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Abstract: The hydraulic characterization of mixed compacted soils is helpful for the design of
earthworks subjected to drying—wetting cycles. When the mixed soil is well-graded and made of
both coarse and fine fractions, its matric suction may also be due to the short-range adsorption
phenomena, as for the soil investigated in this research work. A silty—clayey sand was created by
a mixing procedure and experimentally investigated at two different scales. Physical modeling of
an infiltration process was performed, allowing an inverse numerical analysis to infer the water
retention and the hydraulic conductivity functions of the soil, whereas element testing on soil
specimens allowed direct determination of the same equations. In the article, problems related to the
employed suction measurement techniques have been pointed out and discussed. By this two-scale
combined strategy, features of the soil hydraulic behavior, such as the wetting collapse, the shrinkage
during drying, and the loop of hysteresis, were also determined.

Keywords: water retention curve; matric suction; physical modeling; hysteresis; collapse

1. Introduction

The hydraulic characterization of mixed compacted soils is relevant to the design of
earthworks subjected to imbibition—evaporation cycles (e.g., dams and embankments),
since the changes in the suction profiles within the soil affect its stress-strain response and,
therefore, work safety and serviceability. When the mixed soil is well-graded and made
of both coarse and a fine fractions, different physical-chemical phenomena are involved
in the solid—fluid interaction during the wetting and drying processes. In particular, the
matric suction, that is the component of the total suction pertaining to the soil skeleton,
arises from two distinct sources: capillary and short-range adsorption phenomena. The
first source is controlled by the pore size density distribution [1,2]. The importance of the
second one increases with an increase in the amount of silty and clayey fractions present
in the soil. Moreover, the short-range adsorption effects become relevant at relatively
low water content, when the adsorbed pore water is in the form of thin films coating
the particle surface [3]. Not all the devices generally employed for the matric suction
measurement can detect both components; that is the reason why a good characterization
of the retention properties of a well-graded soil should be carried out by means of multiple
measurement techniques.

The soil investigated in this study is a silty—clayey sand. Its water retention function
has been deduced through experimental tests carried out at two different scales. A physical
infiltration process [4] through a large soil volume has been performed, and an inverse
numerical analysis of such boundary value problems has revealed the hydraulic equations
of the porous medium, i.e., both the water retention, WRC, and hydraulic conductivity, and
k(s) functions [5,6]. These functions represent the constitutive laws to be implemented in
the analysis of seepage through a partially saturated soil domain. At the element volume
scale, the soil retention properties have been investigated through laboratory testing on soil
specimens. At both scales, the initially dry soil was subjected to a wetting path, followed
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by a drying path. Its hydraulic response is interpreted in this paper according to the
framework of the hydraulic history, conceptualized by Lukner [7] for coarse-textured soils,
and is shown in Figure 1. The figure shows the possible hydraulic paths experienced by the
soil represented in the volumetric water content vs. suction plot, which configures options
for the hysteresis loops.

PD : primary drying
MD  :main drying

PDC PW : primary wetting
MW  :main wetting

volumetric water content 8

>

log (suction)
Figure 1. The framework of soil hydraulic histories (adapted from [7]).

The two possible virgin paths, either under drying or under wetting, are identified as
“primary” paths. Therefore, adopting the terminology in Figure 1, during the experimental
investigation, the virgin compacted soil was subject to primary wetting; thereafter, its state
moved along the main drying branch. The two-scale investigation allowed both to employ
different techniques of suction measurement for a more reliable determination of the WRC over
a wide suction range and to better understand how the soil’s volumetric collapse [8-10] occurs
due to moisture variations at different confining stresses. During the laboratory element
volume tests, the discrepancy between matrix and total suction (attributable to the osmotic
suction component, which depends on the pore fluid composition) has also been assessed.

The water retention curve has been formalized using the model proposed by van
Genuchten [11]. Regarding the hydraulic conductivity function k(s), due to the difficulties
to measure it directly, the water retention model can be combined with capillary models,
e.g., those by Mualem [12], Burdine [13], and Fatt and Dykstra [14], leading to different
conductivity expressions [15]. In this work, the Mualem model has been adopted. From
an experimental point of view, it is common practice to obtain the hydraulic conductivity
function of porous media by physical modeling during flow in a column of unsaturated
material, monitoring the transient process either by TDR probes [16] or by tensiometers [17]
located at different depths (i.e., monitoring either water content or suction profiles).

It is worth noting that the van Genuchten model assumes that the volumetric water
content, 6y, at which matric suction is zero, corresponds to a degree of saturation equal
to 100% (0y = 05, where 0 is the volumetric water content at saturation). This is an ideal
behavior that is intermediate between that of swelling soils recovering full saturation at
negative pore pressures [18] and that of soils needing positive pore pressures to be fully
saturated, for which suction disappears at relatively low saturation degrees, i.e., right, and
left of the intermediate behavior ([19]; Figure 2; Table 1). This last behavior, due to air
entrapment upon wetting, is typical of coarse-grained soils [20-22] but it has also been
observed for fissured natural clays [23]. In the following, the retention behavior of the
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mixed soil under study will also be discussed in light of the frameworks presented in both
Figures 1 and 2.

S,

RIGHT OF INTERMEDIATE
BEHAVIOUR

LEFT OF INTERMEDIATE
BEHAVIOUR

Ins

Figure 2. A possible framework for porous media under wetting [19], in the Saturation Degree

vs. Suction plot: the arrow pointing right indicates that van Genuchten’s parameter “a” increases,
together with the Air Entry Value; the arrow pointing down indicates that 8y can be lower than 6;.

Table 1. Values of the saturation degree when suction practically disappears for porous materials
under wetting.

Materials Saturation Degree When Suction Disappears
SILTY SAND [24] 70%
PERVIOUS CONCRETE [19] 30%
MEDIUM COARSE SAND [22] 80%

2. Materials and Methods
2.1. Soil Composition and State after Compaction

The soil was obtained by mixing a fine-grained soil with a coarse-grained one. The
finer component, S1 from now on, is a natural illitic clayey soil, part of the Subappennine
Blue Clays. About 1 ton of this soil was sampled on the right bank of the Abate Alonia
basin (Potenza, Italy; [25]). The soil was then dumped in the lab and subjected to cleaning
by hand to remove the coarser grains and macroscopic organic components. The soil was
dried by means of a UV ray lamp and a fan until a hygroscopic water content was achieved.
A final stage of breaking up by electric mill made it possible to remove all the clods of clay.
The grain size distribution of S1 is reported (dash—dot line) in Figure 3. The measured
liquid and the plastic limits equal 55 and 27%, respectively; accordingly, S1 can be classified
as CH according to USCS-ASTM (2006). The specific gravity of S1 was measured as
Gs =2.72.

The coarser soil component, in the following denoted as S2, is a clean quartz sand.
The specific gravity of S2 was Gs = 2.50. Its grain size distribution is reported (dashed line)
in Figure 3; it is a uniform medium sand, SP according to USCS. S2 was stored in a dry
place to achieve its hygroscopic water content. The mixing of the two soil components led
to a prototype soil, PS, made up (in weight) of 30% of S1 and 70% of S2. About 1.5 tons
of this mixture was created using a laboratory concrete mixer. The resulting particle size
distribution is shown in Figure 3, and the specific gravity was found to be Gs = 2.649.

The soil PS was then subjected to standard Proctor compaction tests (Figure 4), which
allowed to determine the optimum moisture content equal to 10%, and the maximum dry
unit weight, equal to 19.8 kN/m?, which corresponds to a void ratio e = 0.318.
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Figure 3. Grain size distribution of the materials under study: S1 (clayey soil); S2 (quartz sand);
PS (prototype soil).
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Figure 4. Curve from standard Proctor compaction test of PS (prototype soil) compared to its
initial state.

2.2. Experimental Set Up

As anticipated in the Introduction, the investigation of the soil hydraulic properties
was carried at two scales. At the finite scale, to compute an inverse analysis of the data
and deduce the soil’s constitutive parameters, an infiltration process through the soil
in a physical model was monitored. Both the soil WRC and k(s) controlling seepage
have been derived by the inverse analysis of the logged data through the use of the
Levenberg-Marquardt algorithm [26,27]. At the element volume scale, the soil state during
wetting—drying tests has been measured using both an ad hoc designed experimental
device, and a conventional oedometer apparatus. An image of the physical model [8],
is shown in Figure 5. It consists of a stainless-steel tank of inner volume: 1 m length x 2 m
base x 0.5 m height. One of the lateral sides, made of perspex, was transparent to allow
visual inspection of the wetting front during infiltration stages that were generated using
irrigation sprinkler devices with a calibrated water supply, while the drying process was
induced by vapor lamps. The tank was inclined by 7%, in order to determine a plane
seepage domain, rather than a one-dimensional one.
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Figure 5. Physical model apparatus: (a) remote positioning tensiometer; (b) handles for the insertion
of ceramic tips; (c) tubes for the tensiometers ceramic tips handles; (d) transparent tank side with
three graduated rules for the tracing of the wetting front and channel map of the tensiometers in the
data acquisition system.

The perspex side of the tank was equipped with four 2100 F remote positioning ten-
siometers (Figure 5a), manufactured by the Soilmoisture Equipment Corp. They could
work in the 0-100 kPa matric suction range [28]. As shown in the Figure, the tensiome-
ters could be inserted into the soil layer in pairs on two adjacent verticals (Figure 5c,d).
Four cylindrical metal handles (Figure 5b,c) were designed to ensure contact between the
tensiometer ceramic tip and the soil, far enough from the tank side, in order to minimize
the end effects on the suction measurements. The bottom base of the tank as well as the
downstream edge (with respect to the tank slope) were provided by a stainless-steel grid,
to ensure a free drainage boundary condition. The plates were coated with geotextile to
prevent soil loss. The prototype soil was settled in the tank layer by layer, each 5 cm thick.
At every filling stage, the weight and then the water content of the employed soil stratum
was measured, whose sum and average provided, respectively, the total weights and the
moisture content across the physical model in the initial conditions. Each layer, once
pluviated, was very mildly compacted in order to assign a flat top surface, before being
buried and compressed under the upper layers. The tank volume (1 m®) and, therefore,
the soil settled inside it, together with its total weight, mean moisture content, and specific
gravity Gs, made it possible to estimate the initial soil state across the physical model.
Table 2 reports the average initial state of the model soil in terms of dry unit weight, v4,
gravimetric water content, wj, void ratio, e;, saturation degree, Sr, and volumetric water
content, 6;.

Table 2. Soil average initial state of PS after its setup in the tank.

Gs Y4 (KN/m?3) w; (%) e; n; Sr (%) 0;
2.649 14.3 1.44 0.81 0.45 4.7 0.021

At the accomplishment of the filling, four samples were taken at different depths of
the stratum to assess the vertical profile of the soil void ratio. As shown in Figure 6, the
void ratio, eg, was found to vary in a quite narrow range, giving evidence of a substantial
uniform degree of compaction of the soil in the physical model.
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Figure 6. Vertical profile of the voids ratio and its average value within the physical model.

The numerical simulation of the process has been carried out by means of Hydrus-
2D [29], a numerical code that solves Richard’s equation [30] to simulate water flow in
variably saturated subsurface media using the finite-element method (FEM).

As said before, in the experimental program the direct measurement of the WRC was
also performed using a device ([4,31]; Figure 7a,b) designed on purpose.

The device (Figure 7a,b) is a transparent perspex cylinder able to host a soil sample of
diameter 55 mm and height variable in a range 100 mm-110 mm; the logging of the current
specimen height can be made by visual reading. The specimen is delimited by a pair of
aluminum pins that, thanks to screwable flanged pvc caps, can slide without rotation inside
the cell, so allowing to manually adapt the inner cell volume to that of the soil specimen if it
changes during wetting—-drying cycles. Open valves through the caps ensure atmospheric
pressure of the air (ug = 0) inside the cell and prevent axis translation effects, so that only
the water pressure component, uy, contributes to changes in suction (s = u,—uw). The
matric suction is directly and continuously measured by two low capacity tensiometers
(Figure 7a,b), such as those adopted in the physical model. Furthermore, at both ends of
the device, it is possible to locate paper discs for indirect measurement of suction through
filter paper method technique by “in contact filter paper method (i.c.f.p.m.)” or “not in
contact filter paper method (n.i.c.f.p.m.)” depending on whether the matric or total suction
is to be measured. The device is placed on a precision lab scale to continuously measure
the specimen weight. The volumetric water content of the specimen results from the
combination of the measurements of its volume and weight. The whole apparatus is inside
a protective perspex case. (Figure 7b). Each specimen was prepared using the PS soil
damped in the apparatus to reach the same initial gravimetric water content and density as
the average ones of the soil in the physical model.
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Figure 7. (a) Design of the experimental device for the investigation of hydraulic retention properties
at element volume scale. (b) Actual working setup of the experimental device: (1) precision lab
scale connected by RS232 to the data acquisition system for the continuous monitoring of the sample
weight; (2) PT2 probe for temperature monitoring inside the isolation case.

3. Retention Behavior under Wetting
3.1. Wetting Branch of the WRC Deduced from the Physical Model Data

The prototype soil was deposited in the physical model according to the procedure
outlined before and, thereafter, the distribution of the suction across the model soil was
logged by means of the Soilmoisture tensiometers shown in Figure 5. After the insertion of
the tensiometers in the physical model, we measured matric suctions in the range 60—-63 kPa
after 24 h equalization time. Thereafter, infiltration through the top boundary of the model
was activated by applying a first artificial rainfall, held for 4 h, at an intensity of 15 mm/h.
Figure 8 shows the position of the wetting front along three equally spaced graduated
rules, at eight times t; since the beginning of the first artificial rainfall event.
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Figure 8. Time position of the wetting front, returned by its tracing through visual readings on the
three graduated rules (upstream, middle, downstream) on the transparent side of the physical model,
during first artificial rainfall.

After 48 h from the beginning of the first rainfall event, a second artificial rainfall was
started at the same intensity (15 mm/h) and duration (4 h) of the first one. Figure 9 shows,
for the entire duration of the artificial rainfall events, the matric suctions measured by the
tensiometer connected to 1, 2, 3, and 4, whose positions are shown in the photo in Figure 5.
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Figure 9. Logged time matric suction values at the four points of monitoring during the two
infiltration stages. Labels mark the start/end time of the two main rainfall events.

The readings plotted in Figures 8 and 9 indicate that the advancing wetting front
between the upstream and middle monitored verticals was observed to be almost parallel
to the upper surface of the model, whereas it was found to become convex downstream,
suggesting that the penetration rate of the wetting front was higher in the downstream
portion of the model. Such observation is compatible with the occurrence of a plane seepage
domain in the model, within which the flow rate components are influenced not only by
the inclination of the model but also by the free drainage condition at the downstream
lateral boundary.
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The sharp decrease of the matric suctions detected by both sensors 2 and 4 appears to
correspond exactly to the arrival of the wetting front recorded through the visual inspection,
as shown in Figure 8 (see blue triangles).

Figure 9 also shows the evolution of suction with time due to the second rainfall event,
which started exactly 48 h after the end of the previous one. The plot clearly shows the
final time of the second imbibition stage and the following suction drop at both sensors 1
and 3 (Figure 8), consequent to the imbibition of a deeper portion of the soil stratum. After
the second rainfall event, further rainfall stages were applied until the complete imbibition
of the soil stratum. The suction drops confirm that the imbibition of the downstream
portion of the soil stratum, either at shallow depth or at large depth, always anticipates the
imbibition of the upstream portion of the stratum.

Undisturbed samples were taken by means of a sample ring kit at locations comparable
to those where the ceramic tips of the tensiometers had been installed. For these samples,
the soil state was measured in order to assess the effect of imbibition of the soil porosity
and fabric. In particular, the measured final average void ratio has been found equal to
er = 0.68 that, compared to the initial average void ratio ¢; = 0.81 (Table 2), denotes an

appreciable reduction in soil porosity Ae = — (el- —e f) = 0.13, as an effect of the wetting

process. Such soil collapse will be discussed later.
As anticipated, a two-dimensional finite element inverse analysis (Figure 10) of the
infiltration processes in the model was carried out based upon the data reported above.

ch4 ch2
:

SRRk R 4

s

ch3 chl

Figure 10. Mesh with unstructured discretization and observation nodes adopted in the inverse
numerical analysis.

For both the water retention and the conductivity function, the Van Genuchten-
Mualem model [11,12] have been adopted:

o-o, [ 1 1"
@:eo—er_ [1+(0¢s)”} ’ @
k@):&®ﬂ17(rf®mﬂmr; )
with:
s>0m=1—(1/n);n > 1. 3)

This mathematical representation is usually employed for geotechnical engineering
applications and its suitability to represent sandy soil behavior is generally recognized [32].
The parameters «, 1, and [ are shape factors connected to the water/air suction entry value,
to the pore size distribution and to the pore tortuosity /connectivity, respectively. © is
defined as the normalized water content in terms of volumetric water content, equal to
unity as the current volumetric water content 0 approaches the water content 6y at which
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matric suction is zero. 6 is assumed to be reached at the degree of saturation equal to
100%, although this assumption is not necessarily true, as discussed in the Introduction.

In the first inverse-analysis (i.a.1), the soil’s initial conditions, measured across the
model as discussed before (Figures 2 and 6; Table 2) and corresponding to an average
initial volumetric water content 8; = 0.021 and matric suction s; = 62 kPa (blue triangle in
Figure 11), were assigned to the numerical model.

A initial state from tensiometers
040 o — PW-WRC-ia.l
% x e.v.(PW)
0.35 2 —PW-WRC-ev.1
gl o ev.(PW)-FP
g 030 & - —=PW-WRC-ia.2
E - - -PW-WRC-e.v.1-FP based
E 025 ¢ ev.a(MD)
5 o O ev.b(MD)
5 020 £+ s sMD-WRC-e.v.1
2 ,; o ev.(MD)-FP
g o015 E| = -MD-WRC-e.v.1-FP based
= ¢ e.v.(MD)-oedom-FP
2 X
0.10 N &N —— e o
0.05 T
e N e
000 b —— —
0.01 0.1 1 10 100 1000 10000 100000

suction, s (kPa)

Figure 11. Experimental data from measurements and water retention functions from different
estimate approaches. The inner plot shows the assigned hydraulic history.

The unknown’s vector has been defined by the parameters [0y; «; #; ks]. This, therefore,
does not solely include the shape factors 8, and /, fixed to 0.01 and 0.5, respectively, accord-
ing to experimental results [4] and empirical evidence [12]. An optimization procedure has
been implemented in the numerical inverse analysis by calibrating the fitting intervals of all
the unknown shape parameters (Equation (1)) in order to match ranges of values expected
for the soil class of the prototype soil, PS, and then refine such intervals to maximize
the coefficient of determination R2. The best numerical result for the primary wetting
water retention function, PW-WRC-i.a.1, was characterized by R2 = 0.976. PW-WRC-i.a.1 is
represented by the blue dot-dashed line in Figure 11; the corresponding vector of the shape
factors is reported in Table 3.

Table 3. Van Genuchten model shape factor of WRC, from different strategy /scale of investigation,
hydraulic path: i.a. = inverse analysis/physical modeling; e.v. = element volume, on specimen
measurement; FP = filter paper technique; PW = primary wetting; MD = main drying,.

WRC O, 0o « (kPa—1) n Strategy
PW-WRC-ia.l 0.01 0.350 1.590 1.645 ia.
PW-WRC-e.v.1 0.01 0.353 0.396 1.622 e.v.

PW-WRC-ia2-FP based 0.01 0.350 0.550 2.050 ia.
PW-WRC-e.v.1-FP based 0.01 0.353 0.389 1.669 e.v.
MD-WRC-e.v.1 0.01 0.352 0.104 1.668 e.v.

MD-WRC-e.v.1-FP based 0.04 0.362 0.136 1.681 e.v.




Geosciences 2021, 11,431

11 of 19

In the i.a.1 unknown vector, it is also included the saturated hydraulic conductivity ks,
found to result equal to ks = 1.58 x 10~ m/s, a value consistent with the average value
measured by means of permeameter tests in the laboratory on PS soil specimens of the
same initial state as that recorded in the physical model, ks = 1.2 x 107® m/s.

3.2. Soil Volumetric Collapse under Wetting

The volumetric water content at zero suction, 8y = 0.350, deduced through numerical
analysis, is lower than that which would correspond to the initial porosity n; = 0.45 (Table 2)
if the soil skeleton was rigid during wetting and was fully saturated at zero suction. Such
a difference could be the effect of either a wetting collapse reducing the porosity or of a
saturation degree lower than 100% at null suction, although the two causes may act together.
For the investigated soil, it is plausible to have wetting behavior “left of intermediate”,
as defined in the Introduction (Figure 1), but there is also evidence of the occurrence of a
wetting collapse upon wetting since the soil has experienced an irreversible volumetric
collapse, that undisturbed samples collected by a sample ring kit allowed to estimate to
be on average equal to Ae = 0.13. This collapse is consistent with the soil’s initial state,
based on its standard Proctor compaction curve (Figure 4). The investigated prototype
soil has then exhibited a volume decrease related to an increase in water content; this
behavior places it in the category of collapsible soil [33]. The soil collapse upon wetting
arises primarily from the reduction of the matric suction, starting far from saturation [8-10].
The phenomenon of collapse, along with that of the air-entrapment [34], explains why the
volumetric water content at zero suction, 6y, is lower than the expected one, n;, that is
assumed generally as the value of this Van Genuchten shape factor, which may lead for
this class of material, to the inadequate formulation of the WRC.

3.3. Wetting Branch of WRC Deduced through Element Testing

Through tests carried out using the experimental equipment (Figure 7a,b) shown
and described above, several step-by-step wetting paths with distilled water have been
conducted for assessments of soil PS. Element volume retention data could then be collected
for different specimens, which are plotted as e.v.(PW) (cross plot in Figure 11). Volumetric
collapse was also observed during the element volume primary wetting. The corresponding
porosity reduction experienced by the specimens with the imbibition process (recorded at
the end of the tests), has been on average, equal to Ae = 0.25 slightly higher than for the soil
buried in the physical model. The observed volumetric water contents at zero suction were
on average equal to 0.36 lower than that corresponding to full saturation. This evidence
suggests that this well-graded mixed soil reaches zero suction at saturation degrees lower
than 100% (8 < Og; see Figure 2).

Figure 12 shows the effect on volume collapse of the number of steps adopted for the
imbibition stage.

The e.v.1(PW) and e.v.2(PW) refer to the specimens wetted until the suction was zeroed
through a higher and a lower number of imbibition steps, respectively (circles and triangles
in the plot). The data shows that the PS soil experiences a lower volumetric collapse the
lower are the number of wetting steps, suggesting that the phenomenon of air-entrapment
prevails when the imbibition occurs less gradually. This behavior is probably related to
different evolution of the pattern of menisci within the soil during wetting and, thus, to
different slippage of the particles, requires further experimental data and microstructural
investigations to be generalized.

The complete set of retention data at element volume scale, measured by means of
the experimental device, collected as e.v.(PW) in the plot of Figure 11 and interpolated by
van Genuchten model through the code RETC [35], provides the primary wetting retention
curve PW-WRC-e.v.1 (Figure 11), whose shape parameters are reported in Table 3.

The two primary wetting retention curves, although obtained by different approaches,
are very similar, with a difference rather contained, in the air entry value.
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Figure 12. Reduction of void ratio, recorded by means of the experimental device for two specimens
(e.v.1; e.v.2) subjected to a cycle of wetting (left arrows) and drying (right arrows).

4. Shrinkage under Drying and Hydraulic Hysteresis
4.1. Experimental Determination of the Drying Branch of WRC

The agreement between the primary wetting retention behavior observed at the
element volume scale and that inferred by inverse analysis of the infiltration process within
the physical model corroborated the reliability of the device designed for on-sample direct
attainments of water retention data. The device has been then adopted to measure the
drying branch of the WRC and to observe the soil’s hysteretic features. In the present study,
the hysteresis is triggered by a loop of primary wetting-main drying sequence, that is,
a hydraulic history of interest for several earthworks.

Specimen weight, total volume, and suction were monitored during desorption in-
duced by a procedure [4,31] entailing consecutive stages during which the soil specimen,
inside the device deprived of the caps, was left to desaturate by only free evaporation, for
the time needed to achieve target weight reductions. At the end of each of these stages, the
device was closed by the caps to hang evaporation and then allowing a uniform redistribu-
tion of the specimen’s internal moisture. Finally, the matrix suction at the state so reached
was acquired by a pair of minitesiometers. The logged experimental data are reported as
series e.v.a(MD); e.v.b(MD) in Figure 11, and their interpolation by van Genuchten model
using the code RETC provides the MD-WRC-e.v.1 (black dot line in Figure 11) whose shape
parameters are reported in Table 3. The upper part of the data is indicative of a parallelism
between the drying and the wetting transition branches and of a hysteresis loop of a magni-
tude consistent with that observed for soils of similar grain size [34]. Nevertheless, the data
with volumetric water content less than 6, = 0.1, in Figure 11 below the green dash-dot-dot
line, are almost on a vertical line, so causing the loss of parallelism of the lowest branch of
the main drying water retention data e.v.a/b(MD) with those of primary wetting e.v.(PW).
This anomaly in the shape of the hysteresis loop, before questioning the suitability of
the Van Genuchten model for the specific pore size distribution of the tested soil under
water uptake conditions, deserves further investigations of the two-state parameters mostly
affected by measurement uncertainty, i.e., the matric suction and the volumetric strain.
In particular, such groups of data with their sub-vertical arrangement, seem to reveal, on
drying, a sort of suction cut-off at almost 70 kPa. This value, however, is quite far from the
maximum measurable matric suction (=290 kPa) by a mini-tensiometer [36].

As an example, Figure 13a reports a matric suction value of 90 kPa measured by a
mini-tensiometer on a quite uniform sand specimen (Cotecchia et al., in prep.), whose
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matric suction, based on the granulometry (Figure 13b), is expected to depend only
on capillarity.
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Figure 13. Example of suction measurement with 2100 F remote tensiometers on an unsaturated
specimen of a sand: (a) mini-tensiometer measurement versus elapsed time during matric suction
equalization; (b) grain size distribution.

Therefore, the above-mentioned matric suction cut-off of 70 kPa should be more
properly interpreted as an upper limit of the capillary component of the matric suction
for this specific soil, revealing that these mini-tensiometers cannot “feel” the short-range
adsorption component. To overcome the problems of the mini-tensiometer, relating both to
their low-capacity measurement and its unsuitableness when matric suction arises also from
short-range adsorption effects, the experimental investigations continued adopting the
approach of joining branches of the WRC inferred by different experimental methods [37].
Attempts of direct measurements by Imperial College high capacity tensiometers [38] were
made. The presence of an abundant sandy fraction prevented the required good contact
between the tensiometer high-air entry disk and the soil specimen during the test, even
using a kaolin paste as the interface between them to improve the contact condition, the
cavitation of the tensiometer always occurred before equalization was achieved.

Matric suction measurements by means of the i.c.f.p.m. were then performed. For this
purpose, sets of Whatman N° 42 filter paper discs were used, according to the setup and
weighing prescriptions from [39,40] and adopting equalization times, calibration curves
(Equation (4), [41]) and data interpretation from recent literature ([39-41]).

Matric suction s(kPa,) from i.c.f.p.m.:

logs = 2.909 — 0.0229w¢ wy > 47 @)
logs = 4.945 — 0.0673w¢ wy < 47

The design of the cap of the device (Figure 3) makes it possible at both ends to apply in
contact two sets of filter paper. Each set consists of a main filter paper diskette sandwiched
between other protective two, all with the same diameter (55 mm) and equivalent to
that internal of the cell. In Figure 11, the data in legend denoted as “e.v.(PW)-FP” is a
measurement corresponding to the initial state of the primary wetting, alternative to the
initial state logged by means of the tensiometers. The data denoted as “e.v.(MD)-FP”,
instead, were collected during the main drying, at the end of the desaturation transition
branch, at a very low degree of saturation. Each of these points comes from the average of
measurements carried out at the ends of the cell, with the suction values being deduced
according to calibration curves (Equation (4), [41]) The measured values (Table 4) are
consistent with those reported by [42] for a soil of similar composition and state but
resulting from different measurement techniques.
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Table 4. Retention data collected through i.c.f.p.m. at the bases of the sample hosted in the experi-
mental device.

Average Matric Suction

Data Set Volumetric Water Content 0, (kPa)
e.v.(PW)-FP 2.0% 3663
e.v.(MD)-FP 6.8% 1031
e.v.(MD)-FP 4.3% 11,316

If the data e.v.(PW)-FP is included among those collected during the first wetting stage
of the physical model, the inverse analysis returns a new WRC, that in Figure 11 is plotted
as a grey dotted line and labelled PW-WRC-ia2-FP based, while its shape parameters are
shown in the Table 3. The same data e.v.(PW)-FP, but together with the data set e.v.(PW),
provides the WRC identified in Figure 11 as PW-WRC-e.v.1-FP based and represented with
a thin black dash—dotted line, whose parameters are collected in Table 3.

Implementing the data e.v.(MD)-FP with the e.v.a(MD) and e.v.b(MD) series depleted
of the data below 0,, = 0.1, a new WRC was deduced, the red dashed line labelled
in Figure 11 as MD-WRC-e.v.1-FP based and described parametrically in Table 3.

The data in Table 4, from the filter paper technique, are however quite far from the
beginning of the suction cut-off on drying, mentioned before, due to the difficulties of using
i.cf.p.t. at the intermediate state as those experienced by the soil along the transition branch.
This shortcoming was addressed with further measurements and setup measurements
detailed below.

4.2. Shrinkage during Drying Stages in Oedometer Apparatus

During the water uptake stages performed through the device, the prototype soil
exhibited volumetric shrinkage (Figure 12), negligible for the specimen e.v.a(MD), whereas
it was rather low for the specimen e.v.b(MD). In this context, it is interesting to note that
the finer component (S1, Figure 3) of the mixed soil is characterized by in situ shrinkage
during the natural drying occurring seasonally, marked enough to make it susceptible
to erosion [25]. Authors [43,44] demonstrated that for residual soils with a low coef-
ficient of permeability and high shrinkage potential, how mixing with coarse-grained
materials reduces the shrinkage potential. In the light of these literature observations,
to better understand to what extent S2 inhibits the shrinkage potential of S1, a series of
specimens (56 mm diameter, 20 mm height) of the prototype soil, with the same initial
state condition as recorded for the physical model, were subjected in oedometer cells
to imbibition/desiccation sequences. This was also needed because the device’s ability
to detect small volumetric shrinkage is questionable due to the inhibitory effect of the
soil-perspex friction along the specimen’s lateral surface. Each test was made up of three
subsequent stages. The first consisted of applying a vertical load to reach an appropriate
value of the confining vertical stress. The following stage was an imbibition, by gradually
filling the oedometer cell with distilled water until the specimen achieved a full saturation
state. The third stage entailed the cell water around the specimen extraction by means of a
bent, thin tube (a syphon), thereby triggering the soil drying at lab standard hygrothermal
conditions. The specimen height was monitored by a conventional linear displacement
transducer and the stabilization of the readings was assumed as an indicator of the end of
the relative stage. Seven tests were performed to study the effect of the net vertical stress
on the amount of collapse, adopting values of 0, 3.63, 7.25 kPa, to reproduce the initial
confinement conditions of the soil layer settled in the tank at the surface, at mid-height
(25 cm deep) and at the bottom (50 cm deep), respectively. Each specimen was created
at the same initial conditions, in terms of void ratio and volumetric water content, as the
prototype soil at the beginning of the physical modeling (Table 2) and presumably at the
same initial matric suction. The specimens were wetted from the top and the expected
volumetric collapses were recorded. Figure 14 shows the settlements with time, in terms of
void ratio, during the 24 h followed to the inundation.
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Figure 14. The time reduction of void ratio due to collapse observed during imbibition tests carried
out on oedometric specimens of prototype soil at the same initial state condition of the physical
model and confined with different vertical stress.

The volumetric collapse, for the same initial state conditions, increased as the ap-
plied vertical load increased, in agreement with observations on similar collapsible soils
presented in the paper [45]. The observed collapse times were similar, within the first
minute and some differences, as in the 3.63 kPa(2) specimen, the faster in collapse, are
due to the manual procedure adopted for the specimen’s inundation stage. It was also
noted that to reproduce the same void ratio reduction close to that observed in the physical
model (represented by the dashed line in Figure 14), it has been necessary to increase the
vertical load up to 68.65 kPa. In this respect, a different incidence of the end effects for
the tank and the oedometer cell could be hypothesized. As explained above, these tests
were followed by water uptake stages. The two specimens, 3.63 kPa(2) and 7.25 kPa(2)
(Figure 14) were allowed to dry until the displacement transducer reached a stable reading.
A second pair formed by the two specimens 3.63 kPa(1) and 7.25 kPa(3) (Figure 14), thanks
to the information deduced by the first two, was allowed to dry until the volumetric water
content reached values 8,y < 0.1, where the direct suction measurements carried out during
drying in the device looked to lie on a not certificate instrumental limit.

Figure 15 shows the volumetric shrinkages observed with time on these four spec-
imens: it can be observed that for the first pair of specimens, the void ratio reduction,
although modest, is more significant than that recorded in the device (Figure 12). It can
be reasonably assumed that in the device, this soil volumetric withdrawal caused the loss
of full contact between the ceramic tip of the tensiometer and the soil, thus contributing
to compromise, together with the short-range adsorption phenomena, the ability of the
Soilmoisture sensors to correctly detect the matric suction below a water content threshold.
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Figure 15. Volumetric shrinkage observed over time on a selected group of samples among those
subjected to imbibition tests.

These four tests were completed by i.c.f.p.t. measurements, adopting the same pro-
cedures followed for the samples in the device. At the two bases of each specimen were
applied a set of three Whatman42 filter paper 55 mm discs. Table 5 reports the resulting
matric suction values inferred by Equation (4) from [44]:

Table 5. Matric suction from i.c.f.p.m. at the volumetric water content at the end state of drying
stages of shown in Figure 14.

Specimen 0w Matric Suction at Top Base Matric Suction at Bottom
(kPa) Base (kPa)

7.25 kPa(3) 8.30% 282 267

3.63 kPa(1) 5.64% 1234 1192

7.25 kPa(2) 2.27% 34,228 33,866

3.63 kPa(2) 1.77% 35,932 34,136

The matric suction recorded for the samples “7.25 kPa(3)” and “3.63 kPa(1)” were
significantly higher than those recorded by the mini tensiometers for similar volumetric
water content. The matric suction of the samples “7.25 kPa(2)” and “3.63 kPa(2)” were
consistent with those acquired with the same technique but through the element-volume
device: points “e.v.(MD)-FP” in Figure 11. This group of four data is plotted in Figure 11
with a series of red diamonds labelled as “e.v.(MD)-oedom-FP”, and they seem to be in
perfect agreement with the trend of the terminal branch of “MD-WRC-FP-based”.

To investigate the difference between total and matric suction, especially at the lowest
degrees of saturation for which, although in contact, the filter paper method only measures
total suction [41,46], three oedometric shaped specimens were subjected to simultaneous
measurements with i.c.f.p.m. and with n.i.c.f.p.m., applying Whatman 42 filter paper discs
in contact to the lower base and not in contact to the upper base, by interposing a rubber
o-ring between the disc and the top of the specimen. For the n.i.c.f.p.m. the total suction
values were inferred by the Equation (5) from [41]:
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Total suction VP (kPa), from n.i.c.f.p.m.:

logs = 8.778 — 0.0222w;  wy > 47 )
logs = 5.31 — 0.0879w;  w; <47

The specimens reconstituted at the same initial state of the physical model were first
wetted by the usual imbibition procedure adopted in this work, and before applying the
filter paper discs as described above, they were left to dry differently from each other.
Table 6 shows the values of suction from i.c.f.p.m. and n.i.c.f.p.m., and so, supposedly of
matric and total suction, respectively.

Table 6. Suction values inferred by i.c.f.p.m. and n.i.c.f.p.m., on three oedometric shaped specimens,
adopting calibration curve (Equations (4) and (5), from [41]) for Whatman N°42 filter paper.

Specimen 0w Total Suction at Top Base Matric Suction at Bottom
(kPa) Base (kPa)
1 4.08% 12,811 8669
2 4.82% 6880 5895
3 5.07% 4741 4470

The differences among total and matric suctions presented in the table could be
interpreted either as errors, expected to be 10% from the use of [41] equations, or as
osmotic suction, depending on the pore fluid composition. This aspect will require further
investigation on the salt concentration in the pore water of this soil.

5. Conclusions

An experimental investigation carried out at two different scales, i.e., on a physical
model and on element volume, has allowed to depict the hydraulic behavior of a well-
graded mixed soil upon both wetting and drying. The tests have revealed that measuring
the matric suction of this kind of soil by using mini-tensiometers is not enough to obtain
reliable values when the water content is low, because the short-range component of the
matric suction seems not detectable by this sensor. Measurements with filter paper tests
have helped the definition of the soil retention properties and the loop of hysteresis over
a wide suction range, making the inverse numerical analysis of the infiltration process
more successful. The filter papers have been employed to measure both the matrix and
the total suction, whose discrepancy lies within the range of error for this measurement
technique and, thus, cannot be attributed to the osmotic component without information
on the pore water salinity. It has been pointed out that the soil of reference here lies in the
hydraulic class of the porous materials for which the suction disappears, on the wetting
path, for saturation degree lower than 100%. It was not obvious a priori for a “medium-
grained” mixed soil like the tested one. The wetting collapse has been found to be of a
different magnitude for almost equal stress state conditions, depending on the scale of
investigation, as the possible effect of the different boundary interactions. This collapse
seems to be, in any case, a function of the vertical confining stress. Finally, the shrinkage
during drying, due to the finer fraction of the soil, has been appreciated by the tests carried
out in oedometer apparatus, whereas in the physical model and in the cylindrical perspex
device this detection has been a difficult task.
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