a wide spectrum of pixel 

gray levels from 0 to 255. Each SEM image can be 

converted into a ternary image, which can show clearly 

three components, and namely, particles, pores, and 

contact zones with two configuration thresholds: Q1 and 

Q2 (Figure 1).  

 
Figure 1 Method for determining particles, pores, and  

contact zone from SEM image (Hu et al. 2005) 
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As a result, the following expression can be used to define 

the three components (Hu et al. 2005): 

Q1< gray levels of particle pixels≤  255  

Q2< gray levels of contact zone pixels≤  Q1  

0≤  gray levels of pore pixels≤  Q2  

Q1=
3

2
 Hd;

 
Q2=

3

1
 Hd  

where, Hd is the largest number of the pixel gray levels on 

a clay SEM image.  

 

Digital image processing 

Nowadays, digital image processing has become a popular 

tool to quantitatively analyze the microstructure of soils, 

including the size, shape, and orientation of particles and 

pores (Scott et al.1988; Ringrose-Voase 1991, 1994; 

Tovey et al.1994; Yue et al.1995; Yue and Morin 1996). 

The digital image analyses in this study were performed 

using two softwares, i.e., IPP and Matlab.  

IPP stands for Image Processing plus version 6.0, which is 

a powerful software for 2D and 3D image processing, 

enhancement, and analysis with extensive measurement 

and customization features (Spectra Services, 

http://spectraservices.american-data.net.). 

Matlab is a popular software with the Language of 

Technical Computing for algorithm development, data 

visualization, data analysis, and numeric computation 

(The MathWorks, http://www.mathworks.com). 

 

Soil fabric and its measurement 

The term fabric refers to the arrangement of particles, 

particle groups, and pore spaces in a soil. The term 

structure is sometimes used interchangeably with fabric. It 

is preferable, however, to use structure to refer to the 

combined effects of fabric, composition and inter-particle 

forces (Mitchell, 1993) 

Particle association in clay suspensions 

Particle association in clay suspensions can be described 

as follows (Van Olphen, 1977): 

• Dispersed: no face to face association of clay 

particles. 

• Aggregated: face to face association (FF) of several 

clay particles. 

• Flocculated: Edge to edge (EE) or edge to face (EF) 

association of aggregates. 

 

 

 

 
 

Figure 2 Particle association in clay suspension 

 (VanOlphen, 1977) 

 

SEM Image Analysis of Shear, Consolidation and 

Swelling Effects on Stiff Clay 

The soil samples used in this study were taken from the 

Truc Thon site, Hai Duong city, Vietnam at a depth of 5-

5.5m. 

The Truc Thon clay has the following characteristics: 

water content of about 37.63%; the liquid limit of 44.23%, 

plastic limit of 35.63%, plasticity index of 8.6%, specific 

gravity of 2.7g/cm
3
; unit weight of 1.86g/cm

3
; cohesion of 

25.6 kPa, internal friction angle of 9
0
09’; and void ratio of 

0.96.  

Samples that were used for SEM analyses include natural 

samples, consolidated samples, sheared samples, and 

swelled samples. 

The specimens of 1 cm
3
 size have been prepared using 

oven drying method. Samples were dried at about 100-

105
0
C for 24 hours to remove hydroscopic water. After 

drying, the samples were broken by finger pressure to 

achieve a smaller dimension without any disturbance of 

the broken face of the samples (surface is relative smooth) 

before they were tested with SEM for microscopic digital 

images. 

�atural sample: The sample is in the original form and 

exhibits structure clearly from semi-automorphic to 

automorphic morphology, edges of most of the particles 

are clearly visible. It has random arrangement and shows 

the flocculated orientation (edge to face between 
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particles), somewhere has parallel orientation, and the 

particles exhibit face-to-face contact (Figure 3). 

 

 
 

Figure 3 SEM images of Truc Thon natural clay at two 

magnifications, X2000 and X5000 

Consolidated samples: Result of consolidation test is shown 

in Figure 4 and Table 1. The clayey soil is light grey in 

color and has low plasticity. When the specimens were 

subjected to consolidation loading particles are rearranged. 

When the consolidation loading increased from 12.5kPa to 

100kPa the distance between particles decreased. The 

degree of clay mineral preferential orientation, CPO, 

generally increases with the increasing consolidation 

pressure (CPO refers to particles that are aligned parallel to 

each other). At high consolidation loading (400kPa), the 

structure is deformed; the particles started having 

amorphous morphology as shown in Figure 5.  
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Figure 4 A consolidation curve of Truc Thon clay 

Table 1 Result of consolidation test of Truc Thon clay 

Compression pressure 

(kPa) 

Void ratio Porosity 

(%) 

Loading           0 0.960 48.980 

12.5 0.944 48.568 

25 0.929 48.150 

50 0.904 47.483 

100 0.869 46.491 

200 0.825 45.198 

400 0.773 43.593 
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50 kPa 
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200 kPa 

 

 
 

400 kPa 
Figure 5 SEM image of consolidated sample at X2000 

 

Sheared sample at 200kPa: when the specimen was 

subjected to shear force, the clay particles will rearrange. 

The particles exhibit face-to-face contact and face-to-edge 

contact between the clusters in specimen (Figure 6). 

 

 

 

 

 

 

 

 
 

Figure 6 SEM images of 200KPa sheared sample at  

two magnifications 
 

Swelled sample: The result of swelling test is show in 

Table 2 and Figure 7, after 1 day, the percent of free swell 

is 7.14%. The result from SEM image exhibits the 

structure and orientation is the same with natural sample 

(edge to face and face to face contact between particles) as 

seen in Figure 8. 

 

Relationship between time and free swelling
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Figure 7 Relationship between time and free swelling  

of Truc Thon clay 
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Table 2 The result of swelling test for Truc Thon clay 

Time 

(minute) 

Reading (marking) 

10^-2 (mm) 

Free swelling 

(%) 

0 0 0.00 

2 3 0.18 

7 7 0.41 

17 13 0.76 

37 24.5 1.44 

67 37.8 2.22 

127 56.2 3.31 

187 68 4.00 

247 75.8 4.46 

307 82 4.82 

367 87 5.12 

1440 121.3 7.14 

 

 

 
 

Figure 8 SEM images of swelling sample at two 

magnifications 
 

Quantitative Assessment of Stiff Clay Microstructure 

by Digital Image Processing 

Histogram was constructed by analyzing and processing 

the image considering using the intensity gradient method 

(Hu et al. 2005). In histogram, the horizontal axis is the 

gray level (from 0 to 255) and the vertical axis is the 

number of pixel (dot) at each gray level. 

Histograms in Figure 9 show distribution of pore, particle 

and contact zone of consolidated stiff clay at Truc Thon 

for different loadings from 0kPa to 400kPa, magnified at 

2000X. The gray level of pore is from 0 to 85, contact 

zone is from 85 to 170 and particle is from 170 to 255.  

Based on these histograms we could see that the 

consolidation loading caused the rearrangement of 

microstructure. The number of pixel for void decreases 

while the number of pixel for particle increases when 

increasing loading. 
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Figure 9 Histogram of Truc Thon clays samples 

consolidated at 0KPa, 12.5, 25, 50, 100, 200 

 and 400KPa, respectively, at 2000X 
 

CORRELATIO	 OF IMAGE PROCESSI	G 

RESULTS WITH GEOTECH	ICAL TESTI	G 

RESULTS 

 

Consolidation test results 

Summary of results of digital image processing on Truc 

Thon, Hai Duong stiff clay with different consolidation 

loading (SEM images at 2000X) is shown in Table 3. 

Table 3 Summary of results of digital image processing on  

Truc Thon clay with different consolidation loading  

(SEM images at 2000X) 

 

Loading 

pressure 

(kPa) 

Average 

number of 

particles 

per unity 

area 

(number/
2mµ ) 

Avera

ge 

length 

of 

particl

es 

(µ m) 

Perc. of 

total 

particle 

area over 

total image 

area (%) 

Perc. of 

total pore 

area over 

total image 

area 

(%) 

0 0.139 1.89 26.31 49.5 

12.5 0.128 1.9 27.5 48.5 

25 0.114 1.92 28.1 48.2 

50 0.100 1.95 29.3 47.6 

100 0.093 2.02 29.6 46.7 

200 0.090 2.12 30.6 45.3 

400 0.069 2.28 32.2 43.6 

 

Change of particle number 

The area of each individual SEM image frame for a clay 

specimen is 2622.89
2mµ . The ratio of total number of 

particles over the frame area of a clay SEM image can be 

used to examine the effect of the consolidation loading. 

From Table 3, it is evident that the average number of 

particles on the clay SEM images decreases as the loading 

increases, i.e., the average number of particle on unity 

area decreases from 0.139 (number/
2mµ ) at 0kPa to 

0.069 (number/
2mµ ) at 400kPa. The reduction in 

particle number with respect to loading may be due to the 

aggregation of grain caused by consolidation loading.  

 

Change of particle size 

The percentage of the total area occupied by particles over 

the entire image area and the average length of particles 

can also depict the changes of grain size due to loading. 

From Table 3, percentage of particles increase from 

26.31% at 0kPa to 32.2% at 400kPa and the average 

length of particles also increase from 1.89 µ m at 0kPa to 

2.28 µ m at 400kPa, respectively. Thus, the clay particle 

shapes were more and more elongated or flattened as 

energy level increase. 

 

Natural
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Change in the pore area 

The percentage of the total area occupied by pores over 

the entire image area is also used to depict the changes of 

clay microstructures due to consolidation loading. As the 

loading increased, the percentage pore areas decreased 

from 49.5% at 0kPa to 43.6% at 400kPa. 

 

Comparison with shear and swelling tests 

From Table 4, porosity of sheared sample has decreased 

comparing to porosity of natural sample, while the 

porosity of swelling sample is increased. That is why, 

after shearing the particles come close to each other (face-

to-face contact between particles), the space of void is 

decreased. After swelling test water go into soil structure, 

the volume of void is increased (Figure 10). 

 

Table 4 Result of digital image processing for different types 

of Truc Thon clay sample at 2000X 

Type of 

sample 
Porosity (%) Particle (%) 

Contact zone 

(%) 

Natural 

sample 
49.5 26.31 24.19 

Sheared 

sample 
46.05 29.53 24.41 

Swelling 

sample 
51.30 25.90 22.80 
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Figure 10 Plots showing the changes of porosity value for 

three kind of sample of Truc Thon clay 
 

CO	CLUSIO	S 

Using the SEM technique, clay microstructure at Hai 

Duong with different states was studied. A digital image 

processing technique was used to quantitatively examine 

the clay microstructure and the effect on the clay 

microstructure induced by consolidating, shearing and 

swelling. From this study, the following conclusions and 

recommendations are made: 

• The traditional methods of Oven drying and CPD 

were useful to prepare specimen for SEM 

analysis.  

• The microstructure change of the clay soils can be 

examined using the SEM digital image processing 

procedure. 

• For direct shear test, after shear deformation the 

structure specimen exhibited face-to-face contact 

between particles.  

• As the consolidation pressure increased, the 

particle number, the percentage pore area, the 

average shape factor decreased, while the 

percentage particle area and the average particle 

length increased. 

• For the swelling test, the porosity of swelling 

sample is increased, while the structure and 

orientation is the same with natural sample. 
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