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The role of geotechnics in the risk assessment 
procedure for polluted sites

Marta Di Sante,* Evelina Fratalocchi,** Francesco Mazzieri,** Erio Pasqualini***

Summary
The National Environmental Code made the site-specific risk assessment an essential tool for the management and remedia-

tion of contaminated sites. The paper underlines the role of geotechnical expertise for Risk Assessment of contaminated sites and 
illustrates specific aspects, also derived by practical applications. The paper offers an overview of the risk assessment procedure and 
points out how the appropriate definition of the subsoil model greatly affects the formulation of the assessment and, consequently, 
the risk results and the remediation design. The effects of several soil parameters affecting the risk assessment procedure and results 
are examined and the application of new techniques in evaluating the migration pathways are described and discussed. With refer-
ence to the migration models implemented in computer codes, the paper addresses the importance of appropriate model to predict 
contaminant leaching and transport to groundwater and the issue of contaminant volatilization by comparing results of commonly 
used volatilization models and direct measurements of vapor emissions.
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1. Introduction

The study of the effects of pollution on soil be-
haviour is a topical challenge for geotechnical rese-
archers. To this regard, SIMPSON and TATSUOKA [2008] 
included the remediation and the reuse of brown-
fields among the main future fields of application of 
geotechnics and pointed out that the improvement 
of risk assessment techniques is one of the objectives. 
As an added evidence, in the last decades, Géotech-
nique published several scientific papers about soil 
and groundwater pollution (e.g. SOGA et al., 2008). 
Recently, in his Lectio Magistralis titled “The relation 
between geotechnical engineering and science” (An-
nual meeting of geotechnical researchers, 2015), 
prof. Carlo Viggiani included the safeguard and the 
preservation of the environment among the challen-
ges that the future poses to geotechnical engineers.

The principles of geotechnical engineering, in 
fact, can be applied in solving several environmental 

problems in a so effectively way that the discipline of 
“Environmental Geotechnics” was born and develo-
ped [JOHNSTON et al., 2014].

Aim of the paper is to introduce and comment 
the risk assessment procedure for contaminated soils 
and groundwater, offering an overview of the proce-
dure and developing a critical evaluation of the ma-
jor factors affecting the assessment outcomes. More-
over, recent measurement techniques able to sup-
port the assessment are presented.

2. Site-specific health and environmental risk 
assessment

Risk assessment is the estimate of the effect on 
human health of a potentially harmful event, in 
terms of probability that the effects themselves occur 
[APAT, 2008]. 

Risk assessment for polluted sites was originally 
developed in the United States [USEPA, 1996] and 
later in Europe [CONCAWE, 2003], where about 
2.5 millions of contaminated sites were estimated in 
2011 by the European commission EIONET [PANA-
GOS et al., 2013]. In 2012, the Italian environmen-
tal protection agency (ISPRA) assessed about 15000 
polluted sites in Italy [ISPRA, 2012]: the necessity 
to regulate the risk assessment procedure led to the 
first version of guidelines, published in 2008, with 
the last update in November 2014 [MATTM, 2014]. 
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The Legislative Decree n. 152, issued in 2006, 
made the site-specific risk assessment an essential to-
ol for remediation of contaminated sites because its 
outcomes state a site as contaminated.

Risk assessment follows a 3-tiered approach 
[ASTM, 2010] in which tier 2 consists of the use of si-
te-specific parameters and analytical models of con-
taminant migration.

In case of a contamination event or suspected 
contamination, if the measured concentration of 
chemicals in soil and/or in groundwater is found to 
be higher than the screening level (CSC, stated in 
the legislative decree 152/2006), the site characteri-
zation and risk assessment procedures are triggered.

The site characterization is aimed at getting all 
the site information (contamination distribution 
and levels in soil and groundwater, soil stratigraphy, 
physico-chemical and geotechnical parameters, 
groundwater flow and level, etc.) to develop the risk 
assessment and calculate the site-specific target le-
vels (SSTLs) also called clean-up levels (CLs). If the 
detected concentrations exceed the SSTLs, the site 
is stated as contaminated and remediation is neces-
sary to reach the clean-up levels in soils and/or in 
groundwater.

Several computer codes have been developed 
to implement risk assessment procedures, some of 
which are considered acceptable by the Italian en-
vironmental protection agency, e.g.: Rome (by AN-
PA-Environ), Giuditta (by Milano Province), RB-
CA Tool Kit, RISC. All these programs implement 
calculations of risk assessment as suggested in the 
ISPRA guidelines but none of them is strictly com-
pliant with the model selected by ISPRA. This in-
compliance should not be regarded as a limitation 
but as an opportunity to choose the most appro-
priate simulation for the site of concern, among 
several available models. Selecting the proper mo-
del is fundamental to avoid unrealistic and unfea-
sible clean up levels since they strongly influence 
the remediation technology to be applied [CHEN et 
al., 2004].

Risk assessment (RA) for polluted sites is ba-
sed on the Site Conceptual Model (SCM), that is, 
a complete description of the site features, with 
the objective to define the contamination distribu-
tion (Source), emission and migration of pollutants 
(Transport), and the type and exposure of recep-
tors (Targets). As an example, figure 1 schematically 
shows the calculation sequence and the RA procedu-
re in the case of contaminant volatilization from soil.

The SCM (i.e. the core of the RA procedure) 
should be set up on the basis of an accurate site cha-
racterization that includes:
– topographic survey;
– boreholes and/or excavations with environmen-

tal soil sampling (see section 3) to define the 
geotechnical model, the contaminant distribu-

tion in soil and soil chemical characteristics (e.g. 
fraction of organic carbon);

– standard or specialized in-situ tests to better out-
line the geotechnical model (e.g. CPT equipped 
with special sensors to detect pollutant presence, 
see FRATALOCCHI and PASQUALINI, 2007);

– piezometers for groundwater sampling and 
hydrological measurements to know the aquifer 
type, groundwater flow, hydraulic gradient;

– geophysical surveys if the presence of buried wa-
ste or tanks as primary sources of contamination 
is suspected.

2.1. Contaminant source definition

The soil model conventionally assumed in risk as-
sessment consists of a vadose zone, subdivided in sur-
face soil (SS; 0-1 m from the ground level) and deep 
soil (SP; 1m-water table) and a saturated zone (GW) 
located below the water table. These three envi-
ronmental media (SS, SP, GW) are considered to ha-
ve homogeneous physical, mechanical and hydraulic 
characteristics. The source of contamination is defi-
ned as the soil or groundwater portion with the pre-
sence of chemicals that could be released in the sur-
rounding environment. The source can be located 
in one or more of the described environmental me-
dia. Given the dependence of the soil model on the 
seasonal variation of water table, the source geomet-
ry is also affected by these fluctuations. The phreatic 
level data should be therefore collected across the 
year by means of multiple piezometric surveys.

Once the site is characterized, it has to be divi-
ded in Thiessen polygons such that each polygon 
defines an area of influence around each sampling 
point. 

The source of contamination in the vadose zo-
ne is defined, as the volume of soil that include all 
the polygons in which the regulatory screening le-
vel, CSC, is exceeded by at least one contaminant. 
The inclusion in the source of adjacent polygons 
where the CSCs are not exceeded must be eva-
luated according to proximity criteria (see APAT, 
2008).

The source of contamination in the saturated zo-
ne is defined, on the groundwater isoconcentration 
(contour) map, as the volume of groundwater enclo-
sed by the CSC isoconcentration line.

The contamination is always considered to be 
uniformly distributed across the source volume, the-
refore a representative source concentration for 
each contaminant, RSC, must be attributed to the 
source.

If the sampling points in the source are less than 
10, the representative source concentration is cau-
tionary identified as the maximum measured con-
centration value otherwise it can be statistically cal-
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culated as the 95% upper confidential limit of the 
mean of all the concentration values detected in the 
source volume.

2.2. Migration of contaminants

Contaminant migration is simulated according 
to the defined SCM, allowing estimation of the pos-
sible effects of the contamination in term of risk for 
human beings and for the environment. The con-
centration at the point of exposure (CPOE) is usual-
ly obtained as the product of the representative con-
centration in the source and a Transport Factor, FT, 
representing the contaminant migration from the 
source to the exposure point where the target is as-
sumed to be located (Fig. 1).

With reference to the level of risk assessment re-
quested by the Italian regulation (Tier 2), the tran-
sport factors are determined by applying analytical 
transport models with measured site-specific parame-
ters. The most appropriate migration model should 
be selected to simulate the actual conditions based 
on the geotechnical characterization and using in-
put model parameters determined by geotechnical 
investigation techniques (i.e. site specific parame-

ters). These parameters play a crucial role because 
their values strongly influence the outcomes of the 
risk assessment procedure.

In particular, in addition to the direct exposu-
re of targets (i.e. ingestion of contaminated soil and 
dermal contact), chemicals could reach the different 
targets (see section 2.3) via volatilization, leaching 
with lateral transport in groundwater and particula-
te emission from soil. The volatilization of contami-
nants can start from soil (surface soil or deep soil) 
and from groundwater. Table I shows specific formu-
la for each transport factor, as suggested by the Ita-
lian guidelines.

The migration of contaminants is the core of the 
risk assessment, it must be defined by the assessor 
basing on the source geometry and on the contami-
nant properties. For example, particulate emission is 
possible only from source located in the surface soil 
and volatilization is possible for volatile compounds 
only.

The FT formulation involves the site-specific 
parameters. Those parameters are measured or de-
termined for each specific site and represent the 
feature that make site-specific the entire risk asses-
sment procedure. Most of these parameters are lin-
ked to geotechnical properties (hydraulic conduc-
tivity, grain size of soil deposit). Criteria for the de-
termination of the value to be assigned to each site-
specific parameter suggest to take into account the 
uncertainty by selecting the most cautionary value: 
maximum or minimum if the number of available 
data is less than 10 while upper or lower confiden-
tial limit of the mean (95%) if data-set is composed 
by more than 10 values [APAT, 2008]. In section 4 
of the paper the effect of the soil textural class on 
the prediction of the contaminant transport is illu-
strated.

2.3. Targets of contamination

In the Italian approach two types of targets of 
contamination must be considered: human targets 
and groundwater body. They represent the typical 
targets of the sanitary and environmental risk asses-
sment, respectively. Groundwater body has to be con-
sidered as the target of contamination coming from 
the unsaturated soil media; this approach is justified 
by the fact that, for the Italian legislation, groundwa-
ter is a public property, therefore has to be protected 
whichever its use is.

Human targets can be differentiated according to 
their location in: targets on-site that are located at the 
source of contamination and targets off-site that are 
placed at a certain distance from the source of conta-
mination. They can be differentiated also basing on 
the land use, resulting in: (1) residential targets i.e. 
adult and children in a residential scenario, (2) indu-

Fig. 1 – Site Conceptual Model (SCM) and related calcula-
tions – Example of volatilization of contaminants from soil. 
Fig. 1 – Schema di modello concettuale del sito (MCS) e dei 
relativi calcoli – Esempio di volatilizzazione dei contaminanti 
dal suolo.
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strial/commercial targets i.e. exclusively adults in an 
industrial commercial scenario and (3) recreational 
targets i.e. adults and children in a recreational area. 

The human target, located at the point of expo-
sure, (section 2.2) is described by a series of expo-
sure parameters that are typical of the type of target 
(child or adult) and of the type of exposure (inge-
stion of contaminated soil, dermal contact with con-
taminated soil, inhalation of particulate or of conta-
minant vapors. These exposure parameters include 
parameters common to all type of exposure: body 
weight, exposure frequency and duration and addi-
tional exposure parameters such as ingestion and in-
halation rates, surface of skin exposed, daily expo-
sure frequency that are differentiated basing on the 
type of exposure.

The combination of these parameters offers the 
specific exposure, EM, for each type of target and for 
each type of exposure. EM, multiplied by the CPOE 
(section 2.2) defines the exposure value, E (Fig. 1).

The environmental target, i.e. the groundwa-
ter body, is a target to be protected at a particular 
point, named compliance point (POC) that the Ita-
lian regulations define as the site boundary located 
downgradient. At this particular point, the regulato-
ry screening level for groundwater (CSCF) is the ma-
ximum level of concentration allowed by the Italian 
legislation; therefore, in this case, the concentration 
predicted by the migration model at the POC, na-
med CPOC, has to be compared with the regulatory 
threshold.

2.4.  Risk and clean-up levels calculations

Risk assessment can be developed in a forward 
or in a backward application. The former has the 
aim to determine hazard and risk values whereas the 
latter aims at defining the clean-up levels.

With reference to the forward application, the 
sanitary risk is calculated in two different forms 
for non-carcinogenic effects and for carcinoge-
nic ones. For non-carcinogens, the hazard index 
(HI) is calculated for each contaminant as the ra-
tio of the exposure (E) to the appropriate referen-
ce dose (RfD) that is an estimate of a daily expo-
sure (mg/kg/day) to the general human popula-
tion that is likely to be without an appreciable risk 
of deleterious effects during a lifetime of exposu-
re [ASTM, 2010] and represents the inverse of the 
pollutant toxicity:

HI = E / RfD
It should not exceed the value of 1 to be conside-

red as acceptable.
The carcinogenic effects are represented by the 

additional lifetime cancer risk (R), calculated as the 
product of the exposure (E) and the relevant slope 
factor (SF) that is the slope of the dose-response cur-

ve in the low-dose region [ASTM, 2010] and repre-
sents the pollutant toxicity:

R = E · SF
It should not exceed the value of 1∙10-6 (for the 

Italian legislation) to be considered as acceptable.
Databases for RfD and SF values of chemicals 

are commonly available; in Italy, the National Sani-
tary Agency (ISS), edited and updated the database 
of physico-chemical and toxicological properties of 
contaminants for risk assessment application. 

Additional criteria are defined in APAT [2008] 
and ASTM [2010] to consider more than one expo-
sure type and more than one contaminant in the sa-
me site. 

Environmental risk, also known as risk for groun-
dwater, RF, is calculated as the ratio of the CPOC to 
the CSCF: 

RF = CPOC / CSCF
It should not exceed the value of 1 to be conside-

red as acceptable.
With reference to the backward application, the 

site-specific Clean-up Levels (CLs) are defined as the 
concentrations in the source that ensure the accep-
table risk levels be respected and they must be as-
sumed as remediation goals. They are obtained by 
an inverse application of the described procedure 
(sections 2.1, 2.2, 2.3) by fixing the acceptable risk/
hazard levels (TR= Target Risk = 1·10-6; THI =Tar-
get Hazard Index = 1). Taking into account the RfD 
and SF value, an acceptable exposure can be deter-
mined and, dividing it by the specific exposure, EM, 
an acceptable value of concentration at exposure 
point can be derived. The CLs can be calculated as 
the ratio of this acceptable concentration to the FT 
determined for each migration pathway. Also for the 
backward application additional criteria are necessa-
ry to consider more than one exposure type and the 
presence of more than one contaminant in the same 
site [APAT, 2008; ASTM, 2010].

3. Importance of the geotechnical model 

The three environmental media (SS, SP, GW) 
described in section 2.1 are considered to have ho-
mogeneous physical, mechanical and hydraulic cha-
racteristics. Subsoil conditions significantly different 
from the ideal ones are very frequent. 

The different soil types, migration parameters and 
contaminants require a representation of the spatial 
variability that differ from the classical one of geotech-
nical models; the use of Thiessen polygons to define 
the area of influence of the investigation boreholes 
(see section 2.1) is an example. Moreover, the num-
ber of investigation points is much higher than that of 
typical geotechnical study because they are essential 
to describe the contaminants distribution and to draw 
detailed geological sections. Sections are needed to 
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Fig. 2 – SCM: subareas selected starting from the soil stratigraphy (modified by [DI SANTE et al., 2009]). 
Fig. 2 – MCS: dalla stratigrafia alla definizione delle sub-aree (modificato da [DI SANTE et al., 2009]).
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verify the spatial continuity of low permeable deposits. 
Migration of contaminants is defined according to 
the soil layers of the subsoil model and their hydrau-
lic conductivity is affected by these assumptions. Speci-
fic filtration paths like those detected in the fractured 
aquifer (e.g. calcareous rocks) need the use of numeri-
cal modeling in place of the analytical ones.

The site model for risk assessment is based on 
classical geotechnical investigation techniques cou-
pled with environmental investigation and analysis 
methods. The site model for risk assessment is al-
so aimed at quantifying contamination and its spa-
tial distribution both in the unsaturated layer and 
in groundwater. Particular precautions should be 
taken in order to avoid contaminant diffusion due 
to investigation activities (e.g. cross-contamination 
between two aquifers during piezometers installa-
tion). Moreover, investigation points should have 
particular features to allow the study of the contami-
nation such as the extended screening of the unsa-
turated level of the piezometer in order to allow fu-
ture sampling of vapors to estimate volatilization of 
contaminants. Soil sampling is different from that of 
typical geotechnical investigation; in particular, un-
disturbed sample are usually not required but the 
sampling must comply with protocols for contami-
nant substances (e.g. in case of volatile organic com-
pounds particular sampling procedures and devices 

are required to store the soil to be analyzed) [APAT, 
2008].

In addition, in the typical site model, a represen-
tative value of the depth of groundwater level must 
be defined. In defining this value, it is important to 
consider seasonal variability of the phreatic level, 
therefore multiple surveys of measurements are re-
commended at least over a year, so that, knowing the 
migration paths, a representative survey and its cau-
tionary value can be selected by the assessor.

A non-planar ground surface and multi-layered 
aquifers, with lenses of not negligible thickness and 
extension, do not allow adopting the simplified sub-
soil configuration. In such cases, it is essential to 
characterize in detail the subsoil stratigraphy and 
its hydrogeological features. The assessor should 
be aware of all the modeling possibilities offered by 
different computer codes to choose the most suita-
ble model to represent the actual site configuration. 
To this regard, an interesting example concerns the 
RA applied at a closed industrial site in the Marche 
Region [DI SANTE et al., 2009]. An extensive investi-
gation (including 35 boreholes and 25 monitoring 
wells across an area of about 25000 m2) allowed de-
termining the soil stratigraphy and the topographi-
cal configuration typical of alluvial terraces (Fig. 2). 
The investigation results suggested subdividing the 
site into three sub-areas, each one with its own SCM. 

Fig. 3 – Exposure model for environmental receptors [Regione Veneto e Comune di Venezia, 2004]. 
Fig. 3 – Modello di esposizione per recettori ambientali [Regione Veneto e Comune di Venezia, 2004].
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The approach with the three sub-areas was main-
tained for the remediation project as well. In parti-
cular, the subdivision drove both the selection of the 
remediation technologies and the strategy for the si-
te reuse, with a different reuse option for each sub-
area. Therefore, the detailed subsoil model resulted 
to be essential for the following management phases.

An additional case history regards an area loca-
ted in Porto Marghera, an industrial zone close to 
the Venice Lagoon, which is included in the list of 
the sites of national relevance (i.e. a list of contami-
nated sites to be remediated, identified by the Ita-
lian Ministry of Environment). For this site, the Ve-
neto Region and the Venice Municipality issued spe-
cific guidelines to state the SCM and operative pro-
cedures (Master Plan for the remediation). The re-
ference subsoil model (Fig. 3) suggested in the Ma-
ster Plan consists of (from the ground surface): a 

surficial layer with a perched water table (related to 
rainfall), a non-continuous level of impervious clay 
that overlays an upper and a lower aquifer separated 
by a second low permeability, but locally leaky, layer. 
Percolation between the two aquifers as well as late-
ral flow towards the lagoon are therefore possible, 
even if the Master Plan does not exclude areas local-
ly different from the reference scheme. An extensi-
ve survey (70 boreholes across an area of 18000 m2) 
certified the lateral continuity of the first low per-
meability level (Caranto-Pleistocene, “first imper-
vious level” in Fig. 4) and the presence of two piezo-
metric levels proved the hydraulic separation betwe-
en the upper and lower aquifers. This evidence si-
gnificantly influenced the development of the risk 
assessment since percolation between the hydrau-
lic levels could be excluded as possible migration 
pathway (Fig. 4).

Fig. 4 – Example of influence of soil stratigraphy on SCM. 
Fig. 4 – Esempio dell’influenza della stratigrafia sul MCS.
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4. Effect of the soil textural class on the predic-
tion of contaminant transport 

In the reference document for definition and 
validation of site-specific parameters for risk asses-
sment, ISPRA [2007] underlines the importance of 
the grain size analyses, stating that they should be 
included in the characterization activities. At least 
three tests for each homogeneous layer should be 
carried out. Consequently, selection of the soil sam-
pling technique is of great importance in the risk as-
sessment procedure because it should ensure that all 
the grain size fractions be represented. Therefore, 
care should be taken to prevent loss of soil fractions 
in lifting the corer and during extraction of the co-
re sample. In addition, particular attention should 
be devoted in subdividing the sample in 3 homo-
geneous aliquots in order to allow the validation of 
grain size test results by regulatory agencies.

Given the amount of calculations involved in the 
RA procedure, complex situations have to be repre-
sented in a simplified way. To this purpose, it is ne-
cessary to assign a single, representative grain size to 
an entire soil deposit, on the basis of the set of grain 
size analyses performed.

The APAT guidelines [APAT, 2008] identify 12 
possible textural classes as a function of three diffe-
rent fractions: sand, silt, clay defined according to the 
British Standard Classification [BS1377;1991]. Once 
the deposit is assigned to one of the 12 textural clas-
ses, 15 of the 68 parameters involved in the calcula-
tion of RA are defined (see Fig. 5). The value of some 
of these parameters is assigned as a function of the 
textural class only (e.g. the volumetric water content, 
θw). For other parameters (such as the effective in-

filtration), the guidelines propose different formula 
for each textural class (see section 4.2) or calculation 
that combines several factors, some of which derived 
from the textural class. For example, the thickness of 
the vadose zone is calculated as the difference betwe-
en the depth of water table derived by characteriza-
tion data and the height of capillary fringe, the last 
one derived as a function of the textural class.

With reference to the permeability coefficient, 
it is important to underline that, although the gui-
delines suggest reference values related to the textu-
ral class, direct measurement by means of in-situ 
hydraulic conductivity tests (e.g. pumping tests, Le-
franc or Lugeon tests, depending on the type of soil) 
are preferable.

In order to evaluate the influence of different 
parameters on transport factors and therefore on 
the risk assessment outcomes, sensitivity analyses can 
be very useful to understand to which extent the risk 
values and the related management decisions de-
pend on the variability (and/or uncertainty) of the 
parameters used for calculations [USEPA, 2001]. 

In the following sections, results of sensitivity 
analyses are shown with reference to the volatiliza-
tion factor from soil and to the leaching factor (see 
Tab. I for definition) as a function of the soil textu-
ral class and of the site-specific parameters related to 
the textural class.

4.1. Contaminant volatilization from soil 

The models of contaminant volatilization from 
a source located in the vadose zone (unsaturated 
soil) involve various parameters related to the soil 

Fig. 5 – Parameters involved in risk assessment and their relation with the soil grain size distribution. 
Fig. 5 – Parametri coinvolti nell’analisi di rischio e loro dipendenza dalla granulometria dei depositi.
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texture. A recent study pointed out that the soil tex-
tural class can significantly influence the volatiliza-
tion factors of contaminants from a soil [DI SANTE et 
al., 2011]. The study considered the outdoor (VFout) 
and indoor (VFin) volatilization factors of benzene 
and indenopyrene (two common volatile contam-
inants) and four different textural classes: gravel, 
sand, silt and clay. A specific set of parameters tak-
en from the internal database of the software RISC4 
was assigned to each textural class. In the RISC4 da-
tabase the class “Gravel” is available whereas it is 
not considered in the Italian guidelines among the 
possible grain size classes. The results showed that 
the predicted volatilization factors for benzene de-
crease monotonically from coarse-grained to fine-
grained textures. In particular, VFout of benzene de-
creases by more than one order of magnitude. In the 
case of indenopyrene, VFin decreases by one order 
of magnitude from coarse-grained to fine-grained 
textures, whereas VFout displays a non-monoton-
ic trend with the grain size. Therefore, both the 
textural class and the contaminant properties can 
significantly influence the transport factors. This 
means that, for the site conceptual model, the se-
lection of a representative textural class for a given 
deposit in case of complex stratigraphic conditions 
could be helped by sensitivity analyses whereby the 
impact of specific assumptions on the textural class 
can be evaluated.

For example, a sensitivity analysis was conducted 
on some of the parameters characterizing the grav-

el and sand textural classes (e.g., saturation degree, 
Sr, soil bulk density, ρb) considering a reference site 
geometry. The results (Fig. 6) showed that the fac-
tor VFout is highly sensitive to Sr (Sensitivity Score > 
10 as defined in DI SANTE et al., 2011), with different 
trends for different contaminants (benzene and in-
denopyrene). Moreover, within a textural class, the 
variation of a specific parameter can significantly 
affect the results. Sensitivity analyses can be useful 
to identify the parameters that mostly affect the re-
sults. In the context of risk assessment procedures, 
it is important to point out that Sr is assumed to 
be constant in time and is calculated from the to-
tal porosity (ϑ) and the volumetric water content 
(ϑw), which are usually assigned as a function of the 
soil textural class, being of difficult direct measure-
ment. However, using typical values may not ensure 
cautionary results.

4.2. Leaching from the vadose zone to groundwater

The process of contaminant leaching from the 
vadose zone towards the groundwater is described 
by theoretical models which contain several param-
eters related to the soil texture. The leaching fac-
tor, LF (Tab. I), describes the contaminant partition-
ing in the source, the subsequent migration towards 
the water table and dilution in groundwater [APAT, 
2008; DI SANTE et al., 2014]. In the following, the var-
iation of LF is analysed as a function of the effective 

Fig. 6 – VFout e VFin trends as a function of the saturation degree for Benzene and Indenopyrene – example of gravel and 
sand textures (extract from DI SANTE et al., 2011). 
Fig. 6 – Andamento di VFout e VFin in funzione del grado di saturazione per Benzene ed Indenopirene – esempio di depositi ghiaiosi e 
sabbiosi (estratto da DI SANTE et al., 2011).
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infiltration in the vadose zone, Ieff, and the depth of 
the mixing zone in groundwater, δgw, both related 
to the textural class of the vadose zone. Ieff depends 
on the textural class and on precipitation. The Ital-
ian guidelines for risk assessment [APAT, 2008] sug-
gest estimating Ieff through an expression that in-
cludes the average yearly precipitation, P (cm/year) 
and different coefficients dependent on the textural 
classes (sand, silt or clay):

Ieff = 0.0018·P2 for sands (1a)
Ieff = 0.0009·P2 for silts (1b)
Ieff = 0.00018·P2 for clays (1c)

Figure 7 shows the variation of LF as a function 
of Ieff with reference to the Aliphatic C9-C18 fraction 
of heavy hydrocarbons (calculated by the workshe-
et SMART-Risc developed at the Università Politec-
nica delle Marche); DI SANTE et al., [2014]. The ran-

Tab. I – Analytical migration models and transport factors formulation.
Tab. I – Modelli analitici di migrazione dei contaminanti e formule dei fattori di trasporto.
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ge of Ieff was selected considering a sandy soil (Fig. 
7a) and a clayey soil (Fig. 7b) and values of P from 
actual precipitation data (1999-2006, Senigallia wea-
ther station, Italy). Figure 6 shows that LF can signifi-
cantly increase with Ieff for sandy soil, whereas it ten-
ds to be constant for clayey soil (similar tends were 
obtained for different hydrogeological conditions, 
as shown by DI SANTE et al., [2014]). 

Sensitivity analyses are also taken into account in 
official guidance documents as a tool to evaluate the 
importance of given parameters on the transport fac-
tors and, as a consequence, on the risk assessment 
results.

For example, figure 8 shows the variation of LF 
of benzene as a function of δgw [APAT, 2008], which 
is the vertical dimension of the contaminant plume 
in the aquifer below the source. The value of δgw is 
commonly calculated by equation (2), a dimension-
al equation, where: αz is the soil vertical dispersivi-
ty in the vadose zone, da is the thickness of the aqui-
fer, W is the length of the source along the direction 
of groundwater flow, ksat is the saturated hydraulic 
conductivity of the aquifer, i is the hydraulic gradi-
ent of the groundwater. Therefore, δgw depends on 
Ieff and ksat, that is, on the textural classes of both 
the saturated and unsaturated soil.

 2 1a W
W

k i d
l

exp· · · ·
·

·δgw z da
eff

sat a

0,5+= –
–

( ( ([ [)  (2)

Figure 8 shows the that LF is very sensitive to δgw: 
an increase in δgw from 100 to 500 cm causes a reduc-
tion in LF by a factor of five.

Sensitivity studies like those illustrated above are 
useful to identify the site-specific parameters mostly 
influencing the risk assessment results. These param-
eters should be the focus of the characterization of 
a contaminated site. The textural class and the hy-

draulic conductivity of the soil are of major impor-
tance in this respect.

5. Steady-state and transient leaching and tran-
sport models

According to the Italian legislation, groundwater 
is a target of contamination in risk assessment pro-
cedures since groundwater bodies are considered of 
intrinsic environmental value regardless of their use. 
In other jurisdictions (e.g. USA), risks for human ex-
posure to contaminated groundwater (e.g., through 
ingestion of contaminated water) must be taken in-
to account, or concentration limits are prescribed to 
protect the ecosystem. In either case, if the contami-
nant source is in the vadose zone, the risk assessment 
requires modelling of contaminant leaching due to 
percolating rainwater and subsequent transport and 
mixing with groundwater. In the Tier 2 risk asses-
sment procedures (recommended by Italian legi-
slation), analytical transport models are used to this 
purpose. 

The most commonly used risk assessment co-
des, except for RISC4, adopt a steady-state appro-
ach to model transport of contaminants to groun-
dwater. The models are usually based on the fol-
lowing simplifying assumptions [USEPA, 1996]: 
1) uniform and constant concentration in the source 

during the exposure period; 
2) instantaneous and linear equilibrium partitioning 

of the contaminant among the phases (soil parti-
cles, pore water, pore air) in the source; 

3) no contaminant attenuation in the aquifer due to 
adsorption, chemical or biological degradation; 

4) uniform dilution of the leachate in the groundwa-
ter within a “mixing box”; 

Fig. 7 – Leaching Factor (LF) for aliphatic Hydrocarbon C9-C18, as a function of the effective infiltration Ieff in case of san-
dy soil a) and clayey soil b). 
Fig. 7 – Andamento del fattore di lisciviazione (LF) per la frazione alifatica C9-C18 degli idrocarburi, in funzione dell’infiltrazione 
efficace Ieff nel caso di terreno sabbioso a) e di terreno argilloso b).
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5) unconfined aquifer with homogeneous and iso-
tropic hydrological properties.
A generic attenuation of the source concentra-

tion is assumed to operate along the path towards 
the groundwater; it is considered by means of the 
soil attenuation model coefficient (SAM < 1) which 
multiplies the source concentration and decreases 
with increasing path length. Dilution of the conta-
minant in groundwater is accounted for by a leacha-
te dilution factor (LDF > 1) which divides the source 
concentration and is related to the infiltration rate, 
Ieff, and to the ksat value of the aquifer.

In order to assess the implications of the adop-
ted modelling approach, comparative studies were 
conducted using different models to simulate lea-
ching and mixing of contaminant with groundwa-
ter. In the present paper, the results of two analyti-
cal models, a steady-state model (suggested by USE-
PA [1996] and APAT [2008]) and a transient mo-
del recently developed by the writers [MAZZIERI et al., 
2016] are compared. The latter model takes into ac-
count: 
(1) depletion of source concentration with time due 

to volatilization and leaching losses; 
(2) one dimensional (vertical) advective-dispersi-

ve flux of the dissolved contaminant with line-
ar sorption and first order biodegradation along 
the path; 

(3) transient dilution of the contaminant front in 
groundwater. 
Similar approaches based on analytical solutions 

to the advective-dispersion equation were used by 
MANASSERO et al. [2000], GUYONNET et al. [2001] and 
KATSUMI et al. [2001] to estimate the contaminant 
mass flux from waste disposal facilities through com-
pacted clays and composite liners.

With reference to the hypothetical site configu-
ration of figure 9a, figure 9b shows the results of the 
steady-state and of the transient model in case of mi-
gration of benzene.

Both models (Fig. 9b) predict that the th-
reshold level (CSC) for groundwater prescribed 
by the Italian regulations (0.001 mg/l for benze-
ne) is exceeded. However, by adopting the stea-
dy-state approach, the threshold concentration 
is immediately exceeded (0.606 mg/l, dotted li-
ne in Fig. 9b), and emergency measures to pro-
tect groundwater would be necessary to comply 
with the regulations. The transient approach pre-
dicts that the CSC would be exceeded after 12 ye-
ars from the end of characterization (i.e., the start 
of the modelling) that is, a sufficient time to de-
sign and complete the site remediation. Moreo-
ver, the transient approach predicts a significant 
reduction in the source concentration (grey solid 
line in Fig. 9b) whereas in the steady-state appro-
ach the source concentration is assumed to remain 
constant (black solid line).

The two approaches described above were ap-
plied to an actual contaminated site regarding 
migration of lead. The models were implemen-
ted using site-specific data (soil textural class, to-
tal lead concentration, size of source, site geo-
metry, soil-water partition coefficient, precipita-
tion). The transient model requires an initial con-
dition for concentration in groundwater, which 
was imposed equal to that measured during the 
characterization (which corresponds to t=0 of the 
modelling). Figure 10 shows the predictions of 
both models together with the actual values of le-
ad concentration in the groundwater, measured 
over about one decade of monitoring. The con-

Fig. 8 – Leaching Factor (LF) for benzene, as a function of the mixing zone depth in groundwater δgw (modified from 
[APAT, 2008]). 
Fig. 8 – Andamento del fattore di lisciviazione (LF) per il benzene, in funzione dello spessore della zona di miscelazione in falda δgw 
(modificato da [APAT, 2008]).
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centration in groundwater estimated by the steady 
state model is significantly higher than the measu-
red values. The predictions of the transient model 
reasonably agree with the trend of measured con-
centrations in the time span of monitoring, de-
spite some fluctuations in the measured concen-
trations, likely related to precipitations. Therefo-
re, although steady-state models are conceptually 
simpler and easier to apply, taking into account 
the time variable is of great importance in order 

to obtain more realistic simulations of contami-
nant transport and to assess the time span during 
which soil remediation must be concluded or pro-
tection measures must be put in place to preserve 
groundwater. 

6. Direct measurements and theoretical models 
of contaminant volatilization  

As previously stated, the theoretical models to cal-
culate the transport factors of contaminants in the Tier 
2 approach of risk assessment are usually developed 
by necessary simplifying and conservative assumptions 
about the site stratigraphy, geotechnical parameters 
and contaminant properties. Therefore, despite the 
use of the site-specific parameters recommended by 
the Italian regulatory guidelines, some analytical mo-
dels may significantly overestimate the exposure of 
targets. For example, analytical models typically used 
to simulate the volatilization of contaminant from soil 
may significantly overestimate the emissions and thus 
the exposure of human targets [MATTM, 2014; BRETTI 
et al., 2014; VERGINELLI et al., 2014]. 

The site-specific measurement of additional pa-
rameters that affect volatilization mechanism can be 
of help to obtain a more realistic risk estimate. An 
example of these parameters is the soil-to-water par-
titioning coefficient, kd, which can be either assu-
med from the regulatory data-base (default value) or 
directly determined on representative soil samples. 
As an alternative, to reduce the modelling steps, 
emissions of volatile contaminants from soil can be 
directly evaluated on-site by measuring their concen-
tration in the pore air (by Soil Gas Survey, SGS) or 
their flux from the ground surface (by open dyna-
mic flux chambers). Finally, migration modelling 
can be entirely avoided by measuring the concentra-
tion of volatile compounds in outdoor air [ARPA PIE-
MONTE, 2013]. 

Figure 11 shows a comparison between the re-
sults of direct measurements and of predictions by 
different models for volatilization, with reference to 
an actual site in Italy where mercury is the volatile 
contaminant in soil [DI SANTE et al., 2016]. In par-
ticular, figure 11a compares the values of mercury 
concentration at the Point Of Exposure (CPOE, i.e., 
in the air inhaled by the target):
– evaluated by the direct measurement of flux by 

open dynamic flux chamber (FC); 
– predicted by the Farmer model [FARMER et al., 

1974] and Jury model [JURY et al., 1990] imple-
mented in the worksheet SMARTrisc; 

– predicted by the Farmer model implemented in 
the software RISC4; 

– predicted by SMARTrisc using the measured kd 
value (603 l/kg) in lieu of the regulatory default 
value (52 l/kg–––ISS-INAIL Database).

Ct = total source concentration; Cw0 = source pore water concen-

tration; Cw (x,t) = concentration along the path; Cwf = concentra-

tion in the mixing box (after dilution); 

Fig. 9 – Reference site geometry a) and comparison betwe-
en steady state model (Ci,SS) and transient model (Ci (t)) 
b) – Benzene, Ct = 1 mg/kg.
Fig. 9 – Configurazione geometrica di riferimento a) e confronto 
tra modello stazionario (Ci,SS) e transitorio (Ci (t)) b) nel caso di 
Benzene con Ct = 1 mg/kg.
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Fig. 11 – a) Values of concentration at the point of exposure, CPOE, and b) Hazard Index, HI, with reference to mercury vo-
latilization. kd indicates the use of the measured value [DI SANTE et al, 2016]. 
Fig. 11 - Valori di CPOE a) e Indice di pericolo, HI b) relativi alla volatilizzazione del mercurio. La notazione kd nella figura indica l’uso 
del valore misurato [DI SANTE et al., 2016].

Fig. 10 – Comparison between concentration values measured and assessed by steady state or transient models. 
Fig. 10 – Confronto tra valori di concentrazione misurati e stimati mediante modello stazionario o transitorio.
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The value of CPOE from direct measurements 
is significantly lower than that estimated by volati-
lization models. The values predicted by the Far-
mer model are considerably higher than the Jury 
model or the direct measurement, particularly if 
the default value of kd is used. In fact, it is reco-
gnised that this model tends to overestimate the 
emissions when the source is located close to the 
ground surface as in the case examined [DI SANTE et 
al., 2016]. The corresponding values of the Hazard 
Index (HI) are shown in figure 11b. For example, 
based on the acceptable value of HI = 1 (according 
to the Italian legislation), the risks would result to 
be acceptable or unacceptable whether direct mea-
surement (flux chamber) or theoretical models are 
applied.

The great differences in figure 11 can be ex-
plained both by the overly conservative assump-
tions adopted in the theoretical models and by the 
properties of the considered contaminant. Mercu-
ry can be found in various forms, among which the 
most volatile is the elemental form (zero-valent). 
Standard chemical methods for mercury analysis 
in soil give the total concentration and cannot dis-
tinguish among the different forms. If analytical 
models of volatilization are applied to the total 
concentration, all the mercury in the soil is con-
sidered to be volatile. Preliminary and complex 
speciation analyses would be necessary to identi-
fy the different fractions and to take into account 
their different volatilities. Direct measurements of 
emissions (e.g., by open dynamic flux chambers) 
offer the advantage to consider the fraction of 
mercury that is actually volatile and able to effec-
tively reach the outdoor air.

7. Final remarks

Risk assessment procedure for polluted sites re-
quires different skills for its correct application; the 
role of the geotechnical skills is fundamental, star-
ting from the characterization phase to the model-
ling of pollutants migration. In particular, it is es-
sential to take into account the geotechnical aspects 
in the development of the subsoil model, which is a 
substantial part of the site conceptual model. An ap-
propriate definition of the subsoil model greatly af-
fects the formulation of the assessment and, conse-
quently, the risk results and the remediation design. 

Modelling of contaminant transport is a crucial 
step in the risk assessment procedure. The expertise 
developed in the field of environmental geotechnics 
allows a critical view on the contaminant migration 
phenomena. Although steady-state migration mod-
els are conceptually simpler and easier to apply, the 
paper shows that taking into account the time varia-
ble is of great importance in order to obtain a more 

reasonable simulation of contaminant migration 
and indications on the time span during which soil 
remediation works must be concluded or protection 
measures adopted. 

The paper underlines also that some of the avai-
lable models to estimate contaminant transport are 
very simplified and may lead to overestimation of 
the exposure of targets (e.g. in case of volatilization) 
and that specific experimental techniques can help 
obtain more realistic results. 

Further developments of the research in this 
field include the improvement of the existing analyti-
cal migration models and the development of new 
calculation tools (worksheets, codes) able to more 
realistically describe the site conditions, for example 
considering the time variability of site parameters or 
inhomogeneity in soil characteristics. Environmen-
tal geotechnics plays a fundamental role in this re-
search field.
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Il ruolo della geotecnica nelle analisi di 
rischio per i siti contaminati

Sommario

Il Testo Unico Ambientale (DLgs 152/06) ha reso l’analisi di 
rischio sito-specifica uno strumento indispensabile per la gestione e la 
bonifica di un sito contaminato. L’articolo sottolinea l’importanza 
delle competenze geotecniche nella corretta applicazione dell’Analisi 
di Rischio per terreni e acque sotterranee di siti contaminati e 
illustra alcuni aspetti specifici, ispirati anche da applicazioni reali. 
L’articolo illustra, in primo luogo, la procedura di analisi di rischio 
e sottolinea l’importanza del modello concettuale del sito nella 
procedura. In particolare, l’articolo evidenzia come un’appropriata 
definizione del modello di sottosuolo influenzi drasticamente 
l’impostazione ed i risultati dell’analisi di rischio e, di conseguenza, 
il progetto di bonifica. Vengono esaminati gli effetti di diversi 
parametri del terreno sulla procedura di analisi e sui risultati 
e viene descritta l’applicazione di alcune nuove tecniche nella 
valutazione dei percorsi di migrazione. Con riferimento ai modelli di 
migrazione utilizzati nei codici di calcolo, attraverso un confronto 
tra i risultati dei modelli di migrazione più utilizzati e misure 
dirette, l’articolo sottolinea l’importanza del modello più appropriato 
per la previsione della lisciviazione e della volatilizzazione dei 
contaminanti.

Parole chiave: sito contaminato, analisi di rischio, modello 
concettuale, modelli di migrazione




