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ABSTRACT 
 

The mechanical behavior of geomaterials is highly dependent on the particle microstructure.  
The term microstructure in this context includes the shape, distribution, and arrangement of 
particles and void space.  Because of the inherent difficulties in measuring soil and rock 
properties on a microscale, geo-professionals use macro properties to estimate or predict the 
response of geomaterials to changes of state (stress, moisture, temperature, etc.).  These macro 
properties (void ratio, porosity, density, uniformity, etc.) are used to represent gross or average 
measures of microstructure in terms of engineering behavior; i.e., capacity (strength), 
compressibility, and permeability.  Geo-professionals generally recognize the important 
influence of microstructure on the behavior of geomaterials; however, until recently, observation 
and quantification of particulate microstructure has been a tedious, time consuming process.  
Additionally, common geological and geotechnical tests are destructive in nature, and many test 
methods introduce bias by destroying or altering properties during the test.   

Non-destructive systematic test methods are described for quantifying microscale 
measurements using two-dimensional x-ray computer-aided tomography (x-ray CT) scanning 
techniques.  Practical applications are described in which x-ray CT technology is used to 
measure the void ratio distribution in soil samples, the pore size distribution in soil and rock 
cores, the grain size distribution of soil samples, and the influence of vesicles on the compressive 
strength of basalt.  These studies indicate that x-ray CT technology represents a viable and useful 
approach for quantifying the internal structure of geomaterials.   

INTRODUCTION 
Historically, observations and measurements of soil microstructure have been a time 

consuming and destructive process.  Traditional methods to measure soil microstructure involve 
impregnating soil specimens with a hardening agent such as resin or Wood’s metal that replaces 
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air and water in the soil’s void space.  Once the specimen is cooled and hardened, it is cut into 
thin coupons and polished.  These thin slices are then measured with image analysis techniques 
(Jang et al., 1999).  This procedure can provide useful results; however, it is time consuming and 
the preparation process may alter the microstructure of the soil – the actual properties being 
measured. 

X-Ray CT scanning equipment provides an alternate approach for measuring soil 
microstructure.  An x-ray image is a picture of the x-ray linear attenuation coefficient of an 
object, which is related to the density of the object (Phillips and Lannutti, 1997).  A material with 
high density will attenuate more x-rays than a low-density material; therefore, two materials of 
different densities will appear differently in an x-ray image.  The digital image created during the 
CT process provides an internal cross-section of the specimen in which different materials can be 
distinguished.   

The non-destructive nature of x-ray CT scanning allows the same sample to be scanned 
multiple times.  Because the internal structure is not affected by the procedure, CT scanning 
provides an opportunity to investigate particle and pore characteristics at any time and location 
within a sample.  High quality digital images can be obtained of the internal structure of 
particulate materials (soil, rock, snow) during loading or during environmental changes, such as 
fluctuations in stress, temperature or moisture.  Practical applications are described in which x-
ray CT technology is used to measure the void ratio distribution in soil samples, the pore size 
distribution in soil and rock cores, the grain size distribution of soil samples, and the influence of 
vesicles on the compressive strength of basalt.  These studies indicate that CT-measured 
properties compare favorably with results from traditional laboratory mechanical test methods. 

X-RAY SCIENCE OVERVIEW 
Computed Tomography was first introduced to the medical radiology field in the 1970’s by 

Hounsfield (Wellington and Vinegar, 1987).  In the 1980’s, petrophysicists used the process for 
characterizing rock cores and for quantifying complex mineralogies and sand/shale ratios.  In the 
geotechnical engineering field, the use of x-ray CT scanning techniques is relatively new, but it 
is showing growth with continual improvements in technology, which are being fostered by the 
demand for more accurate input parameters from materials scientists and microgeomechanistic 
practitioners (e.g., discrete element modelers).   

The first main phase of a CT scan involves taking photographs of a specimen from multiple 
angles while it is exposed to x-ray beams.  X-rays are invisible, high-energy electromagnetic 
waves that are able to pass through many objects.  X-rays that penetrate an object will encounter 
an x-ray sensitive screen within the CT apparatus and cause it to illuminate.  During x-ray 
exposure, the object’s matter will absorb some of the x-rays and the intensity (energy per unit 
area per unit time) of the x-ray will attenuate as it is absorbed and scattered by the atoms of the 
material.  A material with high density will attenuate more x-rays than a low-density material; 
therefore, two materials of different densities will appear differently in an x-ray image.  This 
allows the distinction between different phases of material in a geo-specimen; i.e., mineral 
particles, water-filled voids, and air-filled voids may each appear distinct within an x-ray image.  
A specialized digital camera is used to capture the image on the screen, which replicates the x-
ray penetration pattern of the object. 

A single image is generally not sufficient to describe the internal structure of an object.  An 
x-ray image from only one location provides a two-dimensional look into an object, but the 
internal structures are stacked on top of each other in the image.  A dark spot in the x-ray image 
(resulting from low penetration, implying dense material) can result from a single dense region 
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within an object, or from multiple dense regions that are in alignment with the x-ray trajectory.  
X-ray images taken at different angles around the object will show different alignments of the 
same dense regions, and a general description of the regions’ locations can be made.  For 
example, a radiologist diagnosing a bone fracture will use x-ray images from multiple angles 
around the injury to develop an accurate description of the injury’s location and extent.  For 
simple objects, only a few different images are required, but complex objects containing a large 
number and variety of internal features may require many more viewing angles to obtain a 
complete internal description of the object. 

X-ray computer-aided tomography (CT) provides an alternate approach for measuring soil 
microstructure.  An x-ray CT scan consists of two processes: 1) data collection and 2) image 
reconstruction.   

During the data collection stage, a specimen is exposed to x-ray beams from multiple angles 
as it is rotated about its centroidal axis.  A digital camera is used to capture the image on a 
luminescent phosphor screen, which replicates the x-ray penetration pattern of the object.  The 
pixel intensity (gray-scale shade) in the CT image provides a measure of total attenuation, which 
is a combination of the mass attenuation and mass density of the material.  This attenuation is 
quantified using the linear attenuation coefficient (Phillips and Lannutti, 1997).  In terms of CT 
imaging technology, the linear attenuation coefficient is related to the density of a pixel and is 
useful for distinguishing and quantifying different constituents of a specimen.  A typical x-ray 
equipment configuration for a fan beam scanner is shown in Figure 1.  This is similar to the 
system used by the authors at Montana State University (MSU) and is known in the industry as a 
“third generation” x-ray CT scanner.   

 

 
 

 
 
During the image reconstruction phase, photographs of multiple x-ray scans are digitally 

superimposed in such a way that the resulting image describes the interior structure and features 
of the specimen.  When the scan is reconstructed, the resulting image is a cross-sectional view of 
the object as if it had been cut through the plane at the scan location.  The MSU CT scanner is 
capable of performing scans at increments as small as 1/8-degree of rotation.  The authors’ 
system, similar to that shown in Figure 2, is a 2-dimensional (2-D) system, which can be used to 
create a 3-dimensional (3-D) image by combining multiple images (slices).  Newer generation 3-
D systems are available that can be used to capture a full, high resolution, 3-D image of a geo-

Figure 1.  Typical laboratory x-ray configuration. (After Peters, 2002.) 
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sample with one scan.  This is similar to the approach used in the medical industry; although, 
higher x-ray energies are used when scanning geomaterials to improve the image resolution of 
small dense particles, which have higher attenuation factors than tissue, bones and organs in the 
human body. 
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CT DATA COLLECTION 
Prior to obtaining a digital image, the sample must be sized and prepared for the x-ray 

scanner.  Soil samples are typically placed in a stiff-walled plastic container by either raining or 
fluviation methods or by placing the soil in layers and compacting using controlled repeatable 
dynamic impacts from a rammer or weight.  Rock cores should have a flat smooth end to 
minimize wobbling and eccentricities if the scanner contains an internal platen that rotates during 
scanning.  Even snow and ice samples can be scanned for useful measurements; however, these 
sensitive materials require extra preparation steps and of course must be prepared and tested at 
sub-freezing temperatures.  The scanner at the authors’ university was constructed to work with 
an internal chilling unit.  Some smaller scanners can be placed entirely in a climate controlled 
cold room for this purpose.   

The object is photographed as it rotates at least one-half of a full rotation relative to the x-
ray trajectory and detector screen to capture all density variations within the region.  Using more 
closely-spaced views around the rotation will result in finer image resolution.  A CT scan that 
uses a one-degree increment of rotation between individual x-rays will capture 180 different 
views of the object as it rotates 180° through the x-ray beam.  The resolution of the final image 
improves with smaller interval spacing and a corresponding increase in the number of views.  
The MSU CT equipment is capable of performing scans at increments as small as 1/8-degree of 
rotation.  A two-dimensional CT image for a gravel sample is shown in Figure 3a.  This material 
was processed by isolating soil particles between the No. 4 (4.75 mm) and No. 6 (3.35 mm) U.S. 

Figure 2.  Interior view of x-ray scanner equipment. 
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sieve sizes.  As shown in the light microscopic photograph in Figure 3b, the particles are 
somewhat angular and are slightly elongated. 

 
 

  (a) (b) 

 
 
 
 
 

IMAGE PROCESSING AND RECONSTRUCTION 
After a sample is scanned, the recorded data is assimilated into a meaningful digital 

representation using computer-based algorithms.  Converting recorded x-ray data into a digital 
image is one of the primary functions of computed tomography.  A reconstructed tomographic 
data file provides a quantifiable description of solid particles and void spaces in a series of two-
dimensional cross-sectional images, which also can be combined together to create a three 
dimensional volume view of the scanned object (Alramahi and Alshibli, 2006).   

Each pixel within a scanned image represents the average density of a voxel (volumetric 
representation of a pixel) at a particular (x, y) location.  By combining multiple, closely-spaced, 
cross-sectional images throughout the sample, a quantifiable estimate of the void space, porosity, 
or solid particulate distribution can be obtained for the entire sample.  Image processing can be 
conducted using a variety of commercially available software packages.  The approaches 
described in this paper utilize the open source software titled ImageJ, which is an image analysis 
program originally developed by scientists from the National Institutes of Health.  The software 
can be downloaded from the developer’s website along with numerous ‘plug-in’ subroutines that 
provide enhanced image reconstruction and processing applications.   

Digital images suitable for collecting information about the internal structure of a soil 
sample can be used for making quantifiable measurements of basic properties such as void ratio, 
porosity, density, and grain size.  These properties are calculated from a raw CT image using a 
series of steps that can be categorized under the following three headings: 1) filtering, 2) 
thresholding, and 3) measuring and digitizing (analyzing) the image.  Background and 
information regarding these steps are described in detail by Nielsen (2004).  This paper focuses 
on the applications after an array of digitally recorded x-ray data (sinogram) is assembled and 
reconstructed into a cross-sectional slice (tomogram). 

Figure 3.  Gravel test sample: (a) x-ray CT image and (b) microscopic photograph (distance 
between vertical ticks = 1 mm).  (From Mokwa and Nielsen, 2006a.)
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VOID RATIO AND POROSITY MEASUREMENTS 
Computer-aided tomography provides a quantifiable description of the solid particles and 

void spaces in two-dimensional cross-sectional images.  By combining many images obtained at 
close spacings, an estimate of the void space or porosity can be obtained.  In geotechnical 
engineering, the void ratio (e) is defined as: 

 

 
VVolume of voids ve = =

Volume of solids V
s

 (1) 

 
The porosity (n) is defined as: 
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t
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Void ratio and porosity are related by:  
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Pixels appear in a CT image as many different shades of gray that correspond to the density 

of the material.  In order to calculate void ratio or porosity from an image, the shades of solid-
space-gray are distinguished from the shades of void-space-gray using a process called 
thresholding.  Thresholding is a filtering technique that takes an image containing many pixel 
intensity values and replaces the gray-scale intensity shade (color) with either white or black 
pixels.  In other words, the threshold filter is used to separate solid particles and void spaces in 
the image by comparing the intensity value of each pixel to a specified threshold value.   

For example, in an 8-bit grayscale digital image, each pixel in the system is assigned a color 
intensity ranging from 255 (white) to 0 (black).  The color intensity is a function of the material 
density.  For a given threshold value, the filter replaces each pixel’s gray-scale intensity with a 
white pixel if it is below the assigned threshold, and a black pixel if it is above the threshold.  
The result is a binary image that consists only of black and white pixels instead of varying 
grayscale pixels, as shown by comparing Figures 4a and 4b.   
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TABLE 1 
 
 
Measuring void space involves selecting the region of interest from the digital image and 

organizing the pixel count in this region according to gray-scale intensity using a histogram 
function.  A histogram of a gray-scale image may look like a common bell curve with a wide 
distribution of pixel values.  In comparison, a thresholded image appears as two spikes, one at 
zero and the other at the highest color intensity value, with no pixels having intermediate 
intensity values.  The void ratio of a soil shown in a CT scan image histogram is found by 
dividing the number of black (void) pixels by the number of white (solid) pixels.  Similarly, the 
porosity is calculated by dividing the number of black pixels by the total number of pixels.  
Thus, void ratio, e is calculated as: 
 

 
(count at pixel value 0)

e
(count at pixel value 255)





 (4) 

 
Porosity, n is calculated as: 

 
(count at pixel value 0)

n 100%
(count at pixel value 0) (count at pixel value 255)


 

  
 (5) 

 
 
For example, a histogram of a thresholded image of the gravel sample shown in Figures 3 

and 4 indicates the image contains 197,703 void space (black) pixels and 298,674 solid space 
(white) pixels.  This results in a void ratio of 0.662 and a porosity of 39.8%.   

Table 1 compares computed tomographic results with laboratory measurements for six soils 
tested in a study by Mokwa and Nielsen (2006a, 2006b) using the approach outlined in this 
paper.  The comparison study indicates that in general, the accuracy of CT porosity 
measurements decrease as grain size becomes smaller.  This is because at a given x-ray 
resolution, images of finer grained soils will contain a greater number of mixed pixel classes.  
These mixed pixel classes make it difficult to precisely distinguish solid from void pixels.  CT 
results for these materials could be improved by increasing the scanning resolution with a higher 

Figure 4.   Example CT images for porosity determination of gravel sample:  
a) original image, and b) image after thresholding. (After Mokwa and Nielsen, 2006b.) 

(a) (b) 
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intensity x-ray source, using a smaller increment of sample rotation between x-ray shots, or 
increasing the resolution of the digital camera that captures data on the phosphorus screen.   

 
Table 1. Comparison of CT-measured porosity and laboratory measurements 

Soil Type 
Specific 
Gravity 

Water 
Content (%) 

Density 
(g/cm3) 

CT Porosity 

(%) 
Measured 

Porosity (%) 

Gravel 2.69 6.42 1.54 43.55 46.08 

Coarse Sand (#1) 2.62 8.10 1.61 44.69 43.05 

Coarse Sand (#2) 2.62 12.57 1.72 35.08 41.41 

Medium Sand 2.63 16.57 1.65 30.03 46.02 

Fine Sand 2.63 14.82 1.52 21.54 49.61 

Concrete Sand 2.61 19.29 1.93 19.52 38.10 
Note: results are averages based on nine scans of each material. 

 

GRAIN SIZE AND PORE SIZE DISTRIBUTION 
Measurement of grain size and pore size distributions from digital CT images involves 

additional image processing steps termed granulometry and stereology.  Granulometry is used to 
determine the size distribution of particle cross-sections shown in CT scan images.  Stereology is 
a statistical procedure used to predict the size of the 3-dimensional particles based on the sizes of 
the CT cross-sections.  These processing steps were automated by the authors using a Visual 
Basic macro function described in more detail by Nielsen (2004). 

Examples of particle size measurements are shown in Figures 5a and 5b for a gravel and a 
sand sample.  As can be observed in the grain size distribution plots, the CT measured 
distributions are shifted slightly to the left of the mechanical sieve results.  CT results from a 
comparison study using different sizes of spherical glass beads, and the same stereology 
procedures, yielded results that were in very close agreement with sieve analyses.  Consequently, 
the deviations observed in the gravel and sand distributions are attributed primarily to the 
spherical shape assumption that was used in the stereology processing step.  As a future 
advancement, this approach could be improved by introducing more sophisticated techniques 
such as computer algorithms that identify individual particles and their corresponding shapes. 

In terms of pore size distribution, a number of approximate approaches have been proposed 
for quantifying pore size and shape.  Many of theses approximate approaches model each pore as 
a bundle of capillary tubes (Dullien, 1992).  The premise of this model is that pores commonly 
consist of large central regions surrounded by small tapered pore necks.  The pore necks are 
modeled as small capillary tubes, and the central regions of the pores are modeled by large-
diameter tubes.  The spherical shape assumption used in the granulometry and stereology steps is 
consistent with this capillary tube model.
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The accuracy of pore size distributions calculated using this tomographic approach were 

evaluated by comparing the results to a numerically-based pore size distribution model known as 
the Arya and Paris (1981) model, which defines an approximate relationship between the 
measured grain size distribution and a calculated pore size distribution. 

Figures 6a and 6b show the estimated pore size distributions of samples of gravel and coarse 
sand, respectively.  The CT distributions were determined from nine CT scans of each soil type 
compacted into 60.325-mm-dia. containers.  The dashed lines in the plots represent the 
calculated distributions using the Arya and Paris model.  This mathematical model was originally 
developed for soils with wide ranges of particle sizes.  The gravel and sand samples described in 
this paper had relatively steep gradation curves and narrow ranges of particle sizes.  
Consequently, the computed pore size distribution curves were nearly vertical and c-shaped, as a 
result of the mathematical reductions inherent in the computations.  The Arya and Paris model 
produced more characteristically shaped distribution curves for the well-graded samples that 
were examined in this study.  Additional details and results of the tomographic approach and the 
numerical comparisons are provided by Nielsen (2004). 
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Figure 5.  Grain size distribution plots: a) gravel, b) coarse sand. (After 
Nielsen, 2004.) 
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NONDESTRUCTIVE EVALUATION OF ROCK STRENGTH AND VOIDS 
In terms of mechanical strength, basalt is one of the most competent of all rocks.  Formed by 

extrusive volcanic action, it commonly has a micro-fine texture and consists of micro-crystals of 
augite and plagioclase held together by strong mechanical bonding (Farmer, 1968).  A 
characteristic of basalt that reduces its intact strength is the presence of voids (vesicles) formed 
by trapped gases unable to escape during its rapid cooling process.  Vesicular content is 
commonly quantified using porosity; however, traditional methods for determining porosity in 
rocks are destructive and laborious.  In addition, these methods introduce an unknown amount of 
bias.  Experimental studies by the authors on cores of basalt rock indicate that x-ray CT 
technology is useful for measuring rock porosity and void characteristics in a repeatable, non-
destructive fashion.   

Fourteen cores of vesicular basalt obtained from five different boulders were scanned and 
processed using the MSU x-ray CT scanner.  The average porosity of the core and the porosity of 
each slice were measured.  Additional void characteristics such as total void perimeter and void 
size distribution were also measured.  The rock samples were processed in ImageJ using two 
different filters (Bandpass and CLAHE) with manual thresholding.  Average porosities for a 
stack of images (representing an entire core sample) were measured using the Voxel Counter 
plug-in in ImageJ.  The Voxel Counter plug-in works by summing all thresholded voxels in a 
stack of images and providing the total volume fraction.  In this case, the total volume fraction is 
equal to the total number of void space pixels over the total pixels in a sample.  This is 
equivalent to the sample’s physical porosity.  Visual inspection of the resulting images 
confirmed that the Bandpass filter provided the most accurate representation of sample porosity, 
and these values were used in all subsequent analyses. 

Fellow researchers from Montana Tech University provided unconfined compression 
strength (UCS) test data for the 14 rock cores described in this paper.  A summary comparing 

Figure 6.  Pore size distribution plots: a) gravel, b) coarse sand. (After 
Nielsen, 2004.) 

0%

20%

40%

60%

80%

100%

120%

0.10 1.00 10.00

Pore Size Diameter (mm)

P
er

ce
n

t 
S

m
al

le
r

CT 1-1
CT 1-2
CT 1-3
CT 2-1
CT 2-2
CT 2-3
CT 3-1
CT 3-2
CT 3-3
CT Average
Arya-Paris Model

(a) Gravel

0%

20%

40%

60%

80%

100%

120%

0.01 0.10 1.00 10.00

Pore Size Diameter (mm)

CT 1-1

CT 1-2

CT 1-3

CT 2-1

CT 2-2

CT 2-3

CT 3-1

CT 3-2

CT 3-3

CT Average

Arya-Paris Model

(b) Coarse Sand



 

 11

average porosity (n) values, maximum core porosity values (by slice), minimum core porosity 
values (by slice), and corresponding peak UCS strengths for each sample is shown in Table 2. 

 
Table 2.  Porosity versus unconfined compressive strength (UCS) 

Sample # Average n Max. n Min. n UCS (psi)

1-1 13.49% 16.20% 9.30% 12,322

1-2 13.74% 7.60% 19.90% 14,523

1-3 11.80% 16.70% 7.80% 9,650

2-1 19.91% 22.90% 17.90% 9,143

2-2 23.76% 29.20% 19.40% 9,244

2-4 22.33% 28.40% 18.70% 8,359

3-2 16.35% 19.20% 12.40% 12,517

3-3 15.95% 18.90% 14.10% 12,038

3-4 17.25% 21.50% 15.50% 12,529

4-1 20.92% 24.00% 13.80% 8,102

4-2 20.64% 28.70% 15.10% 9,215

4-4 25.70% 32.50% 15.90% 8,127

5-1 10.24% 18.40% 3.10% 17,686

5-2 8.29% 16.60% 3.60% 21,595  
 

A secondary objective of the research project was to relate measured porosity values to 
corresponding peak strength.  The measured UCS values were compared to a number of x-ray 
CT measured parameters, including: 1) average porosity of each slice stack (i.e., core); 2) 
maximum porosity measured in a slice; and 3) minimum porosity measured in a slice.  As shown 
in Figure 7, the best correlation to strength (UCS) was obtained from the average overall porosity 
for each core.  Interestingly, the results show a flattening effect of UCS values at porosities 
above approximately 20%; an independent study by Al-Harthi (1999) noted similar trends.  The 
power function derived from our test results appears to accurately model the strength vs. porosity 
relationship of the test specimens over the typical porosity range for vesicular basalt.  The model 
is less accurate for porosity values less than about 5%.  In equation form, the empirical 
relationship is expressed as: 

 
 0.896UCS (psi) (2304.5)n  (6) 
 
where, n = porosity (in decimal form). 
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Figure 7.  Average porosity vs. unconfined compressive strength.   

 
 

SUMMARY AND CONCLUSIONS 
An overview of nondestructive x-ray CT methods were described for examining the internal 

microstructure of geomaterials and for quantifying specific properties of soil and rock samples.  
CT-measured results were compared with results from traditional geotechnical laboratory index 
test procedures and it was determined that void ratio, porosity, vesicular content and grain size 
distribution results were in satisfactory to excellent agreement with measurements determined 
using conventional mechanical (destructive) test methods.   

Tests conducted by the authors on six different soils indicates that x-ray CT technology 
provides a viable means for nondestructively observing and measuring pore characteristics and 
pore size distributions of soil and rock samples.  It is expected that the accuracy of the CT results 
can be improved with increased resolution of the x-ray equipment and with more sophisticated 
stereology techniques for analyzing the CT images.  Nevertheless, CT technology represents a 
significant improvement to destructive experimental methods for determining pore size 
distribution, which has traditionally been a difficult task for soil scientists and engineers.  Soil 
pores are difficult to visually inspect and measure; consequently, pore characteristics are most 
often related to other more easily measured properties.  The CT results are promising and will be 
further advanced with additional research and evaluations. 

A nondestructive method for evaluating the vesicular content of basalt cores was described 
and an empirical equation relating porosity to unconfined compressive strength was presented.   

In conclusion, these studies indicate that x-ray CT technology represents a viable and useful 
approach for quantifying the internal structure of geomaterials.  This research has established a 
baseline technology for more sophisticated three-dimensional studies focused on practical, 
standardized, and non-destructive CT scanning methodologies for soil and rock testing.   
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