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1 INTRODUCTION 

Capillary collapse is commonly defined as the de-
crease in total volume of a soil resulting from wet-
ting-induced breakdown of its structure at essentially 
unchanging total vertical stress (Lawton, 1991).  

Collapse may occur due to rainfall infiltration in 
slopes, thus causing major problems, among which 
one can mention a poor performance of the struc-
tures (Pereira et al., 2000) or the occurrence of land-
slides turning into flows (Cascini et al., 2010). The 
mechanisms of the soil collapse have been studied at 
macroscopic scale since many years, while few re-
cent observations at microscopic level are available 
(Bruchon et al., 2013). Particularly, Scanning Elec-
tron Microscope (SEM) images were used to analyse 
the pre- and post-collapse configuration of soil struc-
ture (Locat, 1995; Gili and Alonso, 2002). Mercury 
Intrusion Porosimetry (MIP) (Ng et al., 2008) and X-
ray Computed Tomography (X-ray CT) were also 
used as alternative tools (Bruchon et al., 2013 and 
Moscariello et al., 2017). On the other hand, the evo-
lution of porosity and degree of saturation was never 
studied at microscopic level. 

In this paper, the mechanism of capillary collapse 
was investigated for a pyroclastic soil of Southern It-
aly using X-ray CT, and image analysis (Moscariello 
et al., 2017). The images were processed in order to 
obtain local and global measurements of porosity 
and degree of saturation. The images were also used 
to map the porosity and degree of saturation inside 
the specimen at different stages of wetting. 

 
2 MATERIALS AND METHODS 

2.1 Sand tested 

The wetting test was performed on a specimen of 
quasi-monogranular artificial sand derived from an 
air-fall volcanic (pyroclastic) soil of Southern Italy.  

The original soil was produced by the explosive 
activity of Vesuvio volcano, identified as “class A” 
by Bilotta et al. (2005), and formerly studied by Bi-
lotta et al. (2005, 2008) and Cuomo et al. (2013, 
2016). It is a natural sandy silt with 40 % to 60 % of 
Sand and 20 % to 60 % of Silt, and has the peculiari-
ty to contain grains with internal voids so that the 
specific gravity (Gs) is quite small, typically from 
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2.33 to 2.59 (Bilotta et al., 2005).  
A narrow grain-size distribution, 150-250 μm was 

selected by a double step of sieving (Cuomo et al., 
2016). The sand was characterized by high uniformi-
ty coefficient (CU=29.8) and low Gs (2.45).  

Previous results for this artificial sand were re-
cently provided by Moscariello et al. (2016), mostly 
focusing on comparison of global measurements of 
porosity and degree of saturation versus micro-scale 
measurements. 

 

2.2 X-ray Computed Tomography image analysis 

X-ray Computed Tomography is a non-destructive 
technique that allows visualizing the internal struc-
ture of a body through the measurement of density 
and atomic composition (Viggiani et al., 2012). The 
results are 2D images (radiographies) that map the 
variation of the attenuation coefficient inside the 
specimen. 

The 3D representation of the inner structure of an 
object is reconstructed through the radiographies ac-
quired while the specimen is slowly rotated. The 3D 
image is obtained implementing the back-projection 
through an algorithm which assigns to each point of 
the object the average value of all projections at the 
corresponding location. The image obtained is high-
er blurred, so it needs of a correction through the Fil-
tered Backprojection algorithms based on Fourier 
considerations. The reconstructed images are then 
processed through segmentation procedure, which 
consists into labelling each voxel (volumetric pixel) 
based on the ratio of its gray value to a reference 
value. The main information about the gray values of 
the images is provided through the graph called his-
togram (i.e. the distribution of the number of voxels 
as a function of their gray intensity).   

The results of trinarization are images in three 
gray values, which can be manipulated to extract the 
amount of voxels representing each phase (solid, wa-
ter and air). The histograms of these images gave 
three values of the number of pixels, which were la-
belled as Pg for solid grains, Pw for water and for air 
Pa. The porosity (n) (Eq. 1), the water content (Eq. 
2) and the degree of saturation (Sr) (Eq. 3) of the en-
tire specimen were evaluated through the number of 
pixels representing each phase as follows. Eqs. 1-3 
allow evaluating the porosity of the entire specimen 
or for a selected sub-volume.  
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The porosity and the degree of saturation were al-
so evaluated as a function of total volume (V=Vg+ 
Vw +Va), as conventionally done when global exter-
nal measurements are only available (Eqs. 4-5), 
where Vv=Va+Vw is the volume of voids, Va is the 
volume of air and Vg is the volume of solid phase; θ 
is the volumetric water content. 
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The diameter and the height of the specimen were 
evaluated from the X-ray images using an image 
processing software. The gravimetric water content 
was evaluated before and after the tests, being the 
equipment not capable to measure water exchange 
during the wetting stages. Particularly, the initial 
gravimetric water content was measured on a twin 
specimen (same volume, and created from the same 
sand–water mixture). 

 

2.3 Mapping of porosity and degree of saturation  

The trinarized images were used to map the porosity 
and the degree of saturation of the specimen. To this 
aim, the size of Representative Element of Volume 
(REV) was needed. The REV is the minimum vol-
ume over which relevant measurements for micro-
structural information can be obtained. The REV 
must be sufficiently small in order to make a useful-
ly local measurement of n and Sr. Simultaneously, 
the REV must be sufficiently large in order to be not 
sensitive to the underlying material and to provide a 
relatively stable measurement (Khaddou, 2015).  

Here, the appropriate REV size was evaluated 
through a code written in Python. That code allowed 
the analysis of the trinarized 3D images on which a 
set of nodes was defined. For each node, the pro-
gram grows a cube approximately centered on the 
node. As the cube grows, the porosity and the degree 
of saturation are evaluated through Eq. 1. The code 
generates for each node an array of cube sizes and 
their corresponding porosity and degree of satura-
tion. The calculated values change as the cube vol-
ume increases. For the nodes, it was expected the lo-
cal values of n and Sr to tend towards the global ones 
increasing the cube volume. The REV size was se-
lected through simple statistical analysis for 30 
nodes of porosity (and degree of saturation) versus 
the length of the side of cubic volume (Fig. 1). It was 
observed that for a size equal to 150 pixel (1.3 mm, 
about 3 times the median diameter of grains) most of 
the curves have constant value of n and Sr, expect for 
the void voxels or those at any boundary of the spec-
imen. The map of porosity and degree of saturation 
were then created using Eqs. 1 and 3 for each sub-



volume. 
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Figure 1. Porosity and degree of saturation relative to the size 
of cubic sub-volume size (at initial conditions, suction 1 kPa). 

3 EXPERIMENTAL RESULTS AND IMAGING 

The wetting test was combined to the X-ray Com-
puted Tomography and image processing to investi-
gate the soil collapse of unsaturated sands. The test 
was carried out a specimen with high initial porosity 
(n = 67%) and initial volumetric water content of 
14%. The specimen was loaded by its self-weight 
without any external load, and the suction was grad-
ually reduced until the specimen collapse occurs 
(Cuomo et al., 2016).  

The X-ray CT aided wetting test allowed: i) fol-
lowing the transformation of the specimen’s micro-
structure; ii) evaluating the variation in terms of wa-
ter content, porosity and grains spatial distribution; 
iii) analysing the effect of grain size distribution on 
the development of capillary forces and mass forces. 

The initial microstructure (Fig. 2a) was “open”, 
i.e. characterized by high porosity and low interpar-
ticle strength. There were some aggregates of parti-
cles hold by water bridges due to the negative pres-
sure of water, the water content was low. At suction 
0.5 kPa, the structure kept its original features (Fig. 
2b) even if the water content slightly increased. The 
reduction of suction to 0.3 kPa produced an incre-
ment of capillary forces, which is defined as the 
forces caused by surface tension and pressure differ-
ence across air-water interface that attracts the 
grains. The increment of capillary stress caused radi-
al strain equal to 11%, the reduction of the number 
and the size of macro-voids and the formation of fur-
ther water bridges among grains. The decrease of 
suction to 0.2 kPa, instead, did not produce any sig-
nificantly modification of the microstructure (Fig. 
2c). At suction of 0.1 kPa, the collapse occurred and 
there was the complete rearrangement of the micro-
structure: the body forces became predominant and 
the capillary forces were not able to hold the grains. 
The vertical strain was about 34%, while the radial 
strain was cancelled. 

Global porosity and degree of saturation were 
evaluated through X-ray CT and image processing, 
The results are showed in Figs. 3a-b. The specimen 
did not experience significantly reduction of porosity 
until suction was 0.5 kPa (n=76.6% at s=1 kPa and 
n=75.3% at s=0.5 kPa), while at suction of 0.3 kPa 
the porosity exhibited a slump of about 12% 
(n=63.4%), but it was almost constant until suction 
was lowered to 0.2 kPa. At collapse (s= 0.1 kPa), the 
porosity decreased (n=50.2%), the whole variation of 
porosity upon wetting was about -20%. Conversely, 
the specimen exhibited a rise of Sr, from 16.9% at 
suction 1 kPa to 72.7% at suction of 0.1 kPa.  

The local porosity and the degree of saturation 
were then evaluated for the sub-volumes with size 
150×150×150 voxel (1.3×1.3×1.3 mm3). The porosi-
ty map and the degree of saturation map are shown 
in Figs. 5-6 for the sub-volumes of the vertical slice 
N750. The wetting induced a reduction of porosity 
(Fig. 5), which is emphasized by the reduction of 
gray intensity within all the sub-volumes. The wet-
ting also caused a reduction of dispersion around the 
average value of porosity (Fig. 5a). The standard de-
viation for porosity computed for the whole speci-
men 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 porosi-
ty and a reduction of difference within the sub-
volumes. 

The gray values of degree of saturation maps are 
lighter passing from the initial suction to the collapse 
(Fig. 6). The local degree of saturation increased, 
and the Sr values of sub-volumes had low (about 
5%) standard deviation, quite constant during the 
wetting process (Fig. 6b). The wetting induced an 
increase of Sr in each sub-volume of the specimen. 



 

a) b) c)

d)                          e) 

Figure 2. Fine sand imaged through X-ray CT during the wetting test at vertical section N750: matric suction = 1 kPa (a); 0.5 (b); 0.3 
kPa (c); 0.2 kPa (d); 0.1 kPa, i.e. at collapse (e). 

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1 1.2

S
r
(%

)

Suction (kPa)

Sr,trin

Sr,gl

b)WET

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1 1.2

n
(%

)

Suction (kPa)

n,trin

n,gl

a)WET

 
 
Figure 3. Measurement of soil porosity (n) and degree of satu-
ration (Sr): global measurements (solid symbols) and those 
based on trinarized images (empty symbols). 
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Figure 4. a) Local porosity (n) and b) degree of saturation (Sr), 
with indication of average value and standard deviation com-
puted for the whole specimen (150×150×150 voxels, each 
1.3×1.3×1.3 mm3 sized). 
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Figure 5. Map of porosity (n) during the wetting test at the vertical section N750: matric suction = 1 kPa (a); 0.2 (b); 0.1 kPa, i.e. at 
collapse (c). 
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Figure 6. Map of degree of saturation (Sr) during the wetting test at the vertical section N750: matric suction = 1 kPa (a); 0.2 (b); 0.1 
kPa, i.e. at collapse (c). 

 

4 CONCLUSIONS 

The capillary collapse of an artificial loose unsatu-
rated pyroclastic sand was analyzed through X-ray 
Computed Tomography.  

The effects of wetting process resulting in a 
change of the soil internal structure were measured. 
It was outlined the role played by the change of ca-
pillary forces which produced a remarkable radial 
strain. Porosity and water content were measured at 
global level for the whole specimen using standard 
techniques and at microscopic scale for specific sub-
volumes using a code for image analysis.  

Moreover, the local modifications of soil internal 
structure induced by wetting were measured and ana-
lyzed towards the local changes and overall behavior 
of the whole specimen. The global and local porosity 
decreased upon wetting. This process induced a rear-
rangement 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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