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PORE NETWORK MODEL TO PREDICT FLOW PROCESSES 
IN UNSATURATED CALCARENITES

ExTENDED AbSTRACT
La conoscenza dei meccanismi di infiltrazione nella zona vadosa è fondamentale per lo studio della distribuzione spaziale e temporale 

delle componenti del ciclo idrologico, soprattutto in riferimento ai deflussi sotterranei necessari per la stima della ricarica degli acquiferi. A 
questo si aggiunge il ruolo importante che assumono i processi di infiltrazione sui meccanismi di instabilità dei pendii, di degradazione di 
terre e rocce o sull’andamento dei cedimenti nel tempo e sulla valutazione della capacità portante dei terreni di fondazione.

In Puglia e Basilicata (Italia meridionale), è possibile rilevare, sia lungo la costa sia in prossimità del bordo interno delle 
Murge, estesi affioramenti di roccia calcarenitica plio-quaternaria. Si tratta di facies appartenenti alla Formazione della Calcarenite 
di Gravina (Pliocene medio-Pleistocene inferiore), costituite principalmente da packstones e grainstones fossiliferi a grana media 
e ad assetto progradante. La Calcarenite di Gravina poggia con discordanza angolare sul basamento carbonatico del Cretaceo 
(Formazioni del Calcare di Bari e del Calcare di Altamura) e raggiunge uno spessore variabile da pochi metri a poco più di 50 m; 
corpi calcarenitici di maggiore potenza caratterizzano l’area di confine tra l’Altopiano delle Murge e l’Avanfossa Bradanica.

Le calcareniti rappresentano un’importante unità idrogeologica che controlla la ricarica delle acque sotterranee e il trasporto dei 
contaminanti all’interno di un sistema multistrato complesso, comprendente alla base un acquifero profondo costituito dai calcari 
mesozoici del basamento, permeabili per fratturazione e carsismo.

Una particolarità della formazione calcarenitica è rappresentata dall’estrema variabilità dei caratteri di facies, strettamente connessi ai processi 
deposizionali e diagenetici, che implicano una differente risposta del materiale in termini meccanici e fisici. Ne consegue un comportamento idrau-
lico complesso, soprattutto in termini di tasso e velocità di infiltrazione e di capacità di ritenzione sia alla scala dell’affioramento sia alla mesoscala. 
La maggior parte dei modelli di infiltrazione e di ritenzione idrica per mezzi porosi insaturi proposti in letteratura sono basati su rappresentazioni 
semplificate del sistema dei pori e utilizzano la suzione di matrice come principale variabile di stato.

In questo lavoro, attraverso un approccio metodologico integrato è stato sviluppato uno strumento analitico pratico per lo studio dei mec-
canismi di infiltrazione e la capacità di ritenzione delle calcareniti. In termini congrui, sono state ricavate relazioni costitutive non parametri-
che, basate su un modello concettuale dei percorsi di infiltrazione ricavato dalla distribuzione dei pori ottenuta sperimentalmente attraverso 
una indagine microporosimetrica combinata, utilizzando sia il metodo ad intrusione di mercurio sia l’analisi di immagine. Insieme a test di 
laboratorio convenzionali e non convenzionali per la caratterizzazione petrofisica del materiale, su conci di calcarenite, prelevati da un comp-
rensorio di cava, in località Tufarelle in agro di Canosa di Puglia, sono state condotte prove di infiltrazione ad anello singolo e a carico variabile 
alla scala da banco, passando da uno stato secco ad uno umido non prefissato.

Il comportamento idraulico osservato sperimentalmente è ben rappresentato dallo strumento analitico sviluppato. L’analisi comparativa 
tra il comportamento sperimentale e quello simulato dal modello analitico, ottenuto a partire dalla soluzione dell’equazione di Richards e dalle 
relazioni costitutive non parametriche tra il contenuto volumetrico d’acqua, la suzione e la conducibilità idraulica, ha dimostrato che la natura 
bimodale della distribuzione della dimensione dei pori gioca un ruolo fondamentale nella previsione dei meccanismi di infiltrazione e della 
distribuzione del contenuto volumetrico d’acqua. I modelli semplici basati sull’ipotesi di una distribuzione unimodale dei pori, come il mod-
ello di Brooks e Corey, non è in grado di rappresentare il comportamento idraulico delle calcareniti, sebbene fitti molto bene le funzioni non 
parametriche stimate. Lo studio ha, quindi, evidenziato che ad un grado di saturazione medio alto, nel modello di Brooks e Corey, al diminuire 
della saturazione effettiva, la conducibilità idraulica diminuisce più rapidamente rispetto al modello non parametrico validato. Ne consegue che 
l’ipotesi di una distribuzione dei pori unimodale porta ad una errata stima dei meccanismi di infiltrazione e quindi della velocità di propagazione 
del fronte umido e della distribuzione del contenuto volumetrico di acqua.

I risultati ottenuti da questo studio trovano applicabilità in diversi contesti geologici nell’ambito di tematiche di interesse geo-
ingegneristico e ambientale che necessitano di approcci multidisciplinari specifici.
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AbSTRACT
The knowledge of infiltration mechanisms in vadose zone is the 

key to forecast the components of the hydrologic cycle such as run-off 
generation and aquifer recharge. Besides, slope stability, settlements 
and bearing capacity of foundations, and rock weathering are issues 
in which infiltration processes play an important role.

In Apulia and Basilicata (Southern Italy) representative 
calcarenites outcrops are exposed along both the coastline and 
internal areas. These calcarenites belong to the Calcarenite 
di Gravina Fm. (Middle Pliocene-Lower Pleistocene) and 
are mainly constituted by fine- medium- and coarse-grained 
packstones and grainstones. The whole geological formation 
represents an important hydrogeologic unit which controls 
groundwater recharge and transport of contaminants within 
a complex, multilayered system comprising a wide and deep 
aquifer hosted into the Mesozoic basement.

A smart analytical and numerical tool based on the pore 
bundle model conceptualization and the Richards’ equation was 
developed to predict infiltration and retention mechanism of 
calcarenites. This work investigated the impact of bimodal pore-
size distribution on the unsaturated flow from dry to wet conditions 
obtained through conventional and unconventional laboratory 
tests and petrophysical characterization, also completed with 
mercury intrusion porosimetry and image analysis. Laboratory 
experiments were carried out on medium-grained grainstones 
sampled at Canosa di Puglia (Tufarelle locality), by means of 
infiltration tests conducted starting from a different degree of 
saturation and varying the inlet flow rate. The experimental data 
were compared with the pore network model prediction.

For the rock samples used, the study disclosed that 
macroporosity mainly affects the propagation of the wetting front 
and infiltration rate. Thus, the wetting front develops principally 
during the infiltration of water through the interconnected 
macropores following the pathways having minimum flow 
resistance with a gravity driven flow velocity higher than the 
diffusive flow though micropores.

Keywords: calcarenite, aquifer, unsaturated flow, pore network model

INTRODUCTION
During the last 70 years, the increasing concern with the 

infiltration processes for run-off generation, aquifer supply 
and contaminant transport into vadose zone has stimulated 
the development of numerous models for describing and/or 
estimating mechanisms of water retention, transfer and storage 
(Brooks & Corey, 1964; Campbell, 1974; .Cosby et alii, 1984; 
Fredlund & Xing; 1994, Morel & Nimmo, 1999,  Chen et 
alii, 2019; Asl et alii, 2000; Corradini et alii, 2011; Pastore 
et alii, 2020; Andriani et alii, 2021). Furthermore, studies on 
water infiltration rate and mechanisms have found numerous 

applications in different fields, including rock/soil deterioration 
processes, slope stability, settlement and bearing capacity (Ng 
& Shi, 1998; Bower, 2002; Ng & Menzies, 2007; Lu et alii, 
2009; Oh & Lu, 2015; Xiao et alii, 2016; Wang et alii, 2017; 
Casnedi et alii, 2018; Li et alii, 2019; Yang & Huang, 2023).

The hydraulic behaviour of porous unsaturated soils or rocks 
is very complex and, all boundary and climatic conditions being 
equal, is affected by many factors, including mineralogy and 
fabric of geological media, in terms of texture and microscopic 
and macroscopic structure. The geometry and topology of the 
pore network, in fact, controls the ability of soils and rocks to 
retain or transmit water and is responsible of high non-linearity 
and spatial variability of the hydraulic parameters governing 
the transient unsaturated flow (Corradini et alii, 2002; Nimmo, 
2004; Zhan & Ng, 2004; Andriani & Walsh, 2007, 2010; 
Morbidelli et alii, 2015; Lu, 2018; Ranjbar et alii, 2022).

In previous studies some relationships between fabric features 
and hydraulic behavior or other easily measurable basic physical 
rock properties were developed (Arya & Paris 1981; Saxton 
et alii, 1986; Russo, 1988; Wosten & Van Genuchten, 1988; 
Vereecken et alii, 1989; Ewing & Gupta, 1993; Fredlund & 
Xing, 1994; Kosugi, 1994; Fredlund et alii, 2002; Kutílek, 2004; 
Nimmo, 2005; Minasny & Mcbratney, 2007; Pires et alii, 2008; 
Nimmo, 2009; Ghambarian et alii, 2010). Relationships between 
porosity, grain-size, tortuosity of the flow paths and permeability was 
presented by Carman (1937; 1956) and Scheidegger (1957). The 
Brooks and Corey power-law function (Brooks & Corey, 1964) has 
been widely used as empirical model to predict Soil Water Retention 
Curves (SWRC), using the “pore-size distribution index”, which is a 
dimensionless parameter related to the curve shapes. The Campbell’s 
equation (Campbell, 1974) represents the moisture retention curve 
by means of soil moisture content (θ), saturated soil moisture (θs), 
which are both expressed in Vol. %, and air entry potential which 
depends on pore-size distribution, tortuosity, and connectivity 
of the porous media. The Van Genuchten empirical model (Van 
Genuchten, 1980) is the most widely used for estimating Soil 
Water Retention Curves of unsaturated soils and rocks. It relates 
the volumetric water content (m3m− 3) to soil suction, calculated as 
pressure difference between the air and water phases, by means of two 
fitting parameters, among which m is dimensionless and, according to 
Van Genuchten (1980) and Lenhard et alii (1989) can be estimated 
from the pore-size distribution index of the Brooks and Corey model. 
Many other empirical models have been developed to describe the 
Soil Water Retention Curve by means of pore-size distribution and 
pore space geometry attained applying fractal approaches (Tyler & 
Wheatcraft, 1990; Perrier et alii, 1996; Perfect et alii, 1996; Bird 
et alii, 2000; Xu, 2004; Huang et alii, 2006; Fazeli et alii, 2010). 
Some efforts have been made to estimate hydraulic properties from 
pedotransfer functions (PTFs) based on basic soil properties such as 
the particle-size distribution and bulk density (Bouma, 1989; Tietje, 
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1993; Wösten et alii, 1995; Minasny et alii, 1999; Nemes & Rawls, 
2004; Khodaverdiloo et alii, 2011; Van Ginkel & Olsthoorn, 
2019). A qualitative assessment on the incidence of the fabric features 
affecting physical response and properties including heat and fluid 
flows have been presented by Morgan & Gordon (1970), Beard 
& Weyl (1973), Brie et alii (1985), Hoffman & Niesel, (1996), 
Caputo et alii (1996), Andriani & Walsh (2002).

Many models and techniques used to obtain the Soil Water 
Retention Curve remain difficult, poor practical and time-
consuming. Furthermore, they show limited applicability being 
almost exclusively focused on soils characterised by primary 
porosity. The continuous and open space system of rocks is more 
complex and comprises both pores and fracture voids or cavities. 
The presence of pervasive discontinuities in rock masses, in fact, 
influences the hydraulic behavior of media and the fracture-
dominated flow. In addition, for rock materials is not so simple to 
realize and install technical devices, both in situ and ex situ.

Not surprisingly, the international literature concerning the 
assessment of the hydraulic properties of rocks is quite limited 
and based on adaptive applications of standard methods and/
or  analytical approaches by means of theoretical studies and 
numerical simulations generally used for soils (Nimmo et alii, 1987; 
Schneebeli, 1995; Reynolds et alii, 2002; ZHOU et alii, 2004; 
Castiglione et alii, 2005; American Society For Testing and 
Materials, 2008; Caputo et alii, 2010, 2012; Amarasinghe et alii, 
2011; Lu et alii , 2011; Liu & Xu, 2017; Andriani et alii, 2021).

In this work, through an integrated methodological approach, 
a practical analytical tool was developed for the study of the 
unsaturated hydraulic behaviour of calcarenites, in terms of 
the unsaturated hydraulic conductivity function and Soil Water 
Retention Curve. Calcarenite ashlars, taken from the quarry 
district of Tufarelle at Canosa di Puglia, Apulia (South Italy), was 
used as experimental material (Fig. 1).

Together with conventional and non-conventional laboratory 
tests for the petrophysical characterization of the material, single 
ring infiltration tests under falling head conditions were conducted 
at bench scale, passing from dry to non-predetermined wet state. A 

combined microporosimetric investigation, using both the mercury 
intrusion method and image analysis, was used for characterizing 
the complex pore network and the pore grading of the calcarenite. 
Non-parametric constitutive relations were found, based on a 
conceptual model of the infiltration paths obtained from the pore-size 
distribution, tortuosity and structure of the porous media. The results 
obtained from this study find applicability in different geological 
contexts for a number of geo-engineering and environmental topics 
which require specific multidisciplinary approaches.

MATERIAL AND METHODS
In Apulia and Basilicata (Southern Italy) representative 

calcarenites outcrops are exposed along both the coastline and 
internal areas. These calcarenites belong to the Calcarenite di 
Gravina Fm. (Middle Pliocene-Lower Pleistocene) and are mainly 
constituted by well sorted medium-grained fossiliferous packstones 
and grainstones, massive or stratified with prograding geometry. The 
Calcarenite di Gravina Fm. unconformably lies on the Cretaceous 
calcareous basement (Calcare di Bari and Calcare di Altamura Fms.) 
and is characterised by a thickness ranging from few decimeters up 
to over 50 m; the maximum thickness is found at the border area 
between the Murge plateau and the Bradanic Foredeep (Tropeano 
& Sabato, 2000). The calcarenites represents an important 
hydrogeologic unit because they control groundwater recharge and 
transport of contaminants within a complex, multilayered system 
which comprises a wide and deep aquifer hosted into the Mesozoic 
basement. In fact, a peculiarity of the calcarenites is represented 
by the extreme variability in the rock-fabric/petrophysical 
characteristics, closely connected to the depositional and diagenetic 
processes. All that implies both changing mechanical properties of 
the material and complex hydraulic behavior, especially in terms of 
infiltration rate and capacity or hydraulic conductivity and retention 
capability, at the outcrop scale or mesoscale.

For this study, quarry ashlars of calcarenite were sampled at 
Canosa di Puglia (Tufarelle locality) (Fig. 2). Field description 
and microscopic analysis on standard thin sections by means of 
transmitted light microscopy were carried out (Fig. 3).

Fig. 1 - Location map showing the calcarenite extraction site of Tu-
farelle, Canosa di Puglia (Apulia, South Italy)

Fig. 2 - Panoramic view of the Tufarelle quarry (Canosa di Puglia, 
Apulia - South Italy)
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According to Folk (1959, 1962) the calcarenite can be classified 
as a biointrasparite, whilst according to Dunhum (1962) it is a 
grainstone. Bioclasts and intraclasts are well sorted mainly in the 
range 0.1-2.0 mm and arranged chaotically with low packing density. 
It follows an open texture in which all pores are interconnected and 
accessible. They are intergranular in type, but also intragranular and 
moldic pores in combination with inter-crystalline and microfracture 
porosity reflect high effective porosity and water transmissivity of 
this material. The content in cement is few. It is carbonatic in origin 
and is irregularly distributed in the rock. Microcrystalline meniscus-
type cements at grain contact or on the grain walls in open pore 
spaces or also in the inner cavities of bioclasts represent the main 
type of cementation in the rock. Sparry calcite is very rare and never 
totally fills the intergranular and intragranular pore spaces.

According to the standard test procedure outlined in the 
International Society for rock mechanics (1979), some 
basic physical properties were determined on fresh calcarenite 
samples. Saturated density, degree of saturation and water 
absorption were estimated according to Andriani & Walsh 
(2002; 2007). The data obtained are summarised in Table 1.

Grain size analysis was performed on loose material obtained 
from saturated specimens subjected to freeze–thaw cycles 
and disaggregated by hand to avoid breaking of bioclasts and 
lithoclasts. Sieve and sedimentation techniques were used. The 
results of the grain-size analysis were graphically represented in 
the form of grading envelope of 18 samples (Fig. 4).

According to ASTM D4404 (1984), the MIP was performed 
for determining pore-size distribution (PSD), effective porosity 
(26%), mean and median pore diameter (6.03 µm and 12.96 
µm), and tortuosity (1.925). A Micromeritics porosimeter 

(Autopore IV 9500) was used at low pressure (3.44-345 kPa) and 
high pressure (0.1-228 MPa) on calcarenite fragments of irregular 
shape of about 2.5 g. Within the limitation of the operative 
conditions and the applied methodology, the MIP technique 
allowed to evaluate the pore size distribution and the relative 
porosity for pores with a diameter between 0.0055 and 420 
micrometers. The results of the MIP analysis were graphically 
represented in the form of cumulative and incremental intrusion 
vs. pore-size diameter curves (Fig. 5). To investigate the 
distribution also of pores greater than 420 micrometers, Image 
Analysis (IA) technique was performed on photo-micrographs of 
thin-sections in plane-polarised light transferred directly on a PC. 
Twenty-five photo-micrographs were used for the analysis.

According to Francus (1998), PSD by image analysis was 
carried out as distribution of the “equivalent-disk diameter”. It 
is important to highlight that the minimum size for objects was 
fixed and depends on the resolving power of the image-digitizing 
equipment (20 micrometers). Pore size distribution generated 
from image data was viewed as pore count frequency which 
gives equal weight to individual pores regardless of their size. 
According to IA measurements, the highest pore count frequency 
was recorded in the range 1,000-75 μm (Fig. 6).

Fig. 3 - Mesoscopic aspect (a) and microscopic appearance in plane-
polarized light on standard thin-sections using polarizing mi-
croscopy of the calcarenite tested in this study (b)

Tab. 1 - Physical properties of the calcarenite tested.

Fig. 4 - Grading envelope obtained for the Tufarelle calcarenite, Ca-
nosa di Puglia - Apulia, Italy

Fig. 5 - Pore size distribution obtained by MIP measurements for the 
Tufarelle calcarenite, Canosa di Puglia - Apulia, Italy
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Theoretical background
The fluid flow though variability saturated geological 

media, under the assumption that the different pore regions 
(macropore and micropore) are in equilibrium, can be described 
by the Richard’s equation:

                                
C(θ) ∂ψ/∂t = ▽∙ [K(θ) (▽ψ + ▽z)]                  (1)

where ψ (m) is the matric head, θ (m3m-3) is the volumetric 
water content, C(θ) (m-1) is the water capacity equal to the 
derivative of θ with respect to ψ, and K(θ) (ms-1) is the hydraulic 
conductivity as function of the volumetric water content.

Neglecting the residual water content θr (m3m-3), the 
volumetric water content θ is equal to the product between the 
saturated volumetric water content θs (m

3m-3) and the effective 
saturation Se (-), whereas K(θ) is equal to the product between 
the saturated hydraulic conductivity Ks (ms-1) and the relative 
hydraulic conductivity function kr (θ) (-).

In order to solve Equation 1, constitutive relationships 
between the matric head, volumetric water content, effective 
saturation and relative hydraulic conductivity are needed.

Brook and Corey model (Xing et alii, 2016), based on the 
assumption of the existence of the air entry pressure, can be 
used to predict the Soil Water Retention Curve and the hydraulic 
conductivity:
                                   θ = θsSe = (ψd / ψ)n                                                   (2)

                               kr (θ) = (θ / θs)
3+2/n = Se 3+2/n                                         (3)

where, ψd [m] is the air entry pressure head and n [-] is an 
empirical parameter.
Alternatively, once known the pore size distribution (PSD) of 
the geological medium it is possible determine the constitutive 
relationships (relation between volumetric water content and 
matric head, relation between relative hydraulic conductivity and 
volumetric water content) (Novotny et alii, 2023; Chen & Chen, 

2020). Capillarity represents the main retention mechanism in 
an unsaturated geological medium between wet and moderately 
wet stage. Capillarity favors the saturation of small pores at 
given matric head. Then, at a given volumetric water content 
θi (m3m-3) there exists a critical pore diameter di (m) whether 
the pores having  are filled with water. Then the matric head 
ψ, effective saturation Se, and relative hydraulic conductivity kr 
can be obtained as function of the critical diameter di.

The capillary mechanism can be expressed by the Young – 
Laplace equation where the matric head ψi at which a pore fills or 
empty is function of the correspondent critical pore diameter di:

                                   ψi(di) = σcosε/diρwg                              (4)

Where σ is the surface tension (Nm-1), ε (-) is the contact angle 
between particles and water, ρw is density of water (kgm-3), and 
g (ms-2) is the gravity acceleration. According to Mohammadi & 
Vanclooster (2011) and Chang & Cheng (2018), the contact 
angle ε is equal to 0.

According to the pore bundle concept, the pore network can 
be depicted as a cluster of tortuous capillary tubes with smooth 
inner surface. On the basis of this concept, Andriani et alii 
(2021) derived the following relationship between the critical 
pore diameter and effective saturation: 

                                                                (5)

and between the critical pore diameter and the relative hydraulic 
conductivity:

                             (6)

where Dt (-) is the tortuosity fractal dimension variable between 
1 and 2 (Feng & Yu, 2007).

Falling Head Infiltration Tests At Bench Scale
On regularly shaped prisms (ashlars) of calcarenite rock 

with L = 39.5 cm, W = 24.5 cm, and H = 14.5 cm. A set of 
3 ashlars was used in the experiments. The procedure used 
included drying of the material at 110° C in an oven for 24 h. 

A clear polycarbonate cylinder with diameter (D) of 12.0 cm 
and height of 50.0 cm was positioned in perfect central position 
on the top surface of the ashlars to depth of about 0.2 cm into 
the rock for ensuring good rock–cylinder contact. The cylinder 
was then sealed with water-proof cement-bentonite material 
to prevent lateral outflow of water. The cylinder was filled to 
the top with de-aired water to a given level and a few drops 
of oil were added on the water surface to prevent water from 
evaporating. At the beginning of the test, a water level of about 
h0 = 25 cm was fixed for each test. Water level in the cylinder was 
allowed to lower between 13 and 15 cm. The water level fall h(t) 

Fig. 6 - Pore size distribution obtained by IA measurements for the Tu-
farelle calcarenite, Canosa di Puglia - Apulia, Italy
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was measured over time with a ruler. The testing time ranged 
from 30 to 40 minutes. The room temperature was 20 ± 1.0 °C, 
while the test water temperature was 15±1°C. No changes in 
temperature were registered during each test. Advancement 
of the lateral wetting front was first observed only on the top 
surfaces of the ashlars, growing like a spiral concentric circle 
geometry model. Later, after a few minutes, the moisture plume 
appeared also on the fair-faced side of the ashlars. Wetting front 
traces along the faces were also measured over time with a ruler.

According to procedure described in Andriani et alii (2021), 
the geometric volume of the moisture plume Vg (m

3) as well as 
the coordinates along the vertical direction of the centroid of the 
wetting front ZG were determined. Then the average effective 
saturation of the moisture plume was determined as:

                                                         (7)

where Vin (m
3) is the total water volume entered into the rock.

Figure 7 shows a sketch of the experimental setup.

RESULTS
Pore-size distribution

The estimation of the relative hydraulic conductivity and 
Soil Water Retention Curve from the pore bundle conceptual 
model requires an accurate estimate of the pore-size distribution 
(PSD). Starting from the data obtained by both MIP and IA, a 
representative evaluation of the total pore-size distribution for 
the material was modelled by means of a Monte Carlo simulation 

(Andriani et alii, 2021). Figure 8 (a) shows the cumulative pore 
volume frequency curve derived from the application of the Monte 
Carlo method. The relative frequency histogram is shown in 
Figure 8 (b). The pore sizes obtained with this method range from 
0.19 µm to about 1,000 µm with a typical bimodal distribution 
around the 1,000-75 μm and 1.0-0.01 μm mode classes.  

The incremental mercury intrusion data vs. pore-size 
diameter demonstrated that a bimodal trend occurs in the throat-
size distribution of the material in correspondence of 0.43 µm 
and 6.03 µm (Fig. 5).

Hydraulic behaviour of unsaturated calcarenite
Figure 9 shows the non-parametric SWRC derived according 

to the PSD of calcarenite, and the correspondent Brooks and 
Corey fitted model. Starting from full saturation conditions, the 
drainage process starts when the matric head become lower than 
the air entry. The water within macropores drains first and the 
volumetric water content decreases. A change of slope in the 
SWRC is evident in correspondence of the matric head (ψ) of 
-10 m and the volumetric water content (θ) of 0.099 (Fig. 9). For 
lower values of θ and higher values of ψ, macropores are empty 
and micropores govern the drainage process (di < 5 – 10 μm).

Consequently, the volumetric water content decreases 
more slowly. Even if the Brooks and Corey model well fits the 
SWRC derived from PSD, it fails to represent the bi-modal 
characteristics of the non-parametric SWRC.

Fig. 7 - View of the falling head infiltration setup on a calcarenite ash-
lar used in this study (a); schematic diagram of the falling head 
infiltration test at bench scale (b)

Fig. 8 - Cumulative pore volume frequency curve (a) and relative fre-
quency histogram (b) for the Tufarelle calcarenite obtained by 
combining MIP and IA data with a Monte Carlo simulation 
(Andriani & Walsh, 2002; Andriani et alii, 2021)
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An early rapid drop of the water level in the cylinder was 
observed during the falling head infiltration test at bench scale 
due to the rapid infiltration of water in dry calcarenites. When the 
water level drop reaches the value of 0.078 m at 540 s a steady state 
water infiltration rate is disclosed which shows an average value 
determined according to the volumetric method of 6×10-5 ms-1.

Figure 10 shows the average effective saturation, Se, of the 
moisture plume versus time.

In the early stage, the moisture plume propagates in saturated 
conditions and air in the pores is completely replaced by water. 
The geometric volume of the moisture plume Vg approaches the 
value of the total water volume into the rock Vin. Successively, for a 
time higher than 365 s, Vin becomes lower than its initial value and 
unsaturated condition occurs with a value of the measured average 
effective saturation between 96.29 % and 51.78 %.

In order to validate the pore bundle model (eqs 5 and 6), 
the observed and predicted behaviour of the evolution of the 
moisture plume was compared. In particular, the observed 
evolution of the centroid of the wetting front ZG was fitted with 
its predicted value Z’G, calculated, according to Andriani et alii 
(2021), as the time integral of the derivative of the hydraulic 
conductivity respect to water volume content:

     
                (8)

The values of the derivative of the relative hydraulic 
conductivity with respect to the effective saturation were 

determined in correspondence of the values of the average 
effective saturation.

Figure 11 shows the comparison between observed and 
predicted values. The predicted model shows a satisfactory 
fitting, closing the experimental data for a value of the saturated 
hydraulic conductivity of 5.50×10-5 ms-1 and a value of the 
tortuosity fractal dimension of Dt = 1.20.

Figure 12 shows the non-parametric hydraulic conductivity 
function estimated though the pore bundle model. When the 
effective saturation becomes lower than 0.27, macropores 
characterized by a diameter di higher than 5-10 μm result empty, 
and do not contribute to the water flow. As a consequence, the 
relative hydraulic conductivity decreases rapidly. As expected, the 
dual porosity behaviour of the non-parametric K-Se curve is not 
predicted by the corresponding Brooks and Corey fitted model.

In order to demonstrate the implications of the theoretical 
and experimental results on practical engineering geology 
problems, pore bundle model and the relative Brooks and Corey 
fitted model are compared on a one-dimensional benchmark 
infiltration problem. Then Richard’s equation (Eq. 1) is solved 
by finite element numerical scheme using the software COMSOL 
Multiphysics 4.0a (COMSOL Multiphysics©, 2010).

Model domain presents length along the coordinate z of 
1 m. It is discretized by finite elements of length of 0.005 m. 
The initial volumetric water content is null. At z = 0 a flux 
boundary condition is imposed corresponding to a constant 

Fig. 9 - Estimated non-parametric Soil Water Retention Curve (SWRC) 
derived applying the Montecarlo method and the correspond-
ent Brooks and Corey fitted model with ψd = -0.15 and n = 0.5

Fig. 10 - Average effective saturation versus time

Fig. 11 - Vertical coordinate of the centroid of the wetting front versus 
time and its predicted value estimated with equation 8

Fig. 12 - Estimated non-parametric hydraulic conductivity function esti-
mated according to the pore bundle model and the correspond-
ent Brooks and Corey fitted model with Ks = 7.88×10-5 ms-1
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rainfall event of 40 mmh-1 for a time of 1 hour.
Figures 13 and 14 show the volumetric water content 

distribution along the depth after 5 hours from the rainfall 
events and the volumetric water content breakthrough curve at 
depth of 0.1 m respectively for both models.

The pore bundle model predicts a more rapid infiltration of the 
water in the calcarenite rock than the Brooks and Corey model. 
Then the wetting front is characterized by a lower volumetric 
water content reaching greater depth (Fig 14). Notwithstanding 
the saturated hydraulic conductivity value for Brooks and Corey 
fitted model is higher than the pore bundel model, the infiltration 
velocity of the latter is higher. As shown in Figure 13, the first 
arrival of BTC curve of the Brooks and Corey model present a 
delay respect to the BTC of the pore bundle model of 21 minutes.

DISCUSSION
The goal of this study is to predict the unsaturated hydraulic 

behaviour of calcarenites by means of theoretical conceptual model 
analysis, conventional and unconventional laboratory tests, including 
single-ring infiltration experiments, and numerical modeling.

Pore network and structure
With few exceptions, all the lithofacies belonging to the 

Calcarenite di Gravina Fm. are characterised by open porosity with 
interconnected pores. At the rock mass scale, two components of 
porosity can be considered: textural and structural. 

The textural porosity depends on particles arrangement 
and interlocking, and the nature of individual grains (bioclasts 
and species types, lithoclasts etc.); the structural porosity, on 
the other hand, is linked to the presence of macroscopic non-
random discontinuities, e.g. fractures, faults and karst features 
(Andriani & Parise, 2015, 2017). At the mesoscopic scale, 
the porosity of calcarenites is essentially textural in type, and 
structural porosity is confined to the presence of sedimentary 
structures, bioturbations and microcracks.

In this study, the material tested is represented by a grainstone 
composed by bioclasts and lithoclasts with different shapes and 
roundness, and lower packing density with respect to a theoretical 
arrangement of spherical grains having the same grain-size 
distribution. This lithofacies, in fact, is not organized according to 
the most closed arrangement because compaction was inhibited by 
an early-stage carbonate cementation which is the dominant type 
of cement of the rock. As a consequence, the porosity calculated by 
traditional geotechnical procedures is high and open (all pores are 
interconnected and accessible). Then, intergranular, intragranular 
and moldic porosity in combination with inter-crystalline and 
microfracture porosity reflect high effective porosity and water 
transmissivity of these materials. According to the pore-size 
classification by Brewer (1964), if intergranular pores can be 
considered almost all macropores of uniform size but different 
shapes, the other types of pores are characterised by heterogeneous 
pore-size distributions and different shapes. In particular, moldic 
pores are mainly subspherical and range from 30 to 350 micrometers, 
intragranular pores are different in size and shape according to the 
species types of the bioclastic fraction, while inter-crystalline pores 
and microcraks are mainly represented by tortuous micro-throats. 
Inter-crystalline pores develop inside cements, while microcracks 
affect also bioclasts, especially microforaminifers.

The pore network of the calcarenites can be schematically 
considered as a system of pseudo-spherical and tetracubic voids 
directly connected by cylindrical tubes or neck-shaped channels. Pore-
size distribution is thus heterogeneous because the first type of pores 
are macropores, cylindrical tubes are macro- or mesopores, while 
neck-shaped channels are more tortuous and mainly microporous, 
and in part mesoporous in nature. It is principally a texture porosity 
in which macropores and mesopores, which constitute the prevailing 
pore fractions, are connected by micro-throats. 

Infiltration behaviour at the bench scale
The study of the infiltration processes in soil are commonly 

based on Richards’ flow model in which the flow processes are 
governed by gravity and capillary force. Constitutive relationships 
between matric head, water content and hydraulic conductivity 
are commonly described by Brooks & Corey (1964) and Van 
Genuchten (1980) models which reflect a unimodal pore-size 
distribution of the porous media. As disclosed in the present work, 

Fig. 13 - Breakthough curve of the volumetric water content at depth z = 
0.1 m for both pore bundle model and Brooks and Corey model

Fig. 14 - Volumetric water content distribution along the depth after 5 
hours from the rainfall event for both pore bundle model and 
Brooks and Corey model
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measurements at different volumetric content (Turturro et alii, 
2013) and quasi–steady centrifuge method (Turturro et alii, 2020) 
on samples belonging to this lithofacies found similar behaviour on 
experimental SWRC and hydraulic conductivity functions.

The experimental hydraulic conductivity functions obtained 
in this study are coherent with the results presented in Caputo & 
Nimmo (2005). In fact, according to these authors, the hydraulic 
conductivity functions, determined for a calcarenite type 
comparable to that used in our study, show the same behaviour 
for the volumetric water content range investigated.

Infiltration behaviour at the field scale
The existence of dual porosity for this type of material 

influences the prediction of the wetting front propagation and 
moisture content in the field application. A faster propagation of 
the wetting front during rainfall event with respect to the value 
that could be obtained under the assumption of the unimodal pore-
size distribution represented by the Brooks and Corey model is 
disclosed. As shown in Figure 15, at depth of 0.1 m a delay of 21 
minutes of the first arrival of the BTC of the Brooks and Corey 
fitted model with respect to the pore bundle model is highlighted. 
This means that as the scale of observation, the difference between 
the two models becomes more relevant. Therefore, the textural 
characteristics and the relative hydraulic features of such geological 
media must be considered in order to have a more accurate 
estimation of the wetting front propagation and moisture content 
which affect many geo-engineering problems related to hydrologic 
cycle, contaminant propagation and slope stability.

CONCLUSIONS
Over the last 70 years, many theoretical and empirical models 

have been developed for deriving the constitutive relationships 
between volumetric water content, matric head and hydraulic 
properties of unsaturated geological media. One of the main 
limitations of these models regards the assumption of a unimodal 
pore-size distribution. Several lithofacies are characterized by a 
bimodal pore-size distribution due to fabric features, in terms of 
textural and structural characteristics at different scales.

In particular, by means of an integrated approach, comprising 
experimental, conceptual, theoretical, and numerical analyses, 
this study demonstrated that for calcarenites it is fundamental 
a detailed estimation of the topology of the pore network 
and the pore-size distribution to assess the moisture content 
profile, infiltration mechanisms and water infiltration velocity. 
The gravity-driven flow mainly through the macropores under 
strong inflow conditions and high infiltration rate resulted faster 
than the diffusive flow mainly through the micropores. 

Limitations of this study include:
a) Equilibrium conditions between meso-macropore and 

micropore regions;

the calcarenite tested is characterized by a bi-modal pore–size 
distribution. Then this geological medium can be viewed as at 
least two interactive regions, one associated with the presence of 
macropores and mesopores, the other associated with micropores. 
Anyway, as demonstrated, equilibrium conditions between 
micropores and meso-macropores region can be still considered 
valid. Under this hypothesis, water retention model for dual porosity 
media can be derived though its pore-size distribution, where the 
bi-modal PSD can be obtained by superimposing the PSDs of the 
micropore and meso-macropore regions to estimate bi-modal water 
retention curve. Chen & Feng (2023) reach the same conclusion in 
Nanyang clay characterized by bi-modal pore-size distribution.

Falling head infiltration test highlights an infiltration rate 
of 6×10-5 ms-1 which is consistent with the value of 3×10-5 
ms-1 observed in single ring infiltrometer field test on the same 
medium-grained grainstone (Andriani et alii, 2013).

The experimental observation of the wetting front growth 
during the falling head infiltration test at bench scale shows that 
the geometric volume of the moisture plume increases more than 
proportionally to the total water volume entered into the rock. As 
consequence, the average effective saturation is below 100%. This 
means that water infiltrates more quickly through interconnected 
larger pores by passing several meso- and macropores to which are 
connected by micro-throats. For this reason, a number of meso- and 
macropores can remain dry during infiltration of water. Thus, inlet 
flow rate is higher than infiltration rates through the smallest meso- 
and micropores which, due to the gradient of the matric potential, 
absorb water until they are filled. Then once the smaller pores are 
filled and consequently the matric head decreases, water moves 
through the remaining meso- and macropores.

The infiltration behaviour observed in the bench scale single 
ring test is well represented by the pore bundle model according 
to a value of the tortuosity fractal dimension (Dt) equal to 1.2 and 
a value of saturated hydraulic conductivity of 5.55×10-5 ms-1. The 
non-parametric soil water retention and hydraulic conductivity 
functions derived by the pore bundle concept depict the textural 
features of the calcarenite tested. The simple Brooks and Corey 
fitted model is not able to represent the hydraulic behaviour of such 
material: by decreasing effective saturation, hydraulic conductivity 
decreases more rapidly in the Brook and Corey fitted model than in 
the non-parametric model. The smallest pores are filled, and water 
develops by means of a continuous flow through interconnected 
macropores or meso- and macropores, following flow paths 
characterized by the minimum flow resistance. 

For a value of the effective saturation around 0.2, corresponding 
to a value of matric head around of -10 m, the behaviour of the 
two models is reversed. Macropores results empty and drainage 
processes is governed by micropores. Consequently, diffusive 
mixing mechanism is higher than the gravity driven flow.

Laboratory experimental investigations based on soil suction, 
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field scale. The validity of the equilibrium condition well be 
investigated comparing reliability of different conceptual models 
to represent the complex porous structure of calcarenites. 
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b) Only gravity driven flow and capillarity forces have 
been considered, neglecting the contribution of “special flow 
modes” (sensu Turturro et alii, 2020), especially likely in 
partially filled macropores;

c) The theorical model has been validated for medium-
high degree of saturation (Se > 0.5) and high values of the inlet 
flow rate of water.

In the next future, new boundary conditions will be 
adopted in the experimental setup, varying the initial degree of 
saturation and the infiltration rate. In situ experiments will be 
used to validate the development of conceptual models also at 
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