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Abstract

Groundwater issues are among the most important sustainability studies related to topics
considered as critical point for the future of planet Earth (Gleeson et al., 2010) in the
perspective of a sustainable world. Analyses are focused on two complementary aspects:
quantity and quality. Thus, once physical behaviour is analysed, it is coupled with chemical
characterisation studies, in order to obtain a better view of an investigated site. The work of
this Master thesis begins with a brief overview of the literature which summarizes the
challenges of teaching hydrogeology by theoretical lessons coupled with practical activities.
The focus is on laboratory experiments implemented on physical models. In fact, to fully
understand the process of groundwater flow and solute transport, and to demonstrate the
basics fundamental concepts behind, it is important to visualize them in a lab-scale. This
thesis is undertaken in the context of the installation of a 3D physical model at the University
of Liege as a support to teaching and research works: dimension, set up, construction and
support devices used for system optimal functioning are presented. The global aim of the
work is to prepare everything needed to set up the sand tank. This is a fundamental step in
order to be able to pre-dimension real experiments, to give ideas about the magnitude order
of the expected results and to check the reliability of mathematical results and/or low-
dimensionality models. Part of the document is centred on the characterization of porous
aquifer materials to implement in the physical model, in particular through sand column
one-dimensional lab experiments performed on four distinguished types of quartz sands
(differentiated by the particles size): in particular a Constant Head Permeability Test and a
Salt Tracer Test (KCI). A numerical model of the 3D tank is also developed by the use of GMS-
MODFLOW-MT3DS and few experiments are simulated (gradient variation, pumping test at
different pumping rates, and tracer test).
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Nomenclature

B,C,D,E

D,

D10,20,50,60

De

EC

Cross sectional area of the water level monitoring device (mz)
Areal section of the column (m?)
Agquifer thickness (m)
Linear coefficients/numbers used to make relations between variables (/)
Volumetric concentration of solute (kg/ma)
Volumetric concentration at intermediate time (kg/m°)

Uniformity coefficient (/)

Courant number (/)

Hydrodispersion tensor (m?/s)

Longitudinal dispersion coefficient (/)

Grains diameter through which n°% of the sample is passing (mm)

Effective diameter (mm)

Electrical conductivity (uS/cm)

f',f’,f  and g’,g"”,g"” Functions to represents boundary conditions (/)

g
h

hl
h2
Ah
Vh

grad(h)

l0)

Ka

Gravity acceleration (m/s?)

Hydraulic head (m)

Distance to bottom of the control-hydraulic head device before the test (m)
Distance to bottom of the control-hydraulic head device after a certain time (m)
Difference of hydraulic heads (m)

Divergence of hydraulic head

3D gradient of hydraulic head (m)

Hydraulic gradient (/)

Zero intercept

Intrinsic permeability (m?)

Hydraulic conductivity (m/s)

Distribution coefficient (m>/kg)
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Kx, Ky, Kz

=1 x|

~
~

I-column
mEq

n

Neff flow

Hydraulic conductivity components (m/s)
Hydraulic conductivity tensor (m/s)
Permeability tensor (m?)
Characteristic linear dimension (m)
Column length (m)
Milliequivalent (concentration)
Normal vector

Effective flow/drainage porosity (% or /)

Nefftransport  Effective transport porosity (% or /)

Ntot
P

Pe

q

Gthrough hole FlOW linking water tank of sandbox to constant head device, through a hole (m/s)

q
q
Q
Qinvout
Qoump
R

M,

Re

Ssaturation

t

At

Total porosity (% or /)
Pressure (Pa or N/m? or kg x m/s?)
Pecklet number (/)

Specific discharge or Darcy’s flux (m/s)

3D Darcy’s flux (m/s)

Volumetric flux per unit volume representing the source/sink terms (m3/s)

Flow rate (m®/s)

In/out-flow in sand tank system (m?/s)

Pumping rate to apply during sand tank numerical simulations (m>/s)

Retardation factor (kg/m?>)
Reaction rate (kg m*/s) source/sink
Reynolds number (/)

Specific yield (/)

Specific retention (/)

Specific storage coefficient (m™)
Saturation degree of sand(s) (/)
Time (s, h, day, etc..)

Time step (s, h, day, etc..)
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T Transmissivity (m?/s)

Tw,Tw  Transmissivity in the x and y direction (m?/s)

TR Rate of tracer recovered (%)
v Mean velocity of the fluid (m/s)
Uy Velocity tensor (m/s)

Veitfiow  Effective velocity of flow (m/s)

Veolumn  Volume of column (L or m3)

Vinobile water Volume of mobile water (L or m?)

Vimobite sorute Volume of mobile solute (L or m?)

Voore Volume of pores (L or m3)

Vyoid Volume of voids (L or m3)

Vsolid Volume of solid within column-samples (L or m3)

Viotal sampte VOlume of the sample (L or m?)

Viracer Volume of tracer detected (L or m3)

W.isirers Weight comprehensive of all filters inserted in each column sample (g)
Weowmn  Weight of empty column sample (g)

Waang,ary Weight of dry sand inserted in each column sample (g)
Waandsat Weight of saturated sand inserted in each column sample (g)

Waatcoumn  Weight of each saturated column sample (g)

X Distance (m)

Y Chemical, Geochemical and Biological degradation and sorption reactions

z Elevation (m)

a Coefficient volumetric compressibility of medium (Pa™ or m?%/N or m x secz/kg)
ap Dispersivity (m)

B Fluid/water compressibility (Pa™)

bcolumn Column diameter (m)
o Upstream coefficient (/)
S} Water content (/)
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A Decay constant, or reaction rate (time™)

0 Fluid kinematic viscosity (m?/s)
vl Fluid dynamic viscosity (Pa-s or N-s/m? or kg/m-s)
o, Particle density (g/cm® or kg/m?)

Phuik Bulk density (g/cma)
Pria  Fluid density (g/cm?)

x(n) Porosity function
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“ The best part of research is the excitement of learning something new,

even if that discovery means that my initial hypothesis was wrong. “

(Jean Bahr)

“Don't mind me, I'm from another planet.

| still see horizons where you are drawing borders.”

(Frida Kahlo)

“Having problems is a great opportunity.
It’s one of the best way to learn.”

(Herbie Hancock)
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Introduction

Groundwater issues are among the most important sustainability studies related to topics
considered as critical point for the future of planet Earth (Gleeson et al., 2010). The focus of
hydrogeologists is on groundwater resources, which need special care for a sustainable
world. Their analysis is mainly focused on two complementary aspects: quantity and quality.
For both, lots of field experiments are needed to characterize the water reserves whether in
natural or polluted conditions. It requires a combination of geologic and hydrologic
information, that can allow to determine the groundwater hydraulic conductivity values, and
investigate groundwater flow (either under natural conditions either in presence of pumping
wells). This knowledge is a pre-requirement to be able to properly manage groundwater
resources, avoiding adverse effects on ecosystems and simultaneously meeting the increase
of human demand. Once physical behaviour is analysed, it can be coupled with chemical
characterisation studies, in order to obtain a better view of an investigated site.

Hydrogeology is effectively a multi-faces discipline which allows a collaborative work
between environmental experts with a broad variety of backgrounds. And generally involves
a combination of preliminary geologic knowledge, lab tests, field measurements and
modelling. To do so, it is important to develop and promote an educational framework able
to meet the multidisciplinary nature of the current hydrogeological problems, starting from
demonstration of the basics fundamental concepts of this subject. To fully understand the
process of groundwater flow, it is in fact important to better visualize it and thus to scale it
down to lab-scale.

The work of this Master thesis begins with a brief overview of the literature which
summarizes the challenges of teaching hydrogeology by theoretical lessons coupled with
practical experiences both in lab and then in the field, in order to provide the basis for the
development of a pragmatic problem-solving approach. This thesis is undertaken in the
context of the installation of a 3D physical model at the University of Liege as a support to
teaching and research works. Thus, the global aim of the work is to prepare the sand tank
set up and support the required conceptual and technical choices. This is a fundamental step
in order to be able to pre-dimension real experiments, to give ideas about the magnitude
order of the expected results and to check the reliability of mathematical results and/or low-
dimensionality models.

The 1% Chapter is dedicated to hydrogeological physical models. Reasons why they exist and
issues concerning their use are presented, together with a list of different type of models.
The focus turns to the characterisation of them associated to their dimensionality (1D, 2D
and 3D). Examples of lab experiences developed are also described, in relation with the
theoretical concepts behind.

The 2™ Chapter introduce the 3D physical model (sand tank) financed by the University of
Liege. This section briefly show dimensions, set up, construction and support devices used
for system optimal functioning. The box is supposed to be a tool to support hydrogeology
teaching lessons. Thus it will be lately tested by difference experiments (such as steady state
flow stabilization, pumping and tracer tests).
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The 3™ Chapter of the document is centred on the characterization of porous aquifer
materials, in particular through sand column one-dimensional lab experiments. The analysis
aims to find values of bulk densities, total and effective flow porosities, hydraulic
conductivities and longitudinal dispersivities for four distinguished types of quartz sands. The
difference between the samples concerns the size of the particles. The variation of the
previously cited parameters according to the different grain size is investigated. Performed
tests are the Constant Head Permeability Test, the Falling Head Permeability Test, and Salt
Tracer Test (KCI). The results of those experiences are compared with the ones obtained by
empirical evaluations (15 formulas computed) through statistical analysis.

The 4™ Chapter is related to the development of a numerical model of the 3D sandbox
defined previously, by the use of GMS-MODFLOW-MT3DS. All the issues associated to the
construction of this simple model are presented (BC, grid size, number of layers, dry cells,
etc..). Since the physical model has not been built in the time frame of this work, no
calibration of the model could be performed using actual lab data. Nevertheless, different
simulations were run (gradient variation, pumping test at different pumping rates, and
tracer test) in support of dimensioning of real experiments. A basic sensistivity analysis is
carried on to see the variations of the system’s behaviour once parameters are changed.
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Chapter 1

Use of laboratory scale physical models as a support to
teaching and research in hydrogeology

1. Hydrogeology and lab-scale physical models

Hydrogeology is the science related to the study of water beneath the land surface, taking
into account all the natural water cycle and the interference of the different environmental
contexts and ecosystems. In groundwater study and management, a deep understanding of
physical, chemical and biological processes and their modelling are great challenges,
especially in complex environment. Hydrogeology is mostly a descriptive science that
attempts to be as quantitative as possible regarding descriptions, but without the possibility
(in many or most cases) of guaranteeing the accuracy of predictions: its models are basically
only hypotheses. Indeed, analysis tends always to become more quantitative, rather than
qualitative, in order to allow a more precise management of real cases. In particular,
concerning application on physical models, three main aspects must be considered:
processes simulation, scale and objectives.

The development of hydrologic and hydrogeologic models started in the second half of the
19th century, together with the challenge to obtain tools both helpful for process
understanding and scenario (what-if) analysis. In fact, by definitions, models are able to
show results of simulated phenomena and can be used to represent several different natural
process. Models are moreover applied at an operational industrial level in order to explore
interventions such as pollution remediation, water treatment, water source management
(treatment, restriction, desalination), etc .

The foundation of model analysis is the conceptual model. A conceptual model in
hydrogeology is a representation of the hydrogeological units and the flow system of
groundwater. Simplifying assumptions and qualitative interpretation of data and information
of a site are included in the conceptual model; its development is actually synonymous with
site characterization (Thakur et al., 2017). A conceptual model is always necessary to obtain
a physical based model, even if simplifications are necessary because a complete
reconstruction of the system is impossible.

Generally speaking, the most intuitive type of hydrogeological models are the so called
physically-based models. Those are scaled-down forms of real systems (Brookset al.,
1991; Salarpour et al., 2011) based on scientific principles concerning energy and water
fluxes. To really understand water movement and processes, a large amount of detailed
guantitative measurements is required at different spatial and temporal scales.

A real aquifer is defined as a natural underground area/unit of soil where large quantities of
ground water are stored and can interact with the soil matrix, filling the spaces between the
particles and creating a kind of underwater “pool” of water which can move, even further to
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long distances. This water is also frequently exploited as a source of drinking water or as
supply for other activities, through pumping wells or draining galleries. The water table is
considered as the upper surface of groundwater below which the soil is permanently
saturated with water and where the pressure of the atmosphere is equal to the one of the
water. This water table normally is fluctuating with seasons and year by year, depending on
how much rain has fallen, how much water has been pumped out for human purposes and
how much is also used by plants and animals (Tiab et al., 2007). Groundwater flows
preferentially through interconnected pore spaces within aquifers. And it may flow at
different rates in different types of aquifers. In fact aquifers are not always uniform either
horizontally or vertically because differences in composition and in properties are shown.
For those reasons several physical representations of them are possible.

Nowadays, physically based models can be coupled with mathematical models which can
allow pre-dimensioning of experiments as well as numerical representation of simulated
processes, even associated to larger chronological datasets. Mathematical models are tools
able to provide a quantitative framework both for analysing data from monitoring and
assess quantitatively responses of the groundwater systems subjected to external stresses
(Islam, 2011). Water movements and processes are modelled either by the finite difference
approximation of the partial differential equation representing the mass, momentum and
energy balance or by empirical equations (Abbott et al., 1986). It is important to note that a
hydrogeological model contains many qualitative and subjective interpretations. Proof of its
validity can only be achieved by implementing specific research techniques and then
constructing a numerical model and comparing the results from the simulation with the
effective observations. It is necessary to have a good understanding of the physical system
and all the assumptions incorporated in the mathematical equations. Those assumptions
typically involve the direction of flow, the geometry of the aquifer, the heterogeneity or
anisotropy of sediments/soil/bedrock, the influence of an unsaturated zone, the
contaminant transport mechanisms and all the possible chemical reactions (including
biodegradation, etc..). The aim is always to reproduce as closer as possible the description
given by a conceptual model in a numerical way.

Mathematical models are in fact used in simulating the components of the conceptual
model and comprise a set of governing equations representing the processes that occur.
Mathematical models of groundwater flow and solute transport can be solved generally with
two broad approaches:

a) Analytical solution which gives the exact solution to the problem: for example, the
unknown variable is solved continuously for every point in space (steady-state flow)
and time (transient flow). Because of the complexity of the 3D groundwater flow and
transport equations, the simplicity inherent in analytical model requires non-realistic
assumptions.

b) Numerical solution which gives approximate solution to the problem: the unknown
variable is here solved at discrete points in space and time. Numerical models are
able to solve the more complex equations of multidimensional groundwater flow and
solute transport.

Earlier models concentrated mainly on the flow behaviour whereas more recent models
allow to deal with water quality issues, through simulation of contaminant transport.
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Despite the significant and continuous improvements of tools and techniques, scientific
challenges exist as the credibility of field level application of models. This is linked to the
uncertainty associated to the conceptualization of the system in terms of boundary
conditions, aquifer heterogeneity, external natural event variations, etc.

The strength of hydrologeological physical + associated numerical models is that they can
provide output at high temporal and spatial resolutions, and they can be applied to large
scale hydrological processes that are normally difficult to observe.

Generally the quality of hydrogeologic models depends on the quality of the information
that can be gathered for its construction, which also depends on the availability of both
technological and financial resources.

2. Why physical models are useful for

Physical models are developed and applied to simulate situation and therefore studying the
fate and movement of groundwater in natural as well as hypothetical scenarios (Currell et
al., 2017).

Generally modelling is a very wide term as used and applied in earth sciences. Regarding
groundwater flow processes, the theoretical aspects taught in theory can effectively be
illustrated in practical lab sessions, as well as in the field. Therefore, students can
characterize phenomena at various scales in terms of time and space, and also with different
approaches (comparison of several methods and formulas, empirical versus practical).

An integrated pedagogical approach is defined by Gleeson et al. (2012), and then also by
Hakoun et al. (2013), as the combination of three class components into one single teaching
course. The loop presented in FIG 1 is the symbol of the cohesive and mutual relation
between lectures, practical classes and field works. The continuity of that loop is the
triggering point to stimulate the students’ interest and curiosity. The three components
considered are:

1) Lectures and simple exercises, which have the purpose to set the course background
and review all main basic notions, enhancing the students’ knowledge with
new/advanced concepts, and introducing the technical field methodology;

2) Practical active lab experiments which aim to develop specific technical skills,
introducing the learner to critical thinking, applying the theoretical concepts learned
and using the problem-solving logistics related to the unpredictability of each
experience (practice and theory are two different domains);

3) Field works in order to develop more specific abilities, re-calling all what was learned
during the classes.

Hydrogeology benefits from the fact that many important processes can be illustrated and
explained with simple physical models. And in fact the use of physical models to perform
real-world activities is becoming a central point especially for civil and environmental
engineers because it enhances the hands-on learning of groundwater topics (like basic
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groundwater definitions, groundwater flow together with the explanation of the Darcy’s law,
well hydraulics, contaminant transport, and risk analysis).

As a consequence of the possible broader range of students’ background (wide range of
earth sciences) who may attend a standard hydrogeology course, it is necessary to start to
demonstrate the groundwater basic concepts early in the teaching. In fact, a survey
conducted amongst academic hydrogeologists indicates that the greater part of the crucial
topics in a hydrogeology course are associated to groundwater flow processes such as
hydraulic conductivity determination, Darcy’s law, gradient of heads, and transmissivity
(Gleeson et al., 2012).

Lecture classes Practical classes
with exercises ‘ with laboratory studies
Theoretical knowledge-base ! Use of theoretical knowledge
Large subject coverage Specific subject observation  :

Outcomes: ; \ Outcomes: %

- Global knowledge acquisition - Application of theory v

- Global skills development - Knowledge sealing -

- »Speciﬁ( theory application - Specific skills development

——
Field work
with natural
‘ investigation '

Use of theoretical knowledge
Specific subject observation
Outcomes: {
- Application of theory
- Knowledge sealing
- Specific skills development

FIG 1 Integrated hydrogeology pedagogy associated to an iterative loop over three class components. Within this iterative
loop, each component supports the others with chains of mutual feedback. Inspired from Gleeson et al. (2012)
and Hakoun et al. (2013).

Computer simulation depends after all on the programmer and on a list of assumptions
made in selecting or deriving appropriate parameters for equations. Whereas with a physical
model seeing nature at work is believing. However, the physical model is only an
approximation of the reality, it could provide deep understanding of concepts and
behaviours that could lately be extended to many other situations.

Finally, physical models like groundwater tank, column of soil etc. are useful not only as
demonstrator but also as an instrument around which projects and dissertation work can be
arranged (Parkinson, 1987).
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3. Dimensionality-based classification and examples of application

The numerous physical models are usually classified based on dimensionality: 0D, 1D, 2D,
3D. Lab experiences linked to them are going further and further increasing the model
dimension, in the understanding of phenomena, gradually extending the validity of concepts
and knowledge behind.

The easiest one that can be studied are the OD batch models, where there is just a mix of
water, sediments and chemicals. Through them are basically analysed only the reactions and
not the flow. It can be investigated the different behaviour of several contaminant types: a
dissolved contaminant (represented by liquid dye), a dense non-aqueous phase liquid
(DNAPL) (represented by molasses), and a light non-aqueous phase liquid (LNAPL)
(represented by olive oil). For example, a simple test aquifer model can be implement in a
beaker (FIG 2): in this way it is possible to compare at least two different models, in terms of
movement and remediation of the three aqueous contaminant types cited before, by
applying simple pump-and-treat to each contaminant spill.

FIG 2 Aquifer model constructed by students for the groundwater remediation lab activity (Hilton, 2008)

1D models are then still very simple to be described, in terms of experimental set up and lab
experiences implemented. They are basically and primary used to prove the Darcy's Law
which is one of the most essential concepts in hydrogeology, thus a prerequisite before
moving towards more complex issues. Demonstration were always given firstly through one-
dimensional fluid flow models applied to saturated columns of porous media. The
experimental apparatus is called permeameter, but other similar devices can be used, such
as simple, inexpensive, high resistant plastic transparent columns. Those can have various
dimensions (in length and diameter). Through them many relations and parameters can be
studied: hydraulic gradient, porosity, fluid viscosity, particle size influence, volumetric flow
rates, etc. (Werner et Roof, 1994; Nicholl et al., 2016).

In column experiments water is free to flow through the pores between soil particles in
accordance with the Darcy’s empirical law (more theoretical notions behind are presented in
the paragraph 4 and 5 of Chapter 1, concerning flow and transport equations).
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The hydraulic conductivity (K) is a specific parameter used to quantify how well the water
flows through a soil medium. It basically depends on the average size of the pores through
the soil matrix, on how well the particles fit together, and on the temperature of the
surrounding environment which is directly linked to the viscosity of the water (Akbulut,
2016). Those influences can be analysed through soil-column experiences, performing the
same kind of test in different soil samples at different conditions.

Research and studies focused on 1D column experiments are the most ancient ones, and
they are still widely used to compare and determine values of K and porosity (total, effective
and of transport). Basically the flow is driven only by the hydraulic gradient, therefore,
orientation of the sample in terms of gravity and references have no effect on the flow rate.
Of course where the flow must pass across several different layers of materials, the one with
the larger K is dominating the system (Nicholl et al., 2016). Once the Darcy’s law is proved, it
is possible to move towards more complex problems related for example to transport
phenomena. Also tracer test, both with ideal conservative tracer and with contaminants, can
be implemented in order to obtain flow and transport parameters estimation (such as the
dispersivity coefficient).

For K values estimation two main types of tests can be developed: the Constant Head
Permeability Test in FIG 4, mainly for medium-coarse soils (Domenico et Schwartz, 1990;
Ritzema, 2006; Cai et al., 2015; Hussain et Nabi, 2016; Nicholl et al., 2016); and the Falling
Head one in FIG 3, which is more specific for finer type of medium (Stibinger, 2014; Johnson
et al., 2005).

Other laboratory tests on soil-columns have been performed also to study the dispersion
properties of uniform porous media, both in steady and transient flow conditions. The
majority of experiences were tested in uniform matrix like glass beads (Rumer, 1962;
Harleman, 1963; Lepage, 2013), sands (Blackwell, 1962; Harleman, 1963; Wierenga et Van
Genuchten, 1989; Khan et Jury, 1990; Costa et Prunty, 2006; Kasteel et al., 2009;
Mastrocicco et al., 2011; Steyl et Marais, 2014; Cai et al., 2015; Kanzari et al., 2015) and
gravels (Rumer, 1962). Also analysis on non-uniform soils are available (Raimondi et al.,
1959; Legatsky et Katz, 1966; Ujfaludi, 2010; Steyl et Marais, 2014 ; Mastrocicco et al.,
2011).

The majority of all those studies are developed in saturated soil columns, but there are also
researches on unsaturated samples (Childs et Collis-George, 1950; Vachaud, 1968; Philip,
1969; Swartzendruber, 1969; Parlange, 1971; Sakellariou-Makrantonaki, 2016). At the same
time only a few attempts have been made to study the effect of non-uniform soil structures
on the dispersion characteristics (Raimondi et al., 1959; Legatsky et Katz, 1966) even though
natural soils, in most cases, consist of non-uniform particles (Ujfaludi, 2010). More details
about procedures, equipment, and theory behind those applications will be presented in
Chapter 3 while describing the work performed on four different types of sand.
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Apparatus for measuring hydraulic
conductivity

Fluid levels are in black, Numbered components
and details are as follows:

(1) Fluid source (constant head reservoir, pump).
(2) Manometers - open ended tubes, clear plastic,
attached to a vertical meter stick (note: capillary
effects in small diameter tubes complicate
reading the fluid levels.

(3) Permeameter

(4) Exit point - contact with atm.

(5) Outflow container to measure the flow rate (Q).
(6) Support.

T @
0
0
0
& (7) Clear flexible tubing is used for all ines to
] & facilitate locating and purging air bubbles.

FIG 3 Apparatus for hydraulic conductivity determination: Falling head test (Nicholl et al., 2016)
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FIG 4 Experimental setup of Constant-head test (black) and Tracer test (black and blue) (Cai et al., 2015)

Concerning representations of physical aquifer, there are both 2D and 3D physical models,
differentiated by an increase of complexity (substantial increment in the thickness).

To study and understand some of those basics cited concepts among aquifers, a broad range
of experiments can be performed primary in physical 2D models: influence on the water
content in the unsaturated zone, quantitative determination of hydraulic properties as the
storage coefficient and the saturated hydraulic conductivity, runoff process, significance of
recharge and discharge areas for groundwater, drought period simulation, rain infiltration
(through the use of an hand shower device), piezometric head variations, saturation of the
system, pumping test (with the simple use of a syringe or a peristaltic pump), and injection
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of tracer for transport parameter estimation (conservative tracer and probe recordings)
(Hilton, 2008).

Typical dimensions of those considered 2D models are going from 40 cm up to 2 meters in
length, from 20 cm up to 1 meter in height, and around few centimetres of thickness. As a
consequence, the thickness is generally negligible compared to length and height and
parameter associated to phenomena and behaviours in this direction are not investigated.

As usual, in physical 2D model different soil layers are included: some are made by fine sand
and some are coarse generally sand or gravel. In other cases, also karst, clay and silt can be
present. The majority of those 2D physical models have two aquifers (as it can be seen in the
schematic representations in FIG 5): an unconfined one, and a confined artesian one along
the bottom. In fact, by inter-layering materials with different hydraulic properties multi layer
aquifers can be created, confined and unconfined or artesian, porous or fractured (Farrell,
1997).

Many example of concepts and related demonstration experiences are reported in
documents as “ Curriculum Guide to the Sand Tank Groundwater Model “ provided by Lane
(n.d.), in “Groundwater flow demonstration model” written by Farrell (1997), in “ Physical
models for classroom teaching in hydrology “ by Rodhe (2012). Furthermore Parkinson
(1987) described an experimental sand tank developed for demonstrating the groundwater
flow to drains under simulated rainfall.

Many variation of those open-sand plexiglass containers really exist (pictures inserted in
Annex 0): they allow to study the influence of different geological structure or human build
structure, etc.

The flow system for the kind of physical sand tank described is basically driven by two
constant head reservoirs, one at each end side of the sandbox. Those types of systems are
generally capable of maintaining constant head boundaries simultaneously by pounding
water at the top in addition to fixing the hydraulic heads in the two constant head reservoirs
(Hlman et al., 2010).

Groundwater solute transport studies can also be carried on, with advection and dispersion
being the first two mechanisms to be analysed, once groundwater flow is characterized.
Then contaminant plume movement can be investigated through multiple sampling or
directly visualized (Hilton, 2008).
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FIG 5 Physical 2D model of an aquifer: scheme + real example (sources : Lane, Guide to Sand tank, and
hitps://etc.usf.edu/clippix/picture/front-view-of-the-groundwater-model. html, consulted in July 2019)

3D sandboxes can also be used to observe various fluid flows and thus to validate some
solute transport algorithms. Again several different experiences can be simulated, such as a
simple steady state stable flow, transient flow, solute transport, pumping tests, flux
measurements, etc. Early studies utilize uniform packing of sands to create a homogeneous
medium and uniformly heterogeneous packing (Silliman et Simpson, 1987; Schincariol et
Schwartz, 1990; lllangasekare et al., 1995, lliman et al., 2010).
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More recently, also complex heterogeneity patterns have been packed by various
researchers (Welty et Elsner, 1997; Silliman et al., 1998; Chao et al., 2000; Barth et al., 2001;
Danquigny et al., 2004; Fernandez-Garcia et al., 2005). In heterogeneous sandbox aquifer,
simulation of the variability of hydraulic conductivity as a function of space, for
understanding and predicting solute transport can be implemented.

Many different implementations are possible: uniform sand, layered sand, and two or plus
media containing intermixed regions of coarse and fine sands. Different source zone release
conditions can be arranged by modifying the hydraulic conductivity of the injection near
field, while the surrounding hydraulic conductivity field remained unchanged. Then the
injection of tracer into the source zone should be followed by measuring concentrations as a
function of time at the location where tracer was injected and in a detection zone located
farther downstream (FIG 6). The resulting breakthrough curves can be characterized in terms
of transport parameters (equations in paragraph 5) (Gueting et Englert, 2011).

Many experiments to investigate saltwater intrusion and mixing of different densities fluid
were also studies on 3D box filled by sand or glass beads (Luckner et Schestakow, 1991;
Brakefield, 2008; Goswami et al., 2011).
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Figure T Sketch of the experimental setup: 1, storage container with tracer solution; 2, dosing pump:

3. constant-head tanks: 4, pierometer boand; 5, hyvdraulic switchboard; and 6, fuorometers and data
acquisition system.

FIG 6 Experimental sandbox set up (Jose et al. 2004)
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3D sand tanks are also exploited to measure groundwater fluxes in a well bore of reference
(FIG 7). Based on theoretical predictions and experimental evidence, researchers have been
using 3D physical models to validate many groundwater flow velocity and fluxes
measurement techniques such as:

1) For FLUX (passive techniques)
i. Passive flux meters PFM (Kearl, 1997; Graw et al., 2000; Hatfield et al., 2004; De
Jonge et Rothenberg, 2005; Basu et al., 2006; Borke, 2007; Wu et al., 2008)
ii. iFLUX cartridges (Verreydt et al., 2017)

2) For FLOW RATE and then FLUX (dividing the flow measured by the superficial surface
of flow)
i. Borehole dilution methods (Drost et al., 1968; Grisak, 1977; Giercsak et al., 2006 ;
Pitrak et al., 2007)
ii. Point dilution method PDM and Finite volume FVPDM (Batlle-aguilar et al., 2007;
Piccinini et al., 2016; Jamin et Brouyeére, 2016-2018)
iii. Direct velocity tool DVT (Essouayed, 2019)

3) For FLOW VELOCITY
i. Colloidal borescope CB (Kearl, 1997)
ii. Point velocity probe PVP (Labaky et al., 2007; Devlin et al. 2010-2012) and In-well
PVP (Devlin et al., 2018)
iii. Acoustic doppler velocimeter ADV (Kraus et al.,1994; Wilson et al., 2001)
iv. Laser doppler velocimeter LDV (Momii et al., 1993)
v. Heat-pulse flow meter (Hess, 1986; Kerfoot, 1988)

The added value of lab-scale physical models compared to field-scale experiments is the
feasibility: physical models in fact need less time to completely show results of an
experience. Thus they allow easier and faster demonstration of concepts and allow direct
observations of phenomena. Through them an immediate understanding of water-soil
behaviour and interactions is possible. A preliminary approach to get closer to problem-
solving and practical issues, starts also to be developed through those experiences in lab. On
the other hand, field experiments are closer to reality and allow to develop strategy to deal
with practical projects (real site dimension and heterogeneity, real equipment and set up of
investigations, etc...).
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FIG 7 Lab-scale flow tank: A-Colloidal borescope (Wu et al. 2008) and B-Monitoring well (Verreydt et al. 2015)
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4. Description of flow equations and associated parameters

While building a numerical model as a reference of a physical system, there are some
characteristics to assure. Firstly the model has to be both physically and numerically
consistent, meaning that it has to be based on conceptual choices able to simplify the reality
in an efficient way and the errors tend to zero for decreasing mesh increments and time
steps. It has to be accurate (lower modelling errors), and with quite high resolution.
Groundwater flow equations behinds models, are then generally associated to
representative elementary volume (REV), which is a finite volume of geological medium used
to quantify different properties associated to it. To define a REV, generally the medium
should be both continuous and porous, because equations are developed in a continuous
dimension. In MODFLOW, the software used in this work, this REV is generally associated to
each cell of the model implemented. Additionally, the presented case is related to lab tests,
so the used scale is a macro scale, generally ranging between centimetres to few meters,
and able to be representative for medium properties. A list of the most relevant ones and
their description is reported. All mentioned variables and parameters are defined here,
therefore once they will be mentioned afterwards in the documents no further explanations
will be given.

4.1 Bulk and particle densities

The bulk density (opui) is defined as the dry soil weight divided by the volume of solid soil
together with the pores. For mineral soils it commonly ranges from 1.1 to 1.5 g/cm?®, and it
increases with depth. It tends also to be high in sands and low in soils containing a relevant
amount of organic matter. Furthermore, it is conditioned by the process of compaction:
higher degree of it tends to raise the value of ppuk. It is also known that the high bulk
densities generally correspond to low porosity.

The bulk density differs from the so called particle density (p), which is the volumetric mass
of the solid soil that does not take in account the pore spaces and represents the average
density of all the minerals composing the soil. For most soils, this value is around 2.65 g/cm?,
mainly because quartz has a density of 2.65 g/cm>and it is usually the dominant mineral.
Particle density varies little between minerals and generally it does not have a big practical
significance, except in the calculation of pore space.

4.2 Porosity: total and effective

Total porosity (n::) is the portion of the soil volume occupied by pore spaces. It is generally
quantified as a percentage. This property does not have to be measured directly since it can
be calculated using values determined for bulk density and particle density with the formula:

Ntot (%) = 100 - (Ppuik / P) x 100 = 100 - (% solid space) (1
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Total porosity can be classified as primary or secondary. The primary one is associated to the
deposition of the sediments and includes interconnected pores together with the isolated
ones, whereas secondary porosity is formed after and includes cavities produced by several
phenomena as the dissolution of carbonates, fracturing, etc. Secondary porosity is not
considered in the presented case (especially during column experiments described in
Chapter 3) because of the homogeneity of the soil used for each sample (sorted sand) and
the configuration of the system (as a 1D column experiments).

Effective flow/drainage porosity (nessiow) is the portion of the total void space of a porous
material in which is really passing the fluid. Effective flow porosity exists mainly to explain
the fact that a fluid in a saturated porous media will not flow through all voids, but only
through the interconnected ones. It is expressed as a percentage and it is basically calculated
as:

Vmobile water
Neff flow (%) = 220 % 100 (1
Vtotal sample

The un-connected spaces are known as dead-end pores and their presence and quantity
depend on particle size, shape, and packing arrangement. There is also a portion of fluid
contained in interconnected pores which is held in place by molecular and surface-tension
forces. This portion is generally known as "immobile" fluid volume and it is not part of the
real fluid flow. In many practical cases such as the calculation of travel time of difference
substances through porous materials, requires knowledge of this effective flow porosity
(Stephens et al., 1998). Effective or either kinematic flow porosity usually cannot be
measured in absolute terms so normally it refers to the volume of fluid released by drainage
of a saturated medium after a finite interval of time. The formula to analyse is:

Neff,flow (%) = %X 100 (1

where small v is the mean velocity of the fluid (m/s) and q is the specific discharge or Darcy’s
flux (m/s), calculated as g = Q/A in which Q is the flow rate (m3/s) and A, the area section
(m?).

Total porosity generally increases with decreasing grain size, and the portion of
interconnected pore space with respect to the total pore space, following the definition :

Niot (/) = Sy +S, = Neff flow S (V)

where the specific yield S, (which is < n) which is either dimensionless either a percentage,
and represents the volume of water released from storage by an unconfined aquifer per unit
surface area of aquifer per unit decline of the water table (Bear, 1979). This equals the
effective flow porosity in case of unconfined aquifer (Sy = nessfow). Then, S, is the specific
retention or either retention capacity (dimensionless or a percentage), calculated as the ratio
between the volume of immobile water divided by the total volume of the sample.
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Normally another parameter can be defined: the effective transport porosity (Nef transport),
which is lower than the effective flow porosity, which is lower than the total porosity. This
parameter is expressed as a percentage and it is calculated as:

Vmobile solute
Neff transport (%) = x 100 (V)
Vtotal sample

where the volume of mobile solute is generally lower than the volume of mobile water.

4.3 Hydraulic head

The hydraulic head (h), also called water head or either piezometric head, under the
hypothesis of an homogeneous incompressible fluid, describes the potential energy of the
system at any point. It is calculated as :

h=z+ (pﬂul;ﬁ) [in m] (V1)

where z is the elevation (m) above the reference chosen, g is the value of the acceleration of
gravity (equals to 9.81 m/s?), P is the pressure (Pa = N/m? = kg x m/s?) and Pruig is the density
of the fluid (taken as 1000 Kg/m? in case of water). Practically speaking, the hydraulic head
can be defined as the height above the reference level to which the fluid will rise in a
manometer, and it is given by the sum of the altitude or elevation plus the pressure head.

4.4 Darcy’s Law, Hydraulic conductivity and effective velocity

The Darcy’s Law, which firstly describes 1D laminar flow through any kind of saturated
porous medium (such as rocks, soil, ...) is one of the most essential concept in the study of
hydrogeology. Henry Darcy in 1856 performed his original experiments in the context of
municipal water filtration for the city of Dijon, France. Unable to find an existing relation
between flow rate and filter size, he performed a series of experiments to have several data
available for calculations. Briefly the experiences consisted in pressurized water entering the
top of a sealed vertical column filled with sand and exited through a tap at the bottom. Using
manometers, Darcy measured the hydraulic heads (h) at the inlet and outlet section of the
column. Through those experiments, for a chosen type of sand, he observed that the flow
rate (Q) is proportional to the cross-sectional area of the column (A), to the difference
between measured water levels inlet and outlet (Ah), and to the inverse of column height
(1/Leolumn)- He discovered that the coefficient of proportionality is varying depending on the
type of sand used. In particular he pointed out that generally a coarser sand have a larger
coefficient of proportionality than a finer one. This Darcy’s coefficient of proportionality is
the so called hydraulic conductivity (K).
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Hydraulic_conductivity (K) is one of the principal and most important soil hydrological
parameter. It is a relevant factor for the evaluation of the water flow, infiltration processes
and transport within a medium. Hydraulic conductivity is generally expressed by units of
velocity (m/s or cm/s or m/h, etc.).

Fluids tend to flow towards the decreasing hydraulic head, therefore the need to put a
negative sign in Darcy’s equation (in order to make volumetric flow rate Q a positive
quantity) while describing the hydraulic conductivity:

_ —QXLeojumn __ —Q .
K = AL o [in m/s] (v

Where i is the hydraulic gradient (obtained as Ah/Lcoumn), and Leowumn is the column length
(m).

Subsequent to Darcy’s original experiments, in case of porous media it was discovered that
measures of K increase with psuiq and are inversely proportional to fluid dynamic viscosity (u
in Pa-s or N-s/m? or kg/m-s). So in 1940 the scientist Hubbert suggested the existence of an
innate material property called intrinsic permeability (k) that is linked to the hydraulic
conductivity through the pguig, L and g:

KX u

k= —F—
Pfluid*9g

[in m?] (Vi)

Darcy’s flux (g) in 1D system (such as columns) can be expressed as:

g=Kxi=KxZ2 [in =] (1X)

Where x is the distance taken in the direction of the groundwater flow. Equation IX assumes
that flow occurs through the entire cross section of the material without regard to solids and
pores. However, Darcy flux is not the actual fluid velocity in the porous media, but it is just
discharge rate (Q) per unit cross-sectional area.

A scheme of the Darcy’s Law is reported in the FIG 8.

|Q = flow rate (em?/s)
k = coefficient of permeability (cm/s)
A = cross-sectional Area (cm?)

7= hydraulic gradient
Al

Ik column

where; =

FIG 8 Darcy’s Law (source: PPT Permeability in soils, Geotechnical Lab, Civil Eng Texas University)
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The extension to 3D case is associated to eq. (XIl) where the 3D Darcy’s flux g (m/s) equals:

P

__ 5 ——N . _ pPrwiaXd _
q=—K x grad(h) = —k=— — X[grad <Pfluld><g

) + grad(z) | (X)

and K is the so called hydraulic conductivity tensor (as well as k is the permeability tensor)
associated to the directional components of the parameter, therefore used to express

anisotropy (heterogeneity) or isotropy of the investigated porous medium. Moreover, the
dh dh dh

3D gradient of hydraulic head grad(h) is composed by ( ) o ).
The actual seepage velocity of groundwater, also named effective velocity of flow Ve fiow
(m/s) depends on the real portion of mobile fluid and on the available cross-sectional area

through which the flow is occurring. Its value is estimated as:

K Ah q .
Veff,flow = X = in [m/s]
Neff,flow Leotumn Neff,flow

(X1)

Usually the K-values are strictly dependent both on fluid properties and on material(s)
properties. Moreover, in case of soil layers, vertical degree of permeability is very often
different from the horizontal one because of the presence of vertical differences in terms of
structure, texture, porosity of the soils. Only in some structure-less soils, as the case of
sands, the K is considered to be the same in all directions.

Another important observation is that Darcy’s law is not valid when the flow is not laminar,
for example when Re > 1. Reynolds number Re is a dimensionless quantity used in fluid
mechanics to help to predict flow patterns in different fluid flow situations. It is :

_ Pruia vl vl (XI1)
7 v

Re

Where L’ is the characteristic linear dimension (m) and v is the kinematic viscosity of
the fluid (m?*/s).

4.5 Groundwater flow in steady state conditions

Under steady state conditions, meaning where no variations of the system over the time are
considered, the groundwater flow equation is a composition of the Darcy’s law and the
conservation of water (in terms of mass or volume, equals in- and out- flows). Those
conditions represent the equilibrium and stabilization of a system, thus there are no changes
in storage. While implementing steady state conditions, initial conditions will not really
affect the final results. However, a good initial condition will lead to a fast and stable
convergence of the numerical solver.

There is no time dimension because there are no variations in time, so results are easier to
be visualized. And certainly errors in the model set up could be more evident in the final
results.
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9 oh ,
a_xi<pfluid X Kij X a) + (Prwia Xq') = 0 (XIll b)

]

Where q’ represents a flux which can be imposed by external conditions (recharge, pumping,
etc..). Both sum terms are in kg/(msxs). Eqg (X b) is just the indicial notation of eq. (XIII a),
with i,j = x,y,z. To solve this equation normally the fluid density is taken as a constant, and
the main variable is the hydraulic head, so the formula can be rewritten (in a reference
system x,y,z) as eq. (XIV), where all terms of the sum are ins™.

0 oh 0 oh 0 oh (XIv)

a(’(xxa)W(’(w@)*&(KH&)* ¢=0

Where Kx, Ky, Kz are the hydraulic conductivity components along x,y,z axes which are
assumed to be parallel to the major axes of K.

4.6 Groundwater flow in transient conditions: transmissivity and storage

While dealing with transient state, thus with system variations over time, it is important to
introduce the concept of transmissivity (T) measured in m%/s. It is roughly defined as the rate
at which groundwater flows horizontally or vertically through a medium. It is function of K
(respectively horizontal or vertical) and the thickness of the layer (b in meters). Generally
speaking it is defined as:

T(xy) = [} K(x,y,2) dz (XV)

So, in case of confined aquifer with a known thickness it equals the product of K(x,y) and
b(x,y). But in case of unconfined aquifer the variable b is substituted with h and an iterative
process should be started in order to find the solution (convergence).

The other fundamental parameter to take into account is the specific storage coefficient (Ss)
in m™. It represents the volume of water removed from a unit volume of an aquifer for a
unit drop in hydraulic head and it is calculated as:

Ss = Prvid X 8 X [+ (B X Not)] = Priuia X g X & (XVI)

Where a is the coefficient of volumetric compressibility of the medium (reference values for
sand are taken from Freeze and Cherry (1979) ranging between 10° and 107 Pa™ or m?/N or
m x secz/kg), B is the water compressibility (equals to 4.4 x 10"° Pa™). Given the fact that the
contribute of B x ny is negligible, only the formula with a can be used.
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The global equation of 2D horizontal groundwater flow under transient conditions (variation
of storage), is eq. (XVII) in case of confined aquifer:

V(T(h) xVh) + ¢" = S, 2 (XVII)
That, in indicial notation (i,j = x,y,z as before) is equal to:
d T dh v_ g dh (Xvil a)
d dh d dh dh (XVIII b)
— — —(T.. —)—¢g." = —
6x<xx6x>+ ay( Way) i S dt

And eq. (XIX) in case of unconfined aquifer, S;& Sy~ N, r1ow as the case simulated in this
study:

. dh  oh XIX
V(T(h) X Vh) + q = neffﬂow E = Sy E ( )

That, in indicial notation, again considering a 2D horizontal transient flow, becomes:

0 oh ., dh dh (XX a)
AGE A = Mesrfiow 77 = Sy 57

6(T 6h)+ 6<T ah) v_ g dh
ox\ “ox)  oay\' oy L AT

Where g the volumetric flux per unit volume is always representing the source (recharge)
and sink (leakage) terms (s ), and T« and T is transmissivity in the x and y direction. And Sy
specific yield is the volume of water released from storage by an unconfined aquifer per unit
surface area of aquifer per unit decline of the water table (Bear, 1979), and it is generally
equals to effective flow porosity nesfow in case of unconfined aquifers. It represents the
measure of the “free water” drained by gravity. Both S; and S, are applied at all the
tank/physical model modelled, no difference are made between void, borders and sand.
Furthermore they are coincident in case of unconfined aquifers.

(XX b)

Groundwater flow in aquifers is often modelled as 2D in the horizontal plane, due to the fact
that most aquifers have horizontal dimensions hundreds of times greater than the vertical
thickness. In such a case, the z component of the velocity associated to the groundwater
flow, is comparatively small. Therefore the flow equations (XVIIIl a) and (XX a) can be
rewritten respectively as eq. (XVIII b) for confined aquifer, and (XX b) for unconfined one.
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4.7 Boundary Conditions for flow problem

Three main types of boundary conditions BC’s can be defined in case pf flow problems:

1. Dirichlet conditions: prescribed piezometric head, that can vary with space and
time. In the presented case only conditions of this type are implemented.

h(x,y,z,t)=f'(x,vy,2zt) (XX1)

2. Neumann conditions: prescribed flux (first derivative of h) or piezometric
gradient normal to the concerned boundary, its value can vary in space and
time. It can be equal to zero in case of impervious boundary (as it is in some
cases of this study).

Th-n=22(x,y,2t)=f"(xy, 21 (XXII)

3. Cauchy or mixed conditions: flux depending on piezometric head. It is a linear
combination (through two coefficient B and C) of the previous two equations
concerning h and its first derivative. It is never used in this study.

B xg—z(x,y,z, t)+ Cxh(x,y,zt)=f"(xy,zt) (XX11r)

5. Description of forward transport equations

5.1 Solute transport equations

Solute transport is usually a very complex process to study, especially at the field scale
because of the presence of several physical-chemical and biological processes that may
happen in the soil-water system and their possible variation over space and time (Stanko et
al., 2013). In case of water flow presence, the two main mechanism of transport that have to
be studied are advection and dispersion. In presence of only advection, the solute is moving
with the same velocity of the fluid (water) following the flow stream. While dispersion
represent the spreading of the solute around the source and the extension of the
path/plume of its propagation. Few basic concepts and knowledge on the equations behind
those cited transport mechanisms are reported hereafter (Zheng, 1990; Burnell, 2002;
Igboekwe et Amos-Uhegbu, 2012; Dassargues, 2018 and 2019). The global equation is:

ac”

R——= ~V(C"T,) + V[D, X VC” | +

M XXIV
v — RAC? (XXIV)

neff,transport

Where, R is the retardation factor (/), C' is the volumetric concentration of solute (kg/ma),
Dy, is the hydrodispersion tensor (mz/s), M, is the source/sink of solute mass linked to
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groundwater flow rate exchanged with the external world or resulting from chemical
reactions and immobile water effects/matrix diffusion (kg/mas), 7, is the advection velocity
tensor (m/s) and A is the decay constant, or reaction rate (s1). Generally, the 1° term on the
right hand side represents advection transport, thus it describes the movement of solutes at
the average seepage advection velocity of the groundwater flow. The 2" term indicates the
change in concentration due to hydrodynamic dispersion, defined as the sum of mechanical
dispersion and molecular diffusion. The 3" term is the effects of mixing with a source fluid of
different concentrations at a precise recharge or injection point. And finally the 4™ term
indicates all degradation reactions effects.

Relationship between the adsorbed and dissolved concentrations can be incorporated into
the transport model by the introduction of a retardation factor, R (dimensionless):

R=14+— ok g (XXV)
neff,transport

In which Kais called distribution coefficient (m>/kg).

Eqg. (XXIV) represents the solute transport governing equation based on assumption that the
possible reactions can be limited to equilibrium-controlled sorption. Solution is identical
without sorption effects. For a given general equation, there is an infinite number of possible
solutions. For steady state flow, the unique and appropriate solution is one that matches the
particular boundary conditions of the conceptual model. For transient flow system and for
solute transport, also initial conditions are required to obtain the unique solutions of heads
and concentrations.

5.2 Longitudinal dispersivity

Dispersion can be defined as a mechanical mixing process caused by the fluid portion that is
following the tortuous path (geometrical complex interconnections of flow channels causing
variations in terms of velocity). In an isotropic medium, dispersion takes place both parallel
and transverse to the direction of the mean flow. So generally two physical parameters are
used to express this effect: the longitudinal (D,) and transverse (Dr) dispersion coefficients.
However the dispersion process has a complex influence especially in non-uniform media
and mainly within samples with a discontinuous grain-size distribution. Literature tests
(Seuntjens et al., 2001; Stumpp et al., 2009; Severino et al., 2010) always present a linear
relationship between D, and the seepage/filtration velocity (u), both for uniform and non-
uniform soil samples.

Dispersivity is important because pressure propagation affects directly the driving force for
flow. It can be estimated through the interpretation of ideal tracer tests performed in 1D
soil-columns. This parameter is generally scale dependent, so in case of lab column
experiment will be related mainly to the length and areal variations. A research from
Vanderborght and Vereecken (2007) demonstrated that for the short travel distances (from0
to 30 cm), the dispersivity clearly increases. However, this increase was not occurring for
long travel distance. It is also observed that dispersivity increases with an increase in flow
rate in fine-textured soils and decreased in coarser ones (Fashi, 2015).
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Empirical relationships between the dispersion coefficients and characteristics of the media
can be established (Fried et Combarnous, 1971). In particular, in case of uniform and
homogenously distributed soil the relationship between the values of D, (in units of m?/s)
and groundwater flow velocity v (m/s) is a direct proportion expressed generally by the
formula:

D, = a,p™ (XXVI)
where «; is the dispersivity (measured in length units such as m and the value of the
exponent m equals values closed to one. Harleman (1963) noted that the exponent m tends
to unity with increasing value of uniformity coefficient associated to the granulometric
distribution of the particles in the soil sample (presented in the section associated to the
empirical formulae used to determine K-hydraulic conductivity values).

5.3 Boundary Conditions for a solute transport problem

Given the complete analogy with flow problems, there are 3 main types of BC's:

- Prescribed concentration (Dirichlet), that can vary in space and time. It is the most
used in this study case. A value of concentration can be prescribed, at the place of a
mass flux Msolute = Gsolute CVsolute.

Clx,y,zt)=9(xYy, zt) (XXV1)

- Prescribed 1st derivative of the concentration (Neumann), which represents a way to
prescribe hydrodynamic diffusion-dispersion mass flux through the boundary. The
concentration gradient normal to the boundary can vary in space and in time. In
many case this set equal to 0, thus the advection flux at boundaries is computed by
the code.

veY -m = aain %y, 2,t)=g"(x,y, 7 t) (XXVIII)

- Prescribed relation between concentration and its 1°* derivative (Cauchy or Mixed), a
combination of the previous two. It is never used in the simulations presented after.

5}

D x acnv (x,y,z,t)+ EXC’(x,y,2t) =g9""(x,y, z, t) (XXIX)

Explanation on applied solute transport solving methods are reported in Annex |.
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Chapter 2
Set up of the physical model to be developed

This section is entirely devoted to the presentation of the physical 3D model that has to be
developed at the University of Liege. The aims is to have a tool that can be used in two main
field of application:

- Teaching: to implement hand-on lab experiments to enhance student learning and
concepts understanding
- Validation of groundwater investigation techniques

Dimensions, construction, material to insert and functioning are explained hereafter. Then in
Chapter 3, the focus is on the characterisation of four different types of sands through 1D
column experiences. Due to that, a more reasonable choice of the sand to implement in the
sandbox can be done, according to the purpose of the experiences (test to perform,
technique calibration, etc...). Finally in Chapter 4 the numerical model developed for this
sandbox is presented, and discussion on few lab-experiments are shown.

1. Dimensions

Within the presented work, it is aimed to build a PMMA tank to represent an unconfined
sand aquifer. Precise quotation of this 3D model, together with pictures of the empty box,
are reported in FIG 9.

- Total dimensions of the box are 1470 mm length x 830 mm width x 815 mm height
- Total space that can be filled by sand 1200 mm x 800 mm x 800 mm
- Water reservoirs at two opposite sides 100 mm x 800 mm x 800 mm

As it is possible to see from the plan, several holes should be designed to allow different
connections:

- Inlet pipe,

- Outlet pipe,

- Excess flow pipes,

- 24 Control points (mesh of 6 x 4, 200 mm x 200 mm)

More details and specification on components and set up are reported in FIG 10 and FIG 11.
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FIG 9 Dimensions and pictures of the sandbox developed at ULiége
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2. Construction

The flow-through tank in FIG 10 (analogous to Kearl 1997; Graw et al. 2000; Labaky et al.
2007; Wu et al. 2008; Verreydt et al, 2015) is made by Poly Methyl Methacrylate (PMMA),
also known as Acrylic, or Acrylic glass, or Plexiglass. It is a transparent thermoplastic often
applied in sheet-form, used as a lightweight and shatter-impact-resistant alternative to glass.
But it can be also used as in casting resin, inks and coatings. It is generally considered as one
of the clearest plastics on the market and technically speaking is classified as a non-
crystalline vitreous substance. Sheets are easily heat formed without loss of optical clarity.
Implementation of additional longitudinal or either transversal supports (such as strings)
might be useful in order to avoid larger deformations of the tank due to sand and water
pressures.

The tank is equipped with screened baffle plates, coated with very permeable and not
degrading mesh material, separating the sand from the water reservoirs at both ends of the
tank. This perforated mesh has to be installed at the wall of communication between sand
and water reservoir. And it serves as a porous media/water interface to provide hydraulic
control.

The box is supposed to be filled with sand until the height of 70 cm, through which water is
circulated in a closed system (saturated system). The flow-though tank should be filled under
saturated conditions, to avoid air entrapment and layering.

Inlet and outlet heads are regulated by adjustable height containers. These head regulators
are supplied with water pumped from a reservoir. The water levels in the regulators are kept
constant by overflow pipes, with excess water spilling back to the reservoir (located close to
the aquifer). Then some additional reservoirs can be added to efficiently supply water
throughout the length and thickness of the sandbox (as well as a constant or variable
recharge could be added).

The water supply should be adjusted to enable a minor water volume discharge and to avoid
large water level variations. Inflow and outflow holes to realize water supply connections are
supposed to be large enough to allow the passage of the desired inflow/outflow. A
maximum exit flow should be dimensioned in order to evacuate which kind of circulation
pump is needed.

Nylon soft pipes of different diameters and length are used as connections.

Several control piezometers can be installed inside the box. There are already 24 holes in the
bottom of the tank are connected to transparent plastic pipes, which provide the
opportunity of visual observations and monitoring of the water levels during tests (FIG 10).
Monitoring wells can also be added in strategic position (in FIG 11 one central well is draw).
In case of simple pumping test and tracer test, one injection well and one observation point
are enough to determine K and dispersivity, even if certainly, having more observations
allow a better and more precise interpretation. Central line position should be taken firstly,
and then further implementation could be done in other more “random” positions,
depending on the expected results and aims.
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3. Filling material

In order to provide a good functioning of the model, it is important that the hydraulic
conductivity of the medium is high enough to give a quick response in the groundwater level
and groundwater flow due to changes in the boundary conditions (heads, rate of simulated
rainfall). Furthermore, the flow through the aquifer should be possible to be accurately and
rapidly measured in terms of volume. And finally also the solute effective transport velocity
should be high enough to allow tracer experiments to be performed in a reasonable time.

Sand is taken as the porous media to be implemented in the 3D physical model. In general,
sand is a very convenient material to study the properties of flow in porous media: it is easy
to work with, and the relatively large K values allows visible amounts of flow to occur even in
a short interval of time. Thus the evidence of the relationship between Ah and Q can be
really shown at lab scale experiences. Moreover, high flow rates can be applied and that
condition allow to perform a large number of experiments and so to have a larger range of
data to be compared.

The sand is made by quartz and bought from EUROQUARTZ (http://www.euroquartz.be):
four different types of sands are previously characterized, due to a lack of technical
datasheet, through 1D column experiences (described in Chapter 3). The chosen
granulometry is ranging between 0.5 -1 mm.

4. Control of the hydraulic gradient

The water flux through the sand tank has to be realized by creating an hydraulic head
difference Ah between inflow and outflow reservoir. The hydraulic gradient must be
controlled by constant-head devices connected to the two (both inlet and outlet) small
water reservoirs through the drainage holes. Open overflow apparatus (FIG 13) or more
common Mariotte bottles (FIG 12) can be adopted.

The Mariotte bottle consists in a sealed reservoir with an outlet siphon and air inlet, both
submerged in the fluid. When flow is initiated, air enters through the inlet tube to replace
the fluid leaving the reservoir. Therefore the fluid level in the reservoir does not drop below
the bottom of the inlet connection, and also the fluid pressure at the bottom of the air inlet
remains equals to the atmospheric one. This effect produces flow at constant head, even
though the fluid level within the reservoir is decreasing.

The difference is that using a Mariotte bottle, there is no direct contact between water and
air before the fluid is entering the system. With an overflow open device, the water is in
contact with the atmosphere, which can a bit influence the experiment (for example: there
is an higher possibility that air bubbles could enter the system and influence the parameters
determination). Generally, various methods such as pump + water tank or either a direct
connection to the sink can be used to supply the fluid to those systems.
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FIG 12 Mariotte Bottle used to keep and provide constant hydraulic head (Nicholl et al.2016)

Finally it was decided to built and assembled open overflow devices to provide the constant
head (FIG 13). Water is provided continuously until a constant water level is reached, and
the overflow of the water in excess is minimal, constant, and allow a laminar flow to be
established.

FIG 13 Constant head open overflow devices
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Chapter 3

Sand Column Experiments

In this chapter is reported a practical overview of the lab experiments performed on
columns of sand including Constant Head and Falling Head Permeability Tests, and Tracer
Tests. The followed procedure is described step by step, starting from the type of sands
tested and their preliminary granulometric and empirical analysis. Discussion and
observations, together with statistical analyses are included.

It is chosen to separate the study of the sands according to the particle grain size. The
difference between the four sand tested is visible, and that helps to better understand the
influence of pore size especially on hydraulic conductivity (Nicholl et al., 2016). Preparation
of the columns is described (trials, problems encountered and improvements applied). Any
numerical model of those 1D column systems is developed because results obtained from
physical models are commonly considered reliable.

1. Preliminary studies on available sands

The investigated sands are all quartz sands from EUROQUARTZ (http://www.euroquartz.be).
The only difference affects the grain size: the maximum particle size is supposed to be 5.6
mm and the minimum 0.1 mm. Therefore, according to the standard British Soil
Classification System based on particle size, it can be said that the sands analysed are mainly
classified as medium and coarse one. Only one type is having a small fine fraction.

Basic Soil Type Sub-Type Range of Diameter (mm)
Sandy Fine sand 0.06t0 0.2
Medium Sand 0.2t00.5
Coarse Sand 0.5t02.0

TABLE 1 British Soil Standard Classification of Sandy soil

Given that, it makes sense to expect that in term of total porosity and hydraulic conductivity
not a big difference will be seen between the four samples. The lower hydraulic conductivity
and the lower both total and effective porosities are supposed to result for the finest
granulometry, and then a gradual scale is expected going to the coarser type of sand. The
quartz sands selected (in FIG 14) will be followed indicated with the name reported below :

N1 - particles ranging between 0.1 and 0.5 mm
N5 - particles ranging between 0.5 and 1 mm
1/2 - particles ranging between 1 and 2 mm
3/5 - particles ranging between 3 and 5.6 mm
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FIG 14 Available type of sands to characterize through column experiments (4,B) and impurities check by sieving (C)

Given the fact that no technical datasheets were provided with the sands, the samples were
sieved. Dry sieving was applied, using few specific diameters. Then, an empirical
interpretation of the main geotechnical parameters was done. The estimated values were
then applied in following empirical formulae implemented to estimate a possible range of
variation for K values. The evaluated parameters and main results of sieving procedure are
schematized in TABLE 2.

Dy (Mm) Dyo (Mm) Dso (mm) Do (mm) | C,(-) lio) (mm)
N1 (0.1-0.5 mm) 0.13 0.15 0.24 0.28 2.15 0.1
N5 (0.5-1 mm) 0.53 0.59 0.7 0.76 1.43 0.5
1/2 (1-2 mm) 1.1 1.2 1.5 1.6 1.45 1
3/5 (3-5.6 mm) 3.2 3.6 4.5 5 1.56 3

TABLE 2 Geotechnical parameters estimated for the four types of sand studied

Values of grading characteristics D1g, D20, Dsg and Dgg are related to the sieving procedure
and represent the grains diameter correspondents to the specified quantity of
particles/fraction of the sample passing through (10%, 20%, 50% and 60%).

C, is the so called uniformity coefficient which gives the range of grain sizes in a given
sample. Higher values of C, mean well graded samples with a larger range of particle sizes.
The C, for sands is generally calculated as a ratio and between the size opening that will just
pass 60% of the sand, the D60 value, divided by the size opening that will just pass 10% of
the sand sample, the D10 value (Been et al., 2009).

lio) is the so called zero intercept, which represent the value of the interception between the
granulometric curve and the x-axis (Alyamani et al., 1993).

To obtain those parameters values, a graph with the granulometric curves of all sand types
was manually and roughly draw in order to have an general idea and estimation. Generally
the shape of those curves are not such straight lines, but for the general scope of this work
no detailed curves were needed. The choice of making those graphs as straight inclined lines
(FIG 15) is done according to the results shown by a study on quartz sands published by
Senetakis and others in 2013.
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FIG 15 Granulometric Curve to determine geotechnical parameters of all studied sands
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The presence of possible impurities was checked in order to avoid additional problems for
the set up of the column lab experiments. To do so, a sieve with spaces of the same
dimension as the finest granulometry associated to each sand type, was used. Those
impurities were only founded in the N1 sands. They were mainly just resembling powder and
they were a very small portion in comparison to the quantity of sand sample tested (FIG
14C), so they were considered negligible. A table resuming the expected values and range
associated to the parameters to determine (K, nit and nefisiow) is reported, based both on
graphical estimations, literature researches and preliminary calculations. Graphs that were
used to make those preliminary estimation are shown in FIG 16.

RANGES EXPECTED
n total n eff,flow
22-45% 18-33%

K (m/s) : 10°and 107

TABLE 3 Expected and estimated ranges for sands parameters to be determined
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FIG 16 A) Soil type analysis: graph to estimate a priori total and effective porosities, with retention capacity; and
B) Aquifer analysis (Eckis, 1934 modified)
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2. How to characterise the sand(s)

A list of the main types of test/experiment is reported. They are classified according to the
parameter(s) they allow to measure. Parameters definitions are already introduced in
Chapter 1, therefore here are not present.

A) Bulk density (Poui)

To evaluate the bulk density of a medium, many experiments only based on volume and
mass computation can be carried on. Bulk density is always dry and it consist of knowing the
mass of a certain volume of porous material.

B) Total porosity (n:t) and effective drainage porosity (e fiow)

Total porosity nyt can be estimated by simple application of the equation (I) reported in
paragraph 4.2 of Chapter 1. It can be also roughly estimated with column experiments, once
the dry column is filled with water and saturated. Knowing the flow entering the system and
the height of the samples, the speed at which the column is saturated is directly linked to
the total porosity of the medium inside the column. Porosity ratio is multiplied by 100 and
therefore expressed as a percent (Gibb et al., 1984). More simply, ny: can be obtained also
weighting the saturated volume of porous media and comparing it with the bulk density
measurement, using a pycnometer.

Then, the parameter nes 0w Can be evaluated in laboratory with tracer tests on soil-columns
packed with the media to be tested. Samples of outflow water should be periodically
collected and undergo for chemical analyses. The Darcy flux can be calculated directly from
the steady flow rate and column diameter. Even though the extrapolation of column-test
results to field scales is still viewed with some scepticism, those lab experiences can have a
didactic purpose. The selected tracer should be conservative and non-sorptive, in order to
be influenced only by the flow of water in the porous. Basically speaking, an ideal tracer
should be totally un-reactive toward the medium within the column. So no exchange or
adsorption reactions should occur and concentrations of a magnitude that cause
precipitation must be avoided. Various tracers can be used in laboratory core column studies
(fluorescine, uranine, salts as KCl or NaCl, etc..). And, using a common tracer not behaving as
water but with specific and known physic-chemical interactions with the medium, either the
Neff transport CaN be evaluated through tracer tests on soil columns.

The evaluation of both of those transport and flow effective porosities from tracer tests in
small laboratory scale samples is not a common practice. First of all because both
parameters show small range of variability in comparison with others, such as K and a,. And
then because the core samples studied are typically very small in comparison with the
dimensions of a real aquifer, and so they can be considered non-representative.
Furthermore, laboratory cores are almost always analysed in vertical and perpendicular
position to the bedding, whereas it is known that aquifer flow and transport are
predominantly horizontal in real aquifer. In general, transport and flow parameters (such as
flow velocity and porosity, transport velocity and porosity, longitudinal dispersivity) are
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really scale dependent. Therefore, column tracer tests may poorly reproduce the site/field
conditions. Nevertheless, such lab experiments allow to perfectly apprehend porous flow
concept for teaching purposes. In FIG 17 is reported an example of an experimental set up of
a tracer test performed on soil columns.

Inverse optimization techniques and implementation of numerical models can be used to
interpret tracer tests results and better estimate solute transport parameters. The most
used numerical models for inverse modelling are STANMOD (Simunek et al., 1999b)
HYDRUS-1D (Simunek et al., 2008), the CXTFIT code (Toride et al., 1995) and TRAC (by BGRM,
2011).
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FIG 17 Schematic diagram of experimental equipment for tracer test in soil column (Ujfaludi, 2010)

C) Hydraulic conductivity (K)

Hydraulic conductivity determination of soils can be realized with correlations methods
generally called pedotransfer functions, or hydraulics methods applied both in lab and field.
The advantage of the correlation-empirical methods is a fast estimation than the direct
measurement done through hydraulic methods.

On the other hand, laboratory methods are still fast and cheap, and are used to core soil
samples. Then, fields methods, based also on description of the water flow processes, and
able to determine K-values around holes made in the investigated soils. The problem with
those ones is that the external boundaries and the conditions referred are often not exactly
known (Stibinger, 2014).

So field methods are limited for accurate estimation of hydraulic conductivity due to lack of
precise knowledge on geometry and hydraulic boundaries of the aquifer. Lab tests are a
good alternative, even if they provide lot of problems in the sense of true representative
samples (very small volumes in comparison to a real aquifer). Also empirical formulae based
on grain-size distribution characteristics are commonly used, because they do not depend on
the geometry and hydraulic boundaries of the aquifer (Hussain et Nabi, 2016).
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A resuming scheme of available methods to determine K is shown in FIG 18.

HYDRAULIC CONDUCTIVITY
/ DETERMINATION METHODS \
HYDRAULIC METHODS (DARCY'S LAW) CORRELATION METHOD
T !
| LABORATORY METHODS (SOIL SAMPLES) | - Pore size distribution
Grain size distribution
Constant head . Soil texture
Falling head - Soil mapping unit
Drain line discharge BELOW WATER TABLE:
Water table elevation - Augerhole
Existing drainage - Piezometer
experimental field ABOVE WATER TABLE
(tube] walls
Guelph
Double ring
Inverse augerhole

FIG 18 Overview of methods for the hydraulic conductivity determination (Ritzema 2006)

Quantitative laboratory measurements of hydraulic conductivity are typically made with an
permeameters or soil columns (FIG 19), considered as other similar devices, inexpensive,
generally simple and easy to be used. Those columns are made of a transparent material
(generally plastic instead of glass, for safety reasons) in order to allow better observations in
terms of preferential path formation, presence of air, or either flow paths and tracer
dispersion while introducing a visible tracer (like a food dye). Columns are generally
mounted on a stand that can easily allow changes on the orientation and elevation of the
sample. Measurement of K requires that Ah or/and Q are kept constant. Therefore, two
main types of tests could be performed: the Constant Head and the Falling Head.

For the Constant Head one, at the inlet section of the permeameter/column a device can be
used to supply fluid keeping a constant water level (a constant input of water should be
assured). Then, connecting the outlet flow to another constant device, the head difference
Ah can be easily measured and fixed. While calibrating the experience for different types of
sands is it possible that the heights should be adapted and regulated for each set up at
different levels. The Constant Head test is used for slightly fine to medium and coarse-
grained soils, and it’s a test based on the assumption of laminar flow where the hydraulic
conductivity is independent of the gradient. The experiment is generally considered in
steady state conditions. The system is considered closed in the sense that there is no
evaporation. The sample should be fully saturated and as boundaries conditions, also
perfectly impermeable lateral boundaries can be assumed. The main disadvantage is that
the measured value is considered valid only for the relatively small soil sample, so attention
should be put while extending the values to larger scale samples. Furthermore this
laboratory method is generally not suitable for samples with either extremely high or either
extremely low hydraulic conductivities.
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FIG 19 Constant head permeameter (Domenico and Schwartz 1990)

On the other hand, in case of Falling Head test, the water head at one of the sides of the
column sample decreases with time. The falling head test is mainly used fine-grained soils
such as fine sands and silts. The calculation of the hydraulic conductivity is then computed
from the flow passing through the sample, and it is related to the head difference measured
in time (Stibinger, 2014). Application of this kind of test are mainly related to very fine sands,
silty loam and silty clay samples (Johnson et al., 2005). The main limit of this test is that the
small sample area generally induces a large random error. Moreover, this laboratory method
is only suitable in case of samples with very low hydraulic conductivities.

In the context of this work, a study was performed to investigate the effects of the size (and
also the shape of the particles) of sand grains on the hydraulic conductivity. The two
different lab tests are performed, and also 15 mathematical models are compared.

D) Longitudinal dispersivity

This parameter can be determined by a soil column tracer test, following the same
procedure described above for the effective flow porosity estimations. The interpretation of
those tests can be easily done by analytical solutions or by the same automated software
already cited, which are able to optimize also the longitudinal dispersivity.
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3. Columns preparation

In this paragraph the final set up of the column samples is presented. More details about
previous trials, problems and progressive improvements are reported in Annex Il. Possible
extension and amelioration of the procedure are also reported.

3.1 Set up of samples

Column-samples preparation begins with the choice of the filters to insert in both the
extremities of each column. The filter is necessary to avoid the sand to exit the column
during the experiments and it shouldn’t have a hydraulic conductivity lower than the tested
material. The application of a multi-layer filter (composed by different materials) results to
be the best choice. Filters choice is evaluated for each sand type, even if at the end similar
set up were done for the 4 different columns. Two porous (plastic) stones of more or less
one cm thickness were used in each sample. Highly porous and permeable disks/stones
together with the other filter material, must be measured in thickness in order to really see
the volume of the column filled by the sand (very important while performing test
interpretation). The available material as filters were a squared plastic net, a sponge finer
but still very permeable, and different filter papers. Those lasts were excluded because they
were too fine compared to the granulometry of the studied sands.

Top filters were added in all the configuration:

a) For the coarser sands 3to5, 1to2 and also N5, before the stones, four layers of
squared plastic net with different orientation were introduced (cut in a circular
shape).

b) For N1 a porous disk in the upper end of the column is coupled with a circular layer of
the porous/permeable sponge, to allow the sand not to exit and the sample to be
more stable.

Concerning bottom filters:

c) Insamples N1, N5 and 1to2, it was decided to insert two porous stones with the finer
permeable sponge (cut in a circular shape a bit larger than the column shape in order
to allow the entire coverage of the section and to have borders fold to the sand side).

d) When for the coarser sample 3to5 sand column the filter is made by 2 porous stones
with in the middle the 4 nets layer.

Clear plastic columns 38 cm long and with an internal diameter of 10 cm, were filled by the
previously characterized sands. An advantage to use narrow distribution uniform sands is
that material will just randomly distributed to fill the column tube, while with a wide
distribution of particle sizes it will tend to segregate by size during this procedure.

Different procedure to fill the columns were evaluated, in order to have as less air as
possible trapped inside the system:
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1) Sample composed in the way to have it immediately saturated while filling the
column: a layer of around 5 cm of water have to be put in the column and then the
sand should be inserted with a rotational movement by the help of a funnel.

2) Column saturated while filling, then drained (making the water not absorbed free to
escape the column) and re-saturated from bottom.

3) Column filled with dry sand with the use of a funnel to allow a more uniform sand
distribution, and then saturation of the sample from the bottom.

4) Column filled by dry sand with the use of a funnel to allow a more uniform

distribution of the sand, and each 5 cm layer of sand inside the tube a light
compaction (5 shots should be provided by the use of an apposite object in FIG 24).
This light compacting procedure will allow the particles to arrange better and the
sample to be more levelled. So normally less air will be trapped inside it, and the
series of possible subsequent settlements is minimized.
Once compaction is applied an alteration of the measured parameter may be
recorded. It was thus decided only to go for a light compaction (less alteration and
more representative of what could be found in a natural environment). The bulk
density values can be also modified and especially increased while applying
compaction.

At the end the best option resulted to be the 4" one (steps on FIG 20).

Valves to regulate the flow and so to open and close the column system were put both in the
inlet and outlet side of each column. The presence of those valves allowed the samples to be
isolated once the experience was over. Each junction (including the cap of the column, all
the valves-tube-column connections, etc.. ) was sealed by the use of Teflon tape, in order to
avoid, or at least minimize, the water losses.

After filling each column with sand, those are connected to the inflow/outflow plastic soft
tubes (already saturated), and to the manometers or every kind of devices applied to
measure the hydraulic heads.

Plastic anti-escape valves coupled with regulating flux valves (marked www.bucikle.de) were
used to keep the system closed and to avoid water to exit the system at both of the two
extremities of each column. Then transparent plastic tubes of 0.8 cm internal diameter (1cm
external diameter) were attached both in inlet (for total length of 100cm including valves
and tubes) and outlet section (for a comprehensive total length of 80 cm).

While saturating the sample with water or connecting the column already saturated to the
water circulation system, it is important to try to minimize the air entrapment within the
sample and the system as well. The trapped air in fact lowers measured hydraulic
conductivity by obstructing fluid flow. And the compressibility of air implies also that the
degree of obstruction can change with the pressure head: due to that relevant difference in
results can be obtained. For all those reasons it is basically better to slowly saturate the
sample from the bottom. In order to prevent out gassing within the sample, tap water
should be equilibrated to ambient conditions before entering the system. This minimizes
temperature effects on viscosity.
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Steady-state flow conditions were established and the system was run for at least half an
hour before taking all the experimental measures, in order to allow the majority of air to exit
the system and to achieve as much as possible the stabilisation of the system.

During operation, column preparation and experiments implementation, each sample was
rightly fixed to the support.

Observations:

- The presence of immobile small air bubbles was a constant and also the evidence of
some preferential path and dead-end pores.

- The water circulating the system was not “dirty” (full of sand) once it reached the
outlet section.

- The system achieved always a good stabilization and was able to provide reasonable
results.

FIG 20 Funnel use, compaction, saturation and observation of the final columns preparation

3.2 Possible further improvement and extensions

Few possible further upgrading of the column set up are presented.

In case it is chosen to proceed with the soil-filling of the column with a simultaneous
saturation, it would be easier to have a heavier filter in the bottom. To do so a non water
reactive metallic (i.e. stainless steel) plate of few cm thickness and with a hole larger than
the column flow inlet section, could be attached (glued) to the sponge filter and positioned
at the bottom of the column (FIG 21). Then the water could be inserted in layer of around 5
cm and small quantities of sands can be added gradually to the column (like 1/10 of the
water volume inside the column). With a glass or metallic stick a rotational movement can
be also applied when the sand is inserted in order to facilitate the air to go out from the
sample. Then few minutes need to be waited before adding the following amount of
sand/water. It can be noted that the larger are the sand grains, the easier the air will goes
out and less time should be waited to proceed with the following layer.
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FIG 21 Metallic plate to apply to the filter

To solve the problem of air presence, washing of the system should be applied until a 1:1
ratio of Electrical conductivity is reached between the water entering the system and the
one exiting. Or either Carbon dioxide can be applied to enhance air liberation (Behnke et al.,
1963).

The equipment and the system can be putted in a high air pressured chamber in order to
facilitate the air to move outwards of the column. But particular attention should be put to
check if this will not induce high pressures in the column walls which can damage the
system. (This application will not be very practical for a teaching experiments.)

Also a void-pump can be connected to the system in order to really be able to let all the air
going out of the system. That will prevent the system to interfere with air, but from another
point of view will be less representative of what could be found in nature.

3.3 Possible extensions

Many different types of soils and column samples can be analysed. As it is already said
several procedures to prepare the sample can be followed. But also other extension can be
though. For example the use of several type of sands in only one tube, as a mixed sample.
The mix can be random or well-stratified. Even layers and mix of different soil types can be
prepared: silt+ sand, gravel + sand, gravel + silt + sand + loess, etc .

Other orientations of the samples can also be evaluated: as for example the diagonal or the
horizontal one, instead of the classical vertical one. The flow can also be provided from top
to bottom, and many other types of filter can be tested.

Each experience will be able to add knowledge and consciousness on soil-flow-transport
parameters behaviour.
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4. Results of experiments performed on sand(s)

Having in mind the previous subdivision, hereafter are presented the experiments
performed and the results obtained while characterizing the four types of available sand.

First of all few general measurements on the four columns are done, in order to facilitate
further calculations.

4.1 Preliminary columns parameters evaluation

For all the column test described, it is necessary to preliminary collect some useful
information to be able to compute the parameters estimation (Lepage, 2013). So, while
filling and preparing each column-sample, several characteristic parameters of each column
and the granular medium they contains were noted. TABLE 4 is summarizing those
characteristics.

Few additional observations on that should be done:

- The filters weight is calculated according to the information given in the paragraph 3
concerning their composition for each column. It is considered that : one porous disk
is equals to 22g, one layer of squared net is 1g and one layer of very permeable
sponge material is 2g.

- Each column is weighted three times: empty, filled with dry sand, and also once it is
saturated.

- Also the mass of dry sand inserted in each sample is determined.

- The saturation degree Sgturation 1S always a bit lower than one due to the fact that it
was impossible to remove all the air trapped within each sample. Also more of one
third of the total volume of each sample is associated to the pore spaces, and that is
normal in case of not very fine quartz sands.

- Volume of pores is obtained from total porosity and the volume of the column.
Volume of voids is calculated from the weight of sand inserted in each column and
the bulk density associated. Therefore the volume of pores (more theoretical) is
always higher than the volume of effective voids for each sample.

- Water content of each sand/porous medium studied, is obtained by subtracting from
the weight of saturated column, the weight of sand introduced and the weight of
empty column (filters and tubes included).
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Parameter Unit Description Value
Lecolumn m With filters (Without filters) 0.38 (0.36)
Weight of dry sand 3to5 in column 4299
Weight of dry sand 1to2 in column 4209
Wsand,dry g
Weight of dry sand N5 in column 4412
Weight of dry sand N1 in column 4212
Weight of all filters, column 3to5 52
. Weight of all filters, column 1to2 50
Wall filters g
Weight of all filters, column N5 50
Weight of all filters, column N1 70
Weight of saturated sand 3to5 in column 5407
Weight of saturated sand 1to2 in column 5327
Wsand,sat g
Weight of saturated sand N5 in column 5531
Weight of saturated sand N1 in column 5346
Weight of saturated column with 3to5 6547
Weight of saturated column with 1to2 6281
Wsat,column g
Weight of saturated column with N5 6578
Weight of saturated column with N1 6413
Wcolumn g Weight of empty column+tubes and filters 1041
¢column m Internal column diameter 0.10
Vcolumn L Empty column volume 2.83
Water content of porous medium obtained by 0.40
subtracting from weight of saturated column, the 0.34
e / . . )
weight of sand introduced and the weight of empty 0.37
column (from top 3to5, 1to2, N5, N1)
0.38
3to5 sand saturation degree 0.95
1to2 sand saturation degree 0.86
Ssaturation /
N5 sand saturation degree 0.91
N1 sand saturation degree 0.87
Vpore, 3to5 = ntot,3to5 x Vcolumn 1.26
Vpore, 1to2 = ntot,1to2 x Vcolumn 1.28
Vpore L
Vpore, N5 = ntot,N5 x Vcolumn 1.33
Vpore, N1 = ntot,N1 x Vcolumn 1.35
Vvoid,N1 = Vcolumn - Vsolid,N1 1.14
Vvoid L Vvoid,N1 = Vcolumn - Vsolid,N1 0.95
Vvoid,N1 = Vcolumn - Vsolid,N1 1.05
Vvoid,N1 = Vcolumn - Vsolid,N1 1.07
Vsolid, 3to5 = Wdry sand,3to5/pbulk,3to5 3.10
Vsolid,1to2 = Wdry sand,1to2/pbulk,1to2 3.00
Vsolid L
Vsolid,N5 = Wdry sand,N5/pbulk,N5 3.04
Vsolid,N1 = Wdry sand,N1/pbulk,N1 2.86

TABLE 4 Summary of columns preliminary measurements
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4.2 Bulk density (Dpuir)

Experiment description:

A very simple lab experiment (FIG 22) was performed to determine ppuk: a glass with a
volume of 0,35 L and a weight of 29.58 g was taken and accurately filled until the top
(levelling with a ruler) every time with a different type of dry sand. Then the glass was
weighted using a balance with a maximum capacity of 2 kg and a precision of 0.01 g
(METTLER PM 2000, LMC 082). For the following calculation only an average/measured
value is considered, but it must be said that those results are affected by an error of +0.01 g.
Once all those weight were recorded, it was calculated the ratio between it and the glass
volume. Densities obtained are reported in the TABLE 5.

FIG 22 Bulk density lab evaluation

Values of bulk densities can be lately recalculated in a very similar way also once all the
columns are done (taking in account the volume of the empty column, the weight of the
column filled, the presence of tubes/valves/filters, etc..). As will be shown in TABLE 6 those
values are really close to the other one.

To weight the larger amount of sands and quantify the quantities inserted in each column it
was used another balance: METTLER TOLEDO 656, with a maximum capacity of 32210 g and
a precision of 1 g. Again, in the calculation only the average value was taken into account,
because the range of variation is really small in comparison to the magnitude order of the
measurements.

Results:

As it was possible to observe the values of ppyk dry medium determined once the columns
are set, are always very similar to the values of Py previously determined in simple lab
measurements. It is important to note that only the results of the final set up of the columns
were considered (samples dry with layer of 5 cm and few shots for levelling and a bit
compacting the sand). That’s because the data obtained from the previous arrangements are
really similar and do not produce too high variations in the results relevant for this section.
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Observing the two reported tables it can be seen that in the first experiment, a scale of
densities is measured, and in fact Py is increasing while the grain size is decreasing. In
column experiments, the values are not ordered in scale, that's because the samples
analysed are bigger and maybe more error can be done. In further calculus, values of Ppuk
from glass experiment will be considered, as they seems a bit more precise and logic.

Volume Weight of Weight of
Sand . . Pobulk
- Glass Container Container + Sand (g) (g/cm?)
P Container (L) (g) Sand (g) &

3to5 0.35 29.58 515.73 486.15 1.39
1to2 0.35 29.58 519.99 490.41 1.40
N5 0.35 29.58 538.33 508.75 1.45
N1 0.35 29.58 544.37 514.79 1.47

TABLE 5 Results of bulk dry densities evaluation for all the four types of sands studied with glass experiment

Column . Weigth Column +
SElE Volume e Filters + Dry sand [ Sand (g) | Filters (g) Peuik
type Column (g) v . & (g/cm3)
(L) (g)

3to5 2.83 1041 5407 4299 67 1.52
1to2 2.83 1041 5327 4209 77 1.49
N5 2.83 1041 5531 4412 78 1.56
N1 2.83 1041 5346 4212 93 1.49

TABLE 6 Results of bulk densities for all sands studied through column samples

4.3 Total porosity (n)

Experiment description:

This determination requires the knowledge of the actual density of the sands and the dry
density of the granular medium.

The first one, given the lack of sand technical datasheets, is taken from the literature equals
to 2.65 g/cm>. While the bulk density values used are the ones measured with the small
volume experiment in lab. An average value of the total porosity is estimated.

Results:

The total porosities values are not substantially different comparing the four column, so
generally it can be said that a value between 44 and 47 % of total porosity is estimated for
those type of sands. Considering reference ranges from Morris and Johnson (1967), which
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says that for fine sand the total porosity is generally varying between 26-53%, for medium
sand between 29-49% and for coarse sand between 31-46%, the obtained values are
reasonable. Moreover these results are considered reliable also according to the dimension
of the systems studied and to the small influence of the light degree of compaction applied
while preparing the samples.

Results are summarized in TABLE 7:

Sand type | Total porosity ntot (%)
3to5 47.6
1to2 47.1
N5 45.2
N1 44.5

TABLE 7 Total porosity of all types of sand studied

4.4 Hydraulic conductivity (K)

In case of complex aquifer analysis, it must be said that laboratory testing using column (or
permeameters), sometimes may not be a feasible and neither so reliable solutions, due to
soil medium characteristics and variability in the real sites that cannot really be reproduced
in a small scale lab test.

In order to do not waste time in collecting real soil samples, in many practical studies,
especially for preliminary aquifer assessment, empirical relations appear to be a faster
suitable and valuable alternative, even if they are not able to reproduce heterogeneity. In
this documents, the results from 15 empirical formulae are presented. The validity of
estimated empirical values is lately verified with the experimental data obtained from the
sand column laboratory tests, especially the constant head ones.

a) Mathematical models and formula used:

Empirical formulae are often used in practice to quickly estimate the hydraulic conductivity
of different kind of soils. Numerous relations based on dimensional analysis and
experimental measurements have been published for the determination of K since the end
of the 19th century (Siosemarde et al., 2014). Empirical relations have been derived for
specific conditions and have their applicability limits (Kasenow, 2002; Vukovi¢ et Soro, 1992).
General problems with the formulae are in determining the characteristic pore diameter
(related to spherical shape of grains, see FIG 23) and expressing the effect of soil non-
uniformity and the form of the appropriate porosity function which reflects the soil
compaction rate (Riha et al., 2018).
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Probably the first relation was proposed by Hazen (1892) and it expresses the simple linear
dependence between hydraulic conductivity and soil porosity. In his formula, Hazen did not
consider the effect of soil non-uniformity. This is also the case of the formulae proposed by
Slichter (1899) and Terzaghi (1925). Kozeny (1927) proposed a formula that was modified by
Carman (1937-1939) and lately again by Kozeny (1953). Then other formulas were proposed
by Sauerbrey (1932), Kriiger (1918), Zunker (1932), Zamarin (1928), Koenders and Williams
(1992), and Chapuis et al. (2005) in which the characteristic pore diameter is directly derived
from the effective grain size (indicated as D. and in the majority of the cases considered
equals to Dig) and porosity function x(n) based on the analysis of typical sphere/grains
configurations (VNIIG, 1991). Other generally less used formulae were proposed by
Harleman (1963), Alyamani et Sen (1993) and Chesnaux et al. (2011). When the grain size is
relatively well-defined is generally providing a lower uncertainty in resulting hydraulic
conductivities estimations, while compared with more complex soils. Attention to the units
must be taken while performing calculations to end up with consistent results for the
comparison.

MINIMAL PACKING MAXIMUM PACKING

FIG 23 Schematization of the packing of spherical grains and possible pore size (Riha et al., 2018)

A pre-dimensioning analysis while dealing with K determination, it is always useful in order
to have an idea about the reasonable range of results that can be achieved. According to the
type of sands, in terms of material and granulometry, a selection of formulas to apply has
been done. Common input implemented and a table with all the achieved results are
reported in Annex lll. Details (brief description, explanation and limits) about the formulas
used are given hereafter (Hussain et al. 2016).

a) The Hazen formula was developed for a prediction of the hydraulic conductivity of
uniformly graded loose sand with C, less than 5, and an effective grain size (Do)
between 0.10 and 3.0 mm. Therefore it is normal that this formula can only provide
reasonable results for the sand samples N1, N5 and 1-2.

pxyg

K =6x10~* x x [1 + 10(n — 0,26)] x D%, (XXX)
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b) The Kozeny-Carman formula is one of the widely used derivations for hydraulic
conductivity calculations. This equation is not applicable for either soil with an
effective size above 3 mm, or for clayey soil.

X n3 (XXX1)
K=8><10‘3xpy‘gx [(1—n)2] X DZ,

c) The Chapuis formula is applicable for soils with Digranging from 0.03 to 3 mm, so
potentially can be used for each of the studied sand type, even if for a large
approximation will be done in case of the coarser sample.

n23475 (Xxx1)

— 1,565
K =1219,9 Xm X D10

d) Sauerbrey equation can be used for soils with D, up to 5.0 mm. It is ok for all
columns, but it works better from the finest one until the 1-2 sample, because the
3to5 sample is actually related to a maximum granulometry of 5.6mm. The values of
De are related to the 17%, and therefore could be extrapolated from the
granulometric curves analysis.

— -3
K=375x10"°x p [(1_n)2]

X

e) Kriiger formula, where Cy = 4.35x10_3, n is porosity and D, is effective grain size here
equals to Dqo. This is mainly valid only for the finest sand, so only N1.

X n
K =435x 1073 x 2 . 9« T X Do (XXXIV)

f) In Zunker expression the Cy is an empirical coefficient that depends on the porous
medium and it is generally equals to 2,4 for uniform sands with smooth and rounded
grains (Kasenow, 2002).

(XXXV)

X X
K=caux?Z9x 2% p2 =24x10% x 229w 22 x p2,

1—n 1—n

g) Harleman formula has no particular recommendations and limits, but as the majority
of the already cited ones it is mainly valid in case of fine samples.

pXxXg (XXXVI)

K =6,54x107* x

X DZ,
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h) Zamarin relation has the empirical coefficient Cz4 = 8.64x10° and can be applied in
all samples analysed in that work.

_ pXg n3 (XXXVII)
K =8,64x1073 x (1,275 —1,5n)% x X X D?
’ ( ’ TL) U [(1 _n)z] 10

i) The Breyer formula does not consider porosity and is often most useful for materials
with heterogeneous distributions and poorly sorted grains with a uniformity
coefficient between 1 and 20, and effective grain size between 0.06mm and 0.6mm.

K=6x10"*x % X logsc%? x D, with 1<Cu<20 (XXXVIII)

j) Slitcher formula is most applicable for grain-size between 0.01mm and 5mm, so it
can be used in all studied cases, but considering a larger degree of approximation for
the 3to5 sand.

K=10"2x"< p X g n3287 x D2 (IXL)
U

k) The Terzaghi formulation is dependent on C; = sorting coefficient, which ranges from
6.1x107 to 10.7x10. In this study, two different values of C; are used, according to
the grain size and visible shape:

For sands with smooth finer grains

n-0,13

0 % (52 x Dy = 10,7 x 1078 x 22 x (52252 x D, (XL)

K=Ctx103x22 (3\/_)

While for sands with coarse less rounded grains

n-0,13

=)2 X DIy = 6,1x 107 x 2 x (2292 x pgy  (XU)

= -3  PX9
K =Ctx10 xux( i

[) US Bureau of Reclamation (USBR) formula is not based on the porosity value and it
estimates K using Dyg. The formula is most suitable for medium-grain sand with C,
less than 5.

K =48x10" xpug DZ? (XLIT)

m) Koenders and Williams formula is derived from the Kozeny-Carman equation and is
related to x = proportionality coefficient (x = 0.0035 * 0.0005) and D5 as the median
grain diameter. It is normally applicable for silts, sands and gravelly sands, but in
many case is not producing very accurate results. Two values are computed in
association to this formula, respectively associated to X=0,0030 (a) and X=0.0040 (b).
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o)

In the statistical analysis after developed sometimes only one of this two values is
considered.

K=-xXxnx () x D% with X =0,0035 +0,0005 (XL

The Alyamani and Sen equation, one of the well-known equations the grains
dimension (D1 and Dsp) and sorting characteristics, |, is the intercept (in mm). It
estimates K is in m/day so the value has to be transformed while doing comparison
analysis.

K = 1300 X [I, + 0,025(Dsq — D1)]? (XLIV)

The Naval Facilities Engineering Command Design Manual DM7 (NAVFAC) proposed a
chart to predict the saturated K value of clean sand and gravel based on e and D10.
The limitations described in this approach are :

0.3<e<0.7 + 0.10<D1yp<2.0mm + 2<C,<12 + Dqo/D5<1.4.

The results obtained with that are mainly ok for the finer samples until 1-2column.

n n
K =0,2272 x (1,772189 x 10*)T=1 X [(D;)%319Y7 | T-n (XLV)

As it was possible to note from the results (and already knowing the results of the lab tests
which will be presented after) the best estimations of all 4 sand types K-values are given by
the Terzaghi formula, which is proved to be one of the most accurate in case of sand
samples of the given granulometric size (Hussain et Nabi, 2016).

Through this analytical relation in fact is possible to make the difference between
smooth/fine and coarse grains by the use of the sorting coefficient. The ranges of variation
obtained considering all the results computed by the different empirical formulas are kind of
big and so, the K(Terzaghi) was taken as the reference values in term of magnitude order for
the following lab experiments. Values are resumed in TABLE 8.

Hydraulic conductivity (m/s)
K(Terzaghi) Kmin Kmax
N1 (0.1-0.5 mm) 1.20x10*| 3.31x10°| 6.15x10™
N5 (0.5-1 mm) 7.40x10*| 3.71x10°|  8.05x10°
1/2 (1-2 mm) 2.18x10° 1.15x10*|  2.88x107
3/5 (3-5.6 mm) 8.90x10°| 5.53x10" 1.82x10"

TABLE 8 Results of analytical computation (Terzaghi K as the closest to the experimental ones; range of variation)
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b) Experiment 1: CONSTANT HEAD PERMEABILITY TEST

Procedure and description:

e Prepare and assemble the column, being sure that all seals are air-tight (metallic and
plastic valves to stop/open the flow, use of Teflon in junction, valves to seal the
entrance and bottom of the column, tubes connections, etc...).

e Keep the column isolated from the system (valve closed), and saturate all tubes
before connecting them to the sample. The water that is feeding the system can be
distilled or simply tap-water. In the presented case, it is directly taken from the sink
also to have already the right pressure to achieve the system stability (function of the
Ah, the column dimensions and positions, the type of sand analysed, etc..).
Otherwise, if no problem of high water pressure are registered, a system with a an
open water tank and a peristaltic pump can be implemented (allowing also water
recovery/recirculation).

e Saturate all the system and the connection tubes before link all with the columns,
and experiment one sample at a time.

e Fix the best constant difference of the heads Ah (measured with a meter) together
with a flow as much as possible laminar. To do so, it must be determined the
minimum water discharge associated to an optimal supplied flow rate.

e Let the system run once all is connected: when no more bubble of air are escaping
from the column and the minimum quantity of them that is still trapped in the soil
sample, the test can start and measurement of the collected water at the outlet
section can be done using a graduated cylinder: Q (ml/s) = Volume (L) / time (s).
Several outlet volume can be taken and average values can be calculated.

Observations:

All the experiments were performed at a constant room temperature (T) around 23.8°C. All
the columns were always tested at the same elevation (the lowest available in the support
structure). With the pump it was not always possible to allow a sufficient flow, therefore
water was taken directly from the sink. In that way, it was not possible to re-circulate the
water, but it was possible to collect the clean fraction discharged in some tank to other uses
(also in further experiments).

To provide constant heads, the devices presented in Chapter 2 are used. It was possible to
observe that, once the system was started and the constant head devices filled with water
until the level required, the shape of the plastic was not anymore perfectly circular due to
the weight of the water charge and to the strength/pressure applied by the additional
strings used to stabilize and fix at the wanted height the device. Anyway in the calculation
this variation of the shape was not be taken into account. So approximately the section was
always considered circular. To have a better stabilization and equal conditions in both
devices it was decided to keep the constant level in the larger section. The internal diameter
of the larger circular section is considered 10 cm, while the one of the smaller cylindrical
tube is 3.5 cm. The height of the device is 14 cm for the larger section, 13cm for the smaller
one and the level of the constant head is around 12cm. While implementing the water
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flow/circulation to the samples the minimum discharge should be achieved through the
regulation of the inflow water. Every time the studied sample is changed, the different in h
should be regulated to allow not to have a too fast flow. This should be a bigger problem
when the coarser sample 3to5 sand is analysed. Normally the bottom device (outlet one) is
kept constant as a reference for all the tests, but the upper-inlet one should be regulated.
Knowing the granulometric size and based on the theory linked to K, it is possible to say that
for the study of 3to5 sand the Ah will be lower than the one applied to N5 and N1, as this is
the coarser sand type between the analysed ones. Otherwise the flow can be either too fast
or either too slow (problem of difficult water constant circulation due to too high/low
elevations).

To connect all column and water system devices some tubes were added and linked to the
ones already set in the column: they are with an external diameter of 1.4 cm and an internal
one of 1 cm. The length of tubes attached and discharging in the sink is for each tube of 250
cm; while the ones linked to the entrance and the exit of the column are both 170 cm long.
The final scheme of the chosen design is reported together with the picture of the final set
up in FIG 24.

Several tests were carried on for each column, in order to have a wider range of
measurement to compare. Remembering that at least before each test it is better to let the
system going for 30 minutes (in order to reach a stabilization once the minimal discharge
and the optimal Ah are set), each test took one hour minimum to be done. Measurements of
outlet flow rate were repeated for each test many times in order to asses that the system
was stable. To measure the flow rate a graduated container with a maximum capacity of 2
litres, was used. Measure of time needed for the water to fill precise volume were taken and
a medium value was used for further estimation of K, in case they were a bit different
(always in very small ranges).

Calculation:

The value of the hydraulic conductivity K (m/s) is obtained through the eq. (VIl) in Chapter 1.
Attention should be put while taking measurement of the gradient and the outlet flow-rate,
together with the conversion of the unit of measures.
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FIG 24 Final constant head set up : A schema and B real system used
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Results and discussion:

The test was applied only in case of homogeneous sands, because the purpose of the
experience was to characterize the parameter K associated to different grain size sands. But
of course the experiment can be implemented in column filled by different soils/grain sizes
and evaluation of mixed medium hydraulic conductivity can be done (those values will be
maybe more closed to something that could be really be found in natural sites/aquifers).

Results of the most significant tests are listed in Annex IV. Here only a final summary of all
the K-values estimated for each sample is reported and the range of variability of the results
is highlighted in green in TABLE 9.

Also the average is calculated: as it was supposed, it is a scale of hydraulic conductivity
values starting from the lowest value associated to N1 the finest granulometry (Ki i =
2.94x10™ m/s), and gradually proceeding with N5 (Kayns = 8.82x10™ m/s ), 1t02 (Kav1to2 =
2.13x10° m/s) and arriving to the larger K of 3to5 (Kay,3tos = 2.54x10° m/s).

Hydraulic conductivity measured (m/s)

N1 N5 1to2 3to5
2.64x10™* | 8.14x10" | 2.47x10° | 2.12x10°
2.45x10™* | 8.99x10™ | 2.16x10° | 1.17x107
2.25x10™* | 9.88x10" | 1.99x10° | 3.00x10°
2.17x10" | 8.83x10” | 2.05x10° | 2.93x10°
4.28x10™" | 8.65x10™ | 1.82x10° | 2.92x10°
3.84x10™" | 8.43x10™ | 2.30x10° | 3.10x10°

TABLE 9 K-values calculated experimentally for each sand sample with CH test (range of variability min-max in green)

Results are reasonable in term of order of magnitude, which is perfectly in line with the
range of hydraulic conductivity associated to sands, and K-values is gradually increasing
going from the finer o the coarser sample.

Not a large difference is recorded, but this is normal, given the fact that all sands are made
by quartz and are tested in column limited in dimensions.
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c¢) Experiment 2: FALLING HEAD PERMEABILITY TEST

Procedure, description and observations:

The procedure is basically the same of the constant head test except the fact that no water
is pumped into the system, and a decreasing Ah as to be monitored.

The water is allowed to flow through the soil specimen. The lower hydraulic head h
associated to the reference outlet device as to keep constant, and so measure of the
progressive decreasing of hydraulic head (at t=t0, t1, t2) can be taken (Johnson et al., 2005).
A high initial water head is preferable, especially in case of expected low hydraulic
conductivities. All the experiments were performed at a constant room temperature (T)
around 23.8°C. A scheme of the experiments is presented in FIG 25.

h() at t(c;

NOTE: Generally it is easy to |

monitor measure of Ah and to h('] ) at t(‘, ‘,
measure the time needed to !
reach them G

—
h constant

| —F

FIG 25 Falling head operational scheme

In the studied case, the reference level was fixed as the bottom of the inlet device used for
constant head test and three different Ah were chosen to be monitored in time: top of
external tube, half tube, tube empty.

The falling head test was repeated only once for each column, and basically it was chosen
not to proceed with other measurement and implementation of the test because the results
were not reliable.
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Calculation:

The formula implemented to estimate the K-values in this case is:

axL h1
K=—m X In( (XLv1)
where a is the inside cross sectional area of the water level monitoring device (mz); hl
equals the distance to bottom of the control-hydraulic head device before the test (m) and
h2 is the distance to bottom of the beaker after a certain time (m). As the cross sectional
area of the water level monitoring device is taken the area of the larger plastic circular tube
minus the one associated to the internal tube.

Results:

Results obtained from the falling head experiments are considered non reliable mainly
because they are not showing any relevant variation between the different granulometries
of sand-samples analysed. Moreover they are not consistent with the one calculated with
the precedent constant head tests.

Given those un-reasonable results together with the fact that this kind of test is mainly
adopted in case of very fine particles (like for silt), which is not this case, it can be concluded
that this falling head method doesn’t work for the studied sands, and so those K-results will
not be taken further into account.
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d) Statistical analysis on empirically computed and measured K

Estimation of hydraulic conductivities of soils in terms of grading characteristics can lead to
underestimation or overestimation unless the appropriate method is used. Differences
between the results given by the empirical formulas and the ones obtained performing the
laboratory tests are presented in statistical way. Mainly considering that the estimations are
used only to have an idea about the order of magnitude of the K that should be encountered
in the following experiences, results are not compared looking at a single unit precision.

Taking as the example the sand type N1, a bars graph reporting all the values associated to
each models computation is done. Each empirical model is associated to the correspondent
researcher(s) name(s) and to a symbolic ID composed by the letter M and a number from 1
to 15, in order to easily see and compare which methods are used in each sand type.
Average (red) and median (blue) values resulting from the analysis are reported as straight
vertical line (FIG 26).

For sand N1 it was decided to compare all the available models because they are all
potentially and theoretically correct for the chosen sample. It can be observed in FIG 26 that
both K-median and K-average values are a bit underestimated, if compared with the one
lately obtained in the lab by the Constant Head Permeability test (Kiapny)= 2.17-4.28 x 10*
m/s).

Same analysis and graphs were done also for the other types of sand, and few general
observation can be pointed out:

- The most accurate results in all case are related to Terzaghi and Chapuis methods,
which were really able to be applied in all type of sands studied and were able to
provide the same order of magnitude ranges founded lately in the constant head lab
tests.

— Overall results showed that the hydraulic conductivities calculated by the Slitcher
method are in all cases lower than from the other methods and from the effective
values determined in lab. As well as the USBR model is providing a good result and
match with the constant head K-estimations, only in case of N5, while for N1 and
1to2 samples is showing too low values and for 3to5 a too large estimation. On the
other hand Breyer formula, Kruger expression and Alyamani and Sen one are correct
only for the finer sample N1, while is relevantly overestimating in all the other cases.
According also to other researches (Hussain et Nabi, 2016), (Vukovic et Soro, 1992)
and (Cheng et Chen, 2007), those methods can be always considered inaccurate.

- Sauerbrey method is mainly effective in case of the intermediate ranges of sand
granulometry studied.

- Hazen formula and NAVFAC one are also providing good results, especially while
referring to the samples N1, N5 and 1to2. A bit overestimation of the 3to5 K is
resulting in both of the cases. On the other hand Kozeny-Carman formula is able to
provide other great results but mainly when the granulometric particle size is a bit
larger.
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— Zunker, Zamarin and Harleman formulas are providing good results mainly only for
N1 sample. Then proceeding to larger grain size the K-values are generally again a bit
over estimated.

- Koenders and Williams formula is contrarily showing more accurate results while
looking at 3to5 sample, and is generally underestimating in the case of finer
granulometries.

Sand N1 (0.1-0.5mm)

MIL5 - MAVFAC DMT Chesnaux i { | 3,62E-04

14 - Chapuis et al. | 1,;77E04

Lig)

W12k - Koendars 2nd Willizms :| 2 48ED
M13z- Koenders and Williams :| 1,B6EDE

M12 - Harleman | 13,0804

W11 - Zamarin 1,53E04
M10 -Zunker : : 3,40E404
WIS - Kruger 6,15E-04
I - Szuerbrey :| E, 9DER5
M7 - Alyamani and Sen i | 1,506-04
M6 - USBR ]?,5554:15
M5 - Terzaghi |11, 30e04

M4 - Slitcher ]3,31935

M3 - Breyer : | 2,35E04

M2 - Kazeny-Carman ]1,0?935

M1 -Hzzzn i |1,54E04

0,00E+00 1,006-0f |2,00604 300604 400604 500604 6,00E-D4

Kaverage = 1.63E-04 m /s o Kempirical (m/s)

ian= 1.356-04

FIG 26 Statistics on NI empirical K-values (all formulas)

All the graphs (similar to FIG 26) for the others sand samples N5, 1to2 and 3to5 are reported
in the Annex V.
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4.5 Effective drainage porosity (nessow) and longitudinal dispersivity (o)

Experiment: TRACER TEST (KCI)

Effective flow porosity and also longitudinal dispersivity can be evaluated by sand column
ideal conservative tracer (behaving like water, and chemically non-interacting with the
system) tests. Once the breakthrough curves from the tracer tests are obtained, and under
several hypothesis and assumptions, the parameters can be evaluated by the use of some
interpretation tools, such as TRAC.

Column conservative and ideal tracer tests were conducted in lab closed-flow experiments
through KCl injections. The samples tested are the same already tested with permeability
tests. The flow was a single-phase flow (only one fluid, water), occurring under saturated
conditions. No additional transport phenomena are added to advection and dispersion
(homogeneity of each sample can in fact be associated to low chemical reactivity).

The columns were set up vertically to provide a vertical flow from bottom to top (against
gravity) driven by a peristaltic pump (WATSON-MARLOW 520S). The peristaltic pump was
taking the water from a tank filled by tap water, and left open in order to have less
variations of pressures, which can influence the pump functioning. This water reservoir was
positioned below the column level (even if it can also be placed above to better simulate
natural conditions).

The experiments were carried out at a constant water in-flow rate of 111.11 mL/min
(provided setting the pump at Q = 580 mL/min). Given that value of flow rate applied, it was
decided only to perform brief injection of tracer, and not continuous one.

Salts can be applied in tracer and ideal tracer tests. A known amount of salt can be added to
a solution injected to a system and measured from an outlet point, by monitoring the
changes inthe electrical conductivity or/and by measuring samples water chemistry
through ion chromatography or other analogue methods. Normally the cations are more
subjected to sorption and other exchange processes, while the anions are the real tracer
detected portion. Mainly selected anions such as Cl(-) and Br(-) are recognised to be
transported un-retarded as conservative tracers (Nowamoooz, 2015).

Saline solutions can be easily and economically monitored by electrical conductivity (EC)
probes and loggers. Unfortunately, the use of EC as a tracer test measure for interpretation
can lead to an erroneous parameterisation of the investigated porous media, mainly because
reactions between solute and matrix are in the majority of the cases a-priori neglected or
underestimated (Nowamoooz, 2015). Furthermore these “low-cost” techniques only provide
information on the total concentration of ions in solution, so to resolve the ionic
composition of the aqueous solution they must be coupled with lab specific analysis.

Here it was used Potassium Chloride KCI, which is a salt easily soluble and globally non-
reacting with quartz sand. In fact, anions Cl- are un-reactive and relatively inert with respect
to quartz at almost neutral pH due to the low point of zero charge of quartz, and since the
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affinity of cations K+ to quartz surfaces is also negligible, it can be assumed that the
subsequent experiments will not be influenced by previous KCl transport (Nowamoooz,
2015). In case of quartz sands, it is in fact demonstrated that the sorption potential of
potassium chloride is relatively low (Knutsson, 1968).

The brief injections were done through the second branch/entrance of an Y-device (FIG 27).
This device was equipped with a cap that could allow to open and close the entrance. Tracer
tests were conducted injecting everytime a solution made by tap water and dissolved KClI:
similar values of concentration and initial EC of the solution, but different mass injected
(following literature examples). Data are resumed in TABLE 10.

The injected volume is limited by the volume of the syringes used to perform brief injections
(maximum of 50 ml or 30 ml). Small losses, due to the injection through the Y-device
(implementing and removing syringe), are already taken into account. After the injection the
Y-device branch is every time re-closed, as it is before, and the water-flow continues until
the end of the experiment. No air should be introduced in the system.

The columns were saturated with tap water and washed in open-flow mode until the EC of
the effluent was stable (generally ranging between 225 and 250 uS/cm, and a bit lower for
the first test, while higher in case of second or third test on the same sample).

FIG 27 Brief'injection of tracer: syringe manually pressed

SAND Mass Injected | Mass Injected Volume Concentration
KCl (g) Cl-(g) injected (ml) (g/L)
N1 7.7 3.7 50 154
N5 6 2.9 45 133
1to2 4.7 2.2 40 118
3to5 3.2 1.5 25 128

TABLE 10 Data of injections on different samples
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The outflow device is equipped with an EC-probe (HACH CDC401 SN180452587016) reported
in FIG 28. The probe was directly connected to a data logger (HACH HQ40d): so the data
were automatically collected and no manual observations and notes were needed. Before
start the recording, the probe was correctly calibrated. Measurements of the electrical
conductivity at the outlet point were taken every 30 seconds and were after used to
estimate the K+ and Cl- concentration. The EC recordings start always some time before the
injection in order to see the stabilization of the system and check the probe functioning.

Samples of outflow-water were taken regularly in order to determine the correlation
between EC values and ions concentration through lab analysis (again FIG 28). In details,
after the injection, and once the EC value monitored by the probe starts to increase, water
samples were taken each time step At of 30sec. Then after the peak, a larger step was used,
such as 3, 5 or even 10 minutes close to the end of the test. Each test is supposed to last
after 1h30min after the injection, so around 2h for each test were taken into account,
including the time to put in place all the equipment and activate the system. Few water
samples were taken also before the injection: they are analysed in order to have an idea
about the background ions concentration values. A fast renewing of the volume that is
sampled is also assured in order to have more reliable results (no influence with previous
volume).

FIG 28 Probe to monitor the EC-values, and water sampling during tracer test

The mixing is supposed to be complete between the injection point and the entrance of the
column: the length of Y device + tubing before column entrance is about 15 cm. If the mixing
is not well provided of course the tracer will mainly pass to only the half side of the column
in which it is injected, but this cannot be eye-visible in case of salts (while it is in case of
fluorescent or coloured dyes).

All the connection tubes (between Y-devices, column in/out, pump) are plastic transparent
tubes, softer than the ones used for the CH tests, and with an internal diameter equals to 8
mm. Especially in the connection between the injection point and the outflow section, the
tubing must be shortened to the possible minimum length (still practical) to avoid a large
impact of void volumes and too long time of delay in the measurement. A scheme of the
whole system is reported in FIG 29.
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When a column should undergo to another test, it is better to let the system running just
with the in-water-flow, in order to really reach the initial EC-value of the previous
experiment. Few times the pore volumes, meaning around 2h and 30min of effective test
after the injection, could be the minimum to completely wash the system and come back to
the initial configuration. Otherwise the background value changes and it must be taken into
account in the interpretation.

EC recording

L]
Samples for lons |_

Concentration

Tracer injection % \
[Pump |

providing mix of the
two flux !

FIG 29 Implementation of tracer test: A) the scheme and B) the practical set up

Pre-dimensioning:

A fast pre-dimensioning of the test was done with the software TRAC (BRGM, 2011), in order
to have an idea about the time needed and the mass of tracer to use. A reasonable and
feasible test, being in the didactic purpose and considering the measures of the studied
system, should show some tracer arrival (beginning of the breakthrough curve) after few
minutes and the return to a value close to the initial reference (i.e. zero in case of zero
background concentration) in few hours maximum.

A comparison between available formulas in TRAC for 1D Brief Injection was done: Infinite vs
Semi-Infinite porous medium (FIG 30). Theoretically, both can be right in the studied case
because, considering the tubing before the column entrance, is not completely true that the
KCl is immediately forced just to move upwards together with the flow. Practically speaking,
the difference in the results is in the first salt detection time and in the shape of the curve:
faster arrival and steeper slopes before the peak are recorded for the Semi-Infinite case.
Thus, this last is chosen as the most representative formula, and the time needed to do the
experiment, injecting an example quantity of tracer, is estimated to be appropriate in term
of breakthrough curve: first arrival in few minutes, peak reached before 15 minutes, and
ending tail of BTC achieved after 45 minutes. Therefore, also the interpretation of all
performed tracer tests was done through the use of TRAC with the Semi-Infinite formula
(good fit of the breakthrough curves was always reached).
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FIG 30 Pre-dimensioning of the KCl tracer test for sand-columns: A) Infinite and B) Semi-infinite (selected)

EC measurements, ions concentration and breakthrough curves analysis:

The probe recording EC values (uS/cm) every 30 seconds for a test duration up to 2hours.
Simply using those measurements in a graph EC vs time, sort of breakthrough curves were
immediately obtained. From those, was possible to observe that, after about 5 minutes the
initial constant values of EC start to increase rapidly reaching a peak, in the interval of time
between 10 and 25 minutes (depending on the type of sand studied, basically quicker in the
case of coarser grains, while slower in case of finer granulometry). The decrease of EC-values
in all the recorded breakthrough curves was always more gradual and after more or less
90min the constant initial EC was re-established.

Given the fact that water samples were regularly taken for each test, a comparison between
the values measured by the probe and the one detected in the lab was done. Bad
correspondence of values is indicating the presence of an error, maybe related to an
incorrect calibration of the probe, or to the presence of precipitate, or even to a not enough
recirculation of the system. This happened in the first test performed in N1 sand. In fact,

81



from lab analysis the results show the presence of precipitate (occurred probably during
transport and handling of samples before the analysis in the lab).

Moreover, another important problem was the renovation of the water within the collected
samples, that was not that efficient. In the following tests in fact, the system was improved
re-positioning the probe and facilitating the water outflow from a first collecting backer.

It is noticed, while collecting water samples that the water was less transparent/clean in
correspondence of higher EC-values, especially in case of sand-column N1 and N5. That
could be associated to the fact that those sands are fine-grained so they have more fine
particles creating turbidity and which increase the value of EC (higher conductivity).

The results obtained by lab analysis confirm the efficiency of the improvement, showing
almost a perfect correspondence, especially in case of test 4 (1to2 sand) and 5 (3to5 sand).
Generally the shape of those obtained EC breakthrough curves become larger but less high
going from finer to coarser sands. To validate lab measurements of concentration of [Cl-]
and [K+], EC lab (T = 25°) and EC probe (T = 23.8°) have been compared (FIG 31 and 32). For
sand 1to2 and 3to5 the match is definitely ok: linear tendency passing through 0, and with R
equals almost one. While for the first test performed on sand N1 was not the case, for the
reasons already cited.

\ ; \
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FIG 31 Correspondence of EC values (Probe vs Lab analysis): sand 1to2 (4) and N1 first test (B)
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FIG 32 EC-Curves comparison between lab and probe measurments after injection: test] Nlsand (4) and test5 3to5sand (B)
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Based on water samples lab analysis results, to really demonstrate that both of ions ClI- and
K+ are representative for this tracer test, a comparison in term of concentrations
breakthrough curves is shown (FIG 33). In all the performed tests it is observed that the
behaviour (therefore the shape of the arrival curve) is basically the same qualitative
speaking. From lab analysis, other data associated to several ions concentration are
available. Comparing them for the four types of sand analysed, a common behaviour was
found: the shapes of the curves displayed over time is always the same. That means that no
interaction between the saline solution injected and the soil analysed took place.

In terms of meq/L, a quantitative, but still not so substantial, difference it is shown. Similar
studies generally report more evidence of this expected difference of ion concentration
(Steyl et Marais, 2014; Mastrocicco et al., 2011). This is due to the difference in the molar
mass associate to K ions (39.0983 g/mol) and Cl ions (35.453 g/mol). The conversion
between mg/L and meq/L is done according to the formula (source http://www.nafwa.org):

meq = mass (g) / atomic weight (g/mol) * valence (/) (XLvin

Cl- vs K+ concentration (meq/L)
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FIG 33 Ion concentration: comparison Cl- and K+ breakthrough curves (sand N1, second test)

The EC profiling should be analogue to the ion concentration breakthrough curve shape.
Therefore a correspondence between the two values was studied: an analogous X-Y graph
was drawn, and the linear relation between [K+] or [Cl-] and electrical conductivities was
pointed out. Normally it is supposed to be a linear relation and through this expression it is
possible to convert the curves. Comparison was done with both the series of data of EC, the
ones measured directly with the probe and the one stated in the lab.
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In case of bad correspondence with probe measurements, only the lab analysis results were
further consider for the interpretation (case of N1 and N5 sands). While when good relations
with the probe recordings were possible, it was decided to consider the larger dataset linked
to probe measures for the generation of more detailed breakthrough curves that can allow a
better parameterization. When this reasonable linear relation is found, it is both for [CI-] and
[K+]. And actually there are not big differences in terms of coefficient of direct proportion:
ranges between 0.22 and 0.29 when concentration values are in mg/L, and 0005-0.007 when
they are expressed in mmol/L (mass concentration x molar mass = molar concentration).
Furthermore, the correlation coefficient R (representing the goodness-of-fit measure
between the observed values of the outcome variable and the fitted ones) is always > 0.95
(FIG 34 and 35).
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FIG 34 Linear correspondence between EC and concentration[K+]: case of sand 1to2
(A;C-EC,Lab vs mg/L, mmol/L; B;D-EC,Probe vs mg/L, mmol/L)
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The easier tests to interpret are the ones associated to the coarser sands, due to the fact
that there is no differences between the restitution curve of EC from the probe and EC from
lab analysis (good linear correspondence, no formation of precipitate supposed). Before the
estimation of flow/transport parameters, a basic analysis in term of first arrival time and
peak are done by the use of Excel, only looking at those breakthrough curves. The
comparison between the four sand-columns is carried on looking at the “At measured
between the first increment in EC recorded and the instant associated to the maximum
peak”. Results are reported in TABLE 11: this At is generally and reasonably larger for finer
sand samples (slower flow, lower permeability) and it is decreasing looking at bigger sand

grains size.

FIG 35 Linear correspondence between EC and concentration[Cl-]: case of sand 3to5
(A;C-EC,Lab vs mg/L, mmol/L; B;D-EC,Probe vs mg/L, mmol/L)
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Measure of EC are taken every 30seconds so, for that reason the time values are
approximated to minutes or half minutes (time estimations can be considered affected by a
small error).

Arrival time of Cl- | Peak time | At (1° Arrival - Peak)

Column | Test ID . . .

(min) (min) (min)
T2

N1 T6 5 30.5 25.5
N5 T3 5 15.5 10.5

1to2 T4 5 14 9

3to5 T5 5 12.5 7.5

TABLE 11 Tracer tests summary of analysis on first tracer arrival and peak time

Given the fact that, the quantity of tracer (in grams) differs from one case to another, the
concentrations are impacted. So the comparison of the breakthrough curves (FIG 36) was
done in terms of concentrations normalized by the injected mass of tracer [mg/(L x injected
mass of tracer)].

While doing this comparison all the tests are analysed starting from the moment of the
injection and as it can be seen the first arrival has always been recorded after more or less 7
minutes.

Comparison of breakthrough curves (different sands)
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1to2 N1
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FIG 36 BTCs normalized comparison between the different sand samples
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TRAC interpretation: parameters estimation

Using TRAC, once the data and parameters are inserted to find the best curve fitting, in the
same time of the breakthrough curve a recovery curve is draw. To do so TRAC is computing
the calculation of this percentage of recuperation rate of each sample taken through the
formula:

N At XqgXC;
=1 Co X Vtracer

TR (%) =) X 100 where N=n° of samples taken (XLVIN)

Where Cg, C; are the concentration at time zero and i, Viracer is the tracer volume. The values
of those recovery rates are always around 100% looking at both investigated ions
concentration. Those estimation of are done according to the roughly estimated volume of
tracer actually injected into the column (obtained by considering the small losses of the
volume of tracer solution remaining in the syringe itself, attached to the walls and the
rubber in the piston, the one remaining in the "Y" after the injection phase, and the one lost
during the removal of the syringe).

While doing the interpretation with TRAC, some hypothesis were taken into account:

- First of all, all tests were interpreted starting from the injection time, so removing the
minutes before the entrance of the tracer in the system, in which only the
functioning of the probe was checked and the system was stabilizing.

- Then it was considered the so called “delay time” associated to the tubing length
which is included in the system to be able to perform injection and collect samples,
and which is enlarging the total length of the water path to reach the collection
point. This time correction was applied simply subtracting from the time measured
by the stopwatch, the time it took the tracer to traverse the two branches of the "Y"
device and the outlet pipe of the column. This was calculated considering the velocity
of the input flow (related to the tube section) and the length of the tubes connected.
Moreover, tubes and valves effects are not negligible, even though their application
is reduced to the minimum. Thus, it is approximately obtained the actual time of
transporting the tracer through the column: knowing the Q;, provided by the pump,
the tubes plus the 2 branches of “Y” plus the valves length (15 c¢cm inlet + 15 cm
outlet) and the tube internal diameter (0.8cm), this time is estimated to be around
12 seconds, rounded in excess to 15 seconds taking in account the time needed to re-
circulate the water at the outlet point (sampling and monitoring point) and the
dispersion.

This time of delay was enough to allow interpretation and good optimization of the
curves (in fact the efficiency coefficient values of all the interpretations are around
0.85 and 0.95, which means quite a good fitting between data and simulated values).

- The length of porous medium was maintained constant: x = 0.38 cm, which is the
entire column length.

- Other constant inputs were the Darcy’s velocity, the mass of tracer introduced
(different for each test and associated to the Cl-).
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Few examples of the graphs produce during interpretation of breakthrough curves with
TRAC are reported (FIG 37 and 38). It must be said that, when low number of samples were
analysed, it was possible to reproduce less defined BTCs, and so a bit less precise parameters
estimation was carried on. That is the case of simulation applied directly to EC lab analysis
data, when no good linear correspondence with probe’s measure was found (coarser sands,
precipitate presence). All the figures are in Annex VI.
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FIG 37 Interpretation of breakthrough curve of Cl- ions concentration (mg/L) in 1to2 sand
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FIG 38 Interpretation of breakthrough curve of CI- ions concentration (mg/L) in NI sand (second test)

All approximations and trials allow to end up with ranges of variation of the investigated
longitudinal dispersivity and effective drainage porosity referred to lightly compacted
samples (results in TABLE 12). Those estimations may vary considering other grade of
compaction.
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In general, the obtained results are considered reasonable regarding the types of material
studied, and are confirmed by the literature. In fact, according to lab studies conducted to
estimate dispersivity, Wierenga and Van Genuchten (1989), and Costa and Prunty (2006),
suggested that, both in saturated and unsaturated soils, the parameter depends on the
travelled distance. In fact, longitudinal dispersivity values found for sandy soil in saturated
conditions are around few cm, similar to what was achieved by Khan and Jury (1990) and
Kasteel et al. (2009), Kanzari et al. (2015).

Looking at the TABLE 12, few things can be highlighted:

- Adjusted nef fiow Values were always << than ny, except for sand 3to5 where neg fiow is
39% and nyo equals 47.6%. This can be justified taking in consideration the size of the
grains (quite big to be a sand) and the relative small dimension of the column system.

- Looking only at nessow ranges, they are consistent for N1, N5 and 1to2 sands, in
terms of scale, from the smaller value of to the larger one. In general the smaller
value is associated to the hypothesis in which all system length from injection point
to recovery one is considered, while the larger one to the hypothesis where only real
column length is taken in consideration, as it is logical. Also an average value is
determined and the scale is again respected. To really understand which is the
correct value for each sand, additional experiments will be helpful. For example a
tracer test in a 3D sand box will return a value which is expected to be within each
range determined and which can therefore help to be closer to the representative
effective value of the parameter (that probably is not the average one).

- The longitudinal dispersivity coefficient o, is gradually changing together with the
increase of granulometric particles size. There is one order of magnitude of
difference between the N-sands and the 3to5 coarser one, as it is also for the
hydraulic conductivity. Dispersivities are known to increase with increasing transport
distance and scale of the experiment. Lateral scale of the experiment is generally
playing a significant role in the determination of this parameter. In coarse-textured
soils, lateral water redistribution may take place across relatively larger distances,
which explains the larger dependency of dispersivity on lateral scale of the
experiment especially in coarse soils (Vanderborght et Vereecken 2007).

Sand-column N1 | Sand-column N5 | Sand-column 1to2 | Sand-column 3to5
K average (m/s) 2.94x 10 8.82x 10 2.13x10° 2.54 x 107
K range (m/s) 2.17-4.28 x10"| 8.14-9.88x10"| 1.82-2.47x10°| 1.17-3.10x10°
o, (m) 0.01 0.013 0.04-0.05 0.09-0.11
Net fiow (%) 20-22 22-23 26 - 30 38-40
Nefs flow AVErage (%) 21.5 22.5 28 39
Neot (%) 44.5 45.2 47.1 47.6

TABLE 12 Summary of estimated parameters by the use of TRAC for all sands tested
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Chapter 4
Modelling of 3D physical sand tank

The 3D physical sand tank is financed by the University of Liege mainly as a teaching support,
in fact it will be used for teaching hydrogeological processes. Thus, pumping test and tracer
test will be implemented such as exercises for students.

In this section, a numerical model based on GMS-MODFLOW-MT3DMS (by USGS, version
1.0, year 2000) of the sand tank is developed in order to simulate water flow and solute
transport within the sand tank previously described in Chapter 2. With this numerical model,
once it is calibrated, it is possible to design different exercises.

The objective of this section is therefore to have a fully functional numerical model of a flow-
transport, ready to be calibrated. Implementation of the conceptual model is provided
together with some useful tips for the model functioning. Problems encountered and points
of attention are highlighted. A sensitivity analysis on the influence of each parameter change
is then performed.

1. Conceptual Model

The numerical model aims to simulate the hydrodynamic behaviour of an unconfined
homogeneous saturated sand aquifer. An unconfined aquifer is defined as an aquifer whose
upper water table is at atmospheric pressure, and so it is able to fall and rise: groundwater is
in direct contact with the atmosphere through open pore spaces of the overlying soil, which,
in this case, is sand.

In this study, only a forward modelling is performed: y = f(x,a) where x, meaning the model
inputs which can be from observations and future scenarios, a, that represents the group of
all parameters, and f model geometry, grids, BC's and initial conditions, allow to determine
y, the ensemble of hydraulic heads and flow. Direct modelling is mainly used for predictions.

[ If sand parameters have to be calibrated, an inverse approach should be used (meaning y =
f(x,a) where system configuration (f and x), observed heads and flow (y) are used to calibrate
a, the ensemble of parameters. The objective is to estimate the input parameters in order to
better characterize the properties of the medium. Calibration is in fact based on the
minimization of the difference between observed data and simulated ones. ]

The constructed model should allow to reproduce and study the reaction of the sand tank
system, once external stresses (pumping and tracer injections) are applied.The first step is to
reproduce a groundwater flow model and then a transport model in which groundwater
fluxes computed in the flow model will be used as boundary conditions to compute tracer
fluxes between cells. Fundamental attention is the choice of cell size and number of layers.
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The conceptual model is upstream of any numerical choice, including the discretization with
a finite difference grid. It translates the reality, which is here the sand box, into a "simplified
system" that will be modelled, through mathematical concepts (type of equations solved,
boundary conditions, etc..). Developing the conceptual model, all the information required
to make the link between the "plans" of the sand tank and its further discretization are
pointed out. Starting from the setup of the sandbox, explanations of how each component
will be considered in the model are given. Then, time scenario will then depend on type of
simulation performed.

Even if the tank is supposed to internally be 1440 mm long x 830 mm thick x 800 mm height,
the portion that is useful to be modelled is only the one really filled by sand (and not all the
box due to flow stabilization and pressure issues). Thus, it was decided to focus on a 1200
mm (length) x 800 mm (thick) x 700 mm (height) package of sand, and two additional line-
column-cells, one at each of the two opposite extremities of the longer side of the tank.
Those last were added in order to allow the prescription of constant heads (water reservoirs)
both in the entrance (up) and in the exit (down) sections.

To avoid problems linked to prescription of constant head lower than the bottom elevation
of upper layer cells, the dimensions of the grid is 1 cm (X) x 1 cm (Y) x 35 cm (Z) cell, for a
total of 19.520 cells in only 2 layers of sand. This grid allows to reduce troubles with code
calculations induced by the presence of dry cells as a consequence of pumping/drawdown.
The dimension of the cells is more accurate in XY plane, instead in Z direction, because the
number of layers is not so important reproducing simulations of steady state flow, basic
pumping and tracer tests, where no variations in K are considered.

In particular, for the FLOW MODEL:

The model aims to reproduce and visualize aquifer behaviour in all directions (vertical,
horizontal and transversal flow components). The porous medium is supposed to be
homogeneous, so even a 2D horizontal model can be implemented. But, choosing to set
more than one layer (at least two), it is more realistic to implement a numerical 3D model,
even if no difference in K should be implemented.

The water flow through the sand tank is performed by creating a hydraulic head difference
Ah between the inflow and outflow reservoirs. During the test, the hydraulic gradient is
controlled using Constant head devices (presented in Chapter 2 and used also in columns
experiments) directly connected through the drainage holes in the two small water
reservoirs at the boundary of the sand tank. At least one well, located in the centre of the
system, is necessary to following reproduce a pumping test.

The BC’s to implement are (FIG 39):

- In the two opposite in/up and out/down sides of the tank, the hydraulic heads set in
the water reservoirs (by the constant head overflow devices) are imposed (Dirichlet).
Those are responsible of the constant flow within the sand. It is important to note
that, while simulating an unconfined aquifer, those hydraulic heads should be
imposed lower than the total height of the sand because otherwise all the system will
be flooded. Therefore not all the sand results completely saturated.
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At the lateral borders, meaning the two sides of the box in which no constant heads
are imposed, no explicit BC is specified. Therefore, no flux (Neumann) is chosen by
default from the software, which is actually the great representation of impermeable
boundaries.

The bottom of the tank is considered impermeable too, therefore again no flux is
automatically imposed (Neumann).

On the top boundary, starting heads should be firstly set equal to the top grid
elevations but once the first flow simulation is run, they can be imposed equals to
the obtained hydraulic heads.

Pumping rate applied (and time of pump functioning) should be also implemented at
the correspondent well and time.

<~

Starting
Heads

Bottom
Holes

. Impervious Boundaries = No
flux {lateral sides and bottom)

FIG 39 BCs of FLOW numerical model of physical 3D sand tank
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And for the TRANSPORT MODEL:

It is used to simulate tracer tests. The injection well is set in the upper side of the system and
the observation well, needed to monitor tracer behaviour, is located down-gradient. The
model derives from the flow one, and so it is again 3D. Thus, it can reproduce more results in
terms of compound spreading.

The BC’s and inputs are:

- Water heads in the two opposite boundaries are taken from the flow model,
together with the flow within the system.

- Hydrodynamic diffusion-dispersion mass flux through the lateral boundaries and the
bottom one, is set equal to zero (Neumann), in order to reflect their imperviousness.

- No background concentrations are imposed in the system.

- The specified concentration injected (Dirichlet) is implemented only at the specific
injection well and at a determined time. In the other parts of the system any
concentration is specified.

2. Numerical implementation

For the construction of the numerical model it is used the code MODFLOW-MT3DS 2000
(Parallel version 1.0), through the interface of GMS 10.3. Explanations on how concepts are
translated into numerical input are given.

The conceptual approach is followed and several coverages are implemented: boundaries of
the system (sand tank + constant head reservoir space), boundary conditions (imposed
heads for flow), sand characteristics (hydraulic conductivity, and in case of transient
variations also specific yield and specific storage), wells and observation points. In this way,
soil characteristics result to be associated only to a polygon (not inserted by the use of the
“material set” tool).

Between the four types previously tested in columns, it is assumed that the quartz sand N5
will be used to fill the tank. An homogeneous and saturated medium is studied. Therefore it
is immediately possible to implement in the numerical model the associated parameters
determined through previous column experiments.

Hydraulic conductivity differences are not specified (not influent in the model functioning)
for sand and constant head reservoirs, neither for the very permeable mesh/material used
to confine the sand and control the flow within the medium, will be represented.
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FIG 40 Conceptual model implementation through coverages in GMS

When implementing well(s), location(s), tube characteristics (screen position) and depth are
specified. To simplify the model, no differences in K between the inside of a well, the plastic
wall of it, and the surrounding sand are also assumed. Furthermore, only punctual wells are
represented (just one-cell-column) even if they normally have a diameter ranging from 1 to
6”’. This strong assumption means that no physical representation of boreholes are
implemented. But it is acceptable because a screen is imposed all along the tube.

Therefore value of K (and also total porosity, effective porosity or specific yield, and storage
coefficient) results to be the same everywhere. For the selected N5 sand those values are:
K = 8.82x10™ m/s, Neor = 45% and Neg fiow = 22 % .

Regarding the FLOW MODEL:

The equilibrium under steady state conditions is characterized by a stable constant flow
imposed by constant head reservoirs, in both the two extremities of the sandbox. Those
water levels are imposed in all the cells of the two line-columns outside the real sand
delimitations. [Note: Given the fact that constant heads should only be imposed in the
extreme sides, the IBOUND array, which is used to identify specified head boundaries,
should be correctly implemented: values in all the grid should be >0 (equals to +1) meaning
that the heads should be computed as part of the simulation, except in the lateral constant
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head sections where values are <0 (equals to -1) because of the 1% type of boundary
condition].

Especially while performing pumping tests, particular attention should be done to face the
problem of having dry cells (too fast de-saturation).

Initial conditions to specify, mainly refers to the hydraulic gradient imposed, the hydraulic
heads resultant from the constant flow, and the specification concerning the pump
functioning (pumping rates and time). The useful packages selected to perform MODFLOW
simulations are listed in TABLE 13. Drain and recharge are not needed.

Packages for FLOW simulations
LPF Layer Property Flow package
WEL Well package
CHD Constant Head package

TABLE 13 Packages implemented in MODFLOW for the flow model

Stresses are defined by the use of stress periods (time interval of input) and each stress
period is divided into time steps (time interval of head calculation). For transient problems,
the final head in each stress period will become the initial condition for the next stress
period. Usually it is run a first steady state configuration, to generate a reasonable initial
condition to begin transient analyses. In these last also the storage coefficient is specified:
the obtained values of S, ranges between 9.8 x 10° and 10* m™, and they are perfectly in
line with the reference of Domenico and Mifflin (1965) and Batu (1998).

To verify if the flow model is providing reasonable results, it is evaluated the Flow Budget:
the % of in-out water losses should be closer to zero, meaning that in and out water flow
should not be substantially different.

Regarding the TRANSPORT MODEL (FIG 41):

Once the flow issues are investigated by MODFLOW, new simulations can be run by MT3DS
to analyse transport mechanisms. Particular attention is put on the condition imposed by the
Peclet number (described in Annex I). According to the parameters determined for N5 sand,
the longitudinal disperivity o, should be set equals to 1.3 cm. But, according to the choice of
having cell size Ax = 1 cm and to the fact that this parameter is really scale dependent, in
order to have more regular BTCs, it is reasonable to set it up to an higher value, such as 10
cm.

The aims of this model is also to reproduce and monitor the variations of tracer
concentrations, after injection. [Note: IC-BOUND array is the visualization of involved cells in
the transport process: all cells are set equals to +1, meaning that they are variable
concentration cells]. Initial conditions to specify are the constant flow heads and the injected
concentrations when and where they are implemented.
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FIG 41 Tracer injection model coverage visualisation (without grid) in GMS

Injections are applied in a well located in a central position close to the higher water level
section of the model: coordinates are x = 0.40 m and y = 0.21 m. The well is passing through
both the layers but injection are performed in the top one. An observation well is then
located down-gradient: coordinates x = 0.40 m and y = 0.61 m. Both elements are visible in
FIG41.

As the tracer is supposed to be ideal and conservative in the simulation performed, no
chemical reactions are specified (therefore this package is not chosen while selecting the
basic transport packages to use for MT3DS simulations), and neither retardation and
degradation are considered. The focus is mainly on advection and dispersion mechanisms.

Between Standard FD, TVD and MOC solution (brief explanations of all methods in Annex 1),
the last one is supposed to be the most representative and reliable one.

In TABLE 14 are reported some information of the solver used, both for flow (MODFLOW)
and transport (MT3DS). Those specifications are implemented in order to reach a more
precise convergence of the models and to not encounter problems on particles number
while simulating transport. To qualitatively check simulation results for transport, it is
reasonable that a certain spreading of the plume will be visualized.
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SOLVER COMPLEMENTARY INFORMATIONSs

PCG package

Head Change Criterion 0.0001
Flow (Preconditioned
Conjugate-Gradient ) Residual Criterion 0.00001
MXPART b f
. (max number o 250000
particles allowed)
NPMAX (max number of 50
particles per cells)
Advection package
NPMIN (max number of )
particles per cells)
Threshol-d relativ.e 0.00001
concentration gradient
Transport
TRPT (ratio between
) ) horizontal lateral- 1
Dispersion package transverse and
(considering sand as longitudinal dispersivity)
structureless, natural,
homogenous, non .
TRVT (ratio between
compacted porous .
. vertical lateral-transverse
medium) 1

and longitudinal

dispersivity)

TABLE 14 Flow (MODFLOW) and Transport (MT3DS) simulation solver characteristics
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3. Simulations performed

The sandbox will normally take time to stabilize in terms of flow, once heads are imposed
(even several hours for a small dimension tank (Chao et al., 2000)). Therefore the first
simulation to be performed consists of modelling a sort of “natural groundwater flow in the
sand tank under a prescribed hydraulic gradient”. The system is supposed to be in
equilibrium. Once the steady state flow is determined, other type of experiences can be
numerically simulated and dimensioned for practical demonstrations. This phase begins with
simple pumping and tracer tests. To do so, different pumping-injection-monitoring wells are
placed in the sand tank.

It is important that all the experiences will be able to be performed in one afternoon, in
order to be practically shown to students.

3.1 Steady state flow

The main objective of the exercise is to set the range of variations of different variables
(mainly flow rate and hydraulic heads) to support the correct dimensioning of experiments
that will be done in the future.

Trial of different gradients is done, in order to find out a maximum flow rate that should exit
the feeding water tank, and thus roughly dimension the circulation pump that has to be
implemented in the system. It is decided to impose three different Ah, from the lower to the
higher heads difference (doubling and tripling the initial one), to compare the Qin/out flow
obtained in each configuration. Results are tabled in TABLE15.

Hup ; Haown | Ah (cm) | Gradient (%) | Qin/out (M*/s)
68; 61 cm 7 6% 2.60E-05
68; 55 cm 13 11% 4.60E-05
68; 48 cm 20 17% 6.75E-05

TABLE 15 Results of steady state flow simulations

As it is expected the flow rate Qin/out value increment is proportional to the increment in Ah.

The maximum flow rate that can be push through the sandbox is not known, but it will be
mostly limited by the device used to set the water levels (feasibility: consistent flow,
reasonable time and visible results) and not primarily by the circulation pump. Furthermore,
if the imposed gradient will be too large, other inflow devices to feed the water tank should
definitely be added (i.e. additional tubes).

So, it will be possible to assume an entering flow rate of 1 or 2 liters per minutes, and that
should also be the maximum pumping rate for the pumping test, otherwise the sand box will
remain empty.
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In conclusion, the imposed heads used also for the following experiences, are 0.68 m at the
entrance (up) section and 0.61 m at the exit section, thus a Ah = 7 cm and gradient of
approximately 6%. The flow rate Qin/out is 2.60 x 10 m"'/s = 1.56 L/min, moving towards
the lower water level (FIG 42).

Head
0.680
0.673
0.666
0.659
0.652
0.645
0.638
0.631
0.624
0.617
0.610

FIG 42 Steady state flow (4h = 7 cm): lateral and top view, grid visualization
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3.2 Pumping Test

Water is pumped from a well in a central position of the sand tank. Therefore, a radial flow
towards the central well is simulated and, starting from a stable water level, it reflects a
change in the shape of the piezometric surface.

Water levels in the model are monitored through control piezometers (graduated tubes)
installed in correspondence of the “holes” at the bottom of the box. [Note: Measurements
on the model dimensions, such as the distance between the pumping well and the outer
edges of the sand, and from the centre of the well to each of the control points, are taken in
order to better quantify the radius of influence and the drawdown].

Basically, drawdown are measures of the water-level response while performing a pumping
test. Generally, an higher drawdown is calculated in correspondence of surrounding
pumping well portion of upper layer. While a lower one is computed in bottom and further
portions. Drawdown (automatically calculated in MODFLOW) have to be really measurable
and visible to have a “useful” experiments to show to students. Therefore, at least those
measures have to be not lower than 0.5 cm.

Critical flow rate and influence radius are important while dimensioning the test: in fact,
based on the position of the monitoring points, it can be determined the pumping rate
which allow to observe a maximum drawdown of few cm at the outermost point (larger
distance from the central well). Few others helpful tips are:

- To set reasonable pumping rate(s) which are not completely drying up neither the
entire system, neither the well itself.

- In all simulations, it must be assured that water level at the extremities of the tank
stays fixed at specified levels (constant head imposed for the steady state flow).

- Two types of tests are performed: the short-duration step test and a long duration
constant test. The last one is called steady-state pumping test, and practically
speaking in the real experiments, it should be conducted at the end of the step-
transient test, once water levels in the manometers are again stabilized (the well
should be rested between the step test and the constant-rate one to allow for the
water level to fully recover the steady state undisturbed configuration). Numerically
speaking, to simplify the implementation, two separate simulation, not influencing
each other, are done.

- Furthermore, the water through the well should not be pumped at a rate higher than
the manufacturer’s recommended capacity for the well screen to avoid damages of
the well itself.

- Attention should be put while determining the optimum pumping rate both for the
constant rate pumping test and the step test: a visible and measurable drawdown
has to be reached, in order to quantify the effect of the experiments (mainly in terms
of drawdown and influence radius). The pumping rate Quump Must be prescribed all
along the pumping well (screen length). Pumping rate references are taken from
similar experiences on physical aquifer models, described by Liu et al. (2007), lllman
et al. (2010), Suski et al. (2010), and Zhao et al. (2015).
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Pumping tests can be implemented both in steady state and transient conditions. For
constant pumping rate long duration test, a steady state problems is enough
representative of the configuration (FIG43): in fact water levels will reach a new
stabilization. While, in case of transient step test, the experiment aims to observe
continuous changes in water levels to monitor the alternance of different transient
and steady state phases (FIG44): here all steps, should be long enough to reach an
equilibrium with the water level imposed.

Original Static
Drawdown  Water Level

Water Depth Below Original
Pre-Pumping Static Water Level (metres)

L ]

h-"'—..,
-

-
-

Elapsed Time Since Start Of Pumping (minutes)

FIG 43 Graph showing the different phases of a constant rate (British Columbia, 2007)
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FIG 44 Pumping step test: typical series of pumping rates (Everett, 1995 modified)
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During the design and implementation of a three STEP PUMPING TEST (F/G45) adopted to
the model dimension (scaled down compared to real aquifer tests), the focus is on step
pumping rates and lengths :

Flow rate (m*3/s)

a)

b)

0,000005 28

0.000010 T

0,000015 Ttotal duration

0,000020

0,000025 T 1

It is chosen to apply three different increasing subsequent pumping rates. This
increment influences a bit the time needed to reach a steady state condition for each
step simulated. Anyway, for this simulation, that time is never overcoming few
minutes. In order, the applied pumping rates are Qlyymp = 5 % 10° m3/s, Q2pump = 1 x
10®° m*/s, and as last Q3,ump = 2.5 x 10 m*/s, which equals the maximum allowed
according to the steady state flow set. [Note: It can be said that while dimensioning
the Quump to apply, it is found that values of the order of magnitude of 10 m*/s are
showing problems linked to flooding/drying of many cells, both close to the well and
far away. For this reason, Q3,.mp value could be considered as “critical” and
maximum to apply to not empty the system.]

While, looking at the steps length, it mainly depends on the number of steps
compared to the total time available for the test (not more than one afternoon, as a
substitution activity of a frontal lesson). Thus, 10 minutes are used as step length.
Ideally, the water level in the well will approach equilibrium at the end of each step,
but this cannot always be achieved. Even if the water level has not reached
equilibrium at the end of each step, but it is still slowly falling, the results from the
test are representative and reliable. The total duration of the experiment includes
also the time needed for the system to re-stabilize the steady state previous
equilibrium.

Qump | (m'/s) | (L/min)
Q1 a1 5.00E-06 0.30
| Q2 1.00E05 | 0.60
Q3 2.50E-05 | 1.50

Q2

Tstep (min) Tstep (s)

10 600

a0/60 | 2400/ 3600

considering recovery of stable flow

Q3

0 500 1000 1500 2000 2500
Time

FIG 45 Step test implemented

103



It is used always the numerical model with 2 layers: results of water head variations,
increasing drawdown and radius of influence are summarized in following figures and tables.
Lateral view are always associated to pumping well position (central section). Figures
concerning drawdown along vertical direction are not presented, because the grid is not
refined enough to represent them correctly.

Head (m}
0.682
0.673
0.664
0.655
0.646
0.637
0.628
0.619
061
0.601
0.592

Well

# Changing
Head
Control

PZ _ _ _

Pumping rate Q1 Pumping rate Q2 Pumping rate Q3

FIG 46 Step pumping test: heads variation

Drawdown (m)

0.001 LSSy SRS P e e e B e RS
-0.0045
0.01
0.0155
0.021
0.0265
0.032
-0.0375
0.043
0.0485
-0.054
Well
4+ Changing
Head
Control
Pz

Pumping rate @1 Pumping rate Q2 Pumping rate Q3

FIG 47 Step pumping test: Drawdown variations
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Only results associated to equilibrium steady state phase are reported. As it is possible to
see, the system is varying with the time and following “steady state” configurations are
reached. The more consistent variation of water levels (FIG46) are recorded while passing
from Q2 to Q3, and generally seems to induce higher heads difference in the down-gradient
portion of the system. In FIG48, it is possible to visualize the variation of the water table
passing from 2™ to 3" step.

Concerning the drawdown, in FIG47 it is reported the correspondent system top view of the
series of variations associated to heads of FIG46. Those drawdown variations allow to better
evaluate the influence radius, and visualize how the pumping test influence is symmetric,
considering the well as the centre of the radial flow. TABLE16 summarises the influence
radius rough evaluation, according to the drawdown quantification for the higher pumping
rate Q3. As it could be seen in FIG47, starting from the Q2, laterally all the system is
involved and the limit is imposed by system dimensions.

He-ad (m}

0.682
0673
0.6564
= 0.655
= 0.646
B 0.637
= 0.628
— 0.619
| 0.6

 0.607
0.592

Pumping rate (12

Well
+ Changing
Head

Pumping rate (3

FIG 48 Step pumping test: water table variation passing from Q2 to Q3
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To estimate the influence radius, control piezometers correspondent to the holes in the
bottom of the tank are considered. Roughly the location of the pumping well and those
piezometers (real diameters influence), is supposed to be referred to few cells surrounding
the center of each specified point.

Inflence Radius (cm) Drawdown (cm)
10 between 4 and 2.5
Q3 30 between 2.5 and 1.5
50 between 1.5 and 0.5

TABLE 16 Step pumping test: influence radius and drawdown for higher pumping rate

Based on those results, also simulation of CONSTANT PUMPING TEST are performed. Results
concerning problems and maximum drawdown values are in TABLE 17. A comparison
between different Quump applied on the 2 layers model is done (additional images of
analogous simulations with the 7-Layers model are reported in AnnexVII: there it is more
visible how the presence of too many dry cells leads to lack of values and troubles on
computation). It can be seen that more variations of head are recorded in correspondence
of higher Quump, as it is reasonable.

According to those results, the pumping rate 2.50 x 10™ m3/s, seems to be again the most
reasonable choice: it allows to register interesting water table variations without reaching
complete de-saturation of any portions of the system. [Moreover, the numerical simulation
is running fast, and computations are not time consuming.]

Qpump (M*/s) | Problem | Drawdown max at control pz

2.50E-04 many dry cell empty system

6.50E-05 around 8 cm

2.50E-05 no dry cell around 3.5 cm

1.00E-05 no dry cell around 1.5 cm

2.50E-06 no dry cell too small, not visible
1.00E-06 no dry cell too small, not visible
2.50E-07 no dry cell too small, not visible

TABLE 17 Different pumping rates applied on the 2 Layer Numerical Model
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3.3 Tracer Test

The majority of tracer tests performed on physical sandy aquifer models at laboratory scale
are used to investigate the effect of travel distance and the longitudinal dispersivity along
the sandy material (Kim et al., 2002). In the studied case, the injection value used are only
trials, and are taken from the literature, looking at similar experiences. They are mainly
related to the substance that is used as tracer, to their detection and solubility limits. Thus
for example in case of fluorescine a reasonable concentration to inject can be considered
100 pg/l = 0.1 mg/l (Jose et al., 2004), for bromide solution and a food colouring dye is 151.5
mg/I (lllman et al., 2012) and for a solution of KCl is around 10 g/L= 10000 mg/L (Kim et al.,
2002).

The purpose is to investigate other groundwater flow and transport properties along the
homogeneous isotropic medium of sand, using a conservative ideal tracer. In particular, it is
chosen again the conservative tracer Cl- , as for the column tests, because it is able to
reproduce water behaviour without activating any chemical reaction within the investigated
sand system. Cl- tracer is delivered as a KCl salt. [Other analogous simulations can be
performed considering substances such as uranine, or other salts with ions non reactive with
guartz sands, such as KBr.]

In all the cases of simulations implemented, the hydraulic gradient imposed in the tank is
around 6%, causing a stable flow of 2.6x10° m?/s. It is used an injected concentration
equals to Cinj = 150 mg/l, in order to achieve visible results in a reasonable and useful time.
The injection flow rate is around 0.01 L/min, which is in line with the experiments founded
in lllman et al., 2012.

Brief injections are associated to an injection time Tyyiet,inj = 10 minutes, while continuous
injections have a Tcontinuousinj = 3 hour (stress periods definition). The duration of the
performed analyses and their relative breakthrough curves BTCs is varying between the
different tests, and it is never overcoming 3 hours. To display a quite detailed BTC, it is
generally chosen to record results every minute.

5 4 25
54 20

15 1

Concentration {mg/L)

10

Corcentration (mgfL)

5

a

0 10 20 30 40 50 60 70 B0 SO0 100 110 120 130 0 10 20 30 40 50 60 70 B0 90 100 110 120°:

Time {min) Time [min}

FIG 49 Examples of results associated to brief and continuous injection breakthrough curves numerically obtained
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FIG 50 is reported in order to show why it is chosen to set up the coefficient of longitudinal
dispersivity to an higher values than the one determined for the N5 sand column-sample,
and why it is used the MOC method. Firstly, using a, = 0.013 m, uncommon and unexpected
curve shapes are recorded, both for TVD and MOC solutions, and both in case of continuous
and brief injection: the main reason could be associated to the cell dimension. In fact,
between Ax cell (0.01m) and the value of longitudinal dispersivity (0.013m), there is a too
small difference, which can produce numerical oscillation and unreliable results. So, finally it
is set o =0.10 m. And it is chosen the MOC method because is quite effective in eliminating
numerical dispersion while preserving concentration peaks (in fact curves are always
reaching a bit higher concentration levels). Furthermore, as it is possible to notice, while
performing the same kind of test and analysing the same minute of time (FIG 50), the MOC
simulation is presenting a smaller plume (in all dimensions) and a slower advancement and
spreading of the tracer.

Continuous Tracer Injection - MOC Continuous Tracer Injection - TVD
25 25 -
20 20
= o
i =]
E 15 - £ 35 1
= =
-] 5
g 5
2 10 ok [
g =
3 3
- neff=0.22 al= 0.013 5 | neff=0.22 al= 0013
neff=022aL=0.1
neff=0.22 al=0.1
1] T T T T T T T T T T T T T T T T T 1 0 T T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 BO 90 100110120130140150160170180 0 10 20 30 40 50 60 70 BO 50100110120130140150160170180
Time (min) Time (min)

Continuous Tracer Injection
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20

15

10 1

Concentration (mgfL)

——MOCneff=022al=0.1

—TWDhneff=022aL =01

D T T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 BO 90 100110120130140150160170180

Time (min)

FIG 50 Comparison BTCs continuous tracer inj (A-MOC, B-TVD, C-Comparison) correcting the value of the dispersivity
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TABLE 18 resumes results of two different tracer tests, according to the implemented

parameters, that could be feasible as experiment/exercise to reproduce in the real sand tank
during lessons.

Tvpe of Test Cinj Tinj First arrival | Peak/Stabilization End

yp (mg/L) | (min) (min) (min) (min)

Brief injection 150 10 25 35 60-70
Continuous injection 150 180 8.5 after 120 180

TABLE 18 Results of main ideal tracer tests with N5 sand

FIG 51 Continuous tracer injection with MOC and TVD advection solution (plume comparison at min 25,red background
corresponding to zero concentration)

While increasing the hydraulic gradient within the system (FIG 52), a faster tracer first arrival
is recorded (few minutes each increment of 7 cm in Ah, following the same steady state flow
simulations presented in paragraph 3.1). In case of continuous injections, the BTC is
stabilizing sooner at a constant value, so the first slope of increasing arrival tracer
concentration is steeper and steeper while increasing the gradient. Analogous results are
registered in case of brief injection, when the peak is reached before and the shape of the
restitution curve is thinner and with a smaller tail. The result is that, while applying larger
Ah, faster simulations, and normally also real experiment, can be generated.
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Continuous Tracer Injection - MOC (increasing Ah)
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FIG 52 BTCs continuous injection simulated applying increment in prescribed Ah (MOC solution used)
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4. Sensitivity analysis

A simple sensitivity analysis on the main parameters is performed and summarized hereafter
by points. Parameters are changed one by one. The study in fact aims to study the influence
of a change in each of the sand characteristics (such as K, nestfiow and a,) on the functioning
of the model and on its reaction to external stresses.

a) First of all a comparison in term of hydraulic conductivity between different types of
sand and also extreme cases (such as the highest 102 m/s for gravel or cobbles, and the
lowest 10™ m/s for unfissured clay) is done.

First of all, changes in K are supposed to reflect variations of the shape of the water
table/surface (FIG52). Given the fact that, K for N5 is really closed to the other ones
determined for the other types of sands, no real differences are visible. By

. . . 1 I
computations, it can be seen that mainly at the order m of mm, those variations really

occur. But even imposing higher hydraulic gradients and flow in the system, those
changes are not really visible.

= S

: fd,
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FIG 53 Change in water surface in relation to variations of K (m/s)

K changes also influence the results of all pumping test. In fact, as it is reported in
FIG53, for the same pumping rate applied, different values of K are associated to
different drawdown (gradual decreasing scale, results in TABLE 19): higher values of K
(as for example Kso5) correspond to smaller variations of hydraulic heads, while lower K
(like Ky1) are associated to larger water level (and water surface shape) variations.

Sand Type K (m/s) Drawdown {cm)
N1 784%10" between 8to0.5 Constant Qpump
N5 3.82 x 10| between 4t00.5 (m?/s) (L/min)
1to2 2.13x107°| lowerthan 0.5 2.50E-05 1.50
3to5 2.54 x 107 lower than 0.5

TABLE 19 Comparison of results of constant pumping rate test due to changes in K value
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Head
0.681
0.671
0.661
0.651
0.641
0.631
0.621
0611
0.601
0.591
0.581

Head
0.680
0673
0.666
0.659
0.652
0.645
0.638
0.631
0.624
0617
0.610

Kni = 8.82x10" m/s
Q=2.5x10"m?/s

Drawdown pja 0.02 m

®

Ksios = 2.54x10° m/s
Q=2.5x10"m?/s

Drawdown p,x 0.007 m

FIG 54 Head comparison while varying K value (A for Kys, B for K3,,5)

Obtained results are reasonable thinking about the meaning of K, directly linked to the
velocity at which the water is flowing in the system: as faster it flow, less variation in

hydraulic heads will be registered, in case of a stable flow system.

Kstos and Kyt are not so different, thus also the drawdown variations are almost the
same. In terms of influence radius an opposite behaviour than the drawdown, is
recorded: in fact, for a fixed pumping rate, while increasing K in the system, the
influence radius is increasing too, even if the difference in water heads is diminishing.

Concerning tracer test simulations, variations of K do not have visible influence on final

results.
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b) Then, only referring to sand N5, a change in the effective drainage porosity is applied.
The main changes in system behaviour are affecting tracer test simulations.
When the parameter ne 0w i Set equals to a lower value (such as 0.5 in FIG54), the
time of tracer first detection is anticipated. Furthermore, the breakthrough curve in case
of continuous injection, is reaching more rapidly the concentration peak values at which
is stabilizing.
On the other hand when nes 0w is larger (such as 0.30 in the same graphs as before), a
delay is recorded in the first arrival time, and also in the curve stabilization (which is also
around lower values).
In the same figure also the comparison of the different BTCs associated to different
Neft flow While increasing from 0.013 to 0.1 m the value of a; are shown: to this last
configurations, more defined and reliable BTCs are obtained.
In fact, in case of MOC solution, less oscillation of values are recorded and differences in
the arrival tracer concentration can be better visualize and monitored (different shapes
and slope).

Different is the case of brief injection: here the restitution curve for lower nefiow is
taller, thinner and it begins many time before the others. For larger nef fiow, the curve is
shorter, wider and dalyed in time. To have an ideas about those time variations it can be
said that for neft fiowns=0.22 (value determined in sand column) the first consistent arrival
is around 9 minutes, while in case of neftfow = 0.05 it is at 2 minutes and for N fiow = 0.30
it is at 13 minutes. In FIG55 it is possible to visualize those changes, also in terms of peak
concentrations.

[Comparison are done also using TVD method: analogous results are obtained. The
graph is shown at the end of Annex VII].
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Chapter 5

Conclusions

The final objective of this work was to carry on all the preliminary studies needed to have a
lab scale 3D sand aquifer that can be used to illustrate different teaching aspects of
hydrogeology: hydrogeological concepts, flow and transport processes, hydrogeophysics,
groundwater modelling etc. To reach that final objective it was needed to proceed by steps :

(1) Firstly to really design and construct the 3D physical model;

(2) Then to select a porous material to fill it and pre-characterize this aquifer material in the
lab (for example by column experiment);

(3) And finally to develop a 3D model at the scale of the physical model as a support to pre-
dimensioning and interpreting experiments.

This was the guiding thread between the different aspects of the work, and to conclude the
main results obtained in each phase are presented while navigating across the different
aspects.

By column experiments, reasonable and logical results were obtained in term of sand
parameters characterization. The main trends highlighted were:

- Generally all values of hydraulic conductivity, total porosity, effective drainage
porosity and longitudinal dispersivity are gradually increasing going from the finer to
the coarser sample

- Only the bulk density is reasonably showing the opposite behaviour increasing while
decresing the granulometry.

This characterization allowed to make the choice of the type of sand to implement in the 3D
tank: N5 resulted to be a good compromise between the four (not too fine to show problem
of filters interferences, neither too coarse and therefore too permeable to simulate real
aquifer example).

Confirmation of this choice comes from the results given by the simulation obtained after
with the numerical model implemented by the use of GMS-MODFLOW-MT3DS. It is a
functional flow-transport model of the unconfined homogeneous saturated sandy aquifer,
able to reproduce and study the reaction of the sand tank system, once external stresses are
applied. Here are briefly summarized few main applications and numerical simulations
performed:

- Firstly a STEADY STATE FLOW : the aim was to set the range of variations of different
variables (mainly flow rate and hydraulic heads) to support the correct dimensioning
of experiments that will be really and physically done in the future. The maximum
flow rate that can be push through the sandbox is not known, but it will be mostly
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limited by the device used to set the water levels or more practically either by the
holes for in/out flow connections.

- Then DIFFERENT PUMPING TESTS: Assume an entering flow rate of 1 or 2 liters per
minutes, it is taken also as the maximum pumping rate for the pumping test,
otherwise the sand box will remain empty. While performing a STEPS TEST: different
increasing subsequent pumping rates Q1 Q2 Q3 are applied. Those steps, should be
long enough to reach an equilibrium with the water level imposed. While, in case of
CONSTANT TEST: only one pumping rate is applied for a longer time. Interesting
water table variations without reaching complete de-saturation of any portions of
the system should be reached. Those experiments were useful also in order to
evaluate drawdown and to estimate the influence radius (control piezometers
correspondent to the holes in the bottom of the tank were considered).

- TRACER TEST, both with brief and continuous injection. Reasonable results in term of
test feasibility in few hours and enough concentration to be detected (clear
breakthrough curves).

Therefore a useful primary pre-dimensioning of experiments was done through the
numerical model implementation.

The following steps are to really activate the sand box and put in practice the experiments to
see and determine the difference with the pre-dimensioning phase. And then the numerical
model calibration and optimization can be done. Once this is achieved, scenarios analysis
could also be performed.

The sandbox physical model is generally classified as a “Prototype Model” (and not a
Reduced one) because no scale computation in term of ratio between tank dimension and
sand grains diameters were carried on. This kind of model aims to reproduce a general
behaviour observed in nature, under certain ranges of conditions. And it can be really useful
to explain concepts behind phenomena.
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Annex 0

Physical model additional images

Additional images related to different configurations available in the field of 2D physical
models are here inserted.

FIG 57 Different examples of 2D physical aquifer model: landfill presence and different geological structures
(https://www.realscienceinnovations.com/groundwater-models.html, consulted in April 2019)

PLATES TO PREVENT QUTFLOW CONSTANT =
SURFACE FLOW HEAD RESERVQIR

INFLOW CONSTANT - EXPOSED SO
HEAD RESERVOIR ~ SURFACE

FIG 58 Sand aquifer for classroom demonstrations and example of streamflow generation (A-Silliman et Simpson, 1987;
and B-C- Rodhe 2012)
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Annex |

Basics of solute transport solving methods used

Solving transport equation is never a simple operation. The presence of both, partial
derivatives of 1% and 2™ order, within the same equation, can cause relevant numerical
dispersion, artificial oscillation and requires more memory and computational capacity.

The majority of numerical methods used to solve advection-dispersion-reaction equations
can be classified as (MT3DMS Manual, 1999):

a) Eulerian, when the transport equation is solved by approximating differential
equations with differential equations (finite differences approximate derivatives). It
has a fixed grid. This approach is mass conservative and offers the advantage of a
fixed grid. It handles dispersion problems effectively, but for advection-dominated
problems this method may be susceptible to excessive numerical dispersion or
artificial oscillation. To overcome it, restrictively small grid spacing and time steps are
generally required. Within those approaches, there are :

1. The STANDARD FINITE-DIFFERENCE METHOD (FD)

The advection term at any finite difference cell, (FIG59) can be approximated by the
concentration values at the cell interfaces. It can be either upstream or central-in-
space weighted. Because of the dual problem of numerical dispersion and artificial
oscillation, the standard finite-difference method is only suitable for solving transport
models not dominated by advection (for example when the physical dispersivity is
large or the grid spacing is sufficiently fine).

Likl g

ik

i+, j, k

i kel e

FIG 59 Cell and its interfaces identification: Standard finite-difference method (MT3DMS Manual, 1999)

Furthermore, concentration calculated at a given node should be more influenced by
concentration at upstream node (considering an advective transport) than by
concentrations at other neighbouring nodes. In eq. (XLIX) concerning the forward
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b)

procedure, o indicates the upstream coefficient (ranging between 0 and 1), that is
generally higher than 0.5 in order to create the upwind weighting. To solve this
equation, the flow direction should be already known.

ax Ax

2. The THIRD-ORDER METHOD (TVD)

It is a solution technique called “Total Variation Diminishing”, which has the property
that the sum of concentration differences between adjacent nodes diminishes over
successive transport steps. This scheme is mainly used to solve advection-dominated
transport problems. In the MT3DMS code is implemented the TVD scheme based on
the ULTIMATE algorithm, Universal Limiter for Transient Interpolation Modelling of
the Advective Transport Equations (Leonard, 1988).

Compared to the standard finite-difference method described previously, TVD is
generally much more accurate in solving advection-dominated problems, although its
greater computational load. On the other hand, compared to some Lagrangian or
mixed Eulerian-Lagrangian methods such as the MOC method of characteristics
(which are explained as follows), TVD is not as effective in eliminating numerical
dispersion while preserving concentration “peaks”. Anyway, TVD mass conservation
property together with smaller memory requirements, make TVD schema other time
the best compromise between the standard finite-difference method and the particle
tracking based Lagrangian or mixed Eulerian-Lagrangian methods.

Flow Ci2  Ciax € i
direction : T :

FIG 60 TVD schema of operation (Dassargues, 2019)

Lagrangian, when transport equations of advection and dispersion are solved
either in a deforming grid through particle tracking, either by random walk method.
This approach provides an highly efficient solution to advection-dominated problems
virtually free of numerical dispersion. However, without a fixed coordinate system,
the method can lead to numerical instability and computational difficulties. Also the
interpolation of velocity needed in particle tracking can lead to local mass balance
errors and anomalies (LaBolle et al., 1996).
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c) Mixed Eulerian-Lagrangian, which attempts to combine the advantages of both
Eulerian and Lagrangian approaches by solving the advection term with particle
tracking and the dispersion-reaction terms with an Eulerian method. However, some
of those procedures, such as the MOC method of characteristics, do not guarantee
mass conservation, and may not be as computationally efficient as a pure method.

3. The METHOD OF CHARACTERISTICS (MOC)

In this operative solution, a set of moving particles are tracked forward during each
time period. An intermediate concentration for cell m, equal to the weighted average
of the concentrations of all particles in the cell, is computed (FIG61). This
intermediate concentration accounts for the effect of advection alone during a time
increment At, and it is used to calculate changes in concentration due to dispersion
and other processes over that time increment.

One of the positive features of the MOC technique is that it can be considered
virtually free of numerical dispersion. On the other hand, the major drawback of the
technique is that it can be slow and requires a large amount of computational
memory when it is necessary to track a large number of moving particles, especially
in 3D. The MOC technique can also lead to large mass balance discrepancies because
the discrete nature of the particle tracking does not guarantee local mass
conservation at specific time step (in MT3DS mass discrepancy is mitigated through
the use of consistent velocity interpolation schemes and higher-order particle
tracking algorithms). When mass balance issues are present, it is more convenient to
the use the TVD scheme or the standard finite-difference method if numerical
dispersion is not a central concern of the investigated case.

FIG 61 Illustration of the method of characteristics (MT3DMS Manual, 1999)

acY - C(vt+At) - C(vt:-At) (L)
ot At
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In eq. (L) the variable CE’;M) represents the intermediate volumetric concentration at
time (t+At) (Zheng, 1990).

All of these three techniques were employed to numerically simulate tracer test
experiments on the studied sandbox, and results have been compared, following
some guideline studies that have compared the performance of these transport
solvers in case of stable systems (Mehl et Hill, 2001; Goswami et al., 2011).

Results that will be lately shown, present differences in the plume monitoring in the
3D investigated configuration. The experiment is simulated using alternatively the FD
method, the MOC or the TVD, always with an homogenous conductivity field. The
first method was never able to produce any kind of reliable results while more
similarities were recorded between the other two techniques.

Peclet and Courant Numbers

Numerical resolution of the transport equation leads to numerical dispersion, roughly
defined as the difference between simulated quantities and real ones. This loss of accuracy is
evaluated through two dimensionless main tools, which influence time and space
discretization:

1) The Peclet Number (Pe) is the ratio between advection and dispersion. It is
simplified and reflects the fact that the cell size Ax should be equal or smaller
than the longitudinal dispersivity a, of the medium. This is necessary in order
to have a gradient between the cells. The formula to calculate this Peclet
Number (Pe) is reported below and it has to be lower than 1 to say that the
model is providing good results:

_ Veppriow X Ax _ Ax (LI)

Pe =
ap X Vesr flow AL

2) The Courant Number (Cr), which concerns the fact that the advection
movement which is taking place during a time step, should be equal or
smaller than the cell size. The formula to calculate it is reported as follows
and to have an acceptable results and minimize the dispersion, it is better to
keep this number lower than 1. This index is automatically set and optimized
by the software once simulations are performed.

Veff.flow X At (L”)

Cr = <1
T Ax <
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Annex Il

Column preparation preliminary stages

Regarding the preparation of the columns, as it was said, several procedures were tested
and progressive improvements were applied to solve the encountered problems.

The first important choice regards the filter: they can be selected differently for each sand
sample, depending on the sands characteristic and feasibility of the experiments. Other
differences between the sequence of trials concern the different procedures applied while
filling each column with sand. Hereafter is presented a brief summary of the trials, together
with problem and improvements.

1 Trial

Filters: it was decided to use for all the samples only a bottom filter composed always by
two porous disks and in the middle four layer of squared net (disposed in four different
orientation in order to have smaller size pores). The four “net-layers” were cut as squared to
easy set the different orientation and to be sure to cover all the bottom of the column, also
having borders fold to the sand sample side. Each portion of the filter was weighted and
taken in consideration during soil bulk density estimation. In the end/top side of the column
a layer of few little stones is disposed to assure that the sands will not move out of the
column during the water circulation.

Filling procedure: all column were prepared filling sand simultaneously with water by layer
of about 5 cm.

FIG 62 Filters bottom of the column. porous disks, net (4 layers to have a more consistent strata- grey in the figure), very
permeable sponge material (black in the figure)

FIG 63 Top of the column: little stones used to keep the sands unable to go out from the system during the experiments
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FIG 64 On left side it is shown the column preparation: first layer of water and then sand added;
On the right picture the final four columns of the first trial is presented

Problems:

- Preferential paths: the water was free to circulate through preferential paths within
the column samples, and those were visible even by eye as holes and channels in the
middle of the sand grains. This phenomena mainly happened with the two finer types
of sands (N1 and N5).

FIG 65 Preferential paths visualization and similar correlated problems

- Finest sands moving and escaping the system, allowing the additional continuous
formation of more water/air layer inside the sand sample within the column
(complete decomposition of the sample). This happened mainly with N1. Therefore
the stones positioned in the upper section are not enough to keep the system stable
when water is circulating (and not only while applying the suction necessary to start
the system).

- The presence of air presence within the samples: bubbles of air trapped in filters and

not displacing when water is provided. This again was mainly a problem linked to the
finer granulometries tested, especially around the bottom filter.
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FIG 66 Sand N1 escaping the system while applying water circulation

w

FIG 67 Air bubbles and channels not filled by water in the finer sand samples plus bubbles of air entering the system
together with water

2" Trial

Filters: for sands 3to5, 1to2 and also N5, only the stones were left, and no filters were
added. While for sand N1, another porous disk in the upper end of the column was inserted
together with four layers of squared net, to allow the sand not to move out and the sample
to be more stable.

FIG 68 Improvement of second and third trial in column preparation: changes in upper filters and hammer use to help air to
exit

Filling procedure: it was decided to open the samples and refill them until the top with
quantity of sands that had left the system in the previous trial. Then all samples were
drained and slowly re-saturated from bottom. Moreover, to help the air displacement, an
hammer was used to shake the sample. So generally more air was exiting the system and
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less bubbles remain trapped. No air was seen in the tubes meaning that the system was
working properly.

Problems:

- Some bubbles of air were still trapped and visible in all the columns, but especially in
N5 and N1, where they were again the cause of preferential paths. While in the other
two samples they were simply not moving so not really influent for the test results.

- Some grains were still going out from the samples: mainly at the beginning of the
connection with the water circulation system for all sand samples, but also after in
the case of N1.

\

FIG 69 Problem of the second trial: still air bubbles trapped and sands exiting the system

3" Trial
Filters: top filters were added in all the configuration, as it is explained:

e) For the coarser sands 3to5, 1to2 and also N5, before the stones, four layers of
squared plastic net with different orientation were introduced (cut in a circular
shape).

f) For N1 the porous disk in the upper end of the column is maintained but coupled this
time with a circular layer of the porous/permeable sponge, to allow the sand not to
exit and the sample to be more stable.

Also the bottom layer filters are modified in all the configurations: in all sample it was
decided to insert two porous stones with the finer permeable sponge (cut in a circular shape
a bit larger than the column shape in order to allow the entire coverage of the section and to
have borders fold to the sand side).

Filling procedure: the columns were prepared with a dry sand and then saturated slowly
from bottom. [In this context, measures of saturation speed, time needed, related to a
specific input flow rate can be taken. They can allow additional estimations of the porosity:
those values can be affected by a large error, due to human evaluations. Anyway the
obtained values were not so different from the ones previously shown.
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Problems:

- Presence of air bubbles inside the samples, but not moving (immobile). For that it
was considered not to be a real problem for parameters estimation tests. In fact to
eliminate all the air is almost impossible without appropriate devices (such as void
pump) because even during days of system inactivity, some reaction will occur within
the water (especially because it is not pure water the one used but is the one coming
from the sink), and liberation of air will constantly take place.

- Furthermore with the sponge as bottom filter it can happen that some grains will
undergoes the porous disks and cause effect in the flow. This mainly happens while
putting water before the sand in the column.

FIG 70 Third trial characteristics (filters details)

4" Trial

The main difference of the fourth and the 3™ one is the compaction applied while filling the
columns. And the fact that for the coarser sample 3to5 sand column basically nothing
change from the first set up for the bottom filter: 2 porous stones with in the middle the 4
nets. While for the other three samples and all the upper filter all was kept as same as it was
set in the third trial.

Details and observation on this 4™ Trial are already discussed in the paragraph concerning
the column preparation final set up.
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Annex Il

Empirical formulas for K estimations: observations

For the computation of K- values by the chosen analytical relationships, some common
inputs are necessary (summarized in TABLE 20). The kinematic viscosity is obtained as a ratio
between dynamic viscosity or just viscosity and water density. In general, standard values
associated to a 20° temperature are considered and approximated.

INPUT FOR EMPIRICAL CALCULATION FOR ALL SANDS

0 kinematic viscosity
{m2/s)

g (m/s2)

p water (kog/m3)at T
of 20°

[ viscosity (kg/m s) at
T of 20°

0.000001

9.81

1000

0.001

TABLE 20 Constant Inputs of empirical formulas (source: https://www.engineersedge.com consulted in April 2019)

Finally, TABLE 21 reported below, resumes the empirical formulas and the results for each
column of type of sand tested. The researchers names are sometimes highlighted in green
just to put in evidence the formulas founded in several other studies of hydraulic
conductivity estimations linked to granulometry, while dealing with sands.

ResearcherlOrganization

Year

K formula

Specimen [gradation]

K empirical
[mis]

Hazen

1892

K=6x10"%x

pxg

u

% [1 +10(n - 0,26)] x Df,

N1(0.1-0.5 mm]}

1.94E-04

NS [0.5-1mm])

2 56E-03

W2 (1-2 mm)

8 90E-03

315 [3-5.6 mm]

4 82E-02

Kozeny-Carman

1927-53

K=8x10"%x :

pxg

x[

n? o
Y Y D_
(1 —n}-]x 10

N1(0.1-0.5 mm]}

1.07E-05

NS [0.5-1mm])

1.10E-04

12 (1-2 mm)

3.22E-04

315 [3-5.6 mm]

1.44E-03

Breyer

1964

K =6x107%x 2 x log=> x D, with 1<Cu<20

N1[0.1-0.5 mm)

2 35E-04

N5 (0.5-1mm]

4 20E-03

12 (1-2 mm)

1.81E-02

315 [3-5.6 mm]

1.51E-01

Siltcher

K=10"%x

pPxg
M

Xn>287 x DI

N1(0.1-0.5 mm]}

3.31E-06

NS [0.5-1mm)

3.71E-05

12 (1-2 mm)

1.15E-04

315 [3-5.6 mm]

5.53E-04

127




pxg ., M—013, o 2 N1(0.1-0.5 mm) smooth 1.20E-04
K=107x 10" x L x (3 2% Dy, sandswith smooth grains
i S5 H v N5 [0.5-1mm] coarse 7.40E-04
K=61x10"3 x 22y fi_g): x Df, sands with coarse grains W2 (-2 mm) coarse 2.18E-03
VT=w
* 315 [(3-5.6 mm) coarse 8.90E-03
N1(0.1-0.5 mm]) 7.55E-06
( g .. PXg 23 NS (0.5-1mm] 176E-04
USBR 1951 K=48x107"x *x D3y
" W2 (1-2 mm] 9.02E-04
35 (3-5.6 mm] 1.13E-02
N1(0.1-0.5 mm) 1.50E-04
N5 (0.5-1mm) 3.76E-03
Alyamani and Sen 1993 K = 1300 x [Iy + 0,025(Dgq — Dyg)1?
W2 (1-2 mm] 1.50E-02
315 (3-5.6 mm] 1.35E-01
N1(0.1-0.5 mm) 8.90E-05
X n® N N5 (0.5-1mm) 8.53E-04
Sauerbrey 1932 K =375x10"% St B9 E—=31% D5
" {(1-—n)* W2 (1-2 mm]) 2. 40E-03
315 (3-5.6 mm]) 1.14E-02
N1(0.1-0.5 mm]) 6.15E-04
e LB - 2 N5 (0.5-1mm] 8.05E-03
Kruger 1918 K=435x 107 x——x——=xDj;
po (=n) U2 (1-2 mm) 2.88E-02
315 (3-5.6 mm]) 1.82E-01
N1(0.1-0.5 mm] 3.40E-04
x n - - x n % -
K =Czu x it ) * ( ) xDp=24x% 1073 x i ) % (; )* x Dy N5 (0.5-1mm] 4.44E-03
Zunker 1932 H 1-=m Iz 1-n
W2 (1-2 mm]) 1.59E-02
for uniform sands with smooth and rounded grains
35 (3-5.6 mm] 1.00E-01
N1(0.1-0.5 mm]) 1.53E-04
. X n? . N5 (0.5-1 mm] 1.67E-03
Zamarin 1928 K=864x107x (1275 - 1502 x =L x [——]x D},
poo-m) 2 (1-2 mm) 5.07E-03
35 (3-5.6 mm] 2.38E-02
N1(0.1-0.5 mm] 1.08E-04
. ® 3 N5 (0.5-1mm) 1.30E-03
Harleman 1963 K =654 x107% xp g % Diy
W2 (1-2 mm) 7.76E-03
39 (3-5.6 mm]) 6.57E-02
N1(0.1-0.5 mm] 1.86E-05
N5 (0.5-1mm] 9. 79E-05
W2 (1-2 mm]) 3.06E-04
Koenders and Williams 1992 K L X e )2 % D2 ith X = 0,0035 + 0,0005 315 (358 mm) S
i =—w X x —_— - u X=0, +0,
v RS en e, WAL N1(0.1-0.5 mm) 2 4BE-05
N5 (0.5-1mm) 1.31E-04
W2 (1-2 mm) 4 .08E-04
315 (3-5.6 mm]) 194E-03
N1(0.1-0.5 mm]) 177E-04
3475 b N5 (0.5-1 mm) 1.09E-03
Chapuis et al. 2005 K =12199 x e DIL;M
(1—=n)i= W2 (1-2 mm]) 2.54E-03
315 (3-5.6 mm] 8.19E-03
N1(0.1-0.5 mm]) 3.63E-04
N5 (0.5-1 mm] 3.38E-03
NAVFAC DM7 Chesnaux 2011 F — 027272 w ( 11 331917
K =02272 % (1,772189 x 10'1) 1= x [(Dy,) ] U2 (1-2 mm) 8.43E-03
315 (3-5.6 mm] 197E-02

TABLE 21 Summary of all empirical computation formulas and results
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Annex IV

Constant Head Permeability Test Results

Each estimation of a K value is associated to a precise type of sand and the sample studied.
The sample associated at each trial are called Sample 1, 2, 3, 4 and the majority of results
reported hereafter refer to the fourth one, which is the best one. But it is possible to point
out that, except from some values reported in red (associated mostly to sample one and
two, the worst set up), the others are really close one to each other, within each sand type.

Furthermore for each test the variable typical value to insert as input in the K Darcy’s
formula are reported: they are the outflow rate Q and the constant head difference. The two
constant inputs are :

- The length of the column 36 cm because over the total of 38 cm, 2 cm of filters were
considered and excluded for the implementation
- The areal section of the column equals to: m(10/2)* = 78.5 cm?

Average K values are also reported and a reasonable scale is resulting: larger values are
associated to the coarser type of sands, and gradually they are decreasing going to the finer
sample.

Hydraulic conductivity average (m/s)
N1 N5 1to2 3to5
2.94E-04 | 8.82E-04 | 2.13E-03 | 2.54E-03

TABLE 22 Average K values from CHPT
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CONSTANT HEAD METHOD

Sample Sand type Testn® LR Q(t) out L/s | Ah top-top (cm)
(m/s)
Sample 1 Test 1 4.28E-04 6.77E-3 72.5
Sample 2 Test 2 3.84E-04 6.07E-3 72.5
Sample 3 N1 (0.1-0.5 Test 1 2.64E-04 3.00E-3 52
Sample 4 mm) Test 2 2.45E-04 2.78E-3 52
Sample 4 Test 3 2.25E-04 2.82E-3 57.5
Sample 4 Test 4 2.17E-04 2.72E-3 57.5
Sample 1 Test 1 3.30E-04 3.10E-3 43
Sample 2 Test 2 5.20E-04 5.50E-3 48.5
Sample 3 Test 1 8.14E-04 7.68E-3 43
Sample 4 R Test1 8.99E-04 1.11E-2 51.5
Sample 4 Test 2 9.88E-04 1.12E-2 51.5
Sample 4 Test3 8.83E-04 8.19E-3 42.5
Sample 4 Test 4 8.65E-04 8.02E-3 42.5
Sample 4 Test5 8.43E-04 1.06E-2 57.5
Sample 1 Test 1 2.47E-03 1.05E-2 19.5
Sample 1 Test 2 2.16E-03 9.20E-3 19.5
Sample 2 Test3 5.20E-04 8.79E-3 48.5
Sample 3 1/2 (1-2 mm) Test 1 1.99E-03 1.65E-2 38
Sample 4 Test 2 2.05E-03 1.16E-2 26
Sample 4 Test3 1.82E-03 7.96E-3 20
Sample 4 Test 4 2.30E-03 1.13E-2 22.5
Sample 1 Test 1 2.12E-03 9.00E-3 19.5
Sample 1 Test 2 1.17E-03 1.02E-2 40
Sample 2 Test 1 3.53E-03 1.04E-2 13.5
Sample 2 3/5 (3-5.6 mm) Test 2 3.00E-03 8.85E-3 13.5
Sample 3 Test 1 2.93E-03 1.28E-2 20
Sample 4 Test 2 2.92E-03 1.27E-2 20
Sample 4 Test 3 3.10E-03 1.52E-2 22.5

TABLE 23 Resume of the principal and most representative values for each sand type studied
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Annex V

Statistical analysis on empirical K

In this Annex are shown all the statistical graphs related to the empirical evaluation of K, for
sand type N5, 1to2 and 3to5 (cited in Chapter 3).

There are always two different graphs for each sand type because a selection of the greater
estimations was done. The first is reporting the analysis comparing all the models computed,
while the second is referring to the operated selection. The criteria to chose the
representative formulas for each type of sand are in line with what is reported in Hussain et
Nabi (2016) studies.

Each empirical model is associated to a symbolic name composed by the letter M and a
number from 1 to 15, in order to better see and compare which are used in each sand type.

Average (red) and median (blue) values are reported as straight vertical line. The Lab
experimentally determined K values are respectively ranging between:

Kns)= 8.14-9.88 x 10 m/s
Kitoz)= 1.82-2.47 x 10° m/s

K(3tos)= 1.17-3.10 x 10> m/s

Generally the value determined by the Constant Head Permeability Test (reported above) is
a bit closer to the median, while the average is always a bit higher.
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M15 - MAVFAC DM7 Chesnaux
I14 - Chapuis et al.
M12b - Koenders and Williams
MM13a- Koenders and Williams
M12 - Harleman
M11 -Zamarin
M10-Zunker
M9 - Kruger
ME - Sauerbrey
M7 - Alyamani and 5en
MG - USBR
M5 - Terzaghi
WK - Slitcher
M3 - Breyer
M2 - Kozeny-Carman

M1 - Hazen

Sand N5 (0.5-1mm)

8,05E03
03 4 00ED32 6,00E-03 B8,00E-03
Kaverage =2.07E-03 mfs = Kempirical [m/s)

FIG 71 Statistics on N5 empirical K-values (all formulas)
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Sand N5 (0.5-1mm)

M15 - MAVFAL DM7T Chesnaux

M14 - Chapuisetal.

M12b - Koenders and Williams

4,44E03

M10 -Zunker

ME - Sauerbrey

hIE - USER

M5 - Terzaghi

M2 - Kozeny-Carman

M1 - Hazen

0,00E+00 1)00E-D3 2,00E03 3,00E-03 4,00E-03

@ Kempirical [m/s)

Kmedian=8.53E-04 m/s Kaverage = 1.50E-03 m/s

FIG 72 Statistics on N5 empirical K-values (selection of representative results)
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Sand 1to2 (1-2mm)

M15 - MAVFAC DM7 Chesnaux
h14 - Chapuis et al.

M13b - Koenders and Williams
M13a- Koenders and Williams
M12 -Harleman

M11 -Zamarin

M10 -Zunker

2

NS - Kruger JBBED2Z
ME - Sauerbrey

M7 - Alyamani and 5en
b6 - USBR

M5 - Terzaghi

I - Slitcher

M3 - Breyer

M2 - Kozeny-Carman

M1 -Hazen

3,00E-02

0,00E+00 1,00E-02 2,50E-02

2,00E-02

1,50E-02

Kaverage = 7.32E-03 m/s = Kempirical (m/s}

FIG 73 Statistics on 1to2 empirical K-values (all formulas)

134




Sand 1to2 (1-2mm)

M15 - MAVFAL DMT7T Chesnaux

M13b - Koenders and Williams

M13a- Koenders and Williams

M14 - Chapuisetal.

M12 - Harleman

M11 - Zamarin

ME - Sauerbrey

M5 - Terzaghi

M2 - Kozeny-Carman

M1 - Hazen

0,00E+00 2,00E-0; 4 hoE03 6,00E-03 8,00E-03 1,00E-D2

= Kempirical [m/'s)

KEmedian= 2.47E-03 m/s  Kawer 3.B3E-03m/s

FIG 74 Statistics on Ito2 empirical K-values (selection of representative results)
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Sand 3to5 (3-5.6mm)

M15 - NAVFAC DM7 Chesnaux
M14 - Chapuisetal.
M13b - Koenders and Williams

13z - Koenders and Williams
12 - Harleman
M11 - Zamarin

M10-Zunker
M3 - Kruger | 1,82e401
B - Sauerbrey

M7 - Alyamani and Sen
hi6 - USBR

MG - Terzaghi

I - Slitcher

M3 - Breyer

M2 - Kozeny-Carman
M1 - Hazen

0,00E+00 1,00E-01 1,50E-01 2,00E-01

Kaverage = 4.82E-02 m s @ kempirical (m/s)

FIG 75 Statistics on 3to5 empirical K-values (all formulas)
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Sand 3to5 (3-5.6mm)

14 - Chapuis et al. B,19E03

M13b - Koenders and Williams

M13a- Koenders and Williams

M5 - Terzaghi 8,90E-03

M2 - Kozeny-Carman

0,00E+00 2,00E-032 4,00E0R 6,00E-03 8,00E03 1,00E-02

O Kempirical [m/'s)

Kmedian= 1.94E-03 m/s

Kaverage = 4.39E-03 m/s

FIG 76 Statistics on 3to5 empirical K-values (selection of representative results)
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Annex VI

TRAC interpretation graphs

Representative graph obtained by TRAC interpretation done on the tests performed are
reported in this section. Interpretation graphs are done also for K+ ions concentration, even
if Cl- is the tracer consider as reference. That’'s because not substantial differences were
found in recovered concentrations and so neither in the final results.

For each case are reported correspondent values of

- oy (longitudinal dispersivity)
- Nefifow (effective drainage and flow porosity).

Test T3 —Sand N5 : [CI-]

Concentration (mgl) =Tracer retrieved (%)
}1 0%
8E3- =
m) =0.01

Legend: o ( ) 0.013
BE3 -

Breakthrough spots of tracer arrival » Neff, flow (') =0.22
A Best fit parameters curve = 409G
2E31 5 Cumulative tracer restitution curve — Lo

0 - i T . : r—t 0%
] 10 20 30 40 U i H
Time (mn)

Test T3 — Sand N5 : [K+]

Concentration (mal) = Tracer retrieved (%)
11 Q0%

BE3- o, (m)=0.013
Legend:

6E3- Neff flow (-) = 0.23
Breakthrough spots of tracer arrival »

i Best fit parameters curve = -40%

2E34 Cumulative tracer restitution curve — F20%

- — — - r—r0%
0 30 40 B0 Bl
Time{mn)
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Test T4 — Sand 1to2 : [Cl-]

Concentration (mgl)

=Tracer retrieved (%)

s 100%
4 0E3 o
3.5E3 L d

egend.
3,0E3 o, (m)=0.04
2.5E34 Breakthrough spots of tracer arrival =
2,0E3 Neft flow (-) = 0.27
15631 Best fit parameters curve
1.0E3 -U Cumulative tracer restitution curve — Lanag
] I ' T C%
H 10 20 30 40 50 60
Time {mn}
Test T4 —Sand 1to2 : [K+]

Concentraion (mol = Tracer retrieved (%)

. 100%
40E3{
3 6E3 1

Legend: o, (m)=0.05

J.0E3 T
jEE;- Breakthrough spots of tracer arrival = Neff flow (_) =0.27

1.8E31 \

1,0E3
0 _y

Cumulative tracer restitution curve —
-, |

Best fit parameters curve —

H 10

Test T5 — Sand 3to5 : [Cl-]

Concentration (mgl)
1,76E3 7 A
1,50E3 1

1,28E3 1

20

F20%0

30 40 50
Time {mn}

0%

=Tracer retrieved (%]

Legend:

1,00E3
750 1
500 1

2507

Breakthrough spots of tracer arrival »
Best fit parameters curve =

Cumulative tracer restitution curve -—

Time (mn)
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Test T5 — Sand 3to5 : [K+]

Concentration (mgl) —Tracer retrieved (%)
100%
1,75E3 1
1,50E3 Legend: o (m)=0.11
1,26E3 A
Breakthrough spots of tracer arrival = —

1.00E3 ik neff,flow (_) - 0'40

7504 Best fit parameters curve ——

500 Cumulative tracer restitution curve —

260 4

D T T T T
0 10 30 40 5O BO
Time {mn}

Test T1—Sand N1 : [CI-]

Concentration (mglL)

M

=Tracer retrieved (%)

]:1[)!}%

1,0E4 e
o, (m)=0.01

BE3 Legend:

BE3 - Breakthrough spots of tracer arrival = neff,ﬂOW (') =0.22
4E3- Best fit parameters curve = - A0%

Py Cumulative tracer restitution curve - Lo

= ” i ' - ' 1 — 0%
H 10 20 30 40 50 &80
Time (mn)

Test T1 —Sand N1 : [K+]

Concentration (mgl)

=Tracer retrieved (%)

. 100%
1,0E4
BE3 Legend: a. (m)=0.01
FERA Breakthrough spots of tracer arrival = Nef flow (_) =0.21
4E3 Best fit parameters curve =
Cumulative tracer restitution curve =
2E34 F20%
H : t - : T = 0%
g 10 20 30 40 B0 60
Time {mn)
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Test T2 —Sand N1 : [CI-]

Concentraton (mol)

=Tracer retrieved (%)

T’I’DD“.-‘E
1,0E4 —
Legend: o, (m)=0.01
BE3
— Breakthrough spots of tracer arrival = neff,flow (_) =0.20
Best fit parameters curve =
4E3 1
2E3 Cumulative tracer restitution curve - Lo
L
o T . T 1 T T T T T 0%
i 10 20 30 40 S &0 70 iH o0
Time (mn)
Test T2 —Sand N1 : [K+]
Concentration (mgl} =Tracer retrieved (%)
1,2E4- v : F”‘D"""
1,0E4 {:\ ~ o ]
Legend: o, (m)=0.01
8E3 1
— Breakthrough spots of tracer arrival = Neft flow (_) =0.22
Best fit parameters curve —
4E3 1
2E3 Cumulative tracer restitution curve = Selya
o S p— - T T T T T 0%
] 30 40 i &0 TO 80 o0
Time (mn)}
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Annex VIl

7 layers model: Constant pumping test results

In this section firstly are reported some results of simulations of Constant pumping test
performed on the 7layers model, applying different values of Quump.

It is highlighted the presence of dry cells, which is reflecting some reasonable lack in
computation of drawdown.

Numerically speaking, it is not a real problem, but it is not necessary for the purpose of the
presented analysis.

But looking at the real practical application, it will create more variations in the real system,
which will then take more time to re-stabilize and be used for other experiments.

FIG 77 Seven Layers model: central lateral section of water heads, while applying Qp, = 6.5x1 07 m’/s
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DRAWDOWN
0.002
-0.0025
0.007
00115
D016
0.0205
0025
0.0295
0.034
-0.0385
0043

FIG 78 Seven Layers model: drawdown while applying Qpm, = 6.5x1 07 m’/s

0.69

0.673
0.656
0.639
0.622
0.605
0.588
0.571
0.554
0.537
0.52

FIG 79 Seven Layers model: central lateral section of water heads, while applying Qpumy = 1x1 0 m’/s
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FIG 80 Seven Layers model: water head and relative drawdown, while applying Qpm, = 1x1 0% m’/s

FIG 81 Seven Layers model: central lateral section, while applying Qpum, = 2.5x1 0* m’/s
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Talking about the sensitivity analysis concerning change in the effective drainage
porosity, the correspondent graph drawn for MOC solution is done also for TVDin case
of continuous injection. A good match between correspondent MOC restitution curves
can be done.

Continuous Tracer Injection - TVD (n q,.,)

25 4

20 A

= n eff = 0.05 al=0.013
= eff = 0.30 al= 0.013
=—n eff = 0.22 al=0.013
= eff =0.05 al= 0.1
= eff = 0.30 al=0.1
neff=0.22alL=0.1

Concentration (mg/L)
[y
wu

10 A

O T T T T T T T T T T T T T T T T T 1

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Time (min)

FIG 82 BTCs for Continuous tracer injection TVD (changes in nyyand o)
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