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Paper

Short review of some methods for groundwater flow assessment in

fractured rock masses

Breve revisione su alcuni metodi per I'analisi della circolazione idrica negli ammassi rocciosi

fratturati.

Paola Gattinoni, Laura Scesi

Riassunto: La circolazione idrica negli ammassi rocciosi fratturati
costituisce un elemento chiave nella risoluzione di molti problemi tipici
dell’ingegneria civile and ambientale. Tuttavia, gli acquiferi in rocce
fratturate sono storicamente meno studiati di quelli nei mezzi porosi,
in parte perché sono considerati meno rilevanti dal punto di vista della
ricerca idrica, in parte perché gli ammassi rocciosi sono un mezzo estre-
mamente complesso (eterogeneo, anisotropo e discontinuo), e quindi la
loro modellazione & pit dispendiosa e comunque piu difficile. Questo
articolo propone una revisione delle ricerche nazionali e internazionali
sul tema della circolazione idrica negli ammassi rocciosi fratturati. In
particolare, vengono affrontati i principali aspetti connessi alla rico-
struzione del modello concettuale, con riferimento principalmente alle
rocce fessurate e in parte a quelle carsiche, per poi discutere criticamen-
te la scelta dell’'approccio di modellazione pit adatto, anche attraverso
esempi applicativi.

Abstract: Water flow in fractured rock masses is a key issue in many typical
environmental and engineering problems. Still, aquifers in fractured rocks are
devoted much less attention than those in porous media, as they are considered
less important from the point of view of water research, but also because rock
masses are a very complex medium (heterogeneous, anisotropic and discontinu-
ous), and therefore its modelling is a quite hard task. This paper proposes a re-
view on recent researches concerning groundwater flow in fractured rock masses.
In particular, the main issues involved in the reconstruction of the hydrogeologi-
cal conceptual model are addressed, mainly for fissured and partly for karsts
rocks, and the following choice of the most suitable modeling approach is criti-
cally discussed, through applicative examples.
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Introduction

Groundwater flow in fractured rock masses occurs through
a system of “vacuums” connected to cooling phenomena,
stratification, schistosity, fractures and faults of tectonic
origins, karsts phenomena, etc. (Fig. 1). These discontinuity
networks divide the rock mass in portions of intact rock and
the water flow results strongly influenced by the geometric and
mechanical characteristics of those discontinuities. Therefore,
knowing their features and distribution is fundamental
to model the groundwater flow in rock masses and then to
solve the related applicative issues, such as tunnel inflow
assessment, slope stability analysis, protection of mountain
springs, etc.

(a) (b) ©)

Fig. 1 - Typical examples of fractured rock masses characterized by different kind of
discontinuities: (a) schistosity, (b) fractures; (c) cooling cracks

Fig. 1 - Esempi tipici di ammassi rocciosi, caratterizzati da diversi tipi di discon-
tinuita: (a) scistosita, (b) fratture; (c) giunti di raffreddamento.

Many Authors already demonstrated that the permeability
of fractures can be orders of magnitude higher than the matrix
rock blocks (Scesi and Gattinoni 2009); as a consequence, the
hydraulic behavior is neither homogeneous nor isotropic and
the water flow is controlled by the fracture network and in
particular by:

* joint dip and dip direction (Kiraly et al. 1971; Louis
1974),

* joint features (i.e. aperture, filling, roughness; Snow
1969; Scesi and Gattinoni 2007),

* fracturing degree (i.e. joint spacing, frequency and per-
sistence; Lee and Farmer 1993; Min et al. 2004),

* discontinuities connectivity (Long and Witherspoon
1985; Rouleau and Gale 1985; Meyer and Einstein 2002),

*  lithostatic load (mainly depending on depth), which can
bring about great changes of the joints aperture (Bandis
et al. 1983; Bai et al. 1999; Liu et al. 2000).

This paper intends to review and synthesize some researches
on the topic of groundwater flow in rock masses starting from
the evaluation of the hydraulic conductivity, passing through
the definition of the conceptual model and the following
choice of the numerical modeling approach. The focus of the
paper is mainly on fissured rock masses, but the applicability
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of the proposed methods to karsts rocks is also shortly
addressed, with reference to the behavior of dominant karsts
networks and the surrounding annex-to-drain system. After
a discussion of the main theoretic aspects, some examples are
proposed and discussed, showing the main differences among
continuum, discrete and combined approaches.

Hydraulic conductivity assessment

Usually, the groundwater flow in fractured rock masses
is ruled by the orientation and hydraulic features of
joints. Therefore, for the conceptual model definition it is
fundamental to carry out geostructural and hydrogeological
surveys at different scales (Table 1): at regional scale it
is important to verify the stress field that generated the
fractures, as it can affect their hydraulic behavior, as well
as to identify the regional groundwater flow system; at local
scale, the geological-technical and hydrogeological studies
are aimed at defining the main hydrogeological parameters
(i.e., the groundwater level) and the hydraulic features of
discontinuities.

Surface data should be integrated through in-depth
information, arising from drillings and geophysical surveys
(for the in-depth reconstruction of the fracture zones), as well
as from in bore-hole permeability tests.

In a non-saturated rock mass, the water flow inside
discontinuities is ruled by gravity, therefore water tends to
flow in depth following the dip direction of discontinuities,
especially the ones with high hydraulic conductivity. The
water percolation goes on till it reaches either a water table (in
that case, a flowing condition occurs in the saturated medium
that is ruled by the hydraulic gradient of the aquifer) or an
impermeable layer acting as a bedrock (Fig. 2). Afterwards,
saturated condition occurs and the groundwater flow is ruled
by the hydraulic gradient between recharge and discharge
zone.

To determine the hydraulic behaviour of fractured rock
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masses it is important to take following elements into

consideration:

e the permeability of the single discontinuity set, mainly
depending on its aperture and roughness;

e the number and interconnection among the sets,
depending on their spacing and persistence;

e the orientation of each set that rules the hydraulic

conductivity tensor.
Hydraulic conductivity along a single discontinuity set

Recharge zone

Non-saturated
conditions

Saturated
conditions

Discharge zone

No-flow
conditions

Low permeability bedrock

Fig. 2 - Example of percolation (in non-saturated condition) and flow (in saturated
condition) in a fractured rock mass (drawing of Giuseppe Maserati, modified from Scesi
et al. 2015).

Fig. 2 - Esempio di percolazione (nel non saturo) a filtrazione (nel saturo) in un
ammasso roccioso (disegno di Giuseppe Maserati, modificato da Scesi et al. 2015).

The hydraulic conductivity value for a single smooth joint
and in laminar flow condition can be expressed as:

_re_ge M
12n 120
where ¢ (m) is the joint mean aperture, g (ms™@) is the
gravitational acceleration and N (kg/ms?), ¥ (kgm?),
L (m?s!) are respectively the dynamic viscosity, the specific
weight and the kinematic viscosity of the fluid.
If the flow regime (laminar, turbulent, and inertial) and

Tab. 1 - Surveys and analysis for the hydrogeological characterization of fractured rock masses at different scales.

Tab. 1 - Indagini e analisi per la caratterizzazione idrogeologica degli ammassi rocciosi a diverse scale di lavoro.

Characterizing factors

Surveys and analysis

Large scale

Local scale

Joints

Analysis of the regional tectonics for
stress field reconstruction.
Photointerpretation for master joints
orientation.

and

Laserscanning for frequency

persistence

In situ geologicial-structural survey

(orientation, spacing, aperture,
persistence, roughness, etc.).
Geophysical surveys for in-depth

analysis of fracture zones.

Hydraulic conductivity

Hydrogeochemical survey (e.g., tracer

tests or depletion function of springs)

Structural data elaboration (for surface
evaluation).

In bore-hole permeability tests (for in
depth evaluation)

Water table and gradient

Discharge points (i.e., springs)

Piezometers
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the joints’ roughness in terms of relative asperities height
are taken into consideration, the equations to determine the
hydraulic conductivity are listed in Table 2. In this way, it is
possible to apply this approach for the hydraulic conductivity
assessment not only to fissured systems, but also to karst ones,
where a shape roughness is usually present and the regime is
quite often turbulent.

Joint  roughness the aperture of
discontinuities and its influence increases as the aperture
gets smaller. Various studies were carried out mesauring

reduces effective

how roughness and fracture apertures variations affect water
flow; they highlighted that rouhness and undulation of the
discontinuities walls determine points of contacts and rock
bridges that can be modelled through various statistical
distributions of joints apertures. In the presence of rough
joints, the application of a load can also considerably affect
the permeability values of the joint; actually, dilatancy
phenomena determine variations of the hydraulic aperture of
the joints that are strictly correlated to those of the mechanic
aperture.

In the applied geology field, in order to determine the
hydraulic conductivity of a rock mass, the joint roughness
becomes crucial only if the height of asperities is rilevant
when compared to the joint aperture. That means working
generally in relative roughness ¢/Dh > 0.033, corresponding
to inertial flow.

To consider spacing and frequency, Snow (1970) proposed
following relation that is true for smooth joints and laminar
condition:

e fe
k=10 @

where f is the frequency (m™). Obviously, also in this case
it is possible to obtain different formulas for all flow regimes,
like in Table 2.

Interconnection among sets of discontinuity

A further aspect to consider for describing the hydraylic
behaviour of fractured rock masses is the degree of
interconnection among the different discontinuities; actually,
if fractures are independent from each other, they behave
as isolated bonds that do not contribute to the shift of
the fluid mass. On the contrary, if the discontinuities are
interconnected, hydraulic conductivity is influenced by all
discontinuity families present in the rock mass and the water
flow follows a real flow network formed by a series of bonds
connected to each other.

Rouleau and Gale (1985) proved that interconnection
(I;)) between two discontinuity families may be expressed
as a function of other parameters characteristic of the same
discontinuity families, such as orientation, spacing and
persistence:

I, =%sin v ©)
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Tab. 2 - Relations for the hydraulic conductivity in different flow regimes. Re = Reyn-
olds Number, € = asperity heigth, Dh = 2e (reprinted by permission from Springer
Hydrogeology Journal - modified from Gattinoni and Scesi 2007).

Tab. 2 - Relazioni per la valutazione della permeablita nei diversi regimi di
moto. Re = numero di Reynolds, € = altezza delle asperita, Db = 2e (ristampato
col permesso di Springer Hydrogeology Journal - da Gattinoni e Scesi 2007,

modificata).
Uni fl
Condition Flow law 5 nitary ow
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where /; e 5; are respectively the length (m) and the average
spacing (m) of the 7 discontinuity family, whereas Y, is the
angle between the two discontinuity families. In general, it
happens that:

L= )
If m represents the number of discontinuity families inside
the rock mass, the comprehensive interconnection of the 7
discontinuity family is given by:

Ii — i Iij iij
J=1

O

Naturally, when I; increases, the load of the ith discontinuity
family increases from the hydraulic point of view. The unit is
assumed as the limit value of the interconnection index I;:

e if[; > 1, the ith discontinuity family is interconnected
with the rest of the discontinuous system;

e if[; < 1, the ith discontinuity family is isolated from
the rest of the discontinuous system.

Some Authors (Shante and Kirkpatrick 1971; Gueguen
and Dienes 1989) developed the percolation theory to
calculate the hydraulic conductivity depending on persistence
and interconnection. According to that theory, single
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discontinuities in rock masses are assimilated to bonds with
finite length, whose hydraulic conductivity is a function of the
aperture, whereas their intersections create the “percolation
site”.

The hydraulic conductivity therefore depends on the
percolation frequency Vv (-), as follows

_Anve'r’ gp
15s° v ©

where ¢ is the effective aperture (m), » = 2L/m, with L (m)
equal to the average discontinuity length (Phal 1981), s is the
average discontinuity spacing (m); p and v are respectively
the fluid density (kgm™) and dynamic viscosity 1 (kg/m's™),
and g the gravity acceleration (ms™).

k

The hydraulic conductivity tensor of fractured rock
masses

The anisotropy of hydraulic conductivity of fractured
rock masses is mainly affected by orientation and number of
fracture sets (Rong et al. 2013).

To take into account the orientation of the discontinuities,
the hydraulic conductivity is expressed as a tensor (Kiraly et
al. 1971);

?=i[(@f -g-fl.)+12u]Ai
= @)

where K is the conductivity tensor (m/s), g the standard
gravity acceleration (m/s?), v the water kinematic viscosity
(m?s1), ¢ and f; respectively the average discontinuities
aperture (m) and frequency (1/m) of the ith family; m is
the number of discontinuity families, 4 =(7-n®n) the
orientation tensor, with 7 equal to the fundamental tensor
(identity matrix) and 7 equal to the normal vector to the
mean plane of the discontinuity set.

The tensor thus obtained can be used as representative of
the hydraulic conductivity of the rock mass considered as a
continuum even if anisotropic medium (Fig. 3). The geometric
mean of the three main components of the tensor can be used
as representative of the equivalent hydraulic conductivity (Ke)
of the rock mass considered as an isotropous medium (Louis
1974):

Ke = (K; K, K3)'? ®)

In order to verify this hypothesis, it is necessary to define
the Representative Elementary Volume (REV), that is the
minimal volume to take into consideration to study the
hydrogeological features of a rock mass, such that the medium
can be considered sufficiently homogeneous and isotropic
(Bear 1972). In a rock mass, the REV must contain all the
discontinuity families and therefore it can change, according
to the fracturing degree, from 1 m? to 10° m® (Fig. 4) Recent
researches have shown that the REV size is mainly influenced
by trace length, spacing and number of fracture sets (Rong
et al. 2013).
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As a consequence, for domain dimension smaller than the
REV, the water flow in fractured rock masses is ruled by the
hydraulic conductivity of the single fractures, whereas for
domain dimension wider than the REV, the rock mass can
be assimilated to an anisotropic continuum and the tensor of
the hydraulic conductivity can be considered representative
for the groundwater flow reconstruction.

Fig. 3 - Examples of joint nerworks, with the corresponding permeability ellipses in a
vertical plane. K; and K are the main hydraulic conductivity components (reprinted by
permission from Springer Hydrogeology Journal Gattinoni & Scesi, 2010).

Fig. 3 - Esempi di reticoli fessurativi con le corrispondenti ellissi di permeabilita
nel piano verticale. K; e K, sono le due componenti principali della permeabilita.
Ristampato col permesso di Springer Hydrogeology Journal, da Gattinoni & Scesi
(2010).

1 Mm?

im 1000 m

Fig. 4 - Examples of rock masses having different REV: () fissured rock, (b) fractured
rock, (c) karstic rock (modified from Civita 2005).

Fig. 4 - Esempi di ammassi rocciosi caratterizzati da diversi REV: (a) roccia
intensamente fessurata, (b) roccia fratturata, (c) roccia carsico (da Civita 2005,
modificato).

Hydraulic conductivity from in situ tests

At small scale, the most common in-situ tests for estimating
the hydraulic conductivity of rock masses are pumping tests
(Maréchal et al. 2008; Van Tonder et al. 2002) and Lugeon
tests (Lugeon 1933). These areborehole tests allowing
to obtain an isotropic equivalent value of the hydraulic
conducitvity. Kazemi (1969) proposed a method to estimate
the main hydrogeological parameters of dual permeability
aquifers, whereas for anisotropic aquifers the most commonly
used methods have been developed by Papadopulos (1969),
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Hantush (1966) and Neuman et al. (1984).

Recently, some researchers have tested inferred
thermography for the study of rock masses, proving that their
cooling behaviour is related to their degree of fracturing and
then to their hydraulic conductivity (Pappalardo 2018).

At large scale, hydraulic conductivity can be determined
using hydrogeochemical methods, based on the water
residence time (Edmunds and Smedley 2000; Tweed et al.
2005) or on the use of artificial tracers (Vigna 2001), which
also helps in the definition of the hydrogeological conceptual
model.

The hydrogeological conceptual model

The starting point for reconstructing the hydrogeological
conceptual model is the geological model, as it rules the type
of aquifer and the presence of aquicludes or aquitards (see for
instance La Vigna et al. 2013), the permeability distribution,

and then the groundwater flow path (Fig. 5). As far as this

latter is concerned, the trend of the groundwater table must

be defined as well as the hydrogeological balance at the scale

of interest. At this aim, the boundaries of the groundwater

basin should be identified, as:

e impermeable (aquicludes):  very
permeability rocks, which prevent the water exchange;

e discharge or recharge boundaries: surface water bodies
which supply (or are supplied by) the groundwater;

e flow boundaries: groundwater divides.

Once, the hydrogeological basin has been characterised in
term of geological setting and main flow path direction, the
hydrodynamic features of the aquifer must be quantified. At
this aim, the development of a hydrogeological conceptual
model in a rock mass requires the knowledge of the geometry
and orientation of the rock joints at the scale of interest (Table
1). Based on the features of the joints previously described

boundaries low

Porosity permeability

® Bore-holes
- Impermeable areas
®  Springs
=7 MEDIUM-HIGH: coarse-grained fluvial deposits
) (pebbles, gravels, sands}), debris slope, travertine A SanRocco Wells

B MEDIUM-LOW: siltyisandy lacustrine deposits 294.2 Piezometric level (meters as.l.)

80
_____ Isopiezometric lines
Fracturing permeanbility F

VERY HIGH: limestones with widespread Nain divsction. of groundwater flow

karstic landforms or cataclastic bands 900m a'a.]. Gortour ine of e

"7 top of Marly Clay Unit (inferred)
HIGH: (Majelica, C and Calcirudites
I vith Fucoides, Detritic Shales, Crystalline Limestone,
Calcarenites with Large Foraminifera)

MEDIUM: marly limestones
\; {Marly Clay Unit) g

Il Lo marls and claystones (Laga Formation)
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=== Fault (inferred)

—&-=4QOverthrust

* Reverse fault (inferred from geophysical surveys)

—— Syncline

[ | cataclastic bands.

Areas with widespread karstic landforms

Fault

Fig. 5 - Example of hydrogeological map, in
which the type of permeability (and then the
type of aquifer) and the main groundwater
flow direction is defined (Biava et al. 2014).

Normal fault (inferred from geophysical surveys)

Fig. 5 - Esempio di carta idrogeologica,
nella quale vengono definiti i tipi di per-
&5 A N meabilita (e di conseguenza la tipologia
m W+E di acquifero), nonché le direzioni di flusso
s principali (Biava et al. 2014).
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(mainly on degree of fracturing and persistence), three mean

kinds of flow network can be identified (Fig. 6):

e Dominant drain: the rock mass is characterized by
a low fracturing degree and a main joint set rules the
groundwater flow (such as many kasrst systems), whereas
the other minor joint sets have low persistence and do not
contribute to the flow; in this case, there exist in the rock
mass main flow paths;

®  Multiple drains: there exist two or three well developed
joint sets, having a good persistence and connectivity;
therefore, the groundwater flow takes place in a wide and
articulated network of fractures;

e Dispersive structure: in the rock mass doesn't exist any
main flow path, as the rock mass is characterized by a
high degree of fracturing with several persistent and well
interconnected joint sets.

In the first case, the flow is certainly ruled by the joints
features, whereas in the third one the rock mass can be
studied as a continuum. The second case can be assimilated
to both a discrete network and a continuum. In this case,
the definition of the hydrogeological conceptual model has to
consider the following aspects:

*  the work scale (Bear and Berkowitz 1987);

® the fracturing degree (e.g. the REV),

* the changing of fracturing degree in the space, in
particular with depth.

As regard the work scale, in a near and very near field the
water flow generally occurs inside a single fracture or in a
small number of well defined fractures, whose shapes and
position are known, and that may also be reconstructed with
a statistical approach (Dershowitz and Einstein 1988; Min et
al. 2004 and references therein). For problems on lower scales
(far and very far field) equivalent porous media approaches

DOI: 10.7343/as-2018-342

can generally be applied. Obviously the choice depends not
only on the work scale, but also on the fracturing degree of
the rock mass (La Poine et al. 1996) that defines the REV.
Also the anisotropy of the rock mass permeability is scale
dependent: the larger the observation scale, the more isotropic
become the permeability (Yang et al. 2017).

In addition to the work scale and the fracturing degree,
in the conceptual model definition it has to be taken into
account that experimental observations show a reduction
of the frequency of fracturing as depth increases, linked
with a reduction of the aperture of joints (Snow 1969). This
determines an often quite relevant decrease of the effective
fracture porosity with depth, with a correlated decrease of the
permeability. In reality, the definition of the trends in depth
of the above mentioned geometric features of discontinuities
is often quite difficult and experimental tests carried out
by different Authors during the years have often provided
contrasting results. According to some Authors, for examples,
beyond a superficial unit of weathered rock, where the
fracturing frequency is higher, permeability remains almost
constant in depth (Raven and Gale 19706); permeability
changes should therefore be linked to aperture changes more
than to variations in the intensity of fracturing, even though
the presence of wide open joints in depth is not uncommon,
with extremely variable permeability values that could not be
easily reproduced by means of empirical laws, in particular
when depth exceeds 500 m (Brace 1980).

On the basis of the previously described information for
modelling purpose, the rock mass domains can be classified
as (Fig. 7):

e Poorly fractured rock: the corresponding conceptual
model is a continuum model, in which an equivalent
hydraulic conductivity or the corresponding tensor has to

Concentration

Time
c
L2
E
I
[+]
o
" Time
s Fig. G - Flow network typology in rock masses: (a) dominant
E drain, (b) multiple drains, (c) dispersive, with the correspond-
E ing tracer response functions (modified from Vigna 2001 ).
S SR Fig. 6 - Tipologie di reticoli fessurativi con le relative
funzioni di risposta dei traccianti: (a) a dreno dominante,
Tiveg (b) a dreni multipli, (c) dispersiva (da Vigna 2011, mo-
dificata).
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be defined for the different homogenous zones;

e High-density fracture network: it can be idealized as both
a single continuum or a double continuum, according to
data availability;

e Dominant single fractures: the corresponding conceptual
model is a discrete fracture model, in which joints
features and distribution have to be well known;

¢ Dominant single fractures in addition to rock matrix: it
can be idealized as both a double continuum model or a
combination of continuum and discrete fracture model,;
in the latter case, characterization of both continuum
and joints features are needed, in addition to an exchange
function

Conceptual model

Modelling approach

Poorly fractured rock

Continuum
model

High density fracture
1
}“ - 7 \‘ % Double
b3 TENE e continuum
A J'r/ model

Dominant fractures + rock matrix

Discrete model

+ continuum
model

v

Dominant fractures

=t =

Discrete model

v

Fig. 7 - Classification of the conceptual models and the corresponding modeling ap-
proaches.

Fig. 7 - Classificazione del modello concettuale e corrispondenti possibili ap-
procci modellistici.

From conceptual to numerical modeling

As far as groundwater flow simulation is concerned, in the
last decades numerical models have become very useful tools,
in which the fundamental flow equations are solved on the
basis of known boundary and initial conditions. Obviously,
the first step of the modelling procedure, after the conceptual
model definition, is the choice of the general equation
describing the phenomena, i.e., the choice of the modelling
approach.

Different numerical strategies have been proposed to
model groundwater flow in fractured rock masses, among
which the continuum based models have been widely used.
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In that case the fractured rock mass is simplified either as a
single continuum (representing homogenized features of both
fractures and matrix blocks), or dual continuum (consisting of
two ovetlapping media with different hydraulic properties).

When dealing with an equivalent continuum (porous
media) approach, there are two key parameters that should
be determined: the REV size and the equivalent permeability
tensor. The existence and size of the REV directly determine
the applicability of the equivalent continuum approach, and
the permeability tensor characterise the flow parameters.

However, REV do not always exist in naturally fractured
rocks. Thus, discrete models have to be developed to simulate
each individual fracture. They can fall into two categories
depending on weather they neglect the permeability of the
rock matrix (Discrete Fracture Models) or they account the
matrix flow together with the fracture flow (Hybrid Models).

The choice of the most suitable model in a specific case
study depends on the previously defined conceptual models.
The choice whether to use the one or the other method is
made also on the basis of the available geological-structural
data and the work scale, always considering that the results
provided by numerical modeling may contain errors linked
both to the limited ability of the model itself to represent the
real geological structure and to the difficulty of characterizing
the discontinuity network at the required scale.

Continuum models

The continuous approach is based on the REV, which
assumes the existence of a threshold size, over which the mean
hydraulic properties of the rock mass reach a stable value. As
a consequence, continuum models with equivalent properties
are efficient for large-scale numerical simulations.

When the medium is considered a continuum, it is possible
to use the models able to solve the fundamental equation of
flow in porous media.

One of the most used numerical code is Modflow
(Harbaugh et al. 2000), which solves the flow equation in
3-D through a finite difference method at central cells. At
this aim the domain is divided with a mesh, having cell of
dimension larger than the REV. As the presence of extended
shear zones highly conditions the groundwater flow, the
continuum models have to keep into account the presence of
these structural features that represent basic elements in the
ruling of groundwater flow. To solve the problem, boundary
conditions have to be defined: constant head, constant flux or
head depending on flux. Generally, the results obtained from
the application of Darcy’s models underline how strongly the
model calibration is influenced by the dimension of the cells
used and the availability of field measures.

Previous Authors demonstrated that the distributed
parameter approach of the equivalent porous media can be
successfully used to simulate large scale groundwater flow in
a fractured-karstified aquifer (Fig. 8), especially when:

e the fracture/conduit systems supplying the spring are
fairly uniform and well interconnected (Croci et al. 2003;
La Vigna et al., 2016);
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e the objective of the model is to simulate spring discharge
(Scanlon et al. 2003; Francani and Gattinoni 2010);

e only data on spring discharge are available for model
calibration (Angelini and Dragoni 1997).

(a) (b)

M T W |

0.0001
1¢-005
1e-006 [1e-006
1007 [1e-007
00012 0001
0.00012 |0.0001
1.20-005 [1e-005
1.26-006 |1e-006
\L.2e-007 110007 |

(c) (d)

Fig. 8 - Example of continuum numerical model of a fractured rock mass: (a) planar

0.0001
16005

view of the domain, (b) cross section view, (c) hydraulic conductivity values (in mls), (d)
modelling results (modified from Croci et al. 2003).

Fig. 8 - Esempio di modello numerico continuo applicato ad un ammasso roccio-
so fratturato. (a) planimetria del dominio, (b) vista in sezione, (c) valori di perme-
abilita (in m/s), (d) risultati della modellazione (da Croci et al. 2003 modificato).

Discrete models

The continuum approach is no longer valid if the system is
studied on a detailed scale, as this scale requires discrete flow
models. This implies the need to generate a discontinuity
network and to apply the appropriate boundary conditions to
it, in order to decide which are the most suitable numerical
techniques for the flow forecast. Discrete models developed
both in two dimensions (Robinson 1982) and in a three-
dimensional field (Dverstorp and Andersson 1989) explicitly
simulate the flow of each single discontinuity using, for
example, the Navier-Stokes equation (Bear 1993), Kirchoff’s
laws for electric circuits (Kraemer and Haitjema 1989) or the
model with hydraulically connected circular disks (Cacas et
al. 1990).

The huge amount of fractures in a model often make
numerical simulations impractical, therefore some Authors
(Ren et al. 2017) recently proposed an equivalent density-
reduced discrete fracture network modelling method.

In that field, the application of numerical models with
distinct elements arises particular interest; they can analyze
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the groundwater flow both in a two-dimensional and a three-
dimensional field, coupled with the geomechanical analysis.
The calculation scheme starts from the water pressure within
the single joint, which can bring about a change in the
joint aperture, depending on its mechanical properties. The
joint permeability is calculated through the Snow equation,
as depending on the hydraulic joint aperture, which in
turn depends on the surface aperture plus a joint normal
displacement due to the mechanical effects. Afterwards,
based on the joint permeability and the water pressure, a flow
rate is calculated along the joints and then into the nodes, in
order to obtain water pressure changes and then the cycle goes
on until convergence is reached.

Obviously, such an approach requires the availability of
high quantities of data and, as a consequence, it was used
more often for the study of tunnel inflows (Molinero et al.
2002).

For example, Gattinoni and Scesi (2010) proposed an
example of tunnel inflow assessment in a small diameter
tunnel, located at a medium depth within sedimentary
rocks. The tunnel was divided into hydrogeological and
geo-structural homogeneous stretches and for each one the
hydraulic conductivity tensorand the corresponding equivalent
hydraulic conductivity were calculated based on the geo-
structural survey (Fig. 9). The hydraulic conductivity ellipses
in the vertical planes orthogonal to the tunnel direction, show
a considerable anisotropy. For each homogeneous stretch a
discrete model was used to assess tunnel inflow.

The simulation was compared with results of different
approaches:

* traditional analytic equations, in which the tunnel inflow
assessment is based on the equivalent hydraulic conduc-

tivity of the rock mass;

8 ' 7 , 6 I 5 .
Fig. 9 - Geological cross section along the tunnel (shown as the dark line). The blue line
is the water table. The numbers 1-8 indicate the homogeneous stretches in which the tun-
nel was divided, for which the hydraulic conductivity ellipses (in the plane orthogonal to

the tunnel axes) are shown (reprinted by permission from Springer Hydrogeology Journal
Gattinoni & Scesi 2010).

Fig. 9 - Sezione di previsione di una galleria (in nero, mentre in blu & indicato
il livello piezometrico). I numeri da 1 a 8 indicano i tratti omogenei per i quali
sono state ricavate le ellissi di permeabilita (nel piano verticale ortogonale all’asse
della galleria). Ristampato col permesso di Springer Hydrogeology Journal, da
Gattinoni & Scesi (2010).
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* 3D continuum groundwater flow modelling, in which
the tensor of hydraulic conductivity is considered, as-
similating the rock mass to an anisotropic and heteroge-
neous continuum.

The results obtained with the different approaches were
then compared with the tunnel monitoring data, arising from
the flow rate measured in the tunnel channel at different
tunnel distances. The results comparison (Fig. 10) showed that
the continuum hypothesis (which is at the base of Goodman’s
analytic equation) brings about highly overestimated values
of the tunnel water inflow, especially in that sections where
the rock mass anisotropy is higher, with maximum hydraulic
conductivity in the direction close to the vertical.

3,06-02
2,56-02
% 2,06-02 =Q Goodman
s 1,56-02
é = 0 MODFLOW
E 10602
g soe03 =QUDEC
3
-
sl R E TR
-5,0-03

Homogeneous stretches

Fig. 10 - Comparison between the observed tunnel inflow with tunnel inflow obtained
through different approaches presented in Figure 10: Goodman's analytic equation
(Goodman et al. 1965), Modflow equivalent continuum numerical model, UDEC dis-
tinct element numerical model.

Fig. 10 - Confronto tra le venute d’acqua osservate in galleria e quelle stimate con
diversi approcci presentati in Figura 10: la formula analitica di Goodman et al.
(1965), il modello continuo equivalente implementato in Modflow e il modello
numerico agli elementi distinti implementato col software UDEC.

Combined approach: dual porosity and dual
permeability models

Dual porosity models (introduced by Barenblatt et al. in
1960) try to combine the simplification of Darcy’s models
with the complexity of discrete models, taking into account,
at the same time but still separating from one another, the
water flow within intact rock (primary porosity) and that of
the discontinuity network (secondary porosity). Actually, in
dual porosity models, equations are used that can rule both
continuous and fractured media, among which flow exchange
at the interface is possible (Fig. 11). Generally, dual porosity
models are used to simulate the flow and transportation of
contaminants (Bai et al. 1997, Moutsopoulos et al. 2001;
Alboin et al. 2002) as these elements may have relevant
interaction with the rock matrix, mainly in relation to
the propagation and dispersion of the contaminant. Some
limitations of dual porosity models are represented by the
little realistic adoption of a very simplified geometry of rock
masses and by the fact that the advection in the rock matrix
is generally neglected.

The delay in the hydraulic response of rock masses, well
described by the dual porosity models as a consequence of
the high storage coefficient of the rock matrix, is often
influenced also by the presence of small but very frequent
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Exchange zone

Matrix

Fracture

Fig. 11 - Flow exchange between rock matrix and fracture in combined approach (draw-
ing of Giuseppe Maserati, from Scesi et al. 2015).

Fig. 11 - Scambio idrico tra matrice e frattura in un approccio combinato (dise-
gno di Giuseppe Maserati, da Scesi et al. 2015).

fractures in the rock matrix, especially in the nearby area of
the master joints (Fig. 12). Therefore, rock matrix achieves
a not negligible permeability with the possibility of local
flow and water exchanges with the master joints. In this case
“double permeability models” can be more useful to better
describe the phenomena.

For instance, the Conduit Flow Process package
implemented in Modflow 2005 allows to perform dual
permeability simulations, with a combined approach,
overlapping a continuum medium with a discrete network.

K= 0,000 mis
§=001

Fig. 12 - Example of conceptual model of a dual permeability system (drawing of Gi-
useppe Maserati, modified from Scesi et al. 2015), characterised by a wide master joint
(aperture over 0.15m) surrounded by a network of small interconnected fractures. For the
master joint the equation for turbulent regime (Table 2) has been used.

Fig. 12 - Esempio di modello concettuale di un sistema a doppia permeabilita
(disegno di Giuseppe Maserati, modificato da Scesi et al. 2015), caratterizzato da
una frattura molto aperta (apertura maggiore di 0,15 m) circondata da un reticolo
fessurativo molto pervasivo ma con minori aperture. Per il condotto principale
si son utilizzate le equazioni relative al regime di moto turbolento (Tabella 2).
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Figure 13 shows an example of results for the conceptual
model in Figure 12, showing that a dual permeability model
allows to reproduce the secondary peaks in spring discharge
observed by the monitoring system.

\
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Fig. 13 - Spring discharge (see the conceptual model in Fig. 10) simulated with differ-
ent modelling approach (drawing of Giuseppe Maserati, modified from Scesi et al. 2015 ).

Fig. 13 - Portata della sorgente (si veda il corrispondente modello concettuale in
Fig. 10) simulata con diversi approcci modellistici (disegno di Giuseppe Maserati,
modificato da Scesi et al. 2015).

Conclusions and future perspective

Groundwater flow assessment in rock masses is a key
issue in the resolution of many engineering, geotechnical
and hydrogeological problems in both mountain and plain
regions, such as:

* o identify the recharge and discharge areas of an aquifer
and to relate them with the stability conditions of the
slopes;

* o reconstruct the flow path induced by tunnelling and
forecast the water inflow location, discharge rate as well
as the water table drawdown;

* to characterize the rocky aquifers for supply and
protection of groundwater resources, as well as for
geothermal purposes;

* to reconstruct the water circulation in the rocks near
dams to define the preferential flow directions and avoid
losses.

As water flow in fractured rock masses mainly occurs
along discontinuities, the exact knowledge of their origin,
distribution, and features is fundamental in assessing the
hydraulic conductivity and describing the fluid flow.

This paper reviewed the research on water flow in rock
masses and outlined the key aspects of both hydraulic
conductivity definition and modelling approach. As far as
the latter is concerned, many examples are available in the
international literature, but few of them are really able to
reproduce the flow complexity at local scale (intermediate
between the large scale of spring catchment basin and the
very small scale of laboratory tests), especially with reference
to the discrete fracture models.
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