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Abstract The reduction in volume for unsaturated soils

wetted at constant total stress is indicated as capillary

collapse. Several studies conducted on standard laboratory

specimens (macro-scale) outlined the role of initial void

ratio, confining pressure and matric suction on collapse

onset. Conversely, few observations were made at grain

scale, although an important influence of soil structure has

been supposed since years. This paper investigated the

collapse of coarse and fine sands derived from a pyroclastic

soil of Southern Italy. The X-ray computed tomography

was used to identify the mechanisms acting at grain scale

and to measure the local variations of soil structure. The

experimental procedure consisted in preparing remoulded

unsaturated specimens and reducing the matric suction

until the collapse occurred under self-weight. At different

stages of the process, the sample was imaged by X-ray

tomography. The experimental results provided original

insight into: (1) transformation of soil structure during the

wetting tests; (2) variation of porosity, water content and

degree of saturation for the whole specimen; and (3) local

variations of those variables in several representative sub-

volumes. It is worth noting that collapse of coarse sand

specimen occurred before saturation. This was also

emphasized by the presence of macro-voids at collapse.

Keywords Capillary collapse � Computed X-ray

tomography � Grain-scale characterization � Pyroclastic
sand

1 Introduction

Capillary collapse is commonly defined as the decrease in

total volume of a soil resulting from wetting-induced

breakdown of its structure at essentially unchanging total

vertical stress [29]. The interest for the topic originates

from a series of related geotechnical engineering problems

such as poor performance of foundations and triggering of

rainfall-induced landslides. Significant examples are the

catastrophic flow-like landslides often affecting the unsat-

urated pyroclastic soils originated by the explosive activity

of Vesuvius volcano (Southern Italy) [8–10]. Indeed, the

collapse of these pyroclastic soils was investigated at

macro-scale by means of wetting tests in both triaxial and

oedometric conditions, while studies at grain scale are still

not available.

Several authors studied the collapse of loose unsaturated

soils at macro-scale [24, 25, 33]. Both oedometric and

triaxial tests outlined that the occurrence and the magnitude

of collapse are governed by several factors such as (1)

initial density; (2) mean net vertical stress; and (3) the

stress path followed before wetting [43, 47]. Quantitative

back-analyses or predictions of soil collapse were also

performed at macro-scale. In addition, advanced constitu-

tive models were used, capable to deal with the hydro-

mechanical behaviour of unsaturated soils. Among those, it

is worth mentioning the Barcelona Basic model [1], the

model of Wheeler and Sivakumar [49] and the modified

Pastor–Zienkiewicz model [30].
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The majority of the authors who studied the soil collapse

at macro-scale also underlined that complete understanding

would require the analysis of soil structure and its evolu-

tion upon wetting. Some triggering factors for collapse at

grain scale were indicated: (1) metastable structure [3]; (2)

net total stress high enough to make unstable the soil

structure; (3) rupture of intergranular contacts due to soil

wetting [36]; and (4) degradation of bonding or cementing

agents. Soil metastable structure is characterized by the

presence of many: (1) ‘‘macro-voids’’, which are those

voids bigger than the median size of grains, and (2) and

‘‘aggregates’’, which are assemblies of grains linked toge-

ther by bounding agents (as water bridges, silty chains and

clay bridges) [36]. Inside a metastable structure, water is an

important bounding agent (like water bridges that linked

two grains or together with finer particles) and induces

‘‘capillary cohesion’’, which is usually defined as the force

caused by surface tension and pressure difference across

air–water interface that attracts two grains.

Soil structure was observed through SEM images

[3, 37], before and after the collapse, while not following

its evolution. Previous observations at grain scale were also

performed using the X-ray computed tomography (CT).

The latter is a non-destructive technique that allows visu-

alizing the internal structure of a solid-like body through

the measurement of local X-ray attenuation coefficients

linked to density and atomic composition [35]. The output

images require extensive processing treatment as later

discussed. High-resolution X-ray tomography can be used

to non-destructively visualize intact soil cores or remoul-

ded soil samples in order to reveal their architectures and

morphologies. These three-dimensional mapping is the

only way to properly characterize several morphological

features as porosity network, inner failures, entrapped air,

volume, surface area, length and position of grain inclu-

sions in clay, material heterogeneity, spatial density vari-

ation. All these characteristics are required to well define

the material properties and consequently to well understand

the soil response. In a geomechanical context, X-ray can be

used to characterize local deformations within a soil

specimen in a mechanical testing device [14, 17, 18, 48].

For example, Andò et al. [2] have performed triaxial tests

and used X-ray imagery to understand the development of

shear bands at the micro-structural scale. The technique

allows producing full three-dimensional numerical images

with details such as the shape of sand particles [2], their

spatial distribution and arrangement, as well as the pore

size distribution and bulk density [6, 14, 15, 27, 34]. So far,

other applications of tomography have been related to: (1)

combined analysis of porosity change and seepage flow; (2)

measurement of volume fractions and water content [26];

(3) characterization of local deformations induced by

loading [2]. Bruchon et al. [7] performed a collapse test on

Hostun sand to understand the mechanisms leading to

capillary collapse. The specimen was wetted in oedometric

cell through a stepwise sequence of controlled quantities of

water infiltrating the specimen. The evolution of soil

structure was measured through the acquisition of 3D

images, later processed. The collapse was related to the

saturation of macro-voids and the rupture of water bridges.

Gravity effects, able to cause a non-negligible gradient of

the hydrostatic pressure along the specimen’s height,

induced a vertical gradient for strain.

The present paper investigated the mechanisms of cap-

illary collapse for two loose unsaturated sands derived

from a pyroclastic soil of Southern Italy. X-ray CT was

used to measure the local variations of soil porosity and

water content. Particularly, the tested materials and the

adopted methods are presented in Sect. 2. A quantitative

description of wetting and capillary collapse is provided in

Sect. 3. In particular, the measurements at grain scale

(local quantities) were compared to those obtained at

macro-scale (global quantities of the whole specimen) by

means of standard methods. Finally, some conclusions and

perspectives are drawn in Sect. 4.

2 Materials and methods

2.1 Properties of the tested materials

The tested materials were derived from an air-fall volcanic

(pyroclastic) soil, originated by the explosive volcanic

activity of Vesuvius (Southern Italy). This soil was iden-

tified as ‘‘Class A—Ashy soil’’ by Bilotta et al. [4], and

formerly studied by Bilotta et al. [4, 5] and Lancellotta

et al. [28]. It is a natural sandy silt, with internal voids to

the grains so that the specific gravity (Gs) is quite small,

typically ranging from 2.33 to 2.59 (Bilotta et al. [4]).

In situ porosity (n) is very high, from 63 to 74% [4]. Such

properties are related to non-negligible content of allo-

phane and imogolite, from 6% to 20% [13, 44].

The specimens investigated were cylindrical, 10 mm

high and 10 mm in diameter, with a total volume of

785 mm3. This small dimension was a constraint of the

testing device (see Sect. 2.3), which also influenced the

grain sizes selected for the tested material. In fact, the

smaller the grains, the higher must be the resolution of the

X-ray images, and the shorter the distance between the

X-ray source and the specimen. However, the maximum

grain size was limited to 1:6 of the specimen height [23],

and the range of sands (125–1000 lm) was finally chosen

to clearly distinguish each grain and the voids partially

filled with water. A reasonable grading of grain sizes was

also guaranteed to preserve the structure of the original

natural soil. Particularly, two artificial sands were derived
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from the natural pyroclastic soil, with the median diameters

equal to 200 lm (called fine sand) and 512 lm (coarse

sand). Narrow grain-size distributions, respectively,

150–250 and 425–600 lm, were selected by a double-step

sieving (Fig. 1). Wet sieving allowed the separation of

most of the fine (nominal diameter D\ 0.075 mm) from

the coarse fraction. The latter was dried and sieved, so

removing the residual fine fraction. Thus, the above-men-

tioned fine sand and coarse sand were selected and used for

specimen preparation.

The specific gravity (Gs) was measured through two

procedures: (1) the mixture of soil and distilled water was

boiled for air removal and the measurement was taken after

cooling; (2) same as before, with further removal of

residual air using a vacuum system, capable to induce

negative air pressure and forcing the saturation of internal

voids to the grains. The Gs measured through the first

procedure was 2.45 for coarse sand and 2.46 for fine sand,

in agreement with the results of Bilotta et al. [4] and

Sorbino et al. [39] for the natural pyroclastic soil ‘‘Class

A’’ (2.33–2.59). Using the second procedure, the measured

Gs was 2.71 for coarse sand and 2.64 for fine sand. The

differences can be attributed to the voids internal to the

grains, which were filled by water only for the second

procedure. To this regard, Sorbino et al. [40] had already

outlined that pyroclastic soils have double porosity, which

provide a bi-modal shape to their soil water retention

curves (SWRCs), i.e. volumetric water content (h) versus
matric suction (s).

The SWRCs of both the fine and coarse sands (Fig. 2)

were measured by means of a special oedometric cell

(Sect. 2.3), later used in combination with the X-ray

scanner. A series of specimens were created with an

assigned porosity (59–63%), and a gravimetric water con-

tent (w) was equal to 20% (Sect. 2.2). Then, a target matric

suction was applied, and the equalization generally took

less than 24 h. Each specimen was dried into the oven for

at least 1 h and then weighed in dry condition (md). The

volumetric water content was computed as: h ¼

ðmw � mdÞ=ðcwVÞ ¼ Vw=V; where Vw is the volume of

water and V is the total volume. As far as V, the specimen

height was measured through a scaly ruler, assuming lateral

deformations prevented.

2.2 Specimen preparation

The experimental programme was performed on loose

specimens. The literature shows that high porosity can be

reached by pluviation, dropping the grains from low height

in air or through water. The methods in moist condition are

more convenient because capillary forces among the grains

provide a metastable soil structure. The procedure of

Bruchon et al. [7] was first used to prepare standard

oedometric specimen (70 mm dia. and 30 mm high). Sand

was mixed to water at fixed gravimetric water (w), poured

through two consecutive sieves (3.5 and 2.24 mm open-

ings) and pluviated inside the oedometric cell. A slight

compaction was used to stabilize the specimen soil struc-

ture. However, a specific procedure was developed to

obtain in a 10-mm specimen high porosity similar to that of

natural undisturbed pyroclastic soils and a metastable soil

structure. In particular, double sieving was avoided as it

significantly reduced the presence of macro-voids and

water bridges, while a small spoon was used for com-

paction, stabilization of soil structure and flattening of the

top of the specimen. Trial specimens were prepared at

several gravimetric water contents (5, 6, 9, 12, 13, 16%) to

possibly obtain very low porosity (n = 53–74%). An

optimum of the preparation procedure (with the target

porosity fulfilled and a sufficient presence of water bridges

and aggregates) was found for a gravimetric water content

(w) of 20% (Fig. 3). Therefore, each sand was mixed with

distilled water at 20% in weight and sealed into a plastic

container for several hours to allow homogeneous hydra-

tion of the grains. The wetted sand was air-pluviated in the

oedometric cell (Sect. 2.3) from a few millimetres drop

height to minimize the depositional energy. The cell had
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Fig. 1 Grain-size distributions for the fine and coarse sands

investigated
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Fig. 2 SWRC of coarse and fine sands. The specimen preparation

procedure and the equipment for wetting are the same of wetting tests.

The SWRC is obtained without the use of X-ray CT
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been previously placed in the X-ray cabin to avoid any

specimen collapse due to the assembly of the experimental

set-up. The top of the specimen was slightly compacted

and flattened, causing a slight increase in density of the top

layers, as it will be better explained in Sect. 3.2.

The specimen of fine sand had initial porosity of 67%,

gravimetric water content (w) equal to 20% and a water

content (h) of 16%. Coarse sand had initial porosity (n) of

65.4%, a gravimetric water content (w) of 20% and a

volumetric water content (h) of 17%.

2.3 Testing devices and methods

The experimental set-up was housed inside a lead-lined

cabin [11]. The above-mentioned cell (where the soil

specimen was prepared) was cylindrical with 10-mm-thick

walls and made of PMMA (PolyMethylMethAcrylate) to

minimize the attenuation of X-ray beam (Fig. 4). Beneath

the specimen, a porous stone with air-entry value of

100 kPa and high permeability was present and kept sat-

urated by a small water reservoir (labelled as ‘‘6’’ in

Fig. 4). All the details of the cell are reported in Fig. 4,

formerly presented in Khaddour [26].

An external water tank connected to the bottom of the

cell (labelled as ‘‘B’’ in Fig. 5) was used to apply negative

water pressure to the lowermost boundary of the specimen.

Soil suction was applied by tensiometry, changing the

relative vertical distance (dAB) between the barycentre of

the specimen (A) and the water surface (C) inside the tank

(Fig. 5). The hydraulic gradient evaluated (from the

barycenter of the specimen to its top or bottom) was

0.05 kPa in absolute value, significantly smaller than the

suction changes applied during the wetting test.

The X-ray CT machine was composed of the source, the

detector and the translation and rotation stages (Fig. 6).

The machine had been supplied by RX-Solutions (Annecy,

France) under specific request by Laboratoire 3SR

(Grenoble, France). X-rays were emitted by a sealed, solid-

anode, micro-focus source manufactured by Hamamatsu

Corporation (reference L8121-03). The source applied a

voltage of 100 kV and provided current at 50 lA (Table 1).

The detector used for the tests was an ‘‘indirect’’ flat-panel

Varian PaxScan� 2520 V, also used in medical field, on

which the pixel size is 127 9 127 lm. The detector
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Fig. 3 Trial specimens created through the pluviation of a mixture of

water and sand. Different mixtures at different water contents were

carried out. The yellow region represents the range of porosity of

undisturbed specimens (data from Bilotta et al. [4]). The region 1

corresponds to specimen with porosity compared with that of

undisturbed specimens, but with a small amount of water and an

unstable structure. (Two specimens with equal water content can have

big difference in terms of porosity.) Region 2 corresponds to the

optimum water content (w = 20%). At w = 20%, the micro-structure

is loose (n & 67%) and aggregates and macro-voids are stable at

suction 1 kPa

Fig. 4 Cell adopted for the wetting tests (Khaddour [26]). 1 Air

inlet; 2 removable cover; 3 porous stone; 4 water outlet; 5 water

inlet; 6 water reservoir; 7 soil specimen

A
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dAB

Fig. 5 Scheme of the equipment used for wetting tests (A specimen;

B external water tank; C water surface). The distance dAB relates to

the suction applied to the barycentre of the specimen
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measured the intensity of incident X-ray photons on an

array of 1920 9 1536 pixels. The range of sample sizes

and densities, which can be investigated, depends on the

range of voltage supplied by the source. The voxel size

depends on the distance between the specimen and the

source, as well as it depends on the distance between

specimen and the detector. Moreover, the spatial resolution

is limited by the ‘‘spot size’’ on the target and the physical

size of the detector. In this study, the size of the voxel

(volumetric pixel) was 7.5 9 7.5 9 7.5 lm3. Table 1

summarizes the other X-ray scanning conditions adopted

for the tests.

The tomographic scan procedure can be summarized as

follows: the stage rotates at a controlled speed around a

sub-vertical axis, while the X-ray source generates a con-

tinuous X-ray beam, which passes through the specimen

and hits the detector [2]. The detector converts the radia-

tion into electric charge, which is converted to values

which are passed to the computer. In this study, according

to the selected scanning conditions (Table 1), eight radio-

graphies were acquired and averaged at each of 1024 dif-

ferent angular stations, so that an entire scan required about

2 h. The goal to investigate partially saturated specimens

(i.e. three-phase soil) required high-resolution images

recorded at a high zoom level (Table 1). Moreover, the

metastable structure of the specimens required a low-speed

rotation to avoid any disturbance (Table 1).

2.4 Reconstruction and segmentation procedures

The images acquired were blurred and needed to be

reconstructed and corrected improving the image quality

and reducing the artefacts related to the X-ray CT tech-

nique (i.e. misalignment of source, detector and axis of

rotation; detector defects; anomalous bright pixels in the

radiographs). The reconstruction procedure provided sev-

eral contiguous slices, which allowed a 3D visualization of

the selected features and the quantification of 3D volumes

[2]. Each 3D image was reconstructed, slice by slice, from

2D radiographs acquired at different angles, by solving the

inverse problem of the Radon transform. The result was a

greyscale 3D image of X-ray attenuation coefficients

intensities at a given material state [46]. The reconstruction

was performed through the software DigiCT version 2.4.2

from Digisens. The software used a filtered backprojection

algorithm for three-dimensional image reconstruction from

cone beam based on the Feldkamp, Davis and Kress (FDK)

Algorithm. The reconstructed images were in 16 bit

(65,536 grey values) and consisted of 1500 slices, which

were processed through segmentation procedure (Table 2).

Image segmentation affects the subsequent quantitative

analysis of physical properties [22]. The image segmenta-

tion of such multi-phase materials (Sect. 2.1) consisted in

classifying each voxel based on the comparison of its grey

value to thresholds [20]. This was made referring to the so-

called intensity histogram, which is a multi-modal distri-

bution of the amount of voxel (or pixel in 2D) as a function

of the grey intensity. In the ideal case of a material com-

posed of two phases, the segmentation is made through a

single histogram threshold (i.e. a single grey value is

indicated and two Gaussian curves are identified). In a

three-phase material (e.g. partially saturated soil), the low-

density phases like air or water have lower intensity than

solid grains; thus, the voxels occupied by air are darker

than the solid voxels, with water at intermediate grey level.

In this case, two types of artefacts complicate the use of

simple threshold: (1) Gaussian noise and (2) partial volume

Fig. 6 Scheme of the experimental set-up for X-ray computed tomography. The X-ray scanner is composed by a source and a flat-panel detector

(Wildenschild and Sheppard [50])

Table 1 Configuration adopted for the X-ray scans

# Projection 1024

Image averaged 8

Filter Anti-ring shift

Voxel size 7.56 lm

Source voltage 100 kV

Source current 50 lA

Time of scanning 2 h
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effect (PVE). Gaussian noise is common also for other

types of images and is uniformly distributed in space. On

the contrary, PVE is typical of multi-phase materials,

corresponding to voxels with two or three phases plus the

interfaces among them. These voxels are called ‘‘mixels’’

and can be of four types: (1) voxel composed of solid and

water phases; (2) voxel composed of air and water; (3)

voxel composed of air and solid; (4) voxel composed of the

three phases. PVE arises because the grey value of mixels

is obtained as weighted average of all the phases [20].

Thus, a mixel can be confused with a voxel containing

water (with an intermediate grey intensity) [21].

The used segmentation method was selected among the

‘‘region growing’’ techniques, which are based on the

assumption that all the voxels belonging to a particular

object are connected and sufficiently similar. In other

words, a voxel representing one phase is firstly chosen;

then, the adjacent voxels with similar grey values are

assimilated to the same phase. The procedure is then

extended to the other nearby voxels. The main assumption

of the method is that the grey values of each phase can be

interpolated through statistical functions. Here, the normal

distribution was employed. Each normal distribution was

identified through the mean (l), which also corresponded

to the mode and median of the distribution, and the stan-

dard deviation (r), both used as input data of region

growing method. The peak value of the phase was assumed

equal to l, while the thresholds were evaluated as l ± 2r.
The area between the thresholds corresponded to 95.4% of

the phase.

The application of the region growing method consisted

in four steps: (1) partial thresholding; (2) PVE filtering; (3)

simultaneous phase growing; and (4) filling of interface.

Partial thresholding defined the regions where each

phase (solid, water or air) was present. First, the regions

with certain presence of solid were individuated. Then, the

peaks of solid and air histograms were individuated and

used as thresholds. Thus, the 50% upper part of solid-phase

Gaussian curve and the 50% lower part of air-phase

Gaussian curve were isolated. The threshold for water was

defined as l ± r, which isolated about 68% of the water-

phase Gaussian curve. Thus, four groups of voxels became

visible: the dark phase (B1), the middle phase (B2), the

bright phase (B3) and the remaining non-selected voxels

(R).

The filtering of PVE consisted in identifying the voxels

where air and solid phases had been taken together (B2).

Each voxel of the group B2 was analysed considering the

grey values of the 16 neighbour voxels. It was assumed that

a voxel belonged to middle phase (B2) if it was surrounded

by others belonging to B2, otherwise it was considered a

mixel, moved to group R, re-set to black colour and han-

dled later.

In the next step, the three groups of the phases B1–B3

were grown into the group of the remaining voxels (R). At

this stage, R represented the interface among the different

phases, so they were not assigned to any phase. The growth

stopped when all the voxels of the group R had at least two

distinct phases as neighbours. When the phases were grown

simultaneously, the first phase that ‘‘reached’’ a new voxel

incorporated it, but the phases could not ‘‘see’’ where they

were growing. The potential overgrowing in some areas of

the image was limited by choosing adequate thresholds at

the beginning of the procedure. The growth of each phase

in extreme grey values was avoided choosing a ‘‘tolerance

threshold’’ for each phase (Tair, T1-water, T2-water and Tgrain).

The final step of the procedure (interface filling) was to

determine the phase to which the lasts voxels of R belon-

ged. The neighbours of the remaining voxels were used to

determine their phase identity. For each voxel at the

Table 2 Differences between X-ray image-based measurements and standard measurements

Suction (kPa) Difference (X-ray measurement–standard measurement)

n (%) h (%) Sr (%) Vsolid phase (%) Vwater (%)

Coarse sand 1 6.05 19.45 24.05 3.24 8.82

0.5 1.35 2.70

0.3 4.14 3.19

0.2 1.83 8.77

0.1 1.43 3.30 4.66 6.30 20.13

Fine sand 1 12.47 7.30 17.58 21.75 21.89

0.5 11.19 15.31

0.3 3.92 14.36

0.2 0.60 6.35

0.2a 4.24 13.69

0.1 1.00 8.92 8.70 15.33 17.02

aThe X-ray images were recorded after 24 ? 8 h from the application of suction

Acta Geotechnica

123



interface, a spherical selection of 16 neighbour voxels was

considered. The most present phase inside the sphere was

attributed to the non-selected voxel. This procedure was

repeated several times (usually four times), and the

remaining voxels at the end of interface filling step were

attributed through simple thresholding method.

This procedure, proposed by Hashemi et al. [19], was

modified because the volcanic sands under investigation

have grains of different mineralogies with different ‘‘ad-

sorption capacity’’ (density), and the histogram is even

more complex than a three-phase material. In fact, voxels

with different grey intensities may belong to the same grain

(Fig. 7a, c–d). An additional complexity was that some

grains had a low grey value, similar to that of water. Thus,

the selection of the threshold values for water was a crucial

step, firstly made as manual selection.

Figure 7a shows as example an X-ray image and the

histogram of the fine sand at very low gravimetric water

content, 3%. Water is barely visible. However, the his-

togram of the image has three modes (Fig. 7b), with one

for the air phase and two modes for the solid phase. In

other words, the solid phase was represented by two

Gaussian distributions. The features of pyroclastic sands

are better emphasized in Fig. 7c, d, where an example of

wet coarse sand at gravimetric water content 40% is shown.

Figure 7d shows the voids internal to the grains observed in

the X-ray image, as well as some grains with adsorption

intensity similar to water, and different minerals inside a

single grain (labelled as 1–5 in Fig. 7d).

The identification of the peaks and the threshold values

for each Gaussian distribution was refined by means of the

software TableCurve 2D�, which fitted the histogram data

Fig. 7 a X-ray CT image of a specimen of dry fine sand (water content less than 3%), where it is also possible noticing that a single grain can be

composed by pixels with different grey intensities. b Histogram of the X-ray image consisting in a multi-modal distribution of grey intensity of

the voxels. c X-ray CT image of a specimen of wet coarse sand (water content 36.5%). d Zooming of a small area of the specimen corresponding

to the yellow square in Fig. 7c. In the small area, it is possible to distinguish: 1) air bubble; 2 pumiceous grain with high number of internal

voids; 3 grain composed of two or more materials with different intensities of adsorption; 4 grain with grey intensity value close to those of

water (5)
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to Gaussian distributions. Particularly, the whole histogram

(grey from 0 to 255) was firstly divided into three ranges

(air, water and solid), each interpolated through a Gaussian

curve with its own coefficient of determination (R2). Then,

each range was modified to maximize its R2. At the end,

two Gaussian curves were adopted for the solid phase: the

curve labelled as Ps (Fig. 8c) was adopted to estimate the

peak value, while the curve as labelled Ts was used to

evaluate the lowest threshold of the solid phase. This

procedure was implemented as a MATLAB code and

applied to 3D X-ray images in 8 bit (256 grey values). The

reconstructed images were transformed into 8 bit images

by means of the software Fiji [38], which linearly scales

the image from min/max to 0–255 grey values.

The images trinarized through the manual selection

(Fig. 8a, b) or through the software-based procedure

(Fig. 8c, d) are compared in Fig. 8b–d for a coarse sand,

which emphasized the differences due to the size of the

grains. However, the second (software-based) procedure

identified a larger number of voxels belonging to the water

phase and better reduced the PVE effect. Moreover, more

internal voids at a visual comparison were correctly iden-

tified. Compared to the first (manual) procedure, the

computational time for the identification of peaks and

thresholds increased, but the time for trinarization

(MATLAB code) was reduced. Thus, the overall compu-

tational time was reduced to 5 h (instead of 8 h) on high-

performance computer.

At the end, the trinarized images had three grey values

(64 for air, 128 for water and 192 for solid) corresponding

to one histogram with one bar for each phase, and the

number of respective voxels was labelled as Pa, Pw, Ps,

respectively. Soil porosity (n), water content (h), degree of
saturation (Sr), the volume of solid phase (Vs) and the

volume of water phase (Vw) are evaluated as follows:

n ¼ Pw þ Pa

Ps þ Pw þ Pa

ð1Þ

h ¼ Pw

Ps þ Pw þ Pa

ð2Þ
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Fig. 8 Trinarization of X-ray image of coarse sand at suction 0.3 kPa: a Distribution of grey intensity of the voxels with indication of the peaks

of the three phases chosen through the visual reading of the histogram; b trinarized image obtained using the histogram of figure a); c distribution
of grey intensity of the voxels with indication of the peaks of the three phases chosen through a software to plot the Gaussian curves starting from

the data of the histogram; d trinarized image obtained using the histogram of figure c)
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Sr ¼
Pw

Pw þ Pa

¼ h
n

ð3Þ

V ¼ Ps � Vvoxel ð4Þ
Vw ¼ Pw � Vvoxel ð5Þ

2.5 Global measurements

Soil porosity, degree of saturation and water content were

computed for the whole specimen during the wetting test,

as function of the total volume (V = Va ? Vw ? Vs), vol-

ume of air (Va), volume of solid phase (Vs) and volume of

water (Vw).

n ¼ Vv

V
ð6Þ

Sr ¼
Vw

Vv

¼ h
n

ð7Þ

The total volume (V) of the specimen was measured in

the 3D images. The tool ‘‘Measure’’ of the software Fiji

was adopted to measure the diameter and the height of the

specimen in several slices. Particularly, the porous stone

and the wall of the cell were cancelled in the 3D image.

The diameter and the height of the specimen were

evaluated in five horizontal and four vertical cross

sections, later referring to the mean values.

The gravimetric water content was evaluated before and

after the tests, being the equipment not capable to measure

water exchange upon wetting. Particularly, the initial

gravimetric water content was measured on a twin speci-

men (same volume, and created from the same sand–water

mixture).

The volume of solid phase (Vs) was evaluated from the

specific gravity (Gs) and the weight of solid phase. Gs was

assumed constant upon wetting and equal to 2.45 for coarse

sand and 2.46 for fine sand (Sect. 2.1). The degree of sat-

uration was evaluated as a ratio of water content to porosity

(Eq. 6).

3 Results and discussion

3.1 Space–time evolution of the soil structure

The capillary collapse was investigated through two wet-

ting tests on the coarse and fine sands described in

Sect. 2.1. The tests were performed by reducing the matric

suction in four steps; at each step, the suction was kept

constant for at least 8 h to reach the equalization and the

3D images of the specimen were acquired through X-ray

CT (Sect. 2.3). The images were processed and trinarized

as described in Sect. 2.4. As mentioned before, the

preparation procedure (Sect. 2.2) allowed having

specimens with high porosity, low inter-particles bond

strength and metastable soil structure. The initial presence

of macro-voids was observed in the X-ray images of the

two specimens, i.e. before water transfer was started from

the suction controller tank. The X-ray images recorded

after each suction equalization step was analysed first in a

qualitative way. The walls of the cell avoided lateral

expansion of the specimens upon wetting, but allowed

contraction. The friction between walls and specimen was

neglected in the first instance.

For the coarse sand, the initial global volumetric water

content (h) was 15.97%, corresponding to a matric suction

of about 1.0 kPa. This value is obtained from the SWRC of

Fig. 2. At this initial stage, most of the macro-voids were

observed at the middle or bottom of the specimen, while

the top part appeared denser (Fig. 9a). This inhomogeneity

was expected as outcome of the flattening of the top of the

specimen (see also Sect. 2.2). Lowering the suction from

0.5 to 0.3 kPa did not cause a significant variation of

spatial distribution of macro-voids (Fig. 9b); at suction

equal to 0.2 kPa, the grains were connected each other by

larger water bridges, the macro-voids were less and smaller

and even different in shape (Fig. 9c). Lowering the suction

down to 0.1 kPa, the soil structure was totally rearranged

and the specimen collapsed in partially saturated condition,

with some macro-voids still present. Correspondingly, a

sudden reduction in height was observed, as effect of the

body forces (Fig. 9d). Above this threshold, instead, the

Fig. 9 X-ray CT images of the vertical section N�750 during the

wetting test on coarse sand (pyroclastic sand n�1, PS1): matric

suction = 1 kPa (a); 0.3 kPa (b); 0.2 kPa (c); 0.1 kPa (d) at collapse
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water entering the specimen had not significantly modified

the spatial distribution of macro-voids.

For the fine sand, the initial soil structure was composed

of many macro-voids (Fig. 10a). This structure was kept

and no substantial variation of height occurred until the

suction was lowered down to 0.5 kPa. At the next step, as

suction decreased to 0.3 kPa, a radial strain (about 11%)

was observed with a significant change in size and shape of

the macro-voids (Fig. 10b). The rise of the water content

produced a growth of both the water bridges and attractive

forces (capillary forces) among the grains. The decrease in

suction down to 0.2 kPa produced only an increment of

water content while the soil structure and the shape of

macro-voids did not change (Fig. 10c). At suction equal to

0.1 kPa, the water bridges were broken as water filled the

majority of voids, and the body forces caused the collapse.

The latter was not uniform, and the specimen stopped to

have a regular shape (Fig. 10d), with even few macro-voids

still inside the specimen.

The presence of some stuck grains on the wall in all the

images of the fine sand (Fig. 10a–d) testified the interaction

among the wall, water and grains. For coarse sand, this did

not occur (Fig. 9a–d). Thus, it seems that the magnitude of

interaction was the function of the grain size. Moreover,

the top of the specimen on fine sand did not exhibit any

radial contraction (Fig. 10b–c); thus, the interaction among

grains, water and wall could be function of porosity.

3.2 Global measurements

Soil porosity (n), volumetric water content (h) and degree

of saturation (Sr) are evaluated via Eqs. 1–3, for coarse

(Fig. 11a–c) and fine (Fig. 11d–f) sands, and indicated with

empty markers. Equations 6, 7 are also used (Sect. 2.5),

and the results plotted with solid markers. As mentioned

before, volumetric water content (h) and degree of satu-

ration (Sr) were only computed before and after the tests.

Information gathered from the trinarized 3D images

(Eqs. 1–3) was validated by global measurements (Eqs. 6,

7) for both coarse (Fig. 11a–c) and fine sands (Fig. 11d–f).

The differences were analysed referring to fundamental

quantities such as volume of solid phase (Vsp, Eq. 8),

volume of water (Vw, Eq. 9), porosity (n, Eq. 10), water

content (h, Eq. 11) and saturation degree (Sr, Eq. 12).

dVsp ¼
Vs;trin � Vs;st

�
�

�
�

Vsp;st
ð8Þ

dVw ¼
Vw;trin � Vw;st

�
�

�
�

Vw;st
ð9Þ

dn ¼ ntrin � nstj j
nst

ð10Þ

dh ¼ htrin � hstj j
hst

ð11Þ

dSr ¼
Sr;trin � Sr;st
�
�

�
�

Sr;st
ð12Þ

where the subscript ‘‘trin’’ indicates a value obtained

through the trinarized images and the subscript ‘‘gl’’ indi-

cates a value obtained through global measurements.

The volume of solid and water phase was firstly com-

pared because it is easy to evaluate through global mea-

surements. The differences for the volume of the solid

phase were lower than 9% for the coarse sand and lower

than 22% for the fine sand. Such difference was higher with

the increase in water content for coarse sand, and the

highest difference was observed at suction 0.2 kPa

(8.77%). For fine sand, the differences were generally

higher than for coarse sand, with the highest difference

observed at suction 1 kPa (21.75%). The volume of solid

phase was underestimated through trinarized images at the

beginning of the test (suction 1 and 0.5 kPa) and overes-

timated at lower suction (Fig. 12c). These differences were

also computed in order to estimate an error attributable to

the presence of ‘‘mixels’’. However, the error on the vol-

ume fraction of some phases was also governed by the ratio

of the number of ‘‘interface voxels’’ to the ‘‘internal vox-

els’’ of this phase, being that larger for the finer material.

The volume of water was measured at the beginning and

at the end of the wetting tests; thus, it is not possible

Fig. 10 X-ray CT images of the vertical section N�750 during the

wetting test on fine sand (pyroclastic sand n�2, PS2): matric

suction = 1 kPa (a); 0.3 kPa (b); 0.2 kPa (c) and 0.1 kPa (d) at

collapse
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individuate a trend, but the difference was lower at initial

condition (8.82% for coarse and 9.77% for fine) and higher

at collapse (20.13% for coarse and 17.02% for fine).

The highest difference for porosity, degree of saturation

and water content of coarse sand was found at initial

conditions (dn = 6.05%, dh = 19.45% and

dSr = 24.05%). The difference for porosity of the fine sand

at initial condition was 12.47%, higher than for coarse

sand, while the difference for the initial water content was

lower than for coarse sand (7.30%).

The experimental points of the SWRC measured

through trinarized 3D images were further validated as

interpreted by means of two theoretical models (Van

Genuchten, [45]; Gardner, [16]) as follows:

hðsÞ ¼ hr þ
ðhs � hrÞ
1þ ðasÞn½ �m ð13Þ

hðsÞ ¼ hr þ
ðhs � hrÞ
1þ ðasÞn½ � ð14Þ

where hs and hr represent the saturated and residual water

content, respectively; a, n and m = 1 - 1/n are empirical

parameters.

The experimental data were fitted well by both models

(Fig. 11b–e), which almost overlapped with minor differ-

ences only in terms of R2 or zooming on suction range

between 0.2 and 0.5 kPa for fine sand. The best-fitting Van

Genuchten parameters were equal to: hs = 0.53, hr = 0.11,

a = 10.00, n = 3.90 (R2 = 0.98) for the coarse sand;
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Fig. 11 Measurements of soil porosity (n) water content (h) and degree of saturation (Sr). Comparison among global measurements (solid

symbols) and measurements obtained using trinarized images (empty symbols) for coarse (a–c) and fine sands (d–f). The interpolation through

Van Genuchten and Gardner equations is also reported with dashed lines in the plot of h versus suction (b, e)
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hs = 0.36, hr = 0.11, a = 3.53, n = 3.37 (R2 = 0.92) for

the fine sand. Those values were in agreement with Cuomo

and Della Sala [12], who investigated different classes of

pyroclastic soils also including ashy ‘‘A’’ soil mentioned in

Sect. 2.1. As far as the Gardner model is concerned, the best-

fitting parameters were: hs = 1.826, hr = 0.097,

a = 23.773, n = 1.969 (R2 = 0.99) for the coarse sand;

hs = 0.417, hr = 0.094, a = 3.827, n = 1.577 for the fine

sand (R2 = 0.99); also in this case, there was a good agree-

ment with previous estimations available in the literature for

this class of soil [41, 42]. The points (Sr,trin– suction) are also

comparedwith the SWRC in Fig. 2 (see also Sect. 2.1). They

do not overlap each other, but it can be attributed to different

porosities of the specimens [11, 31, 32].

For the fine sand, one more X-ray image was acquired

after 32 h of suction application. The specimen did not

exhibit any variation of total volume through standard

measurements. Conversely, there was small variation of

porosity, water content and degree of saturation evaluated

through the trinarized images. The difference of porosity,

computed as |n0.2kPa,1 - n0.2kPa,2|�100/n0.2 kPa,2, was of

3.8%, while the difference of volume of solid phase, i.e.

|Vs,0.2 kPa,1 - Vs,0.2 kPa,2|�100/Vs,0.2 kPa,2, was equal to

6.45%. The small difference can be attributed to segmen-

tation procedure, and we could conclude that after 24 h the

specimen reached its equilibrium upon suction 0.2 kPa.

The acquisition of two images at suction 0.2 kPa was also

used to demonstrate that water equilibrium was reached

after 24 h of suction application for the two sands.

3.3 Local (slice-averaged) measurements

The evolution of soil structure was also analysed through

the ‘‘local’’ measurements of porosity and degree of satu-

ration. To this aim, the trinarized 3D images were divided

into cylindrical sub-volumes (slices), sufficiently small to

make a usefully local measurement, and large enough not

to have excessive sensitivity to the underlying material

[2, 26]. The appropriate height of the sub-volume was

evaluated as about three times the median diameter of the

sand (3 9 D50 & 1.54 mm = 200 pixels, coarse sand;

3 9 D50 & 0.6 mm = 80 pixels, fine sand), as suggested

by Khaddour [26]. The shape of the sub-volume was

cylindrical with the diameter equal to that of the specimen.

Therefore, each sub-volume was made of 200 horizontal

slices, for coarse sand, and of 80 slices, for fine sand. (Each

slice was one pixel thick.) Local porosity and water con-

tent, computed as the average value inside each slice, were

plotted along the vertical axis for each step of suction

reduction until the collapse occurred (Fig. 13).

Coarse sand showed an irregular plot of initial (suction

of 1 kPa) local porosity along the vertical (Fig. 13a), with

the average value (66%) similar to that from standard

global measurement (68%). The top part of the specimen
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Fig. 12 Measurements of volume of solid phase (Vs) and volume of water (Vw). Comparison between standard measurements (solid symbols and

dashed lines) and measurements obtained using trinarized (empty symbols) images for coarse (a, b) and fine sands (c–d)
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was less porous than the bottom, while the central part of

the specimen had a local porosity almost coincident to the

mean value. The coarse sand specimen exhibited a similar

trend up to collapse (suction of 0.1 kPa), with a progressive

shifting of the plot to lower porosity and lower difference

around the average value as the suction decreased.

The water content (h) was also evaluated in the sub-

volumes (Fig. 13b), and the specimen initially was almost
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Fig. 13 Comparison between slice-averaged (markers and dashed lines) and trinarized (continuous lines) measurements of porosity and water

content evaluated through trinarized images of coarse sand (a–c) and fine sand (d–f). The dots are represented at middle height of each sub-

volume
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homogenous in terms of water content. This trend was kept

up to the collapse, but with higher differences around the

average value. The degree of saturation (Sr) is plotted in

Fig. 13c, and the trend of Sr(z) was somehow intermediate

between porosity and water content.

For the fine sand, local porosity was linear along the

vertical with the exception of the first top layer. Such a

trend was kept up to suction of 0.5 kPa (Fig. 13d). At

suction equal to 0.3 kPa, the effect of capillary forces, as

mentioned in Sect. 3.2, produced changes: the top of the

specimen was less porous than the central and the bottom

part; the central part had local porosity almost constant and

equal to the average value; the lower part was less porous

than average.

The local measurements of water content (h) for fine

sand were plotted (Fig. 13e), with the maximum at the top

of the specimen, where the local porosity was lower than

n measured globally. At suction of 0.3 kPa or 0.2 kPa,

when the capillary effect produced the radial contraction of

the specimen, the local water content became similar to the

average value. At collapse, local porosity was similar to the

global measurement, and h increased from the top to the

bottom with a monotonic trend (Fig. 13e). The degree of

saturation (Fig. 13f) had a trend similar to water content at

each step of suction.

3.4 Discussion

The wetting tests performed on the coarse and fine sands

emphasized that the grain-size distribution influenced sig-

nificantly the behaviour upon wetting. Formerly, the col-

lapse of pyroclastic soil had been investigated at macro-

scale, through oedometric and triaxial tests on specimens of

‘‘Class A ashy’’ soil of Campania region, Southern Italy

[5]. In previous researches, the material was neither sieved

nor selected and the soil specimens were undisturbed. The

results of those tests had highlighted that the collapse

magnitude is dependent on the stress level and the initial

void ratio. Here, the tests investigated the capillary collapse

only due to the suction at micro-scale, using the non-de-

structive technique of X-ray CT and image analysis.

The evolution of the soil structure was followed refer-

ring to the images acquired during the tests and later tri-

narized. The specimens of coarse and fine sands had initial

porosity, respectively, equal to 65.4 and 67.5%, both close

to in situ values (see also Fig. 2). The plot of soil porosity

versus suction was similar for both sands, and the porosity

of the two specimens at each suction was similar. The final

porosity was 49.0% for coarse and 50.4% for fine sand; the

curves of water content versus suction of both specimens

had the same trend even if, at suction equal to 0.5, 0.3 or

0.2 kPa, the increments of water content were larger for

fine sand. However, the water content of the two specimens

was similar at the initial and final stages: 14% (coarse sand)

and 10% (fine sand); 36.49% (coarse sand) and 36.48%

(fine sand), respectively.

The results from the trinarized images were validated

through the standard global measurements, although the

latter ones were influenced by several factors (Sect. 3.2).

The highest difference for porosity was found when the

water content was very low (at initial condition). In gen-

eral, the difference (local vs global) in porosity was higher

for fine sand than coarse sand; this can be attributed to the

dimension of the grains.

An additional validation was obtained comparing the

experimental evidence for water content to the results from

two different theoretical models for the soil water retention

curves (SWRCs). Interestingly, it was found that both the

models of Van Genuchten [45] and Gardner [16] inter-

preted satisfactorily the experimental data with squared

correlation coefficient (R2), respectively, equal to 0.985

and 0.995. Even more, it is important noting that the best-

fitting parameters were in good agreement with Cuomo and

Della Sala [12], who investigated different classes of

pyroclastic soils also including ‘‘ashy Class A’’ (Sect. 2.1),

and with previous estimations available in the literature for

this class of soil [41, 42].

Moreover, the trinarized images were used to obtain

local measurements of porosity and water content, which

can better describe the soil structure of the specimens at

initial conditions and its evolution upon wetting. Local

porosity and water content were computed on cylindrical

sub-volumes (slices) with the height fixed as function of

the mean diameter of soil grains. For the two sands, the

trend of n along the vertical was obtained at initial con-

dition (suction 1.0 kPa). The collapse caused a reduction in

porosity in both soils; at collapse, water content (h) was

almost constant along the vertical for the coarse sand while

with irregular trend for the fine sand. The main difference

between the two tests corresponded to the range of suction

in which the capillary forces were predominant.

The analysis of space–time evolution and local mea-

surements suggested also that local porosity and local

water content influenced the interaction between the

specimen and the walls of the cell. The top layer of the fine

sand specimen with low initial porosity and high water

content did not exhibit radial contraction at suction of 0.3

and 0.2 kPa. On the other hand, the bottom of the specimen

with high initial porosity and low water content had low

interaction with the walls and the radial contraction

occurred. However, the boundary effect of the cell was

weaker than the forces that governed the collapse; at col-

lapse, in fact only few grains were stuck on the walls.

As main results, the test on coarse sand showed well the

effect of body forces due to the increment of the water

content, while the capillary forces were negligible. The
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increase in water content caused the increase in the number

of water bridges, which reached their largest sizes at suc-

tion of 0.2 kPa. However, the test on fine sand showed the

effect of capillary forces upon wetting. The reduction in

suction from 0.5 to 0.3 kPa corresponded to the increase in

the capillary forces. The latter caused the radial contraction

of the specimen; upon wetting, the fine sand experienced

an increase in water content and of the number of water

bridges up to suction 0.2 kPa. The collapse occurred at

suction of 0.1 kPa, when the body forces became pre-

dominant and the capillary forces were not able to hold the

grains. At collapse, indeed, the axial strain was about 34%,

while the radial strain was practically recovered.

4 Conclusions

The paper investigated the capillary collapse of two

unsaturated loose volcanic sands induced by wetting at

constant total stress (self-weight). X-ray computed

tomography and image analysis were used to measure the

global and internal changes of soil specimens. Variations of

both porosity, water content and saturation degree were

followed. The measurements outlined that the trend of soil

porosity (and water content) versus suction reduction was

similar for both sands, even though for low suction the

increments of water content for fine sand were larger than

coarse sand.

The results obtained from the trinarized images were

validated by global measurements. The difference was

moderate and generally higher for fine sand than for coarse

sand, with the maximum difference outlined for porosity

when the water content was very low (at initial conditions).

An additional validation came from the satisfactory

interpretation of the experimental results of water content

versus matric suction by means of literature models. Cor-

relation coefficient (R2) was higher than 0.9. The best-fit-

ting parameters were also in agreement with previous

researches on this topic for this type of soils.

The trinarized images were used to obtain local mea-

surements of porosity and water content. It was found that

the trend of local porosity and water content along the

vertical was similar at initial condition for coarse and fine

sands, but with different evolution depending on grain size.

The wetting tests performed on both coarse and fine

sands emphasized that the grain-size distribution influ-

enced significantly the soil behaviour upon wetting. The

increase in water content caused the increase in the number

of water bridges. Particularly, the test on fine sand showed

the effect of capillary forces, resulting in a radial con-

traction of the specimen followed by collapse, when the

body forces became predominant and the capillary forces

were not able to hold the grains, while the radial strain was

practically recovered.

Some open issues concern the grain-size distribution

selected for the wetting tests and the size of the specimens.

The tested sands represent only a fraction of the grain-size

distribution of pyroclastic soils in situ. The use of a mix of

the two sands or an undisturbed specimen of pyroclastic

soil can be a future development of the research, although

undisturbed specimens would not currently allow the use of

segmentation of images for the evaluations of porosity,

water content and saturation degree at grain scale. The size

of the used specimen is probably too small to ensure an

intrinsic statistical meaning of the volume averages, and

the evolution of the internal structure seems to be influ-

enced by many macro-voids, which evolved in few macro-

voids at collapse. One of the future research perspectives is

to use the procedure here developed for wetting tests on

bigger specimens.
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19. Hashemi MA, Khaddour G, François B, Massart TJ, Salager S

(2014) A tomographic imagery segmentation methodology for

three-phase geomaterials based on simultaneous region growing.

Acta Geotech 9(5):831–846

20. Higo Y, Oka F, Morishita R, Matsushima Y, Yoshida T (2014)

Trinarization of lX-ray CT images of partially saturated sand at

different water-retention states using a region growing method.

Nucl Instrum Methods Phys Res Sect B Beam Interact Mater

Atoms 324(1):63–69

21. Higo Y, Oka F, Sato T, Matsushima Y, Kimoto S (2013)

Investigation of localized deformation in partially saturated sand

under triaxial compression by microfocus X-ray CT with digital

image correlation. Soils Found 53(2):181–198

22. Iassonov P, Gebrenegus T, Tuller M (2009) Segmentation of X-

ray computed tomography images of porous materials: a crucial

step for characterization and quantitative analysis of pore struc-

tures. Water Resour Res 45(9):1–12

23. International Society of Soil Mechanics and Geotechnical Engi-

neering (1998) Recommendations of the ISSMGE for geotech-

nical laboratory testing: english/deutsch/français. Beuth Verlag
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