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Abstract 

A wetting test was combined to the X-ray Computed Tomography and image processing to investigate the soil 

collapse of a volcanic sand of Southern Italy at macro- and micro-scale. Porosity, water content and degree of 

saturation were measured: through image analysis for the whole specimen, and through a code for multiple sub-

volumes at micro scale. The local modifications of the soil internal structure were analyzed for different sub-

volumes and the local behaviour was compared towards the overall behaviour of the whole specimen. The size 

of the sub-volumes was properly identified and discussed. The combination of the insights achieved at micro- 

and macro-scale provided a rational framework for the complex mechanisms regulating the pre- and post-

collapse configuration of soil. 

 

 

1. Introduction  

The collapse of unsaturated soils consists in the reduction of volume upon wetting at constant total 

stress, and it can be studied at macro- or micro-scale. Several studies at macro-scale outline the 

influence of initial void ratio, confining pressure and matric suction on the collapse onset for standard 

laboratory specimens (Sun et al., 2007, and Bilotta et al., 2008). Conversely, few observations at 

micro-scale are available in the literature, although the influence of fabric and intergranular bonding 

has been formerly supposed (Jennings and Knight, 1957).  

A wetting test performed through the X-ray Tomograph of the Laboratoire 3SR at the University 

Grenoble Alpes (France) is discussed in this paper. The experimental set up was composed of an 

acrylic fabric cylindrical cell (10 mm 10 mm, diameter and height), a suction controller tank, a 

rotating table, the X-ray source and the X-ray detector. During the test, the specimen was only 

subjected to self-weight and the matric suction was gradually reduced until the specimen collapsed 

(Cuomo et al., 2016). Each suction decrement was kept constant for at least 8 hours until equalization 

was reached, then a tomographic scan was acquired.  

Computed Tomography (CT) is a 3D imaging technique, which allows investigating the internal 

structure of a body through the measurement of density and atomic composition (Viggiani et al., 

2012). The outcomes are 2D images (radiographies, i.e. maps of attenuation coefficient) taken from a 

number of different angles. The radiographies are then reconstructed into 3D volume, i.e. 3D images 

in 16 bit (65,536 gray values). From the distribution of the number of voxels as a function of their gray 

intensity (i.e. histogram graph), the 3D volumes are processed through a region-growing type 

segmentation procedure (trinarization), whose outcomes are maps in three gray values, representing 

the three phases: solid, water and air. Thus, micro-scale information is obtained. 

 

2. Material and methods 

The wetting test was performed on a specimen of quasi-monogranular sand with specific gravity Gs =  

2.46, median diameter D50 = 200 μm and a narrow grain-size distribution within 150-250 μm, derived 

by wet sieving from an air-fall volcanic (pyroclastic) soil of Southern Italy. The original soil is a 
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natural sandy silt with small specific gravity (Bilotta et al., 2005). The in-situ porosity (n) is as high as 

0.59-0.70 (Bilotta et al., 2005). Vesuvian pyroclastic soils have been formerly studied by Bilotta et al. 

(2005, 2008) and Cuomo et al. (2013, 2016), while results for this artificial pyroclastic sand were 

recently provided by Moscariello et al. (2017).  

The cylindrical specimen was created directly into the X-ray cabin. Initially, a mixture of sand and 

water was prepared at 20% of gravimetric water content. Soil porosity (n), water content (θ) and 

degree of saturation (Sr) of the entire specimen were respectively evaluated through the Eqs. 1-3 

considering the numbers of voxels representing each phases as follows:    
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where Pg  is the number of pixels for solid grains, Pw is the number of pixels for water and  Pa is the 

number of pixels for air. 

 

The evolution of soil internal structure can be also analysed through local measurements of porosity 

and degree of saturation. The X-ray tomography and the image processing allow carrying out local 

measurements dividing the trinarized 3D images in selected sub-volumes. The trinarized images were 

used to map the porosity and the degree of saturation of the specimen, but the assessment of the best 

sub-volume type is a crucial issue. An accurate choice of sub-volume shape was needed: an isotropic 

shape (with unitary aspect ratio side/height) allows studying the evolution of the local parameters both 

in the radial and in the vertical directions. The choice of the sub-volume size was also relevant: a small 

sub-volume size provides extreme scattering of measurements and its information could be relatively 

meaningless, whereas large sub-volumes could hide information about local changes. The size and the 

shape of the optimum sub-volume is not known a priori, but previous studies (Khaddour et al., 2015, 

Khaddour et al., 2018) asserted that the size of sub-volume was strictly related to the nature of the 

material tested and to the type of the variables investigated. In any case the analysis of specimen 

heterogeneity can be carried out only on sub-volumes greater than the minimum one from which a 

given parameter becomes independent of the sub-volume size.  

The minimum sub-volume size was identified among differently sized sub-volumes centred in the 

barycentre of the specimen. For all images, the size of the sub-volume was expanded of 1 voxel from 

10 voxels up to draw the maximum cube inscribed in the specimen. Then, the optimal size of the sub-

volume was selected as the one that yields a stable value of the measurement for the majority of the 

nodes. The maps of the porosity and degree of saturation were created using a multi-threaded python 

code.  

 

3. Results 

The evolution of the soil microstructure was analysed in 4 different vertical cross-sections (Fig. 1). 

The images showed the space-time changes of the microstructure, while Figure 2 presents the 

evolution of n and Sr. The initial microstructure (Fig. 1a) was characterized by high porosity and low 

inter-particle strength. There were some aggregates of particles hold by water bridges due to the 

negative pressure of water, because the water content was low. The initial microstructure was not 

influenced by the slight increase of the water content during the first suction reduction step from 1 kPa  
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Figure. 1. X-ray CT images of 4 vertical cross-sections during the wetting test on fine sand: a) initial conditions; 

b) suction = 0.5 kPa; c) suction = 0.3 kPa; d) suction = 0.2 kPa and e) suction = 0.1 kPa (collapse). 

 

to 0.5 kPa (Fig. 1b). As expected, also porosity did not experience significantly reduction up to suction 

equal to 0.5 kPa. The reduction of suction to 0.3 kPa produced an increment of capillary forces, which 

is defined as the forces caused by surface tension and pressure difference across air-water interface 

that attracts the grains. The increment of capillary stress caused radial strain to 11%, and the reduction 

of number/size of macro-voids and the formation of further water bridges among grains (Fig. 1c). The 
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reduction of suction corresponded to a slight decrease of porosity and a slightly increase of degree of 

saturation. The decrease of suction to 0.2 kPa, instead, did not produce any significantly modification 

neither of the microstructure (Fig. 1d), nor porosity or degree of saturation. The rupture of the water 

bridges occurred when the water content increased and the water clusters filled the majority of voids. 

After that, the body forces lead to the collapse and to the complete rearrangement of the 

microstructure, which occurred at suction 0.1 kPa, when few macro-voids were inside the specimen 

(Fig. 1e). After collapse, the vertical strain was about 34%, while the radial strain was cancelled.  

The choice of the optimum sub-volume size is quite complex, thus a preliminary analysis was 

performed on all the 3D images. Porosity, water content and degree of saturation were evaluated for 

several cubic sub-volumes of different size. In the majority of the 3D images, it was noticed that cubic 

sub-volumes sized as about 80 voxels (3.6 10
4
 μm

3
) exhibited porosity values close to the global 

values (Fig. 2a) and for sub-volumes larger than 80 voxels the porosity is approximately constant. The 

variation of degree of saturation versus the sub-volume size of the majority of the 3D images also 

exhibited a similar trend. At suction of 0.3 kPa the changes of both porosity versus sub-volume size 

and degree of saturation versus sub-volume size function exhibited irregular trends, which can be 

related to the radial shrinkage of the specimen and to a rearrangement of specimen internal structure. 

The optimum size of the sub-volume was evaluated considering the images at initial and final 

conditions, which corresponded to the maximum and minimum porosity configuration, respectively. 

The optimum sub-volume was evaluated as the one that yields a stable value of porosity and water 

content for the volumes at suction of 1 kPa and 0.1 kPa. The optimum value was 3.6∙10
4
 μm

3
, i.e. a 

cubic volume with a side length equal to 610 μm. Then, the side length of the sub-volume was 

expressed as a multiple of median diameter and it was equal to 3∙D50. 

The local porosity and the degree of saturation were then evaluated for the sub-volumes with a size 

equal to the optimum one. The porosity map and the degree of saturation map were created and the 

compared to the global measurements (Figs. 3a-b). The mean and the standard deviation values of both 

local porosity and local degree of saturation were compared with the global values. It was supposed 

that all the data were well-modelled by a normal distribution. The wetting process induced a porosity 

reduction, which is emphasized by the reduction of gray intensity within all the sub-volumes (Fig. 3a). 

The wetting also caused a reduction of the dispersion of the data around the average value of porosity 

(Fig. 3a). The standard deviation for porosity computed for the whole specimen was the highest at 

suction of 0.5 kPa (15.9%) and lowered down to 2.0% at collapse (s=0.1 kPa). Thus, the wetting 

caused a reduction of local porosity and a reduction of difference within the sub-volumes. The local 

degree of saturation increased, with a low standard deviation (about 5%), almost constant during the 

wetting process (Fig. 3b).  

 

 

 

Figure 2. a) Porosity, b) Water content computed for different size of the cubic sub-volume.  

The whole sub-volume was centred in the barycentre of the specimen. 
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Figure 3. a) Local porosity (n) and b) degree of saturation (Sr), with indication of average value and standard 

deviation computed for the whole specimen (80 voxels, each 610×610×610 μm
3
 sized). 

4. Conclusions 

The capillary collapse of loose unsaturated pyroclastic sand was analyzed through the X-ray CT.  The 

effects of wetting process resulting in a change of the soil internal structure were measured. Porosity 

and water content were measured at global level for the whole specimen using image analysis and at 

microscopic scale for specific sub-volumes using a multi-threaded python code.  

Moreover, the local modifications of soil internal structure induced by wetting were measured and 

analyzed towards the local changes and overall behaviour of the whole specimen. The global and local 

porosity decreased upon wetting. This process induced a rearrangement of microstructure and a 

reduction of the difference of local porosity. The degree of saturation increased upon wetting, but the 

difference among sub-volumes was small during the entire process. 
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