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Summary 

Occupational Safety and Health - OS&H is particularly complex in the case of 
research universities due to a number of typical characteristics that make 
inadequate the usual approaches to OS&H in industries or secondary educational 
institutions. 

The PhD research project provides substantial developments in some sub-
phases of the well-tested Guideline for the Occupational Risk Assessment and 
Management of employees, students and people in research universities, resulting 
from a multidisciplinary cooperation of experts from Politecnico di Torino and 
Università degli Studi di Torino. The research work concerns the analysis of two 
strictly connected topics of basic relevance for an exhaustive Occupational Risk 
Assessment and Management for particularly critical areas in research 
universities: 
- Systematic evaluation of the operating contexts;  
- Workers’ exposure model definition.  

With regard to the first topic, the research validates a special sub-part 
approach of the Guideline, ensuring a systematic evaluation of the operating 
contexts in complex facilities, where the most serious criticalities are often of no 
direct identification. The approach is based on an original development of 
Forensic Investigation techniques to support the Hazard Identification on shell, 
services and interior spaces of premises containing workplaces, and on their not-
operative content. A series of tests confirmed the effectiveness of the approach in 
terms of completeness and repeatability, and made possible to draw suggestions 
on the selection of the better technique in different scenarios. The approach was 
extended in contexts where “concealed criticalities” (i.e. asbestos containing 
materials) can be present. Within a Quality Management strategy of these 
contexts, preliminary tests on high-quality image taking technologies and 
computerized procedures of image processing and interpretation made possible 
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systematic checks on the state of conservation of artefacts not needing immediate 
action, for a real time updated database on critical materials present in the 
different areas. 

Within the second topic, the definition of the workers’ exposure to identified 
Hazard(s) requires measuring processes to quantify the Hazard Factor(s): the 
measuring processes quality and the measures interpretation lay at the very base 
of an effective OS&H Risk Assessment, and of the decision-making processes 
leading to an effective Prevention. The research work discusses an approach to 
prove the measuring equipment capability to comply the metrological 
requirements, ensuring the quality of results in terms of metrological confirmation 
and measuring process efficiency, thanks to key performance indicators used in 
process quality assessments. The research work also provided a rigorous approach 
for the design and management of sampling campaigns (as starting point for a 
subsequent PhD project “Management of work related risks through the measures 

quality”), making possible the use of formalized evaluation techniques for the 

measures interpretation, from the potential outliers’ analysis to the data 

representativeness evaluations. Within the same topic, a special study enabled to 
assess the influence of measure uncertainties in very low measured values, e.g. in 
contexts where degradation phenomena on artefacts containing asbestos can make 
airborne asbestos fibres. The scenario is frequent in some research universities 
sited in settlements built, or involved in maintenance interventions, during the 
‘90s. 

A visiting study abroad made possible a research context exploration and a 
sharing of methods, approaches and ideas on the Safety management in the 
research field, through an overview of the approaches adopted in different 
scientific research contexts, making clear as the OS&H management approaches 
shall be specific and tailored for each context.   

PhD research work also covered the study of some complex situations (e.g. 
highway maintenance yards and tunnelling operations) aimed to draw indications 
for an effective assessment and management of work-related risks, adoptable to 
address criticalities that sometimes occur also in large public facilities and 
universities.  
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Introduction 

1.1 Context of research 

The Occupational Safety and Health – OS&H, multidisciplinary field aimed 
to protect the safety and health of workers, is an ethic issue but also social 
requirement and political priority, which plays a key role in the sustainable 
development of all countries.  

In Europe, the commitments of different governments to improve the OS&H 
conditions are encouraged by the European Directives providing the principles to 
improve the safety and health of workers at work. According to the European 
regulations, first of all the Framework European Directive 89/391/EEC, an 
effective improvement of the OS&H conditions can be achieved only through a 
careful and exhaustive Risk Assessment and Management resulting in a complete 
and continuously updated consciousness of the residual risks concerning each 
worker. The correct approach for an effective Risk Assessment and Management 
requires to select the modus operandi really effective in the special situation under 
exam. This statement, of general value, is clear from the Hazard Identification – 
H.I. technique selection, very first step of the Risk Analysis process; the H.I. 
represents a critical phase since Hazard Factors not correctly identified cannot be 
correctly assessed and managed. 

An exhaustive Risk Assessment, leading to a clear risks hierarchy upon which 
to base the Management phase, can result a demanding task particularly in 
complex situations, e.g. where the analysis focuses on activities which are 
involved in both high degree university education and in advanced research, the 
latter performed in special working environments, e.g. research laboratories.  

As confirmed also by the results of the abroad visiting research aimed to study 
the formalized approaches and special research works for the OS&H management 
in European research institutes, the OS&H in research universities represents a 
challenging field due to a number of peculiarities characterizing these special 
workplaces. 

To endorse this concept, the journal article “Urging universities to act on 

safety”, published by Beryl Lieff Benderly in the scientific journal “Science”, 

discusses the effort to rise the Safety awareness in research universities, 
concretized in the commitment of the Association of Public and Land-grant 
Universities - APLU to implement the Culture of Safety in the public universities 
of U.S., Canada, and Mexico (Benderly, 2016). 

APLU is an organization dedicated to strengthening and advancing the work 
of public universities. The association’s membership includes 23 university 

systems and 211 universities, of which 74 are U.S. land-grant institutions. Within 
the APLU, a special Task Force on Laboratory Safety provides research 
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universities with recommendations and guidance on the most appropriate 
strategies to enhance a Culture of Safety. The raised awareness and highlighted 
need for a stronger safety consciousness in U.S. universities, in response to 
significant events, including serious accidents occurred to research assistants and 
graduate students, induced the Task Force to some important initiatives. Among 
these, some Call to Action to all universities to embrace a renewed commitment to 
improving the Culture of Safety for all academic research, scholarship, and 
teaching, and the drafting of a report (Fig. 1) titled A Guide to Implementing a 
Safety Culture in Our Universities (Association of Public and Land-grant 
Universities, 2016), a roadmap for a university-wide effort to strengthen a culture 
of research safety. 

  

Figure 1 APLU document front page 

1.2 The problem statement 

The often-large number of different cultural, teaching and research coexisting 
areas involving different facilities, conditions the Occupational Risk Assessment 
and Management in the academic/research fields, increasing the number/typology 
of Hazard Factors. Moreover, in research activities, the exploration of innovative 
fields can often involve experimental processes, use of innovative physical, 
chemical, biological substances, design and use of equipment and machinery 
specially designed and constructed for research purposes etc. In this scenario, a 
preliminary careful H.I. and an effective workers’ exposure definition, on the 
basis of measurements performed in system quality and correct exposure data 
interpretation, become pivotal.  

A very large number of employees and students with different background 
and skills (e.g. professors, researchers, fellows, PhD students, technicians, 
students) co-works in universities. Furthermore, it is frequent the presence of 
visiting professors and experts, both as individuals and in groups, and students’ 
relatives, for example during the graduations. The difficulty to schedule the 
number of students, in a growing percentage from foreign countries- due to social 
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and contingent reasons, conditions the organization and makes it necessary a 
careful plan of information and training, especially for people involved in research 
programs for a limited time span (research fellows, PhD students, etc.). 

The university system organization is complex, in terms of structures and 
staff: a well-defined chain of responsibilities and obligations on OS&H matters is 
fundamental.  

Many European universities, in particular Italian ones, are settled in premises 
of different ages; the historical/artistic value of some of these buildings entails the 
need of a careful preservation, imposing a non-invasive design of the safety 
structural measures and fittings, and makes inapplicable the safety rules conceived 
for new buildings. Moreover, the year of construction of some university facilities 
can entail OS&H problems due to the possible presence of highly critical 
materials, first of all the asbestos.  

Finally, some important security problems (e.g. related to free admission 
areas, security of data and inventions or patents), typical of universities, need of a 
careful management. 

The brief overview of some peculiar characteristics of the 
universities/research contexts makes perceive the inadequacy of the approaches 
usually adopted for the OS&H management in industries or secondary educational 
institutions, which results in the needed of increased efforts to improve the OS&H 
conditions mainstreamed with actions to strengthen the dissemination of Culture 
of Safety.  

1.3 Research methodology  

The above-discussed research universities peculiarities clarify the necessity of 
tailored approaches to assess and manage the work-related risks. In this direction, 
the research activity carried out during the abroad 3-month visiting period in 
Dutch research institutes, confirmed the implementation of dedicated and 
specially fit methods to manage the OS&H problems.  

Taking into account the complexity of the context, the present research work 
aims to develop and test approaches to manage peculiar OS&H criticalities, in the 
frame of the Guideline for Occupational Safety and Health in universities and 
large public facilities, developed by the Politecnico di Torino (PoliTo) in 
cooperation with Università degli Studi di Torino (UniTo).  

The PoliTo – UniTo Guideline, very important outcome of the research 
project The General Safety Issues and Goals in Turin Universities – TGSIGTU, 
results from the multidisciplinary cooperation of PoliTo and UniTo experts, and 
the work developed as part of a previous PhD project (Maida, 2015). The 
Guideline establishes the principles for an effective Occupational Risk 
Assessment and Management of employees, students and people occasionally 
involved in the research university activities (Borchiellini et al., 2015) in 
compliance with the specific Safety regulation (D.Lgs. 81/08 and similar, and 
D.M. 363/1998).  
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In line with the PoliTo-UniTo Guideline principles, this research work on the 
definition and validation of approaches special for OS&H in research universities, 
from Risk Assessment to Quality Management, was organized according to the 
following methodology:  
1. analysis of the research context, important to gather information for the 

problem exploration phase; 
2. problem exploration: identification of specific criticalities for the OS&H in 

research universities;  
3. solution development: design and development – based on a metrological rigour 

and System Quality - of sub-phases of the Guideline aimed to address the 
identified problems;  

4. solution evaluation: approaches validation to verify both the feasibility and the 
results exhaustiveness and effectiveness: increasingly detailed and thoroughly 
tested results become available, in particular in terms of H.I. and Risk 
Management in Quality system (according to the ISO 45001:2018 standard) 
through the identification of effective, up to date and workable solutions in 
each specific context, contributing also to the promotion of the Culture of 
Safety.  
Some input for the research development were borrowed also from 

approaches for the OS&H management, validated in contexts, e.g. construction 
yards, critical in terms of work organization and coordination.  

1.4 Outline 

According to the structure of the research work, summarized in Table 1, the 
first part of the Thesis introduces an overview of the general approaches for an 
effective Occupational Risk Assessment and Management (Chapter 2), providing 
indications for a common and coherent language together with the logical steps 
for the Risk Analysis and the guidance of Safety regulations. The study of the 
relevant methods implemented in abroad research contexts (Chapter 3) makes 
possible a wide framework on the research context, in terms of OS&H aspects and 
problems, and adopted approaches for the Risk Assessment and Management. 

Being the PoliTo – UniTo Guideline the mainframe of the present research 
work, Chapter 4 provides an outline of the Guideline and introduces the research 
development. 

Chapters 5 ,6 and 7 represent the core of the research, covering the design and 
implementation of the sub-phases of the Guideline, and results evaluation by 
testing the approaches. In particular, Chapters 5 and 6 deal with criticalities 
related both to the general workplaces safety and to the quality of data for the 
workers’ exposure assessment, strictly linked to the metrological state of the used 
measuring equipment and to the design of measuring campaigns (final data 
interpretation included). Chapter 7 addresses the OS&H problems due to the still 
widespread residual presence of Asbestos Containing Materials – ACMs in large 
public facilities and research universities.  
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Chapter and description Contribution to the research work  

1. Introduction  

2. Occupational Safety and Health 
Basis for an effective Occupational 
Risk Assessment and Management. 

Framework of the research work. 

3. OS&H and Research  
Experience from other institutes on the 
adopted methods for the OS&H 
management. 

Research context exploration, involving 
abroad research universities. 

4. PoliTo – UniTo Guideline and sub-
phases  
Outline of the Guideline and sub-
phases introduction. 

Focus on the methodology and principles 
for the Guideline sub-phases development. 

5. Guideline sub-phase: workplace 
general safety analysis  
Operational tool of the Guideline for 
the workplace general safety analysis 
based on Forensic Investigation 
techniques / Canvassing, verified 
effective, complete and rigorous 
method to support the H.I. 

a) Problem definition: workplaces OS&H 
criticalities identification in complex 
scenarios; 

b) Solution development: Forensic 
Investigation based approach to support the 
H.I.; 

c) Approach validation: testing the method 
in different workplaces typologies.  

6. Guideline sub-phase: OS&H analysis 
of working activities  
Sub-phase approach aimed to optimize 
and improve the definition of workers’ 

exposure models (to chemical agents 
mainly), acting on both the 
metrological verification of measuring 
equipment and the correct exposure 
data gathering and interpretation. 

a) Problem definition: actual 
representativeness and effectiveness of 
workers’ exposure models; 
b) Solution development: suitable approach 
to manage the measuring equipment, the 
measuring campaigns design and data 
analysis; 
c) Approach validation: implementation of 
the method on airborne particulate data. 

7. Special asbestos sub-phase of the 
PoliTo – UniTo Guideline  
Special approaches to improve the 
Risk Assessment and Quality 
Management for the prevention of 
occupational illness from exposure to 
respirable asbestos fibres of people at 
work in universities and large public 
facilities. 

a) Problem definition: widespread residual 
presence of ACMs in universities and large 
public facilities; 
b) Solution development: exhaustive H.I. 
(Chapter 5), rigorous workplaces 
classification, and tailored approaches for 
the Assessment and Quality Management 
of each categorized area; 
c) Approach validation: methods tested in 
areas with existing enclosed ACMs. 

8 Discussion and conclusion  

Table 1 Outline of the research 
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Chapter 2 

Occupational Safety and Health  

2.1 OS&H definitions  

The Science of Safety is the branch of the knowledge studying the Risk in its 
various forms, with the goal of eliminate or minimize it.   

In the OS&H field, a common and coherent language, covering the entire 
process from the H.I. to the assessment of risks and their management, is 
fundamental to avoid misunderstandings and ambiguities of language. Official 
terms and definitions are available in the Framework Directive 89/391/EEC and 
its “daughter” directives, and official documents and standards (e.g. European 
Commission documents).  

Table 2 summarizes few definitions and their sources, useful for a more 
understanding of the topics deal with in this Thesis. 
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Term Meaning Source 

Hazard 

Intrinsic property or ability of something (the 
Hazard factor, i.e. work materials equipment work 
methods and practices, etc.) to potentially pose a 
threat to life, health, property, or environment. 

Guidance on risk 
assessment at 
work (European 
Commission, 
1996) 

Hazard 
identification 

The pinpointing of material, system, process and 
plant characteristics that can produce undesirable 
consequences through the occurrence of an 
accident. 

Guidelines for 
hazard evaluation 
procedures 
(Center for 
Chemical Process 
Safety, 2008) 

Risk 
The likelihood that the potential for harm will be 
attained under the conditions of use and/or 
exposure, and the possible extent of the harm. 

Guidance on risk 
assessment at 
work  

Risk assessment 

The process of evaluating the risk to the health 
and safety of workers while at work arising from 
the circumstances of the occurrence of a hazard at 
the workplace. 

Guidance on risk 
assessment at 
work 

Risk 
management 

the systematic application of management 
policies, procedures and practices to the tasks of 
analysing, assessing and controlling risk in order 
to protect employees, the general public, the 
environment and company assets. 

Guidelines for 
hazard evaluation 
procedures  

Prevention 
All the steps or measures taken or planned at all 
stages of work in the undertaking to prevent or 
reduce occupational risks. 

89/391/EEC 
Directive 

Workplace 

Place intended to house workstations on the 
premises of the undertaking and/or establishment 
and any other place within the area of the 
undertaking and/or establishment to which the 
worker has access in the course of his 
employment. 

89/654/EEC 
Directive 

Table 2 Some OS&H terms and definitions 

2.2 Risk Assessment and Management principles 

Risk can be described as the possibility for a worker to suffer a work related 
damage, or more precisely as predictable dimension of the consequences of a 
harmful event.  

An effective management of risks requires some logical steps to remove or 
minimize the risks:  
a. Identification of all the hazards: this is a really crucial issue in the 

achievement of safety in any activity: a not correctly identified cause of 
accident or occupational disease cannot be analysed, and the associated risk 
cannot be assessed and, above all, managed; 
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b. Risk Analysis: quantitative assessment of the probable damage, and of the 
expected frequency of occurrence of the unwanted event; 

c. Risk Assessment: hierarchical organization of the results of the risk analysis, 
necessary to plan the corrective interventions in terms of priority; 

d. Risk Management (risks elimination or minimization), based on Prevention 
(technical, organizational or procedural actions aimed to reduce the 
expected frequency of occurrence or the contact factor), and Protection 
(remedy solution to lessen the seriousness of consequences of an already 
occurred event). 

Since there are not equal situations where the Risk Analysis is developed, 
every single situation requires a special approach. 

The practically attainable prevention level actually depends on the general 
characteristics of the workplaces and work organization, in terms of selection 
(realization), ways of use, servicing of machinery and equipment according to 
what is nowadays available in the field of technical-technological improvements, 
and information and training of workers, making them part of the organized 
prevention process. 

Moreover, a correct structure analysis and the organization of several 
emergency and coordination system depending on the background must be 
necessarily performed before the Risk Assessment. The actions possibly taken 
during the transitory phase must positively ensure that situations, which are not 
complicated to be basic requirement on the best technologies and practices, are 
not in existence any longer, and the use of Personal Protective Equipment - PPE 
cannot replace technical, organizational or procedural actions aiming to the risk 
minimization. The risk shall be reduced to an absolute minimum; this minimum is 
established by what is available on the market - machines and equipment suitable 
for the particular use at the date of the analysis. 

In 1994 the European Working Group Ad Hoc - GAH proposed a model for 
the Occupational Risk Assessment and Management (European Commission, 
1996). The model was structured so as to comply with the continuous 
advancement in technical progress and knowledge in the field of Safety and 
Health, and to produce any influence on the selection of analysis procedures by 
each analyst, limiting itself to stress the need of a careful and systematic new 
reading of what has been carried out. Figure 2 describes the logical steps of the 
approach proposed by GAH. 
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Logical steps for Occupational Risk Assessment and Management 
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1. Risk Assessment strategy definition 
2. Hazard and Exposure Identification 
3. Risk Analysis 

4. Risk Assessment 
5. Risk Management 
6. Risk Assessment revision (Quality Management) 

Figure 2 Risk Assessment and Management phases according to the GAH 

A numerical assessment of the risk, free from a subjective estimate, is 
fundamental to achieve an effective Risk Assessment and Management, and it is 
possible according to the approach summarized in Table 3 (Borchiellini et al., 
2015). 

From the definition: 
RISK = consequence of the event M * expected frequency of occurrence of the deviation P 
where:  
M = ED * FC * n 
ED = the worst credible event’s consequence; 
FC = exposure of each worker to each Hazard Factor; 
 n  =  number of exposed workers 

RISK = ED * FC * P * n 
A numerical risk evaluation, unbiased by subjective estimation, can be reached, 
evaluating: 
 ED in lost days through frequency/severity rates statistics and disability indexes;  
 FC as % of the work shift involving the exposure to a Hazard Factor; 
 P in coherence with the quoted cornerstones of OS&H regulations. 

Table 3 Approach for a numerical risk quantification  
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The common sense before the law makes it clear the need to face OS&H 
criticalities in hierarchical order for a more effective management of both human 
and economic resources. Unfortunately, the widespread use of qualitative 
techniques (including some risk matrices typologies) for Risk Assessment makes 
way for the analyst's subjectivity by influencing the outcome of the analysis (De 
Cillis et al., 2017 a). Moreover, the common lack of information on the used Risk 
Assessment criteria in the Safety documents affects the repeatability of the 
analysis also in term of reorganizations of safety tasks in the System. A qualitative 
approach may give misleading results (Tab. 4): 

 

1. the same risk values can derive from 
combinations of M and P values, barely 
perceptible subjectively for hierarchical 
interventions; 

2. the analysis quality depends on the 
representativeness of input data; 

3. if the input data are not reliable (or 
subjective) the results have arbitrary nature; 

4. ED is independent from the preliminary 
analysis of the General Support Services1 - 
GSS: hence we cannot use as reference the 
Worst Credible Case2- WCC; 

5.  FC is not considered in the assessment: 
related over/underestimation of risk can 
affect the whole analysis; 

6. if more than 1 worker is exposed to the 
Hazard Factor, neglecting this circumstance 
can produce an incorrect Risk Assessment. 

Table 4 Potential criticalities of a qualitative approach 

Influenced by the GAH approach, the introduction of the expected frequency 
of occurrence level of deviations makes it possible a rigorous analysis in 
compliance with the up to date safety regulations taking into account technical 
and occupational medicine progress. A numerical risk evaluation unbiased by 
subjective estimation is then possible:  
- ED is expressed e.g. in terms of lost days according to Italian standard UNI 

7249/2007 (work related accident statistics – injury frequency/severity rates), 
and law D.M.12/07/2000 (dispositions for worker’s disability insurance); 

- FC can be estimated in percentage of the exposure to the Hazard Factors during 
the work shift; 

- also P, i.e. the possibility of deviation from the correct work 
organization/development, can be numerically evaluated. Stated that the 
minimum probability of occurrence of hazardous events obviously 
corresponds to a situation coherent with the up to date technical safety 

                                                 
1 GSS represent the technical and organizational answer to criticalities according to general 

and specific regulations. 
2 The WCC is the most severe accident considered plausible or reasonably believable. 
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standards, a simplified and effective approach for the evaluation of P can be 
based on the use of the expected frequency of occurrence level (PR), written 
as: 

𝑃𝑅 =  

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 

𝑜𝑓 𝑡ℎ𝑒 𝑒𝑣𝑒𝑛𝑡 (𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑠𝑖𝑡𝑢𝑎𝑡𝑖𝑜𝑛)

𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 
𝑖𝑛 𝑐𝑜𝑚𝑝𝑙𝑖𝑛𝑎𝑐𝑒 𝑤𝑖𝑡ℎ 𝑢𝑝 𝑡𝑜 𝑑𝑎𝑡𝑒 𝑠𝑎𝑓𝑒𝑡𝑦 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠

  
≤ 𝟏 𝒄𝒐𝒓𝒓𝒆𝒄𝒕 𝒔𝒊𝒕𝒖𝒂𝒕𝒊𝒐𝒏

> 𝟏 𝒖𝒏𝒂𝒄𝒄𝒆𝒑𝒕𝒂𝒃𝒍𝒆
𝒔𝒊𝒕𝒖𝒂𝒕𝒊𝒐𝒏

 

In this situation both the seriousness of the damage and the contact factor are 
already minimized: therefore, a numerical evaluation of the Residual Risk is 
possible. 

The approach provides an adequate evaluation of the possible severity of 
events consequences, since in a situation accomplishing to the regulatory 
requirements there will not be any worsening in consequences due to other flaws 
(mainly in GSS: e.g. communication system, fire-fighting systems, organization 
of first aid, etc.). This way of thinking can be applied as general reference for 
Occupational Risk Assessment and Management covering different NACE sectors 
(i.e. manufacturing, construction sites, etc.) and special contexts (e.g. large public 
facilities, universities, etc.). The method, logical before regulated by laws, makes 
available a careful and systematic approach to OS&H issues considering the 
continuous technical and occupational medicine evolutions, which can be of good 
reference to verify the final results by different approaches.  

2.3 OS&H laws and regulations  

European Directives on Occupational Safety and Health 
The obligations and requirements on Occupational Safety and Health 

introduced in Italian laws and regulations are drawn by the directives issued by 
the European Union - EU.  

The legal foundation of the European directives on Occupational Safety and 
Health is contained in the Treaty on the Functioning of the European Union 
(article 153). 

The European directives represent legislative acts that sets out goals that all 
EU countries must achieve. However, it is up to the individual countries to devise 
their own laws on how to reach these goals. Accordingly, the EU directives 
setting out minimum Safety and Health requirements for the protection of 
workers. Member states are free to adopt stricter rules when transposing EU 
directives into national law, and so legislative requirements in the field of Safety 
and Health at work can vary across EU Member States. 

The modern approach to the OS&H began from the Treaty of Rome (1957), 
which established the Common European Market, where among the others a 
common commitment was introduced to improve the Safety and Health of 
workers at the workplaces (art.118a). The Single European Act (1985) amended 
the artt. 100 and 118 of the Treaty of Rome: Safety was recognized as a shared 
principle - the compliance to shared safety rules as a commonly accepted basic 
reference.  



 

25 
 

The 89/391/EEC Directive, Framework Directive, was the very first directive 
intended to improve the Safety and the Health of workers, and it was the base for 
subsequent Specific Directives concerning the improvement of the working 
environment to ensure a higher level of health of workers. A number of individual 
directives (“daughter” directives), regulating specific OS&H fields, were 

approved by the European Parliament, on the basis of the 89/391/EEC Directive 
article 16. As an example, among the daughter directives, the 89/654/EEC on the 
minimum safety and health requirements for the workplace, is the first individual 
Directive within the meaning of Article 16 (1) of Directive 89/391/EEC. 

Italian Occupational Safety and Health laws  
The awareness of the importance of Occupational Safety and Health, as a key 

element in the improvement of living conditions and strengthening of the quality 
standards of the working life, was already present since the end of the 19th century 
laws. In particular, the first mentioning of safety aspects in regulations was found 
in the Civil Code (year 1865) and in the Law 80/1898 (introducing a compulsory 
insurance against accidents at work).  

The Italian Constitution, in 1948, stated that Safety and Health should be 
protected as a fundamental right of the individual and as a collective interest. 

The President of the Republic Decree 547/55 "Regulations for the prevention 
of accidents at work" represents the first important Italian law, which regulates 
Safety and Health at workplace, introducing the concept of Prevention. Whilst the 
Decree 547/55 focused on technical aspects, the following President of the 
Republic Decree 303/56 "General requirements for Occupational Health" 
stressed the importance of health at work. For the first time, the Decree n. 303 
introduced the basic concepts of health surveillance, emergency care and other 
illnesses related topics.  

The passing of further local and national regulations (e.g. President of the 
Republic Decree 164/56 on Safety aspects related to construction) made necessary 
to harmonize the different regulations among the all member states of the 
European Union. Therefore, the European Parliament issued the previously 
mentioned directives, which were then enforced by the different Member States of 
the Community. 

The Italian Legislative Decree 626/1994, national enforcement of the 
“Framework Directive” 89/391/EEC, is considered the first real legislative 

improvement in the OS&H field. The Decree established the responsibilities and 
obligations for all the figures involved in the OS&H system, giving a greater 
responsibility to the employer, and introduced new figures (e.g. the Responsabile 
del Servizio di Prevenzione e Protezione - R.S.P.P or Head of Safety Office) with 
OS&H tasks.  

During the time, pursuing the technology advancement, the further issued 
regulations enabled the use of more precise procedures to measure and to evaluate 
emerging risks. 



 

26 
 

Nowadays, the Legislative Decree 81/2008 , come into force in the 2008, is 
the reference Italian law on OS&H at work and represents the effort to unify the 
entire Italian regulatory framework in this field. 

Finally, it is surely necessary to mention the art. 2087 of the Civil Code, 
which recognizes the "principle of the protection of health". 

Italian OS&H regulations for Universities   
Nationwide, the first law introducing the implementation of OS&H principles 

in the academic field was the Ministerial Decree 363/1998, currently in force. The 
Decree complies with the Legislative Decree 626/1994 (Italian former 
enforcement of the European 89/391/EEC Directive), and it is currently in line 
with the Legislative Decree 81/2008. Indeed, the D.Lgs. 81/08, in art. 3 co. 2, 
includes universities and institutes of high education among the fields for which 
its provisions must be applied “where necessary through the adoption of further 

specific ministerial decrees”, which to date are unfortunately still pending. 
In such a situation, according to the D.M. 363/98, the universities and higher 

education institutions adopted internal regulations to establish roles, 
responsibilities and obligations at the different organization levels in the OS&H 
system. 

Abroad (Dutch) OS&H regulations for Universities 
The visiting study in The Netherland made possible to understand the 

management of the OS&H in some Dutch universities (and research institutes), 
based on OS&H regulations specific for universities, in compliance with general 
Safety Laws establishing the principles.   

The Act of 18 March 1999 - Working Conditions Act - containing provisions 
to improve working conditions, the Decree of 15 January 1997 - Working 
Conditions Decree - including provisions in the interest of health, safety and 
welfare in connection with work, together with the Working Conditions 
Regulation are the main Dutch Laws regulating the OS&H issues. 

The USHA Health and Safety in Research Guidance 2012 is the principal 
reference document adopted by many Dutch universities as guide for the OS&H 
management. USHA is the (British) Universities Safety and Health Association 
which promotes safety and health in higher education ensuring the wellbeing of 
university staff, students and visitors. In particular, the document is a guideline for 
matters concerning the management and responsibilities, using a management 
system approach to regulate Health and Safety in research, the Safety culture, and 
the Risk Assessment. 

The Occupational Health and Safety Catalogue of the Association of 
Universities in the Netherlands (Association of Universities in the Netherlands, 
2012) is a reference manuscript to support the group of Health and Safety 
professionals in the execution of their duties within the universities. Moreover, 
each university implements own additional internal safety regulations, to improve 
the OS&H condition in the university.  
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ISO 45001:2018 Occupational Health & Safety Management Systems 
Among the Safety regulation, a special reference is necessary to the ISO 

45001:2018 standard “Management systems for health and safety at work – 
requirements for use”, implemented in Italy in March 2018 as UNI EN ISO 
45001. The principles of the standard were adopted to achieve an actual System 
Quality development for the different phases of this research work.  

The standard provides a framework and a model for the management of injury 
prevention and health problems; as for all management systems, a cyclic model is 
adopted (based on the so-called Deming or PDCA cycle – Plan, Do, Check, Act) 
aimed at the continuous improvement of health and safety conditions in 
workplaces. An effective Occupational Risk Management in a Quality approach 
consistent with the ISO 45001:2018 standard should comply with the statement 
“the intended outcomes of an OH&S management system include: 

a) continual improvement of OH&S performance; 
b) fulfilment of legal requirements and other requirements; 
c) achievement of OH&S objectives.” 

“Performance” is a measurable result: Organizations should define the risk 

scenario through a quantification of the characterizing parameters on the basis of 
reliable measurement results, attainable only through methods based on both the 
selection of suitable measuring devices, and on the definition of use of procedures 
adequate to the case.   
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Chapter 3 

OS&H and Research  

3.1 OS&H in research institutes  

As discussed, the peculiar characteristics of the universities/research contexts 
make it necessary specially dedicated approaches to manage the OS&H issues.  

The abroad visiting activity, scheduled in the PhD program, was a good 
opportunity to investigate on the Safety and Health problems for workers in the 
research field, and to study the formalized approaches and special research works 
for the OS&H management already adopted by foreign research universities. The 
research, involving both Dutch research universities and non-academic research 
institutes, was useful to achieve a wider overview on the OS&H problems and 
adopted solutions in different research level, fields, and institutes typologies: the 
survey focused on two important Dutch research universities (Delft University of 
Technology – TU Delft and the University of Twente – UT) and TNO, an 
important institute for applied research. These organizations share the research 
and innovation advancement, but they differ in research levels and fields, 
presence of teaching activity and system organization.  

The information gathering was organized in two phases: a) documentary 
analysis and b) in situ visits in selected and accessible workplaces. Meetings and 
discussions with researchers, Safety Officers, Safety Advisers, Area Supervisors, 
and other figures involved supported both these steps. A data collection form (Fig. 
3), designed on the base of the ISO 45001:2018 standard organization, enabled to 
collect information in an organized and concise way.  
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Figure 3 Extract of the form, simplified, for the information collection 

Preliminary information about the visited institute and the typology of 
activities performed made possible to have an idea of the addressed safety-related 
problems at different scales (campus, faculty, department, classrooms, 
laboratories, etc. levels). The analysis of Safety Documents provided an overview 
about the adopted general method to manage the OS&H (OS&H policy and 
related objectives, organizational roles, responsibilities and authorities, figures 
involved in the OS&H, Risk Assessment and Management approach adopted, 
emergency preparedness and response, Safety performance evaluation, continuous 
improvement, Safety document, etc.). Moreover, the information gathering 
included details on the research developed to contribute to the OS&H 
improvements. In situ observations were useful as practical feedbacks on the 
implementation of the prevention measures “daughter” of the Risk Analysis.  

Delft University of Technology 

The Delft University of Technology - TU Delft is the largest and oldest Dutch 
public technological university. Organized in faculties and research institutes, it 
hosts over 19.000 students (undergraduate and postgraduate), more than 2.900 
scientists, and more than 2.100 support and management staff. Initially, all of the 
university buildings were located in the historic city centre of Delft. New 
university neighbourhood, called Mekelpark, is 832-meter-long promenade eased 
the commute between faculty buildings (Fig. 4). The TU Delft research areas 
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cover very different topics and a wide range of research facilities: wind tunnels, 
chip facility, high-voltage laboratory, nuclear reactor, etc.  

 

Figure 4 TU Delft Campus 

The Safety & Security Section (3S) (which kindly hosted me during my 
visiting period), in the Department of Values, Technology & Innovation focuses 
the research on the responsible innovation, developing innovative approaches to 
risk assessment and safety and security management, by providing insights how to 
integrate safety and security criteria in technological design.  

The approach to the safety (and security) problems adopted by TU Delft is 
organized in two levels: 
- Safety and Security - Integral Safety program; 
- Safety in research (experiment). 

The Integral Safety program provides information and procedure to manage 
very different situations (e.g. safety, risk due to research means, unsafe working 
environment, injury/illness, undesirable behaviour, fire, theft, external security, 
etc.). Integral Safety program Pocketbooks constitute a practical tool specific for 
each faculty. Each Pocketbook describes the safety organization within the 
faculty, the way to strengthen safety, and actions and behaviours to adopt in the 
acute phase of critical events. The workplace general safety is managed within the 
Integral safety program, on the base of relevant national OS&H regulations.  

In research activities (and teaching – practical exercises) risks are 
methodically estimated per experiment or series of experiments, via the Safety 
Reporting System, specific module of the Lab Servant online tool. The Lab 
Servant system structured in interlinked modules supports the risk assessments 
before start new experiments. The fundamental idea of the Lab Servant is to put 
responsibility for safety in the line-management structure, and to help researchers 
to internalize the concept of Safety. The method to assess and manage risks 
related to the research activities entails a close link between: 
- substances, materials, equipment needed, but also by-products and waste: 
Inventory and Equipment modules of Lab Servant system are special dynamic 
databases recording complete information about substances (chemicals, gases, 
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biological) presence, quantity, storage location, potential hazards etc., and 
equipment use, calibration, periodic maintenance and available reference material 
(instruction manuals, fault recording, log books, etc.) at the university; 
- the researcher who performs the experiment and his Safety information level: 
authorization to work safely in the specific area is provided through the 
Instruction & Test (I&T) Lab Servant module, linked to the access policy for new 
and existing staff, students and contractors; 
- the processes involved, possible failures and deviations included: the Specific 
Data module archives the experiment description, flow charts of the processes and 
indications on failure, exceptional conditions and emergencies; 
- the structures and laboratories to be used: in the Specific Data module, the 
researcher specifies the location of the experimental units (labs needed); all 
laboratories and workshops are equipped with adequate technical safety 
provisions.  

All these aspects are connected, and the relevant information crossed, in the 
Lab Servant system, contributing to support the management Risk Assessment 
and Management in such a complex situation.  

The complete information form reporting the activity carried out on TU Delft 
is available in Appendix 1 (OS&H general) and Appendix 2 (OS&H special for 
laboratories). 

University of Twente  

The University of Twente - UT is a public research university, located in 
Enschede, member of the federation of four leading Dutch technical universities - 
4TU. The UT is the only Dutch purpose-built campus university (Fig. 5), where 
cultural and social activities, sports facilities, housing are centralized and hosted 
within university structures. In the university laboratories, research experiments 
are performed, and equipment and chemical, biological and toxic substances used.  

 

Figure 5 University of Twente Campus 

The approach to assess and manage risks adopted by UT is based on the H.I 
stage and Risk Assessment distinct for the workplace general safety and 
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research/experiments, in order to ensure everyone a safe environment for work, 
study and research. 

The University of Twente has a range of laboratory areas (chemical, physical 
and biological, as well as for mechanical and electrical engineering) and 
workshops. The H.I. and Risk Assessment (RI&E) in Laboratory experiments is 
performed taking into account the nature, extent and duration of the exposure of 
the staff member(s). The evaluation requires data on substance or mixture worked, 
risks related to the substance or mixture, nature of the activities performed, 
potential exposure paths, exposed identification (e.g. researchers, students and 
technicians), measures to be taken to avoid exposure. 

Among the research work, aimed to improve OS&H in the institute, the study 
on the emergency response in large public facilities, with particular reference to 
the UT campus, is particularly significant. The research analyses aspects that 
influence the emergency response time, with the goal to recommend 
improvements for responsible units tasked to ensure the Safety within buildings of 
the UT. The study is based on the identification of causes that could lead to 
deteriorations of the systems, and on the evaluation of recommendations to 
improve the performance based on continuous improvement principles and on the 
concept of antifragility. 

The complete information form about the data on OS&H in UT is available in 
Appendix 3. 

TNO applied research organization 

TNO is the Dutch Organization for applied scientific research, an independent 
research organization, with locations in many parts of the world, from the Middle 
East, to the south East Asia and Caribbean. TNO is organized in Research Units 
with their peculiar research fields. The Units can be structured in one or more 
departments (in total approx. 60 departments). The research fields are very 
different, ranging from buildings and infrastructure, energy, traffic and transport, 
healthy living, industry, information & communication technology, defence, etc. 
The locations object of the visiting activity were the TNO New Babylon, in The 
Hague, and the TNO Space Systems Engineering, in Delft (Fig. 6).  

 

Figure 6 TNO Space System Engineering, Delft 

The management of OS&H at TNO is based on two levels of Risk 
Assessment:  
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Base Risk Assessment – Base R.A.  
Project Risk Assessment – Project R.A. 
The Base R.A. aims to evaluate the risks in specific working environments: 

buildings, offices, laboratories, etc. in TNO facilities. Question lists, whose 
content is tailored to each typology of environment, guides the evaluator. The 
Room Manager, having the better knowledge of the characteristics and details of 
the room he manages, Safety aspects included, is tasked to perform the Base R.A. 

In the design phase, the Project Leader carries out the Project R.A., since he 
designs the research, knows deeply all the aspects involved in the project and 
related potential safety problems. He can ask support to the Specialist Safety 
Officers for specific aspects. At project level, the assessment of risks is more 
dynamic than the Base R.A., since the Project R.A. follows the project during its 
all development and therefore it could be frequently updated.  

All the areas are equipped with adequate technical safety provisions identified 
thorough the Base R.A. However, the research project development could bring, 
in the working environments involved, risks not assessed in the Base R.A. These 
additional risks are carefully evaluated in the Project R.A., and proper prevention 
measures to manage the risk identified. The laboratory, before the project begins, 
is equipped with the “additional” technical prevention measures to manage those 
risks. 

The access in TNO buildings is regulated by access policy enabling to 
manage Safety and Security problems, based on the use of badges: different kind 
of badges are available, for employees and visitors, with diverse access 
authorizations. New employees, or a visitors, gain the pass when they has 
completed the information and instruction session (on general Safety, 
emergencies, and security matters) required to enter in the specific area. 
According to authorization obtained, the badge is upgraded and to access in 
special areas (e.g. special clean room) become possible.  

The complete information forms about the TNO is available in Appendix 4. 

3.2 In closing 

From the information gathered during the abroad experience, interesting 
considerations emerge about the OS&H issues and the management approaches 
adopted. 

Regarding the universities, where research and teaching activities coexist, two 
categories of OS&H problems can be identified (i.e. criticalities strictly related to 
workplace general safety and problems related to research activities), requiring 
different management approaches.  

The first approach, often including the management of Security aspects, aims 
to ensure a safe workplace (e.g. campus, offices, classrooms etc.) taking into 
account the complexity of the internal organization in terms of staff and locations. 
The complex structural organization (extreme diversification of the working 
environment: campus, faculty, department and laboratory) is managed through a 
careful definition of roles and responsibilities on Safety matters (many 
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professionals with different Safety tasks and responsibilities e.g. from deans, to 
Health, Safety and Environment Advisers, from Safety Officers, to Project 
Leaders, etc.). Special research works about the enhancement of the response in 
emergencies performed in both UT and TU Delft underline the complexity to 
ensure Safe conditions during not ordinary situations.  

The approach adopted to manage the research-related OS&H issues, similar in 
the three institutes, is built on strict link between the researcher, who performs the 
experiment or research, the equipment, materials and substances used and the 
involved environment (e.g. fuel cell laboratory). The connection is implemented 
in practice through the access policy that relates the possibility to perform an 
operation in a proper workplace (equipped with all the needed prevention 
measures, technical and organizational) and the general and specific Safety 
information and training of the person who carries out the operation. 
Computerized systems, making use of special badge, permit the access to the 
needed workplace only in response of a proved information. This approach makes 
easier the management of a scenario where in a single research area a number of 
people with different background performs different operations, using very 
different materials and equipment. Since such an access policy could introduce 
criticalities in the case of an emergency occurrence, some research works focuses 
on this topic (e.g. the emergency response innovation research developed in TU 
Delft). 

The complexity of the Occupational Safety and Health management in 
research field emerges from the need to ensure, at the same time, safe workplaces 
for all the people involved and safe research activities, including the OS&H 
aspects among the input data for the research project design and for every step of 
the research process. Consequently, the implemented approaches must be tailored, 
making inadequate the Risk Assessment and Management methods adopted in 
others NACE sectors. 

The information gathered underline as each adopted approach is specially fit 
to the existing OS&H criticalities, deriving from a Culture of Safety well 
mainstreamed in the all institutes’ activities. 
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Chapter 4 

PoliTo – UniTo Guideline and sub-
phases 

4.1 PoliTo-UniTo Guideline for Risk Assessment and 
Management  

With a history of over 150 years, Politecnico di Torino was the first Italian 
engineering school founded on the wave of the technical and scientific innovation, 
which gave rise to the most prestigious polytechnic schools in Europe in the mid-
19th century. Politecnico di Torino is a comprehensive research university, where 
education and research complement each other and create synergies, with an eye 
to internationalization. The Politecnico campus with four main locations in Turin, 
featuring multi-purpose facilities for teaching, basic & applied research activities, 
as well as student services. The historical site of our University, located on the 
banks of the river Po, is the Castello del Valentino (Fig. 7), included in the 
UNESCO World Heritage List and one of the Savoy residences in the XVII 
century. The main site, Cittadella Politecnica, houses the Engineering 
Departments. Besides organizing and managing teaching activities, Politecnico 
Departments coordinate vertical research and promote the sharing of results. 
Politecnico di Torino includes 11 Departments, which are University referential 
structures in the different disciplinary fields of Engineering and Architecture.  
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Figure 7 Castello del Valentino, historical site of the Politecnico di Torino 

This brief description can make evident as the management of Safety and 
Health for people involved in the Politecnico, besides the OS&H aspects strictly 
linked to research activities, should cover criticalities peculiar of workplaces sited 
in historic buildings where some academic activities are performed. The situation 
is common to many other universities, in Italy and abroad.  

In the context of the enhancement of the OS&H conditions in universities, 
The General Safety Issues and Goals in Turin Universities – TGSIGTU 
multidisciplinary project, encouraged since 2008 by Politecnico di Torino and 
Universita’ degli Studi di Torino, led to the issuing of a Guideline for 

Occupational Safety and Health in universities and large public facilities 
(employees, students and people occasionally involved in the research university 
activities included), completed with a quality approach, and in full agreement with 
the OS&H national regulations (basically D.Lgs. 81/08, Italian enforcement of the 
framework EEC Directive 89/391). The Guideline was officially recognized by 
mutual agreement as “a basic methodological reference for the Occupational Risk 
Assessment and Management in large complex structures” in 2011 (Inter 
University Meeting, June, 06, 2011) and quoted as basic reference in the 
Framework agreement between Politecnico di Torino and Universita’ degli Studi 

di Torino, concerning the collaboration to improve the Safety and Health of 
workers (March, 10, 2015).  

The Guideline formalized model establishes the principles (Tab. 5) for an 
effective Occupational Risk Assessment and Management in universities and 
large public facilities. 
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Principle and phases of the endorsed PoliTo – UniTo Guideline 

A. Well-defined systemic flow of information, and clear and unambiguous 
definition of responsibilities and obligations of each figure involved in 
OS&H system. 

B. Reference to a well-established methodology of Risk numerical 
quantification based of the adoption of the PR (see Table 3). 

C. Three hierarchical phases of approach:  

C.1. Workplace general Safety and General Support Services; 

C.2. Working activities analysis: Job Safety Analysis - JSA (equipment 
included) and interferences management; 

C.3. Management in System Quality. 

Table 5 Principles established in the PoliTo-UniTo Guideline 

The three hierarchical phases of approach, described in Figure 8, consists of: 
1. Workplace general safety analysis: evaluation of workplace condition in terms 

of shell, services and interior spaces of premises containing workplaces and 
their not-operative content, energy qualification, performance limits, 
necessary to verify the actual consistency with the intended use; this phase 
should be associated to the activation of the General Support Services, 
technical and organizational response in respect to the relevant general and 
specific sector regulations, in order to achieve the correct quantification of the 
damage. General Support Services cover a series of contingency plans 
(general to the structure/area/department) associated with resources (in terms 
of teams and dedicated equipment, including communication systems) for 
their coordination and management. 

2. OS&H analysis of working activities: starting from the compliance with the 
conditions defined in the previous phase, every activity in terms of workers 
and equipment is analysed, with the goal to assess the exposure of each 
worker to the total number of Hazard Factors, systematically identified by 
means of the available H.I techniques – the Job Safety Analysis (JSA) can be 
considered as a reference technique. 

3. Quality Management: the last step towards the adoption of an OS&H 
Management Systems, intended to establish, document, implement, and 
continually improve the OS&H policy, in compliance with the Italian Law 
D.Lgs. 81/08 art.30 and the ISO 45001:2018 standard. 
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Figure 8 PoliTo – UniTo Guideline hierarchical phases 

4.2 The Guideline sub-phases 

Sub-phases of the PoliTo-UniTo Guideline, consistent with the Guideline 
principles, i.e. systematic, complete and formalizable (originally from Center for 
Chemical Process Safety, 1992), had been already developed to support the work 
of the analysts (skilled technicians) to address special OS&H problems typical of 
the universities, giving also an important contribution to the dissemination of the 
Culture of Safety (De Cillis et al., 2017 b). Both the Guideline and the sub-phases 
passed a thorough validation process of extended field tests aimed to verify both 
feasibility and exhaustiveness in different real situations before their approval and 
dissemination. As an example, some achieved technical and organizational 
improvements, from the already implemented sub-phases, concern:   
a) the establishing of a well-defined systemic flow of information, and roles and 

responsibilities definition, providing a chain of responsibilities and information 
links for normal and emergency situations (Borchiellini et al., 2013); this 
includes also the definition of the organizational and social aspects necessary 
to support the people covered by the Guideline in the correct adoption and 
practical implementation of innovations introduced by the Guideline and its 
sub-phases, 

b) the identification of the Hazard Factors related to the different working phases 
and to the used equipment and machinery, the elimination/minimization of 
risks and quantification of residual risks through the Job Safety Analysis 
technique (Patrucco et al., 2010), analysis of risks due to interference through 
the Functional Volumes method (Labagnara et al., 2016),  
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c) the compliance verification of equipment to Safety requirements (in particular 
machinery and equipment for research) and dedicated corrective / 
supplementary actions where necessary (Maida, 2015). 

The present research work covers the development and validation of special 
sub-phases -operational tools in line with the Guideline principles- following the 
Guideline hierarchical phases of approach: starting from the analysis of possible 
OS&H problems peculiar of the workplaces, to the subsequent identification of 
criticalities related to the working activities performed in those workplaces. A 
special study, mostly matter of the workplace safety analysis, deals with the health 
problems due to the residual presence of ACMs in large public facilities and 
universities. In detail, the approaches developed and validated as part of the 
present research work address three main questions:  
1. OS&H criticalities due to the workplace problems, in terms of structure, 

fittings, intended use, performance limits, 
2. quality of exposure data and representativeness of the workers’ exposure 

models, 
3. Occupational Health problems related to asbestos residual presence,  

making available special operational means to manage such criticalities.  
The following comprehensive Outlines describe the research methodology, 

based on a metrological rigour and system quality, adopted for each sub-phase 
developing, including the principles of the Guideline mainly involved in the 
process. 

Outline 1 

Sub-phase 1 of the Guideline: workplace general safety 

Question 1 
Assessment and management, in System Quality, of workplace 
OS&H criticalities, in terms of structure, fittings, intended use, 
performance limits; 

Approach 
solution 

Workplace safety analysis through a rigorous method to 
support the H.I. phase, with the possibility to derive special 
Checklists, for each investigated environment, to support the 
conservative management of the Safety level reached; 
Note: the technique can be implemented in Quality (e.g. by 
using Image analysis techniques) 

 Principles 

A. Well-defined systemic flow of information, and clear and 
unambiguous definition of responsibilities and obligations 
of each figure involved in OS&H system, 

C. Three hierarchical phases of approach:  
C.1. Workplace general Safety and General Support 

Services; 
C.3. Management in System Quality. 

Approach 
validation 

Approach tested on workplaces with different characteristics 
and intended use. 
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Outline 2 

Sub-phase 2 of the Guideline: OS&H analysis of working activities 

Question 2a 
Checking of the metrological state of the measuring equipment 
conditioning the quality of the recorded measures, input data 
for the exposure models; 

Question 2b Achieving an actual representativeness of workers’ exposure 

models in the analysed working scenario;  

Approach 
solution  

- Approach based on intermediate calibration checks to verify 
the metrological characteristics of the measuring equipment; 
- Careful design of measuring campaigns and correct data 
interpretation to define exposure models actually representative 
of the exposure scenarios, on which the occupational physician 
could base the health surveillance programs; 

 Principles  

A. Well-defined systemic flow of information, and clear and 
unambiguous definition of responsibilities and obligations 
of each figure involved in OS&H system; 

B. Reference to a well-established methodology of Risk 
numerical quantification based of the adoption of the PR; 

C. Three hierarchical phases of approach:  
C.2. Working activities analysis: Job Safety Analysis - JSA 

(equipment included) and interferences management; 
C.3. Management in System Quality. 

Approach 
validation 

Approach tested on airborne particulate measures and 
occupational noise data. 
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Outline 3 

Asbestos sub-phase of the Guideline  

Question 3 
Assessing and managing the widespread residual presence of 
ACMs in large public facilities and universities, and related 
potential risks for health of people involved; 

Approach 
solution  

Rigorous classification of the workplaces depending on the 
asbestos Hazard modes, resulting Risk Assessment and 
Management criteria, improved through approaches based on 
investigation techniques of proven effectiveness, already topic 
of the sub-phase 1, and Image Analysis techniques; 

 Principles  

A. Well-defined systemic flow of information, and clear and 
unambiguous definition of responsibilities and obligations 
of each figure involved in OS&H system; 

B. Reference to a well-established methodology of Risk 
numerical quantification based of the adoption of the PR; 

C. Three hierarchical phases of approach:  
C.1. Workplace general Safety and General Support 
Services; 
C.3. Management in System Quality. 

Approach 
validation 

Method tested in real workplaces characterized by criticalities 
due to the presence of ACMs enclosures. 

 
The following sections of the present Thesis discuss the development and 

tested results of the introduced Guideline sub-phases; the activity can be 
considered still ongoing, since the detection of further criticalities requires the 
drawing up of additional specific sub-phases. 
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Chapter 5 

Guideline sub-phase: workplace 
general safety analysis 

Research question 1: how to achieve a systematic, complete and formalizable 
safety analysis, and the following management in System Quality, of the 
workplace? 

5.1 Workplaces general safety analysis, early step of the 
Hazard Identification phase 

OS&H Risks Assessment and Management is a particularly demanding task: 
the European Directives, and the derived Italian regulations, stress the importance 
of a pro-active approach, the only able to reach effective results. To simply focus 
on localized situations, and carry out a hasty survey cannot ensure a systematic 
evaluation of the operating contexts in complex facilities such as the research 
universities, where the most serious criticalities are of difficult identification. 

The PhD research work has contributed to improve the Guideline sub-phase 
especially devoted to the workplaces general safety analysis, aimed to ensure a 
sufficient detail in the previously mentioned situations. The developed approach is 
based on an original modification, for OS&H Risk Assessment and Management, 
of some Forensic Investigations techniques for a thorough H.I. on shell, services 
and interior spaces of premises containing workplaces, and on their not-operative 
content (Borchiellini et al., 2016).  

OS&H Risk Analysis involves the identification of Hazards in a system and 
the evaluation of possible scenarios leading to unwanted consequences. As 
discussed in Section 2.2 and clarified by the GAH approach (flow chart in Figure 
2) an effective H.I. is the key point for a careful Risk Assessment and 
Management process. Risk analysis relies on a structured and systematic 
approach, starting from the Hazard and Exposure Identification phase, 
characterized by the largest potential for errors due to a poor identification of 
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hazardous agents/materials characterizing the process. This phase is also a basic 
part of the Quality Management of process and systems (hence, the revision of 
H.I. process when system changes occur should never be underestimated). The 
correct definition of the exposure model for each worker involved in the system 
depends firstly on a correct H.I.: obviously, in the case of undetected or 
underestimated Hazard Factors, the result is an incomplete Risk Analysis 
misleading the Risk Assessment and Management phases.  

In order to develop an effective H.I., it is essential to investigate the following 
aspects: 
1st: shell, services and interior spaces of facilities containing workplaces and their 

not-operative content, obviously pre-conditioning both the OS&H conditions 
and the selection of prevention measures for ordinary and emergency 
situations; 

2nd: the productive activities at the workplaces, which should be designed and 
organized in coherence with the above. 
The adopted approach should comply with the basic requirements of H.I. 

(Center for Chemical Process Safety, 2008). In particular: 
a. the analysis of the process variables and deviations should lead to design 

tailored solutions also including the emergency aspects; 
b. an analysis based on a logic sequence of functional discretization of the 

system in key points minimizes the risk of missing some Hazard Factors;  
c. the logical breaking up of every complex operation into a number of basic 

activities enables a thorough understanding of the system criticalities; 
d. finally, an unbiased, systematically updated documental/technical information 

sharing is of pivotal importance for “historical memory” of the analysis 

approach and results along the time, and to satisfy the exigence of a Systemic 
Information System, open to the decision makers and safety staff. 
Points b. and c. cover both the technological aspects (e.g. a combination of 

machines constituting a production line) and the total duration of productive 
operations aimed to complete a complex operation (e.g. Work Breakdown 
Structure, tasks and sub-tasks in a Gantt Chart). Moreover, where the target is the 
Safety analysis of shell, services and interior spaces of premises containing 
workplaces and their not-operative content, the approach suggested in point b. 
becomes of particular relevance. 

5.2 Original modification of the Forensic Investigation 
techniques: Canvassing  

An exhaustive H.I., coherent with a scientific approach, should start from a 
thorough analysis -based on real evidences- of the safety characteristics of shell, 
services and interior spaces of premises containing workplaces and their not-
operative content, in absence of production and workers, to avoid interferences 
with the analysis. The diagram in Figure 9 summarizes the procedure and final 
result, including the possibility to derive Checklists usable for subsequent checks 
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on the state of conservation of the achieved Safety level (conservative 
management) by personnel not particularly skilled in OS&H (*).  

 
Figure 9 Procedure and results of the workplace general analysis approach 

(*) Concept borrowed from a different context 
The concept derives from a research on OS&H in highway maintenance 

yards: for the systematic and thorough yard Safety inspections, personnel not 
particularly skilled in OS&H -Fellow Supervisors- supports the Coordinator for 
safety and health matters at the project execution stage in the routine activities, 
giving an important contribution in optimizing the Coordinator activities. The 
frequent and long-lasting systematic presence of Fellow Evaluators at the yard 
can contribute to a substantial improvement, in terms of increased attention to 
OS&H problems and responsibilities, continuous cooperation on the safety 
aspects, and in more general terms, wide spreading of the Culture of Safety 
(Borchiellini et al., 2017). 

 
On the base of this considerations, it was evaluated the possible use of the 

techniques, typical of the Forensic Science, to improve the completeness of the 
analysis in the OS&H Hazard Investigation phase. The main search modes for 
evidence gathering typically used in the forensic investigations (International 
Association of Chiefs of Police and the Federal Law Enforcement Training 
Center, 2010 and Miller, 2011), consist of functional volumes discretization 
methods (Tab. 6) and techniques as guidance on how the site investigation should 
be performed (Tab. 7). Both the goals are clearly coherent with the basic 
requirements of H.I. 

 
  



 

45 
 

Target Technique Description 
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Zone search 

The area to be searched is divided into zones or sectors. For 
a thorough search, each person is assigned to one sector. 
The sectors can be searched by another team member, if 
necessary.  

 

Zone elevation 
search 

 

Kind of search used where evidence may be on the walls or 
in the ceiling. Only one elevation zone should be checked at 
a time.  

 

Table 6 Main forensic volumes discretization methods 
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Target Technique Description 
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Lane search 

Staff will stand in one long line and move forward together 
to avoid missing areas. Stakes and string can also be used to 
create “lanes” for which each member of the team would be 

responsible. When a suspected piece of evidence is located, 
the Team Leader is informed before any action. 

     
Strip (left) and Wavy line (right) search 

Grid search 

Similar to a strip search, the investigation is performed by 
completing a lane search in one direction and then 
completing a lane search in the perpendicular direction. 
This is the most thorough search technique because the 
same area is searched twice by a grid pattern format. 

 

Spiral 
search 

Spiral search involves a spiral inward or outward from a 
crime scene. For crime scene, a practical disadvantage with 
outward spiral searches is the evidence may be destroyed as 
the searchers move to the centre of the crime scene area to 
begin their outward search.  

 

Overlapping 
search 

The Team Leader should observe and supervise the search, 
while other team members perform the investigation of the 
area. With an overlapping search items are unlikely to be 
missed.   

 

Table 7 Main forensic investigation modes 

Having acknowledged the potential of Forensic Investigation techniques, a 
preliminary study was carried out on special adjustments - known as 
“Canvassing”- to make them fully fit to improve the completeness of the H.I. 
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phase, on shell, services and interior spaces of premises containing workplaces 
and their not-operative content (equipment included 3), in particular taking into 
account the following aspects: 
1. the target is the H.I., not the reconstruction of the dynamic of unwanted 

events; 
2. the search should start from available documentation; 
3. the selection of the most suitable Canvassing technique depends on the 

typology of working environment also in terms of spatial configuration, 
furniture and operative context. 
Regarding the point 2, in the case of buildings of old construction, for which 

no exhaustive documentation is available, the H.I. can be supported e.g. by a 
Safety Review approach, in coherence with the suggestions of the PoliTo-UniTo 
Guideline. 

In the OS&H context, special combination of volume discretization and way-
of-looking-for techniques, taking advantage of the most useful peculiarities of 
each technique, can contribute to make exhaustive the analysis. This is clear in the 
case of the Zone Elevation Search: the method could be used as reference 
technique in each combination, since it allows extending the search to the volume 
in compliance with the investigation needs. For OS&H purposes, the Zone 
Elevation Search technique was improved in two original combinations: the Zone 
Split 3D and the Zone Elevation Split.  

Zone Split 3D is essential to distinguish in the same environment sub-zones 
characterized by parameters that require a homogeneous approach. A Zone Split 
3D preliminary discretization, based on well-founded assumptions, can simplify 
each volume to be searched and avoids errors due to subjectivity, slapdash or 
bureaucratic decisions. Correct results can be: 
- the division of a large settlement in independent modules, each of them in 

certified or equivalent safety for fire emergencies;  
- the division of each module in floors, and not by intended use (workshops, 

offices, etc.), the latter neglecting the layout and conditioning of general 
fittings and technical-organizational countermeasures to emergency, and the 
possible interference criticalities. 

Zone Elevation Split is used for the discretization of the volume to be 
searched. The use of some reference points and landmarks is strongly 
recommended, since it facilitates both the spatial discretization and the recording 
of points of interest. The availability of computer assisted geo-referencing image 
processing techniques, explained in the Section 7.3.2, based on image adjustment 
algorithms of the images digitizing elaborations, can be very useful both for the 
investigation results documentation and the sharing phases. 

                                                 
3 In this particular case the term “equipment” includes any machine, apparatus, tool or 

system, forming complex machines, equipment and components necessary for the implementation 
of a production process, destined to be used at work (Italian D.Lgs. 81/08 s.m.s. art. 69 lett.a.) also 
including machinery specially designed and constructed for the purpose of research. 
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Finally, the selection of the most suitable method to carry out the site 
investigation depends on a number of factors of difficult standardization, such as 
the geometrical characteristics of the investigated volume, the presence of fittings, 
equipment, furniture, etc.  

5.3 Approach validation in different workplaces 

A number of in situ tests were performed in offices, classrooms, laboratories 
and workshops at Politecnico di Torino, selected as pilot sites representing typical 
working environments, to practically verify the real user-friendliness and the 
effectiveness of the proposed evolution of the Forensic Investigation techniques.  

As an example, Table 8 summarizes the implementation and results of the 
Canvassing on a workshop, and some considerations concerning the 
benefits/limits of each discretization and way-of-look-for technique. The results of 
the Canvassing approach on other investigated working environments (offices, 
research laboratories, classrooms) are available in Appendix 5. 
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Site: WORKSHOPS 

 
Image of one of the investigated workshops 

Discretization: the Zone Split 3D results necessary both to reduce the extent of the 
investigation area, especially in crammed volumes, and to isolate, where possible, zone 
assigned to different uses (e.g. office, storage, etc.). The discretization of the search volume 
will be the more effective if the sub-volumes are identified according to pre-defined criteria 
based on their characteristics. Similarly, to previous pilot sites, the analysis requires a Zone 
Elevation Split. 
 Suggested discretization: Zone Split 3D + Zone Elevation Split  

Search modes: the well-organized layout of the different workstations suggests the 
implementation of the Grid Search in the machinery area, and the Strip Search in the 
storage zone and in the office.  
In presence of limited and clear spaces, resulting from Zone Split 3D application, it can 
become advantageous to substitute the Grid Search, too expensive for these situations with 
a Strip Search, simple and effective. 
 Suggested search modes: Grid and Strip searches 

The method at a glance 

 
Layout of a workshop 

 
Graphical discretization of the 

workshop  

Special benefit of the method 

   
Points of interest 

Considerations: Typically, the workshop 
shows a lot of criticalities related to 
special activities, machinery, fittings and 
tools, sometimes worsened if the working 
areas are narrow and crowded. As result 
of the in situ test, a combination of Zone 
Split 3D and Zone Elevation Split 
becomes necessary to reduce the volume 
to be searched. 

Table 8 Result of the in situ test on workshop 
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5.4 In closing 

With reference to Research question 1 (how to achieve a systematic, complete 
and formalizable safety analysis, and following management in System Quality, of 
the workplace?), the tests performed demonstrated that the Forensic Investigation 
based approach can support the H.I., making possible some suggestions on their 
useful contribution in the workplaces safety analysis, and on the logistic and 
operative parameters somehow conditioning the selection of the most suitable 
technique.  

Thanks to the good results achieved, these techniques can be considered 
effective, appreciably rigorous; the following positive aspects of Canvassing can 
be highlighted: 
a. in OS&H field, Canvassing is particularly suitable for the analysis of shell, 

services and interior spaces of facilities containing workplaces, and on their 
not-operative content: in absence of production and workers, to avoid 
interferences and alteration of the boundary conditions; 

b. the analysis is independent of the nature of the critical issues and their 
subsequent management, and therefore can be defined “aseptic”;  

c. the use of Canvassing avoids incurring errors due to the judgment 
subjectivity of the analyst, who may act in accordance with his own 
preconceived and possibly misleading Attention Index criteria; 

d. Canvassing makes possible a thorough spatial referencing of the results, the 
detail depending on the quality and suitability of the storage and sharing 
systems available (in the case of Politecnico di Torino, which has efficient 
and constantly updated systems, this will provide a considerable advantage); 
then, they ensure the repeatability of the analysis in controlled conditions; 

e. Canvassing enables to derive Checklists usable for subsequent checks on the 
state of conservation of the achieved Safety level, which can be carried out by 
not particularly expert operators (in the case of the Politecnico di Torino 
typically the Safety Advisors headed by the various Departments and Units). 

Table 9 provides some suggestions on the main logistic and operative 
parameters which can condition the selection of the most suitable Canvassing to 
be adopted in different scenarios.  
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Information 
and Resources 

 documented site layout; 
 skilled OS&H analysts; 
 analysts assistants; 
 experts in surveying techniques; 
 time spent on the analysis; 
……………… 

Tools 

 support devices and tools (e.g. professional camera, 
markers, Electronic Distance Meter); 

 tools to delimit volumes (landmarks, stakes and strings); 
…………. 

O
pe

ra
tiv

e 
Pa

ra
m

et
er

s 

Working 
environment 

layout 

 site dimensions and characteristics; 
 presence of machinery and furniture; 
 possibility of freely circulating the site; 
……………… 

Common 
services and 

fittings 

 complex plants; 
 devoted fittings of machineries; 
…………… 

Particular 
situations 

 false ceiling; 
 enclosures; 
 special volumes covered by security regulations 
……….. 

Table 9 Main aspects conditioning the selection of the Canvassing 

The completeness and repeatability of the suggested approach contributes to 
enhance, from the very first step, the effectiveness of the relevant sub-phase of the 
Guideline, providing a significant contribution to the diffusion of the Culture of 
Safety, in a synergic cooperation of all the people involved. 
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Chapter 6 

Guideline sub-phase: OS&H 
analysis of working activities 

6.1 Hazard Factors quantification for effective workers’ 

exposure models  

Where an effective workplaces general safety analysis was performed and 
criticalities/non-compliances managed, a careful OS&H analysis of working 
activities is fundamental in the Risk Assessment and Management process. To 
reach a reliable Risk Assessment it is necessary the quantification of each Hazard 
Factor, the identification of workers exposed, the definition of the exposure 
duration and the evaluation of the consequences. All these parameters, properly 
assessed, define the exposure model of workers to the Hazard Factors, as 
summarized in Table 10: the flow chart clarifies the box “workers’ exposure 

model definition” in point three of the flow diagram suggested by the GAH (see 
Section 2.2, Figure 2).  
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Definition of exposure models: a method that combines all the hazardous 
elements with the Contact Factor of involved workers, in order to define their own 
exposure situation to each Hazard. Taking into account the approach for the risk 
quantification (Table 3 in Section 2.2), in presence of more than one Hazard Factors 
and workers operating in various departments, to correctly quantify the Risk is 
necessary to  
1. know if actually different Hazard Factors are present; 
2. assess the Contact Factor of each worker to one or more Hazard Factors; 
3. define ED (WCC) that can be associated with each Hazard Factor; 
4. if ED or FC are ≠ 0 which actions should be implemented to reach PR ≤ 1. 
Then for each worker, it is possible to calculate: 

𝑅𝐿1 =  ∑[(𝐹𝐶𝑖

𝑛

𝑖=0

∙ 𝐸𝐷𝑖) ∙ 𝑃𝑖] 

Bearing in mind that the Risk Assessment target is a correct assessment of the risk 
for each worker, the introduction of homogeneous exposure groups could be a correct 
idea, but really thorny, since sometimes heavily misleading if not previously and 
carefully verified.  

Table 10 Workers' exposure model  

Moreover, the flow chart in Table 10 gives rise an important consideration 
about the definition of workers’ exposure models: the need of a synergic activity 
between OS&H technicians and occupational physician.  

As an example, considering the exposure of workers to airborne pollutant (the 
Hazard Factor), as stated by the D.Lgs. 81/08, hazardous pollutant must be 
identified and quantified in the Safety document, and the collected data compared 
with the Threshold Limit Value – TLV or Occupational Exposure Level – OEL, 
where available (4). TLVs represent the main indicator to prevent the onset of a 

                                                 
4 TLV is a reserved term of the American Conference of Governmental Industrial Hygienists 

(American Conference of Governmental Industrial Hygienist, 2018); for EU Countries: 
Occupational Exposure Levels - OELs (European Directive 98/24/EC). 
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work-related pathology. TLVs for chemical substances and physical agents exist; 
in particular, for chemicals three typologies of limits are defined (American 
Conference of Governmental Industrial Hygienist, 2018):  
1) TLV-TWA time-weighted average: average exposure based on a 8-hour 

workday, and a 40-hour workweek work schedule; 
2) TLV-STEL short-term exposure limit: 15-minute TWA exposure that should not 

be exceeded at any time during a workday, and should occur no more than 
four times per a day, with at least 60 minutes successive exposure; 

3) TLV-C ceiling limit: absolute exposure limit that should not be exceeded at any 
time. 
The compliance with the TLV-STEL and TLV-C could be easier to achieve 

since the recommendation of behaviours is stricter, because the suggestion is clear 
and well defined. The problem can rise in the case of TLV-TWA, a value 
fluctuating without control, measured just in a long time exposure, during which 
the peaks of concentration are not always known.  

In a situation as simplified in Table 11 (Patrucco et al., 2017), the 
concentration of the pollutant in the working environment grows until the limit of 
the activation of the mitigation system (in the case a ventilation system), but the 
exposure of the worker(s) would be quantified using the Time Weighted Average 
limit, ignoring the transition between an acceptable value of pollutant 
concentration and the peak.  

 

Sketch of the final 
segment of the 

involved 
ventilation system  

 

System’s efficiency 

monitoring 

 
Table 11 Simplified airborne pollutant management system 
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In such a situation, the intervention of the occupational physician from the 
first phases of the process could avoid gaps in the assessment or underestimation 
of the consequences of exposure on workers’ health. The example makes clear the 
importance of a necessary synergy between technicians and occupational 
physician. Therefore, occupational physician should take on the role of a “global 
consultant” who, on the basis of specialized notions, cooperates with the technical 
staff in the definition of workers’ exposure model, to further reduce the number of 

accidents and occupational diseases. 
At the light of these considerations, the evident relevance of a correct 

quantification of Hazard Factors in the assessment of the actual workers’ exposure 

conditions, has motivated the development and testing of an operational tool of 
the Guideline –resulting in the specific sub-phase - especially aimed to optimize 
and improve the definition of workers’ exposure models, acting on:  
- the management of the measuring equipment, in terms of metrological 

confirmations, to ensure the quality of exposure data gathered; 
- a precise measuring campaigns design, and a correct interpretation of the 

achieved exposure data, specific for chemical agents, with the possibility to 
adopt the same approach for the exposure assessment to different Hazard 
Factors (e.g. physical agents).  

 

6.2 Approach 1: System Quality in measuring processes 
and equipment setup  

Research question 2a: how to ensure that the measuring processes fulfil the 
necessary metrological requirements, providing exposure data quality?   

6.2.1 Metrological requirements of the measuring systems 

The research work, developed on the basis of Bisio et al., 2016, focuses on the 
setup and management of the measuring equipment and on its pivotal importance 
for OS&H Risk Assessment, with the main goal to ensure both maximum data 
accuracy and economic sustainability.  

The result of any analytical process depends on input variables, which could 
have a critical impact on the result of the measurement; only a preventive 
management of such parameters can reduce the influence on the outcome of the 
measuring process. The suitability of the equipment should result from a 
metrological confirmation process, involving the identification, with a frequency 
of monitoring adequate to every special situation, of Key Performance Indicators 
of the equipment operative conditions effectiveness and efficiency, taken into 
account the OS&H criticalities and the overall management costs. The UNI EN 
ISO 10012:2004 Standard for the “Measurement management systems - 
Requirements for measurement processes and measuring equipment” can be an 
important reference for the rationalization in the management of equipment, 
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covering the effectiveness (equipment suitability for the use) and efficiency (time 
& money savings in the equipment management).  

Where the definition of workers’ exposure conditions are involved, the 
measuring process quality lays at the very base of an effective OS&H Risk 
Assessment, upon which correct decision making processes can lead to an 
effective Prevention. As shown in Figure 10, the Sampling and Analysis “bones” 

of the Cause and Effect – Ishikawa diagram (Center for Chemical Process Safety, 
2008) include the main causes conditioning the result quality in the measurement 
of an air dispersed pollutant concentration at a workplace.  

 

Figure 10 The Ishikawa diagram on the causes of uncertainties affecting the measure of 
the concentration of airborne dust. 

The measuring system can consist of one or more components, more or less 
complex, generally simplified as a measurement chain from the sensor to the 
transducer. Each element in the chain provides a measure of a particular quantity 
by the sensor, which measures the measurand (the quantity to be measured) up to 
the transducer, which shows to the operator, or records, the measured value. Both 
the measurand and each influence quantity (5) (measured by the components of the 
measurement chain and potentially affecting the relation between the indication 
and the measurement result) should have a specific calibration (6) and 
metrological traceability (International Laboratory Accreditation Cooperation, 
2007). To ensure the traceability of the result, the calibration of every single 
quantity in the measurement chain would be necessary, with measurement 

                                                 
5 Influence Quantity: quantity that, in a direct measurement, does not affect the quantity that 

is actually measured, but affects the relation between the indication and the measurement result 
(JCGM 200:2012). 

6 Calibration: the operation that, under specified conditions, establishes a relation between 
the quantity values with measurement uncertainties provided by measurement standards and 
corresponding indications with associated measurement uncertainties, and, in a second step, uses 
this information to establish a relation for obtaining a measurement result from an indication 
(JCGM 200:2012).  
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standards of known values, traceable and with an uncertainty (7) negligible with 
respect to the measurand uncertainty. Usually, the manufacturer performs these 
calibrations and traceability tests during the initial set up and check of the 
measuring system. Measuring equipment calibration is the first step to achieve a 
metrological confirmation: to guarantee the suitability of a Measuring Equipment 
of known Metrological Characteristics – MCME for the intended use, in particular 
when the equipment condition can influence the final results, it is necessary to 
prove, through a confirmation procedure, the fulfilment of the Customer 
Metrological Requirement - CMR. The definition of a proper confirmation 
interval, ensuring also the approach efficiency, can take advantage of the concepts 
of the process statistical control, through the monitoring, with an adequate 
frequency and use of quality indexes, of some significant parameters identified on 
the basis of a preliminary Risk Assessment. The calibration frequency and 
calibration checks should be based upon experience and literature suggestions 
(e.g. Unichim manuals series 177, covering the calibration of some influence 
quantities, usually monitored by the manufacturer in the initial installation phase, 
or during the Instrument Performance Verification - IPV inspections). 

A different approach to calibration and traceability is of common use in 
testing laboratories, which often adopt indirect methods. There, the calibration of 
a measuring system is carried out recording the relation between the transducer 
indications in correspondence of known values of the measurand, specified by 
primary measurement standards or otherwise determined by means of a measuring 
procedure with negligible uncertainty.  

In the practice the verification of calibration effectiveness for the influence 
quantities in the measuring chain, can however be of difficult implementation, 
mainly due to costs, use, maintenance and conservation problems. 

The MCME and CMRs are input data for the metrological conformation 
process; in particular, the CMRs are conditioned by the special target and context 
of the measurement (Tab. 12):  

Typology Control method Example 

Qualitative 
measurement 

(presence/absence) 

Validation of the actual 
measurement on a product, 
providing information on the 
process quality 

Drawings with values, dimensions 
and tolerances 

Quantitative 
measurement 

(numerical 
verification) 

Verification of the method 
used for the measurement 
(testing process / method) 

 information on the testing 
method 

 measurements of known 
characteristics on reference 
materials during the different 
testing process phases 

Table 12 General aspects of Customer Metrological Requirements 

                                                 
7 Uncertainty (of measurement): parameter, associated with the result of a measurement, that 

characterizes the dispersion of the values that could reasonably be attributed to the measurand 
(JCGM 200:2012) 
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The MCME are intrinsic of the measuring devices, in terms of  
a) architectural features, typical of the system and conditioning the achievable 

performances (e.g. readiness, resolution, sensitivity, etc.),  
b) characteristics, derived from the equipment architectural features, which make 

possible the use for measurements on objects external to the system itself 
(testing object or measurement standard). 

6.2.2 Metrological confirmation of measuring equipment 

The metrological confirmation process (Fig. 11) deals with the measuring 
systems suitability for each intended use, and consists of the MCME verification, 
the calibration of the measuring equipment, the comparison of the calibration 
results with the necessary metrological requirements, and the final decision on the 
metrological confirmation (positive/negative). 

 

Figure 11 Metrological confirmation process  

The measuring systems management should comply with the UNI EN ISO 
10012:2004 Standard in terms of:  
1. preliminary definition of a process aimed to guarantee the equipment suitability 

for the intended use and time span (metrological confirmation interval); 
2. review of the measuring process to ensure: a) constant performance quality of 

the measuring systems along the time, and b) progressive reduction of 
required resources (measuring process efficiency). 
The metrological confirmation interval is the time between two consecutive 

confirmations, established taking into account the following aspects: 
1. the measuring systems should provide performances adequate to the 

measuring requirements along the time; 
2. the risk related to inadequate results should always be kept to acceptable 

levels (Risk Analysis); 
3. qualified personnel should periodically verify the activity; 
4. the overall management costs should be acceptable. 

The selection of the metrological confirmation interval depends essentially on 
the intrinsic features of the measuring instruments, and on the typology/frequency 
of their calibration. In the case of equipment requiring periodic calibration, the 
monitoring of significant instrumental parameters (MCME) through suitable tools 
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can provide intermediate calibration checks and guarantees the metrological 
confirmation. Hence, the identification and regular monitoring of the MCME 
ensure the correct functioning of the equipment, and reduce the necessary 
resources, thus improving the process efficiency. Such “indicators” should be 

easily measurable even by personnel not particularly qualified, but familiar with 
the equipment. The selection of the characteristics to be monitored and the related 
monitoring frequencies should be based on the preventive assessment of the 
criticality of such characteristics and on their impact on the final result, a task 
which necessitates of a thorough Risk Analyses.  

Risk analysis for measuring processes 
The basics on Risk Assessment and Management, refined for the OS&H 

analysis, as summarized in Table 3, can be conveniently adapted to the Risks 
Analysis for any measuring and metrological confirmation process. In the case 
of measuring processes, the method for the analysis of the risks compromising 
the quality of measures should mainly consider:  
Hazard Identification: identification of factors which, taking advantage of a 

system vulnerability, could potentially cause alteration both on the intrinsic 
characteristics of equipment and on the calibration, resulting in loss of 
metrological confirmation of the measuring system, and consequent non-
compliance with the CMRs;  

Vulnerability: Hazard Factors impacting on the measuring process through a 
system vulnerability can compromise the results quality; it is fundamental 
to eliminate/minimize every vulnerability of the system to impede 
disturbances on the measuring process; 

Likelihood: this concept is strictly linked to each Hazard Factor in terms of 
measurement scenarios and typology of Hazard; in the case of the 
architectural features of measuring devices, the components failure rates 
can be useful to evaluate the frequency of occurrence of the unwanted event 
(component failure); 

Damage severity: in the case, inadequacy of the equipment to comply with the 
CMRs (due to loss of metrological confirmation of the measuring 
equipment): a measuring process, out of the metrological requirements, 
could cause “tangible” damages (e.g. economic losses) or “intangible” (e.g. 

Organization’s image damage).  
In the case of measurements aimed to define the workers’ exposure to a 

specific Hazard Factor (e.g. air dispersed pollutants in workplaces), 
tangible damages become particularly critical. An under estimation of the 
Hazard Factor (e.g. actual pollutant concentration) implies the 
ineffectiveness of the resulting Risk Assessment and Management, whilst an 
over estimation of it involves both critical errors in the Risk Assessment and 
misdirected investments. 

 
The implementation of this approach to each specific measuring scenario 

makes possible an in-depth Risk Assessment and Risks hierarchy definition, 
related to each Hazard Factor, stating the consequences on the result deriving 
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from the occurrence of the specific unwanted event. However, the complexity to 
achieve an in-depth Risk Assessment, involving a measuring process, makes 
difficult the consequent Risk Management focused on the evaluation of the most 
suitable prevention and protection solutions aimed to ensure the compliance of the 
measures to the CMR. With reference to metrological confirmation aspects, 
therefore, it is evident the very close link between Risk Management and 
Measuring Process Management. The implementation of Risk Analysis to 
measuring processes relates to: 
- the operational Risk: execution of an analytical process by means of a measuring 

equipment in incorrect state of metrological confirmation; 
- the final purpose of measuring process results: impact on OS&H Risk 

Assessment and Management (e.g. measurement aimed to workers’ exposure 
models definition), effect on strategic risks, risks related to contracts and 
regulations, image damage, financial risks, etc.  
The quality on the OS&H Risk Analysis is strictly bound to the diverse 

typology, complexity and criticality of the measuring equipment. Table 13 
summarizes a possible classification in homogeneous groups of the measuring 
equipment in relation to the metrological confirmation. 

Group Definition Description 

A High impact 
equipment 

Complex instruments and computerized systems that need the 
status of metrological confirmation process. It is necessary to 
consider the intended use and the required performances, 
according to the indication of testing methods. The 
complexity of the metrological confirmation activities could 
requires experts support (AA, HPLC, spectrometer, …). 

B 
Medium 
impact 
equipment 

Equipment that measure or monitor physical quantities, and, 
therefore, require metrological confirmation. The user, to 
comply the laboratory demand, specifies the requirements. 
The compliance is defined within metrological confirmation 
procedures, which meet the intended uses (scales, pH-meters, 
variable volume pipettes, thermometers, pumps, thermostats, 
thermostatic baths…). 

C Low impact 
equipment 

Standard equipment not used for measuring and consequently 
not subjected to metrological confirmation. Generally, their 
correct management could be set up on the observance of 
manufacturer specifications and their monitoring during the 
use (magnetic stirrers, homogenizers/mixers, centrifuges, 
ultrasonic baths, refrigerators, etc.). 

Table 13 Possible measuring equipment classification 
The risks arising by a lacking or improper check of measuring equipment are: 

a) instability of the instrumental response resulting in unacceptable variability of 
analytical results;  

b) substantial stability of the instrumental response, but inaccuracy of the obtained 
results, due to systematic errors, not directly proportional to the investigated 
quantity, that becomes noticeable only in specific operating conditions. 
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The possibility to reveal these deviations depends on the correct selection of 
MCME, and on the acceptability criteria established during the validation 
procedure: with a sufficient number of available data for a statistical validation, 
the approach provides information on the presence of identifiable causes of 
variability. An accurate definition of the variability limits of the measuring 
process for the most significant parameters, describing the correct state of 
metrological confirmation of the equipment, is essential. 

Approach based on Control Charts and Process Capability indexes  

When the same method defines the acceptability limits of the calibration and 
metrological confirmations, it should refer to these “guide values”: if data fall 

outside the Control Limits, some correction on the cause becomes necessary, to 
bring again the measurement within the acceptability limits. An adequate number 
of data on the control of the guide characteristic makes possible the systematic 
removal of the causes determining the falling out of limits: a continuous 
improvement aimed at the removal of abnormal situations, to bring / keep the 
measuring process under statistical control (ISO 7870-2:2013 “Shewhart control 

charts”). The result is a process accomplishing the statistical control, predictable 
in terms of capability to comply with the specifications, and requiring a reduced 
number/frequency (i.e. total time) of verifications (Juran and Godfrey, 1999).  

Control charts are simple tools to verify the statistical control of the process. 
The statistical control verification enables the Process Capability analysis i.e. 
process conformity with Specification Limits through Process Capability indexes 
(Tab. 14). 

Cp – Process Capability index 

6
)( LLSULSC p


  

ULS = Upper Limit of Specification; 

LLS = Lower Limit of Specification; 

 = standard deviation or natural capacity of 
the process; 

µ = mean of the process (nominal value of the 
specification). 

Cpk – Shifted Capability index 
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,
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Table 14 Process Capability indexes 

Values for Cp and Cpk indexes higher than 1 indicate that the Specification 
Limits range includes the three process standard deviations either side of the mean 
(Porter and Oakland, 1990).  
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6.2.3 Approach validation: measuring equipment for airborne 
particulate concentration measurements  

The approach was tested on the measuring process to quantify, through 
personal samplings, the airborne respirable dust concentration for the definition of 
the workers’ exposure. The characteristics of measurement devices and the 
organization of the sampling campaign were preliminarily defined with particular 
reference to the pollutant criticality (from no-fibrogenic reaction in the lungs, to 
carcinogenicity), the working activity pattern(s), and the boundary environmental 
parameters. The discussion of the measurement campaign results is based on 
suitable techniques to ensure the representativeness of the final assumptions 
(Leidel et al., 1977, Tuggle, 1982), but obviously, the quality of the whole process 
depends on the quality of the input data. The quantification of the workers’ 

exposure to airborne particulate consists of two consecutive operations, according 
to the Unichim 2010:2011 method: 
Sampling phase: by means of a flow-controlled pump, the required air volume is 

drawn through a personal sampler (8) containing a micro pore filter, which 
collects the airborne dust;  

Laboratory analysis phase: to determine the quantity/nature of the collected 
pollutant. The filter is weighted before and after sampling by means of an 
analytical scale, to determine the mass of the collected dust. A preliminary 
conditioning of the filter in a special conditioning cabinet makes comparable 
the humidity content of the filter before and after the sampling. 
Considering in particular the flow-controlled pump and the analytical scale 

(Fig. 12), the definition of a proper metrological confirmation interval is essential 
to ensure the metrological confirmation state of measuring instruments during the 
use, and the measuring process efficiency. Consequently, the constant level of 
performance of the measuring systems along the time is proved, with also a 
progressive reduction of the involved resources and related costs. 

     

Figure 12 Personal sampling line (left), analytical scale in the climatic cabinet (right) 

                                                 
8 Flow-controlled pump and personal sampler are both defined in UNI EN ISO 13137:2015 

standard 
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Analytical balance 
The used analytical balance (model Scaltec SBC 21 capable of weight to an 

accuracy of five digits, i.e. 10 µg) for gravimetric analysis belongs to the B Group 
(see Tab. 13), and requires metrological confirmation arising from calibration and 
intermediate checks, possible by means of measurements of a standard mass. The 
mass measurement is the significant instrumental parameter to monitor, to verify 
along the time that the gathered measures:  
1) belong to the normal distribution (natural variability due to only chance causes 

of variations), 
2) remain inside the specification limits interval (metrological requirement – 

CMR).  
A gradual increase of the interval between two consecutive confirmations 

should take into account the critical OS&H purposes of measuring process results, 
in terms of potential under/over estimation of the actual pollutant concentration, in 
addition to the efficacy and efficiency of the process. The variability in the 
measurement results of two-milligram mass, certified reference weight traceable 
to International Standards (Fig. 13), monitored through Mean Control Charts, and 
the evaluation of quality indexes (Process Capability index - Cp and Shifted 
Capability index - Cpk), provides evidence of statistical control and Capability of 
the measuring process.  

 

Figure 13 Class E1 set of reference masses, compliant with ISO 15767:2009 standard - 
the red box indicates the two-milligrams mass used 

According to the developed approach, assuming fulfilled the initial steps of 
the metrological confirmation process, in particular the selection of an analytical 
balance of proper metrological characteristics and its calibration, the intermediate 
calibration check phases, ensuring the metrological confirmation of the analytical 
scale, are summarized below: 

Phase 1. Statistical control of the process: the Mean Control Chart (Tab. 15) 
proves the statistical control of the process, in relation to the Control Limits 
(Upper Control Limits – UCL and Lower Control Limits - LCL) and Centre Line 
– CL, defined by the general model: 
𝑈𝐶𝐿 =  𝜇 + 3𝜎, 𝐿𝐶𝐿 =  𝜇 − 3𝜎, 𝐶𝐿 =  𝜇 
where µ is the mean of the sample statistic, and σ the standard deviation of the 

sample (each value is the mean of ten mass measurements). 
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µ = 2,00  

σ = 0,033  

UCL = 2,10 

CL = 2,00 

LCL = 1,90 

Table 15 Mass measurements Mean Control Chart  

The Control Chart shows that no points fall out of the Control Limits: no 
tendency due to systematic causes of errors is evident, the process should be 
affected by only chance causes of variation, i.e. the process is in statistical 
control. In addition to the control chart, other statistic tools (e.g. Normality 
Tests) can be used to verify the absence of systematic components in the data: 
e.g. to improve the scale of the analysis, tests can be performed on data 
residuals, resulting from the subtraction of the mean of the sample to each value. 

Phase 2. Process Capability: since the process appears in statistical control, it is 
possible to check the process conformity with Specification Limits (i.e. Process 
Capability). In this case, the Specification Limits are selected according to the 
analytical variability on gravimetric measurements, consistent with the 
gravimetric analysis of respirable dust in workplaces (based on indications of 
ISO 15767:2009 standard and Unichim 2010:2011 method). The Specification 
Limits have been set to ± 5% of the results of the standard mass measurements. 
Table 16 describes the Capability analysis on the mass measuring process, 
showing the distribution of data within the Specification Limits interval: the 
quality indexes, greater than 1, confirm the compliance with the Specification 
Limits. 

 

Specification Limits: 

USL (+ 5%) = 2,10  

LSL (- 5%) = 1,90 

Table 16 Mass measurements conformity with the Specification Limits (Minitab ®) 
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The result of the two-phases approach implementation, providing the 
intermediate calibration check, confirms that the analytical scale is in correct 
metrological confirmation condition and it is completely capable to ensure the 
required performances. 

Sampling device 
Airflow is the significant instrumental parameter to monitor for the flow-

controlled pump (B Group - Tab. 13) used for the personal samplings. In 
particular, the 2,2 l/min airflow, needed to get the required particle size cut (0,2 ÷ 
10 µm: aerodynamic equivalent diameter for respirable particulate - UNI EN 
481:1994), represents the guide value. A Gilibrator-2 System primary calibrator, 
equipped with a high-flow cell, connected to the flow-controlled pump, enabled to 
record a sample of airflow measures. Particular care was devoted to the boundary 
conditions on which the instruments guarantee the metrological requirements, i.e. 
humidity, pressure and pressure drop, temperature. The metrological confirmation 
of personal flow-controlled pump results from the two phases of intermediate 
calibration check:  

Phase 1. Statistical control of the process: according to the general model for the 
statistical control of the process: 
𝑈𝐶𝐿 =  𝜇 + 3𝜎, 𝐿𝐶𝐿 =  𝜇 − 3𝜎, 𝐶𝐿 =  𝜇 
the Mean Control Chart (Tab. 17) shows that no points (each value is the mean 
of ten airflow measures) fall out the Control Limits and no tendency appears. 
Data should be affected by only the natural variability (normal distribution): the 
process is in statistical control. 

 

µ = 2,19 

σ = 0,01 

UCL= 2,21 

CL= 2,19 

LCL= 2,16 

Table 17 Airflow measures Mean Control Chart 

Phase 2. Process capability: the outcome of the Mean Control Chart enables the 
verification of the Process Capability; in this case, the Specification Limits 
(equal to ± 5% of set airflow) are suggested by the Unichim 2010:2011 method 
“Samples collected with an airflow outside the specification limits interval have 
to be discarded”. The graph in Table 18 shows as the normal distribution of 
airflow measures is included in the Specification Limits interval; the relevant 
values of indexes Cp and Cpk (both of them greater than 1) confirm that 
measuring process can be considered capable. 
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Specification limits: 

USL (+ 5%) = 2,31 

LSL (- 5%) = 2,09 

Table 18 Airflow measurements conformity with the Specification Limits (Minitab ®) 

The reduced dispersion of airflow data is also explainable by the 
compensation flow system inside the flow-controlled pump, which provides an 
automatic adjustment of the airflow range (± 2%) in different backpressure 
conditions.  

The flow-controlled pump is capable to ensure the required performances, 
being in metrological confirmation condition, as confirmed by the intermediate 
calibration check. 
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6.3. Approach 2: representativeness of the measurements 
results 

Research question 2b: how to gather exposure data actually representative of the 
specific working scenario, in particular for complex contexts?  

6.3.1. Representativeness of workers’ exposure models  

The sub-part of the Guideline especially developed for the OS&H analysis of 
working activities deals with a key issue for the Occupational Risk Assessment 
and Management: the representativeness of the exposure measurements results 
(Bisio et al., 2017). A correct assessment of the exposure conditions of workers, 
essential for an effective Occupational Risk Assessment, is a difficult and 
demanding task, and a very large number of accidents and occupational diseases 
are due to the underestimation of risks resulting from an incorrect or incomplete 
understanding of measurement results or a poorly designed measuring campaign. 
On the other hand, the overestimation of the risk associated with a Hazard Factor 
can generate an equally serious error in the organization of the Risk Management, 
as well as misdirected investment of the available economic resources.  

As already discussed, the OS&H issues and the measuring processes of 
Hazard Factors are strictly linked: the protection of safety and health of workers 
requires the definition of exposure models based on the quantification of Hazard 
Factors. The models in particular should be based on:  
1. the identification of the exposed workers (only apparently an easy task in 

complex scenario such as the research universities); 
2. the analysis of the exposure way, frequency and duration; 
3. measuring processes aimed to effectively characterize, with the necessary 

detail, the Hazard Factors (physical, chemical, biological) which can 
compromise the workers’ safety and health;  

4. statistical criteria suitable to ensure the representativeness of the achieved 
measurement results, essential to make comparisons with the limit values 
suggested by Safety regulations, standards and good practices. 
Steps 1 and 2 represent the target of the measuring campaigns design; the risk 

analyst should devote special care on the preliminary examination of the activity, 
to obtain all the information necessary to define a measuring program suitable to 
provide -in each special situation under exam- correct data on the workers’ 
exposure to the investigated Hazard Factors. The last two steps are pivotal to 
ensure that the measurement results, thanks to their quality, detail and statistical 
representativeness, can be correctly used as reliable input data for the assessment 
of the actual workers’ exposure scenario, and its comparison with the limit values 

suggested by Safety regulations, effectively supporting the decision making 
process on control design if necessary. 

Unlike what happens in other engineering fields, in the case of OS&H Risk 
Assessment some difficulties arise from a very large variability of internal and 
external parameters conditioning the measurements, and limit values in some 
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cases (e.g. carcinogenic dust pollution, asbestos, silica, etc.) very restrictive or 
tend to zero, i.e. near to the instrumental sensitivity.   

The developed method makes possible an effective assessment of workers’ 

exposure to factors compromising their safety and health, in particular to chemical 
agents; however, the way of thinking at the base of the approach can be 
effectively implemented to manage risks related to different Hazards (e.g. 
physical agents – the method testing on occupational noise data gave good results 
as well). The approach is based on two key stages:  
- a careful and well-planned quantification of specific factors resulting in data 

(measuring process results) that accurately represent the actual working 
scenario (first level of representativeness);  

- a suitable data processing, aimed to ensure the usability of the measurement 
results in terms of outliers presence, belonging statistical distribution and 
statistical representativeness of samples (second level of representativeness), 
necessary conditions to compare the exposure data with the Safety 
regulations, standards and good practices.  

6.3.2. The two-representativeness levels approach  

Measuring campaign design  first level of representativeness 

The planning of a series of measurements aimed to assess the workers’ 

exposure to Hazard Factors requires a thorough knowledge of the working context 
and of the activities performed, in terms of boundary conditions, processes, 
materials, workers’ tasks, etc. In general, the assessment of workers’ exposure 
conditions, and in particular the measurement campaign design, can result the 
more challenging the more variable is the activity to monitor. A correct approach 
to design a measuring campaign should be based on the basic H.I. (e.g. Job Safety 
Analysis) principles: consequently, it is important to break up macro-working 
tasks in sub operations, to achieve a better resolution on the involved parameters 
(materials, emission sources, workers shift, etc.). 
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Information for a careful measuring campaign design 
The preliminary information, fundamental to carry out a careful design of a 

measurement campaign for OS&H purposes, should cover:  
1. the definition of measurement target: identification of spatial distribution of 

pollutants in the working environment, evaluation of the characteristics of 
emission sources, workers’ exposure assessment, etc.; according to the 
measurement target, it is possible to define the quantity (e.g. airborne 
pollutant concentration, characterization of typologies of airborne fibres, 
quantification of sound pressure level, etc.) to be measured: usually the time 
weighted average, upon which to base the average exposure assessment, but 
additional information (maximum or minimum values, time history, etc.) is 
sometimes necessary; 

2. thorough examination of the activity, in terms of handled materials and 
substances, operations (review of the production processes, work patterns, 
hazard sources), equipment, adopted techniques and technologies, possible 
presence of simultaneous processes, workplaces locations and operating 
conditions (e.g. fixed position or variable operating conditions) necessary to 
identify the permanence time of workers in the different areas; 

3. the analysis of typology and maintenance level (efficiency) of existing 
measures to control the Hazard Factors (engineering -e.g. airborne dust 
collection systems- administrative, organizational, etc.); 

4. information on work shifts (tasks associated with each job), number of 
workers per shift, shift duration and rest periods, and, where possible, 
identification of homogeneous groups of workers. 

 
An in-depth analysis of working context makes it possible to design a 

measuring campaign tailored for each scenario by:  
- selecting the measurements typology for the measurand: if direct measurements 

are not possible, the selection should cover both the sampling (e.g. in the case 
of airborne samplings, choice between personal or area samplings) and analysis 
(e.g. gravimetric or microscopy analyses) phases; 

- selecting the measurements typology or recording techniques for the 
internal/external parameters potentially affecting the measurand evaluation 
results (e.g. production characteristics and fluctuations, microclimatic and 
general boundary conditions, etc.); 

- defining characteristics, layout and setup (e.g. sampling duration) of all the 
measuring equipment: every equipment should comply with the metrological 
requirements. 
A measuring process designed and performed following the above-discussed 

criteria makes possible to gather data actually representative (first level of 
representativeness) of the working context under exam. 
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Analysis of the measurement results  second level of representativeness 

Key point of the exposure data processing/interpretation is the statistical 
approach adopted to relate the measures (input for the workers’ exposure models) 
with the suitable threshold limit values, through the implementation of 
representativeness tests.  

OTL-Tuggle (Tuggle, 1982) and Leidel & Busch (Leidel et al., 1977) tests are 
some of statistical methods widely used for measures interpretation, also in 
presence of a limited number of input data. These statistical methods allow to 
compare the measures with the limit values suggested by Safety regulations, and 
to draw conclusions about the minimum number of required measures, according 
to the dispersion value of data, to achieve an acceptable estimate of the exposure 
situation during the considered time span (typically a work shift).  

The developed model considers a well-structured logic flow for an effective 
data analysis and interpretation, starting from a preliminary general examination 
of the overall data, to the final data representativeness evaluation.  

Since the collection of measures of the same quantity (in this case the Hazard 
Factor) is equivalent to draw a sample from the statistical population representing 
the phenomenon, the usability of exposure measures needs of some preliminary 
steps. The definition of uncertainty affecting each measure, the potential outliers 
check, and the confirmation of statistical representativeness of the sample versus 
their origin population necessarily should be part of the final data interpretation. 
The statistical nature of the approach, at the base of the developed method, makes 
the process the more robust the higher is the number of available measures.  

The initial bird’s-eye analysis of data should consider the information 
collected during the measuring phase (or sampling in the case of indirect 
measurements), in order to evaluate the measures’ trend vs the expected values, 

and possibly make decision on potential anomalous values. 
A careful uncertainty evaluation should quantify the variability due to 

different factors (e.g. equipment preparation, sampling, sample storage and 
transportation, laboratory analysis, etc.), affecting each value (Barbato et la. 
2013).  
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Uncertainty evaluation 
The general document-guide for the uncertainty evaluation is the JCGM 

100:2008 Evaluation of measurement data – Guide to the expression of 
uncertainty in measurement - GUM. The document provides definitions, terms 
and concepts pertaining to metrology, the “science of measurement and its 

application”. According to the JCGM 100:2008 document, some technical 

standards make available information on the expanded uncertainty 
determination in the case of specific measurements. Among these, the UNI EN 
482:2015 indicates the procedure to determine a careful expanded uncertainty in 
the case of chemical agents measurements:  
- measurand definition; 
- identification of all the possible sources of uncertainty; 

- random sampling uncertainty (𝑢𝑠𝑟
), and non-random sampling uncertainty 

(𝑢𝑠𝑛𝑟
) quantification; 

- random analytical uncertainty (𝑢𝑎𝑟
), and non-random analytical uncertainty 

(𝑢𝑎𝑛𝑟
) quantification; 

- combined standard random uncertainty (𝑢𝑐𝑟
), and combined standard non-

random uncertainty (𝑢𝑐𝑛𝑟
) computation according to eq. 1 and eq. 2: 

𝑢𝑐𝑟
=  √𝑢𝑠𝑟

2 +  𝑢𝑎𝑟
2   (eq. 1)        𝑢𝑐𝑛𝑟

=  √𝑢𝑠𝑛𝑟
2 + 𝑢𝑎𝑛𝑟

2   (eq. 2) 

- combined expanded uncertainty (𝑢𝑐) resulting from eq. 3:  

 𝑢𝑐 =  √𝑢𝑐𝑟
2 + 𝑢𝑐𝑛𝑟

2   (eq. 3) 

- expanded uncertainty (𝑈), using a coverage factor k = 2 (on the basis of the 
level of confidence required) as suggested by the quoted UNI EN 482:2015 
standard, calculated according to eq. 4:  

U =  2 ∙ uc    (eq. 4). 

 
The identification of all the uncertainty sources makes possible the 

quantification of the standard uncertainty (9), and the resulting final definition of 
the expanded uncertainty (10), necessary to make decision about the acceptance of 
each measure (11). In the case of gravimetric determination of airborne pollutant 
concentrations, the technical standard Unichim 2010:2011 method provides 
guidance on the uncertainty assessment as result from an appropriate combination 
of the specific phases variability. 

                                                 
9 Standard uncertainty: uncertainty of the result of a measurement expressed as a standard 

deviation (JCGM 100:2008) 
10 Expanded uncertainty: quantity defining an interval about the result of a measurement that 

may be expected to encompass a large fraction of the distribution of values that could reasonably 
be attributed to the measurand (JCGM 100:2008) 

11 The expanded uncertainty of each measure can be considered as decision making to accept 
or exclude that measure.  
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The availability of the expanded uncertainty and the resulting decision about 
the usability of each measure enable the analysis of anomalous values.  

Outliers, data distant from other observations, should be identified since they 
could condition the assumptions of a statistical test, e.g. belonging to a normal 
distribution for a sample, but can also provide useful information on the causes of 
input data anomalies.  

Outliers evaluation methods 
The assessment of these extreme values can be possible by means of formal 

or informal methods:   
- Formal methods (e.g. Generalized Extreme Studentized Deviate -ESD, 

Kurtosis statistics, and Dixon test applicable to normal distributed samples), 
usually requiring test statistics based on the distribution assumptions, 
permit determining if extreme values are outliers of the distribution. 

- Informal methods (or outlier-labelling methods), such as Standard Deviation 
and Boxplot, generally are used as screening devices before conducting 
formal tests. These kind of tests generate an interval or criterion, based on 
location and scale parameters for the outliers’ detection instead of 

hypothesis testing; any observation beyond the interval or criterion is 
considered as outlier. Although the labelling methods are usually simple to 
use, some observations outside the interval may turn out to be falsely 
identified outliers after a formal test when the outliers are defined as the 
only observations that deviate from the assumed distribution. 

 
In the case of occupational exposure measures, we should refer to “potential 

outliers”, since anomalous data can be due also to particular activities, expected or 

not, which contribute (increasing) to the workers’ exposure, and should be 

considered. Hence, the assessment on the usability of potential outliers in the 
interpretation of measurement results becomes fundamental. Therefore, a careful 
monitoring of all samplings operations becomes essential: recording each 
significant information during the sampling operations, integrated with additional 
details from employers, workers designated for prevention and protection, etc., 
makes possible to identify the possible causes (operational) of anomalous data. 
Provided that the preliminary laboratory operations comply with the quality 
standards, potential outliers devoid of work or production related explanations 
could be reasonably due to errors in the sampling stage.  

The sample “filtered” from measures evaluated unusable in the uncertainty 
and/or outliers’ analysis can be subject to representativeness check, to verify if it 
is representative of its belonging origin population, i.e. it maintains the 
characteristics of the same population (second level of representativeness).  
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Verification of the statistical representativeness of the sample 
Since data can fit the belonging population distribution with different 

correlation degrees, it is recommended to estimate the correlation level by using 
the available statistic tests (e.g. 𝜒2 test) to verify the necessary condition to 
implement the representativeness test.  

A high correlation level enables the implementation of statistical tests for 
representativeness.  

An acceptable correlation degree suggests that the sample has an 
approximate fitting with its belonging distribution due to anomalous values, not 
rejected during the tests to identify the potential outliers. The odd data should be 
combined with explanatory information, examined during the potential outliers’ 

research process. Such information should influence the decision whether 
implement the statistical tests for representativeness on the whole sample, or 
separate the anomalous and “normal” values and process them independently; 

this means that belonging verifications for the origin population distribution 
should be carried out for both the two different data sets.  

In presence of a low correlation level, the sample does not belong to the 
origin population distribution and the selected statistical test for 
representativeness simply cannot be applied, since one of the necessary 
condition is not verified. 

 
The final exposure data interpretation, based on the statistical comparison of 

the “cleaned” sample with the threshold limit values, can be performed by means 
of statistical representativeness tests (e.g. OTL-Tuggle, Leidel & Busch, etc.) 
usually adopted for measures interpretation also in the presence of a reduced 
sample size. 

The described approach was tested, step by step, in the design and realization 
of measurement campaigns of airborne dust concentration and occupational noise, 
and consequent statistical interpretation of achieved data. 

6.3.3. Approach validation: airborne particulate concentration 
data 

The first approach validation involved a sample of airborne dust concentration 
measures (Table 19 shows the complete dataset) in respirable fraction, gathered 
through the same devices (personal flow-controlled pumps and analytical balance) 
used to test the System Quality in measuring processes approach (discussed in 
Section 6.2). The sampling/analysis campaign was carried out in a university 
working environment characterized by fixed operating position and almost 
constant pollutant concentration (Bisio et al., 2018). The reduced sample size 
conditioned the selection of suitable tests for the analysis step.  

The usable methods apply to normally distributed data, therefore, since the 
airborne particulate concentration measures are described by lognormal 
distribution, a log transformation of such data could be necessary in some steps of 
the analysis. 
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n. measure 1 2 3 4 5 6 7 8 
C [mg/m3]  0,065 0,007 0,007 0,111 0,229 0,079 0,209 0,170 
n. measure  9 10 11 12 13 14 15 16 
C [mg/m3]  0,085 0,059 0,052 0,269 0,052 0,020 0,052 0,058 

Table 19 Dataset of the airborne dust concentration 

The expanded uncertainty (U), affecting each concentration measure has been 
determined in conformity with the suggestions of the Unichim 2010:2011 method 
(eq. 5).  

U = 𝑢𝑐 ∙ k = 𝑢𝑐∙ t p=0,95   (eq. 5) 

where 𝑢𝑐 is the combined standard uncertainty (12), k is the coverage factor 
related to the t-Student variable, and 95% likelihood level. The preliminary 
uncertainty calculation ensured the usability of all dataset, since every uncertainty 
value resulted in compliance with the reference standard. 

The preliminary analysis of the sample pointed out three values as potential 
outliers. In particular, the measures n. 2, 3 and 12 appear far from the mean value 
of the sample (0,095 [mg/m3]): some considerations on the nature and origin of 
these values were therefore necessary. Boxplot and Standard Deviation method, 
informal tests, made possible the initial screening on potential outliers. The 
outcome of Boxplot on whole sample was not able to identify outliers (Fig. 14). 

 

Figure 14 Boxplot of the data set 

The Standard Deviation method entails that observations outside the 𝑥 ̅ ± SD 
interval (where 𝑥 ̅ is the sample Mean and SD the Standard Deviation) may be 
considered as outliers. The method, under the necessary condition of data 
belonging normal distribution, was applied on the log-transformed measures.  

The method gave negative response on the outliers’ presence, since all values 
fell into the 𝑥 ̅± 3∙SD interval (including approximately the 99,7% of the data).  

                                                 
12 The combined standard uncertainty is an estimated standard deviation characterizing the 

dispersion of the values that could reasonably be attributed to the measurand y (JCGM 100:2008)  
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The modified Z-score test (Iglewicz and Hoaglin, 1993) was selected to 
confirm the results of the previous informal tests instead of the original Z-score 
test, since the latter could be misleading on small samples size due to the 
conditioning of a few, or even a single, extreme value. To avoid this problem, the 
Median (�̅�) and the Median Absolute Deviation – MAD replace respectively the 
Mean and Standard Deviation of the sample. The modified Z-score test implies 
calculating and assessing the absolute 𝑀𝑖 value (eq. 6); if the resulting value is 
greater than 3,5 the measure can be labelled as potential outliers.  

𝑀 𝑖 =  
0,6745 ∙ (𝑥𝑖 − �̅�)

𝑀𝐴𝐷
    (eq. 6)  

The test identified only the measure n. 12 (0,269 [mg/m3] value) as potential 
outlier, since the related Z-score (equal to 4,3) exceeds the reference value.  

The adopted informal tests, as preliminary screening, gave discordant results, 
making necessary the implementation of formal tests to make decision. Among 
the available formal tests, the Generalized ESD test (Rosner, 1983) was 
considered appropriate (according to the sample size and data belonging 
distribution) to detect one or more outliers in a univariate data set that follows an 
approximately normal distribution. Generalized ESD is essentially a Grubbs test 
(Grubbs, 1969) applied sequentially, and requires only the specification of an 
upper bound for the suspected number of outliers. The method is based on the test 
statistics (eq. 7):  

𝑅 𝑖 =  
𝑚𝑎𝑥𝑖 |𝑥𝑖 −�̅�|

𝑠
    (eq. 7) 

where �̅� and s are respectively the sample Mean and Standard Deviation. The test 
requires to remove the value that maximizes the difference |𝑥𝑖 − �̅�| and then to 
recalculate the same test statistic Ri with (n - 1) observations, repeating the 
process until r observations have been removed, resulting in r test statistics (R1, 
R2, ..., Rr). The number of outliers is determined by finding the largest i such that 
Ri > λi, where λi are critical values determined by (eq. 8): 

𝜆𝑖  =  
(𝑛−𝑖)∙ 𝑡𝑝,𝑛−𝑖−1

√(𝑛−𝑖−1+𝑡𝑝,𝑛−𝑖−1
2 )∙(𝑛−𝑖+1)

    i = 1,2,3,…,r   (eq. 8) 

where, n is the sample size, and tp,ν is a coefficient deriving from the t-Student 
distribution with ν degrees of freedom. The method is applied under the 
hypothesis that up to four anomalous values, supposed in the preliminary data 
survey, can be potential outliers; the log-transformed values are input data for test. 
For each of the four potential outliers the condition Ri > λi is never verified (Tab. 
20) at the 5 % significance level (13). Hence, none of the odd values can be 
classified as outlier. 

                                                 
13 The significance level, α, defines the sensitivity of the test. A value of α = 0,05 means that 

we inadvertently reject the null hypothesis 5% of the times when it is in fact true. This is also 
called 1° kind error. The choice of α is somewhat arbitrary, although in practice values of 0,1, 
0,05, and 0,01 are commonly used. 
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Potential 
outlier 

Potential outlier 
(log-transformed) 

n. of outlier 
(i) 

Test statistic 
Ri value 

Critical value λi 
(5% sign. level) 

0,007 -2,155 1 2,0079 2,5857 
0,007 -2,155 2 2,4499 2,5483 
0,020 -1,699 3 1,9933 2,5073 
0,269 -0,570 4 1,6833 2,4620 

Table 20 Generalized ESD results tested for up to four outliers 

The results of different tests on the collected airborne dust concentration 
measures show that no value can be considered as outlier: the all data seems 
belonging to the same population. Since the lognormal distribution of the sample 
(or the normal distribution of the log-transformed data sample) represents the 
condition to be verified before the implementation of representativeness tests, the 
achieved data can be analysed through goodness fit tests. 

The log-probability diagram (method proposed also by technical standard 
UNI EN 689:2018) is a simple method to check the lognormal distribution of the 
airborne particulate concentration data. The concentration values and the 
corresponding cumulative percentages are plotted on the log-probability diagram 
(x-axis: cumulative percentage - y-axis: measured values). The alignment of the 
points on the diagram (Fig. 15) confirms the log-normality hypothesis for the 
sample. The Geometric Mean (50% cumulative size) and the Geometric Standard 
Deviation, completely defining the lognormal distribution, can be determined 
directly from the log-probability plot: 

 
Geometric Mean = 0,062 mg/m3 

Geometric Standard Deviation = 84%

50%
=  

0,2

0,062
= 3,2  

Figure 15 Data set log-probability diagram 

As results from the test, data fit the lognormal distribution with a high 
correlation coefficient (R2 = 0,88): the sample is statistically representative of its 
population.  

0,06 

0,2 
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In addition, the Shapiro - Wilk test (Shapiro and Wilk, 1965), suitable to 
evaluate the supposed normality of a complete data set, also for small sample 
sizes (n < 20), was applied to validate the log-probability diagram result. The 
method, implemented on the log-transformed data (supposed normally 
distributed), is based on the W statistic test (eq. 9): 

𝑊 =  
(∑ 𝑎𝑖∙𝑥(𝑖)

𝑛
𝑖=1 )

2

∑ (𝑥𝑖−�̅�)2𝑛
𝑖=1

   (eq. 9) 

where, 𝑥(𝑖) are the ordered sample values (𝑥(1) is the smallest) and 𝑎𝑖 are 
constants generated from the Mean, Variance and Covariance of the order 
statistics of a n size sample from a normal distribution. 

The calculated W value resulted equal to 0,898. The comparison between the 
calculated W value and the percentage point of the W test for the specific sample 
size (n=16), available in the document “An Analysis of Variance Test for 

Normality” (Shapiro and Wilk, 1965), gave positive response: (log-transformed) 
data belong to a normal distribution with a 95% confidence level, since the W 
value falls within the 0,05 and 0,10 significance levels interval (Tab. 21). 

Percentage points of the W test 
n 

(sample 
size) 

Significance level 

0,01 0,02 0,05 0,10 0,50 0,90 0,95 0,98 0,99 

16 0,844 0,863 0,887 0,906 0,952 0,976 0,981 0,985 0,987 

Table 21 Shapiro - Wilk test: Percentage points of the W test  

The established sample statistical representativeness matches with the output 
of HISTAT data processing software (Tab. 22). The software, distributed by the 
American Industrial Hygiene Association - AIHA, is a simple Excel application 
able to provide useful information on exposure statistics, goodness of fit tests, and 
graphs exposure data. 
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Table 22 HISTAT results on the dataset  

Given that the confirmed statistical representativeness of the sample by two 
tests, all the recorded measures belong surely to the lognormal distribution. The 
final phase of the measures interpretation is possible: the sample can be related to 
the exposure limits from Safety regulations, through the available 
representativeness tests (e.g. Tuggle test, Leidel & Busch test, etc.), to get 
information about the compliance / not compliance of the analysed workers’ 

exposure situation.  
In this case, the Tuggle tests was selected to perform the analysis. The method 

is based on statistical One-sided Tolerance Limits – OTL. Since the necessary 
condition for the implementation of the OTL procedure (and of the deriving 
Tuggle method as well) is the normal distribution data, the method is applied on 
the log-transformed data. According to the OTL test, the Tuggle method requires 
to define parameters which describe an “acceptable” situation, as, summarized in 
Table 23: 
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- p: percentage of exceeding of the statistically acceptable exposure reference value: it 
represents, as reasonable condition, the acceptability of a working environment in 
which the concentration values, greater than the reference value, are not more than 
5% of the total of the measures; 

- γ: confidence level of one-sided tolerance test; a confidence level equal to 95% (1-p) 
means that, with a 95% likelihood, all the measures over time can assume values 
less than the reference limit value; 

- K: represents values defining the limit for an acceptable workplace (compliance with 
the relevant limit value, e.g. TLV); 

- K’: represents values defining the limit for an unacceptable workplace (limit value 
exceeded); 

- Z: represents the uncertainty area, between K and K’, and indications on the trend of 
test statistic for an increase of the sample size (n) become available.  

Table 23 Parameters for Tuggle test 

After the first three independent measurements (minimum sample size 
required by the method), data are processed for testing, according to the steps 
described in Table 24.  

Step 1 
PRi=

xi

TLV
       log 𝑃𝑅𝑖 = 𝑦𝑖 

(xi = measured value;  

TLV = Threshold Limit Value) 

 

Step 2 
�̅� =  

1

𝑛
∙ ∑ 𝑦𝑖

𝑛

1

 

(n= sample size) 

Step 3 
𝑠𝑦 =  √

∑ (𝑦𝑖 − �̅�)2𝑛
1

𝑛 − 1
 

Step 4 𝑇𝑒𝑠𝑡 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 =  
𝑙𝑜𝑔 (𝑇𝐿𝑉) −  �̅�

𝑠𝑦
 

Table 24 Tuggle test phases (left) and chart (right) 

The method is implemented on relative measures (see Step 1) resulting from 
the ratio between the measured data and the reference value (the ratio is known as 
Pollution Ratio - PR). Working on relative data, some benefits in the method 
implementation are achievable, first of all the increased resolution of the analysis 
(comparable to analyse data residuals). 

In our case, being the analysis intended to get information on the workers’ 
exposure to PNOS (Particulates Not Otherwise Specified) in respirable fraction, 
the proper 3 mg/m3 Threshold Limit Value (American Conference of 
Governmental Industrial Hygienist, 2018) was selected as term of reference 
(denominator) for the PR computation. 



 

80 
 

The log-transformation of the normalized sample (PR values) makes fulfilled 
the necessary condition of the method, i.e. its belonging to the normal distribution, 
enabling the calculation of the Mean (�̅�) and the Standard Deviation (𝑆𝑦). These 
parameters permit the computation of the Test Statistic, as reported in Step 4. Test 
Statistic can be considered the parameter that truly relates the measures with the 
limit value. The process described in Table 24 is performed starting from three 
data, increasing the sample size until the reaching of a decision area on the graph, 
providing information useful for the evaluation of the exposure condition in the 
context under exam. The minimum number of measures to achieve an actually 
representative exposure situation (in compliance with the reference limit) can be 
identified on the x-axis of the first point certainly included in the acceptable area, 
on the chart.  

Table 25 displays the result of the method applied in three consecutive phases 
(Test 1, Test 2 and Test 3), increasing the sample size. 
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Test 1, carried out on a size sample 
consisting of three measures, does 
not permit to make decision on the 
compliance with the reference limit 
(3 mg/m3): identified point fall in the 
uncertainty area. 

 
Test 2, performed with a seven 
measures sample size, results 
borderline with acceptable area: an 
additional increase of sample size is 
required. 

 
Test 3, in the considered context, 
eight was the minimum number of 
measures necessary to assess the 
exposure condition: points fall into 
the acceptable area, therefore, with 
eight data, it is possible to get 
important information about the 
workers’ exposure. 

 

 
Table 25 Tuggle test implementation phases 

As results from the tested approach, an exposure situation, even if related to a 
working environment with a theoretically constant pollutant concentration, should 
be verified at least by three initial measurements, as suggested also by the British 
Occupational Hygiene Society, EN 689:2018 standard, and French Regulations. 
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6.3.4. Approach validation: occupational noise data 

As preliminary test, the approach was adopted to support the assessment of 
the exposure condition to occupational noise of people involved in laboratory 
activities. The method was implemented on a sample of twenty measures (A-
weighted equivalent sound level - Leq(A) as specified in eq. 10, modified from 
Malchaire and Piette, 1997), characterized by low variability (controlled Standard 
Deviation), recorded in a university laboratory (Bronuzzi et al., 2018).  

𝐿𝐴𝑒𝑞,𝑇 = 10 log
1

𝑛
 ∙  (∑ 10

𝐿𝐴𝑒𝑞,𝑡

10𝑛
𝑖=1 )  (eq. 10) 

where  
T = total measuring duration (typical work shift);  
t = measuring duration of each measure (15 - 20 min.); 
n = number of measures; 
𝐿𝐴𝑒𝑞,𝑡 = Sound Equivalent Level of each measure; 
𝐿𝐴𝑒𝑞,𝑇 = overall Sound Equivalent Level. 

As result from the first stage of the approach, the overall sample (20 
measures, as result from the uncertainty evaluation) devoid of outliers, well fits to 
the normal distribution (according to the scientific literature, occupational noise 
data in not too complex scenarios, can be described by the normal distribution 
(Malchaire and Piette, 1997). Tuggle method was selected to relate the sample 
with the reference values.  

Unlike for the airborne particulate, the occupational noise risk assessment 
considers three reference levels: Lower Action Limit – LAL, Upper Action Limit 
– UAL, and Occupational Exposure Limit – OEL (2003/10/EC Directive). The 
implementation of the Tuggle method, originally modified to process noise data, 
makes possible the definition of the minimum sample size to compare, in a 
statistical approach, the noise values with the exposure reference values, taking 
into account the confidence interval selected and the power of the test. The Tuggle 
representativeness test needs of some modifications of the method used in the 
previous analysis (airborne dust), in particular involving two steps:  
- Step 1: no log-transformation of the PR, in this case ratio between measures and 

Reference Level – RL (to choose among the Action limits and the 
Occupational Exposure limit) is needed, since data are normally distributed; 

- Step 4: in the Test Statistic formula, the selected limit value is not log-
transformed, since it belongs to the same (normal) distribution of measured 
values. 
Moreover, a scale factor (C) was introduced to compensate for the different 

ratio - measured values/reference level - existing in the cases of airborne 
particulate and noise. Table 26 shows the modified Tuggle approach, 
implemented in three consecutive phases increasing the sample size, using as RL 
the Lower and Upper Action Limits and the Exposure Limit Value, step by step. 
Test 1 was performed with a 3-measures sample size (minimum condition for the 
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applicability of the method); Test 2 with a 10 data sample size; Test 3 using the 
complete set of measures (20 data). 

Step 1 PRi=
xi

RL
       𝑃𝑅𝑖 =  𝑦𝑖 

(xi = measured value; RL = Reference Level) 

Step 2 �̅� =  
1

𝑛
∙ ∑ 𝑦𝑖

𝑛
1    (n= sample size) 

Step 3 𝑠𝑦 =  √
∑ (𝑦𝑖−�̅�)2𝑛

1

𝑛−1
   

Step 4 𝑇𝑒𝑠𝑡 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 = 𝐶 ∙ (
𝑅𝐿− �̅�

𝑠𝑦
)  

Table 26 Modified Tuggle test 

As results from Figure 16, Test 1 does not permit to make decision on the 
compliance with the three reference limits: identified points fall in the uncertainty 
area. Test 2 results borderline with acceptable area, in the case of a 87 dB RL 
(OEL) and of a 85 dB RL (Upper Action Limit); an additional increase of sample 
size is required, especially considering the Lower Action Limit (80 dB). Finally, 
the complete sample does not allow to establish the compliance with the Action 
Limits also using the OEL as reference value: the Test Statistic trend remains in a 
borderline condition with acceptable area; the sample size is insufficient to define 
clearly the workers’ exposure situation. 

 

Figure 16 Tuggle test results on noise data 

The performed tests proved the effectiveness and suitability of the proposed 
representativeness analysis techniques, the completeness and comprehensiveness 
of the results in a real case, and the consistency with the EN standards and 
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regulations on the strategies of the pollutant assessment (noise included) at the 
workplaces. 

The need for a careful monitoring during the measurement campaign is 
confirmed: the deriving considerations may be essential for the interpretation of 
the measurement results. This aspect becomes very important where, such as in 
the case of airborne dust pollution evaluation, the concentration values result from 
separate phases (sampling and subsequent laboratory analysis). 

6.4. In closing 

An effective implementation of the sub-phase of the Guideline especially 
devoted to the OS&H analysis of working activities can rely on the results of the 
developed approach on a) the system quality in measuring systems setup and b) 
the workers’ exposure models representativeness.  

With reference to Research question 2a (how to ensure that the measuring 
processes fulfil the necessary metrological requirements, providing exposure data 
quality?) the research on measuring equipment setup confirmed that if a 
measuring process remains under statistical control along the time, the equipment 
calibration could be postponed to important maintenance interventions, or when 
the equipment performances will no longer be adequate to the analytical 
requirements of the specific analysis. In such a condition, a compromise between 
the correct Risk Management and the process efficiency guarantees the 
metrological requirements and then the regular performance quality of the 
measuring systems.  

In the case of measuring systems involved in OS&H Risk Assessment, the 
quality of data is fundamental, since the measurement results are essential 
decision-making tools both in the definition of workers’ exposure models and in 
the selection of technical and work organization prevention solutions. Therefore, 
the use of suitable measuring systems for the intended use, in terms of correct 
metrological confirmation condition, and the appropriate metrological 
confirmation interval become of pivotal importance. The sub-phase approach 1 
makes available a manageable and effective method based on the process 
statistical control and Capability analysis tools (i.e. Control Charts and Process 
Capability indexes), to perform intermediate calibration checks ensuring both the 
management in System Quality and the correct metrological confirmation of the 
used equipment. 

With reference to Research question 2b (how to gather exposure data actually 
representative of the specific working scenario, in particular for complex 
contexts?), it is necessary to consider that incorrect or incomplete understanding 
of measurement results or poorly designed measuring campaigns are the main 
cause of lacking assessment of the exposure conditions of workers, resulting in an 
incorrect Risk Assessment.  

The developed sub-phase approach 2 of the Guideline, based on two 
representativeness levels, introduces formalized techniques leading to a rigorous 
design and manage of the measuring campaigns, and to obtain actual exposure 
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models founded on data truly representative of the analysed working context, 
essential also for the occupational physicians to define the health surveillance 
program of workers. However, in the definition of representative workers’ 

exposure models, the enhancement possible through the implementation of the 
sub-phase criteria should be combined with a careful estimation of the exposure 
duration (or Contact Factor) to each Hazard Factor. 

Given the encouraging results of the performed tests, the developed sub-phase 
of PoliTo-UniTo Guideline can be considered an effective tool, available for the 
analysts, to improve the effectiveness of the workers’ exposure assessment, in a 

metrological and scientific rigour, and in system quality approach, arising from 
the logical consistency of principles established in the Guideline. 
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Chapter 7 

Special asbestos sub-phase of the 
PoliTo – UniTo Guideline  

7.1 The asbestos sub-phase approach  

Research question 3: how can be effectively assessed and managed, in System 
Quality, the risks related to the still widespread presence of residual ACMs in 
large public facilities and universities?   

The residual presence of critical components (i.e. ACMs) still represents one 
of the main criticalities for the OS&H in many large public facilities (Lee and Van 
Orden, 2007). The verified carcinogenicity of all varieties of asbestos was at the 
base of the ban of these materials in 55 Countries, according to the International 
Ban Asbestos Secretariat. Due to the remarkable number of uses of asbestos in the 
past, from the beginning of last century, and in particular from the end of WWII, 
to the official ban in 1992 (Italian Law n. 257 of 27 march 1992), several 
materials, products and structural elements containing asbestos are still present in 
shell, systems and interior spaces of settlements containing workplaces, and in 
work equipment, in buildings, public facilities and universities. 

The analysis of workplace safety condition, in terms of structure, materials, 
plants, artefacts, and work equipment, essential to verify the absence of such 
critical components or to manage the existing ones, is crucial for a thorough 
identification of the all ACMs and resulting careful Risk Assessment and 
Management.  

The Italian Ministerial Decree September 6th 1994 (D.M. 06/09/94) regulates 
the aspects related to the presence of ACMs in public facilities, and in particular 
provides general information on the assessment and management of the related 
risks.  

The PhD research work has contributed to develop and validate a special sub-
phase of the PoliTo-UniTo Guideline focusing on the risk of exposure to air-
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dispersed respirable asbestos fibres. The asbestos sub-phase, consistent with the 
Guideline principles, is based on the results of a research sub-project, and covers 
different scenarios ranging from a confirmed absence of ACMs, to the various 
Hazard modes, from Dormant, to Armed, to Active, according to the OSHA 
definitions (Occupational Safety and Health Administration, 1991): 
- Dormant: the situation presents a potential hazard, but no people, property, or 

environment is currently affected; 
- Armed: people, property, or environment are in potential harm’s way; 
- Active: a harmful incident involving the hazard has actually occurred.  

A basic point of the asbestos sub-phase approach is that no undue exposure to 
asbestos fibres in common work environments is acceptable; hence, consistently 
with what suggested by Health and Safety Authority - HSA (2013), the asbestos 
sub-phase distinguishes between:  
- ‘Non-friable asbestos’, material containing asbestos that is resistant to mild 

abrasion and damage, and less likely to release inhalable fibres (labelled as 
compact matrix in the asbestos sub-phase of the Guideline); 

- ‘Friable asbestos’, an ACM is less resistant to mild abrasion or damage and 
more likely to release inhalable fibres. 
Moreover, the sub-phase shares the statement “If ACMs are in good condition 

and left undisturbed, it is unlikely that airborne asbestos will be released into the 
air, and therefore the risk to health is extremely low. It is usually safer to leave it 
and review its condition over time. However, if the asbestos or ACM has 
deteriorated, been disturbed, or if asbestos-contaminated dust is present, the 
likelihood that airborne asbestos fibres will be released into the air is increased”. 

On these basis, the asbestos sub-phase provides: 
a. univocal criteria for a strict classification of workplaces in categories well 

defined in terms of asbestos Hazard modes;  
b. a reliable and well-tested reference for the H.I. phase both in shell, systems and 

interior spaces, and in work equipment, in terms of presence and conservation 
conditions of the ACMs and their sealing/enclosures; 

c. a reliable reference on the Risk Assessment and Management for the prevention 
of occupational illness from exposure to respirable asbestos fibres of people 
at work in universities and large public facilities. 

The essential parts of the asbestos sub-phase of the Guideline 

Point a. Univocal criteria for workplaces classification 
The univocal criteria for rigorous workplaces classification in categories well 

defined in terms of asbestos Hazard modes considers five possible criticality 
levels. Table 27 summarizes the 5 classes of ascription of the building areas 
suspect for presence of ACMs, the classification of each area resulting from a 
thorough H.I. process. The outcome of the first inspection in every area requires 
systematic confirmation, since the ACMs and sealing/enclosure status can worsen 
along the time, compromising the initial assumption.  
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Nature of Hazard Criticality Criticality 
Level 

Absent the ACMs absence, resulting from documents 
analysis, is confirmed by in situ surveys; White 

Dormant 

confirmed ACMs presence exclusively in a 
persisting situation of compact matrix in good 
conservation conditions, rigorously 
sealed/enclosed; 

Green  

Armed - 1 
transition to active 

status is proven 
unlikely 

confirmed ACMs presence exclusively in compact 
matrix in good conservation conditions, located in 
areas out of common reach and not subject to stress 
actions potentially causing degradation effects; 

Yellow 

Armed - 2 
transition to active 

status without 
notice is possible  

confirmed ACMs presence exclusively in compact 
matrix in good conservation conditions or 
sealed/enclosed, but exposed to stress actions 
potentially causing degradation effects; 

Red 

Active confirmed ACMs presence in friable matrix, and/or 
deteriorated sealing/enclosure.  Black 

Table 27 Classes of ascription of the areas depending on the Hazard mode 

Point b. Reliable and well-tested reference for the H.I. 
For a reliable and well-tested reference for the H.I. phase both in shell, 

systems and interior spaces, and in work equipment, in terms of presence and 
conservation conditions of the ACMs and their sealing/enclosures, a first rough 
distinction between areas can be based on a document search. 

The document search should be performed through the analysis of the 
building original project and of the additional documents on structural 
modifications, improvements and maintenances, gathering all the available 
information about the presence and location of artefacts potentially or surely 
containing asbestos. Special care should be devoted to the identification of the 
possible presence of mobile artefacts/equipment, through an inventory check. 
However, if the document search does not allow to exclude with certainty the 
presence of ACMs, the area should be included in the H.I. program special for 
ACMs.  

On this matter, the asbestos sub-phase of the Guideline suggests an approach 
based on the Canvassing (ad hoc modified Forensic Investigation technique 
already discussed in Section 5.2), able to ensure a thorough Hazard Investigation 
and an objective reference to assess any worsening of the situation over the time. 
The H.I. program special for ACMs makes possible systematic surveys of the 
workplaces through: 
1. the selection of the part of the building to examine (external or internal); 
2. the definition of the modus operandi for environmental or technological units 

(UNI 8290:1981): external (facade sections, roofs, etc.) or internal (interior 
spaces, shared areas, etc.); 
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3. the implementation of the Canvassing to perform a deepened and thorough 
analysis of the area; as resulted from the approach validation, the Canvassing 
resulted particularly suitable for the analysis, devoid of errors due to the 
judgment subjectivity of the analyst, of shell, services and interior spaces of 
settlements containing workplaces, and of their not-operative content; on this 
basis, also the collection of material samples for subsequent laboratory 
analysis (consistent with the D.M. 06/09/94) becomes exhaustive; moreover 
the technique can make possible a thorough spatial referencing of the results, 
ensuring the repeatability of the analysis in conditions under control; at this 
regard, a photographic documentation gathering of the identified artefacts 
assumes great importance both to document the investigation results and to 
provide useful information for the Quality Management phase;  

4. the resulting updated mapping (14) of the identified ACMs and/or 
sealing/enclosures: the results of the systematic H.I. program special for 
ACMs enable the validation and/or integration of the artefacts preliminary 
mapping, resulting from the document search.  

Point c. Reliable reference on the Risk Assessment and Management 
According to the different classes of ascription in Table 27, the Risk 

Assessment and Quality Management for the prevention of occupational illness 
from exposure to respirable asbestos fibres of people at work in universities and 
large public facilities, needs of different criteria. 

Table 28 summarizes the management principles of the different classified 
areas, established on the basis of the general Quality requirement: more so in the 
case of asbestos, a record should be available of activities and results, based on 
documents on the area, fittings and equipment history, updated mapping, 
measurement results, collected and processed photographic documentation, 
involved activities and procedures, etc. 
  

                                                 
14 Updated mapping refers to the areas classification based on the criticality levels observed at 

the time of the survey: mapping is a dynamic tool that evolves a) following the remediation work, 
b) depending on the management of the conservation conditions of artefacts in compact matrix, c) 
depending on the progress of knowledge about the presence of other typologies of artefacts not 
currently suspect. 
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Area 
Criticality 

level of 
ascription 

OS&H Management criteria 

White every artefact/material introduced into the area should be labelled 
asbestos free to preserve the safe condition; 

Green  

the green level needs systematic confirmation: this entails thorough 
inspections (NOTE 1) of the artefacts conservation conditions, periodically 
and when necessary, i.e. in response to occurrences potentially causing 
alterations of artefacts or sealing/enclosures (e.g. vibrations from 
natural causes or human activities, plumbing leakages,...);  

Yellow 

more so in this case, a systematic confirmation is necessary: in addition 
to the green area confirmation criteria, any modification in the use of the 
areas potentially compromising the clause “out of common reach and 

not subject to stress actions potentially causing degradation effects” 

should be considered, and special procedures defined for routine and 
exceptional activities in the whole yellow area. Such procedures, based 
on special risk analysis, should ensure no modifications in the Hazard 
Factor conditions, and in no case cover activities directly involving the 
ACM or jeopardizing their sealing/enclosure (NOTE 2); 

Red 

any access into the red area of people covered by the Guideline is 
prohibited prior to the area reclassification through asbestos removal or 
sealing/enclosure (only licensed contractors are entitled to operate into 
the red area);  

Black  
the black condition, involving asbestos removal or sealing/enclosure, is 
not covered by the Guideline: only licensed contractors are entitled to 
operate into the area. 

(NOTE 1) independent from the area classification, inspection activities should be carried out in 
safe conditions according to the OS&H general and special regulations; 
(NOTE 2) such activities pertain exclusively to the management of black areas, not covered by the 
Guideline. 

Table 28 Management approaches for the different categorized areas 

In particular the status of Green and Yellow classified areas (respectively 
Dormant, or Armed with proven unlikely transition to active status) is the most 
difficult to confirm: consistent with the D.M. 06/09/94, thorough visual 
inspections of the artefacts conditions, supported by airborne fibres concentration 
measurements, are necessary. Indeed, the same Decree suggests the possibility to 
adopt two criteria: 1. exam of the surficial condition of artefacts to detect possible 
deteriorations resulting in airborne fibres release, 2. indoor airborne fibres 
concentration measurements, specifying that the airborne measurements alone 
cannot be a valid criterion to detect the possible fibres release from the pre-
identified ACMs deterioration.  

The demanding confirmation in particular for Green and Yellow categorized 
areas motivated the two following parts of the research work (summarized in the 
Outline 3a and 3b) developed to evaluate which kind of information can be 
obtained from airborne concentration measurements for the workplaces 
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classification and periodic confirmation of the categorized areas, and to improve 
the visual inspections, introducing Image Analysis techniques. 

Outline 3a 

Asbestos sub-phase of the Guideline: the role of the airborne measurements 

Question 3a 
Investigation on the possibility to obtain a prompt identification 
of the ACMs even slight alteration by means of indoor airborne 
measurements; 

Approach 
solution 

study on the possibility to detect very low concentrations through 
the increase of the method sensitivity, selecting a peculiar 
sampling context, adopting a special sampling and analysis 
strategy, and implementing an approach for the data 
interpretation characterized by a well-defined logical (metrology-
based) structure; 

Approach 
validation 

approach tested involving a Yellow classified area and ACMs 
removal operations. 

 
Outline 3b 

Asbestos sub-phase of the Guideline: the Image Analysis  

Question 3b 

Overcoming the limits of the visual inspection due to: a) a 
limited quality in the deriving documentation, b) the 
unsatisfactory detail in the comparison of the AMCs and 
sealing/enclosures status along the time, and the eventual 
subjectivity in the evaluation; 

Approach 
solution 

implementation of computer assisted image processing and 
interpretation techniques to support the inspection activities 
providing a documented history of each ACM conditions along 
the time, both in small and large scale; 

Approach 
validation approach tested in a Yellow classified workplace. 
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7.2 Special research for the asbestos sub-phase of the 
Guideline: the role of the airborne measurements 

Research sub-question 3a: what is the actual contribution of the airborne fibres 
measurements both in the initial workplaces classification and their periodic 
confirmation?  

In line with the D.M. 06/09/94, indoor air dispersed asbestos fibres 
measurements could periodically contribute to confirm the good compactness 
conditions of the pre-identified ACMs, along the time. In no other situation the 
environmental pollution measures are needed, since the presence of deteriorated 
(or easily degradable) asbestos containing artefacts, or damaged sealing/enclosure, 
pertains to a scenario where the area involved, already classified in Red or Black 
categories, is no more considered a workplace (except for the licensed contractors 
entitled to operate into the areas). 

The same Decree specifies that the airborne measurement alone cannot be a 
valid criterion to detect the possible ACMs degradation. Therefore, the evaluation 
of the role, the contribution and the effectiveness of airborne measurements in the 
identification of incipient degradations of asbestos containing products in good 
conditions, is important to determine whether the airborne measurements could be 
included in the H.I. program special for ACMs (as collateral supporting tool) and 
in the areas Quality management criteria.   

Even more given the common, but not exhaustive, practice to monitor the 
artefacts condition evaluating the airborne fibres concentrations collected by 
occasional airborne fibres samplings, assuming questionably a direct correlation 
between pollution and ACMs conditions, without any considerations on factors 
affecting the indoor pollution, mainly in terms of boundary conditions. Such an 
approach can be debated since it is affected by different criticalities and 
difficulties: 
1. the collection of a limited number of indoor asbestos airborne fibres measures 

inside the areas containing ACMs can provide only a “snapshot” of the 
pollution in a limited time span; 

2. the extent of possible fibres release due to incipient artefacts deterioration 
results in an increase of concentration barely measureable (comparable with 
the outdoor background), as confirmed by some research works on the 
evaluation of fibres release from artefacts subject to stress condition 
(Paustenbach et al., 2004); therefore, the indoor pollution variability due to 
artefacts degradation can be heavily conditioned by the outdoor 
concentrations fluctuations (e.g. outdoor pollution variability); 

3. the method uncertainty (sampling and analysis) should be carefully defined: in 
some cases (e.g. in the Phase Contrast Microscopy - PCM analysis) the 
measure expanded uncertainty becomes important and comparable to the 
numerical value of the measured concentration (National Health and Safety 
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Commission, 2005); the decision making becomes then difficult, in particular 
in very low concentration conditions;  

4. according to the approach discussed in Section 6.3.2, every method, intended to 
get information from the relation between data samples and reference values 
(e.g. to correlate an indoor pollution situation with reference outdoor 
pollutant concentrations, or to define a workers’ exposure situation 

compliance with limit values), needs to comply with a careful and well-
planned measuring process and a suitable data interpretation.  
Hence, a presumed prompt identification of the ACMs even slight alteration 

by means of indoor airborne measurements presents not negligible lacks. 
The target of the study entails the possibility to detect very low quantities: 

hence the method sensitivity was increased selecting a peculiar sampling context, 
adopting a special sampling/analysis strategy, and implementing an approach, for 
the data interpretation, characterized by a well-defined logical (metrology-based) 
structure (Fargione et al., 2019). 

7.2.1 The sampling/measuring strategy 

The context designated to perform the measurement campaigns pertains to 
window fixtures removal operations due to the presence of asbestos in sealant 
mastic, in some university environments at Politecnico (Fig. 17). The removal 
yard, involving consecutively different parts of buildings, e.g. single floors, can 
reproduce a context of ongoing degradation of materials containing limited 
amount of asbestos. The situation is certainly worse, and most critical (just think 
to the mechanical stresses on the window fixtures due to the removal operations) 
than a context where ACMs in compact matrix, located in areas out of common 
reach, are not subject to stress actions potentially causing degradation effects (15) 
– Yellow class of ascription. Therefore, the selected sampling context could 
contribute to overcome the problems related to barely detectable airborne fibres 
concentrations thanks to the mechanical wearing actions on artefacts producing 
potentially higher fibres releases. 

   
Figure 17 Sampling context and detail of window fixtures to remove 

                                                 
15 Mechanical actions on the ACMs due to working/operational causes (e.g. maintenance or 

cleaning activities) are managed through a careful design of both the intended use and allowed 
activities (see classification requirements).  
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In this context, the sampling campaign was designed and carried out on a 
special strategy based on sessions of three simultaneous (matching starting 
sampling times) indoor/outdoor samplings, involving three different areas at a 
time:  
1. the remediation working area (indoor environment), labelled as area A;  
2. an indoor nearby area (area B) with the same criticalities (i.e. window fixtures 

with asbestos containing mastics to be successively removed); 
3. the external environment (area C) close to the removal yard.  

The identification of each zone typology by a specific letter simplified also 
the management of sampling operations, tagging the used membranes with the 
same letter of the relevant sampling area, together with the progressive number of 
sampling session (Figure 18 shows the membranes used in the first sampling 
session). 

 
Figure 18 First sampling session filters 

The concurrent indoor/outdoor measurements can provide useful information 
to evaluate the potential effect of external pollution on the indoor measurements, 
considering that the expected indoor fibres concentrations could be comparable 
with the outdoor ones. The entire sampling campaign lasted from October 2016 to 
May 2017, in six “ordinary” and some others “special” sampling stages.  

The sampling phase and location of the sampling stations were organized 
taking into account the parameters conditioning the quality of measures (e.g. 
microclimatic conditions in the three different sampling areas) and the 
peculiarities of pollutant, in particular the negligible aerodynamic resistance of 
fibres. Table 29 summarizes the layout adopted for the sampling sessions; as an 
example, the described layout refers to the sampling performed on September 29th 
2016.  
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Location of flow-controlled pump: indoor-working / area A (first floor) 

The sampling device 
(Zambelli 5000 model) was 
positioned at the midpoint of 
the working area (area A), 
since that location was 
considered representative of 
the whole yard area 
pollution. 

 
Location of flow-controlled pump: indoor-not working / area B (ground floor) 

The second sampling device 
(Zambelli ZB2 model) was 
placed in the middle of the 
area B; the central position 
was considered suitable to 
collect efficiently the indoor 
pollutant potentially present. 

 
Location of flow-controlled pump: outdoor / area C (ground floor) 

The third sampling device 
(Tecora Bravo R model), for 
the outdoor sampling, was 
positioned outside (area C) 
nearby the working area to 
measure the background 
fibre concentration, to 
provide reference values of 
the external pollution in the 
area close to the removal 
yard.   

Table 29 Layout of the simultaneous samplings 

Inside the area A, the access of people, sampling operator included, to the 
working zone (Red classified area) is not allowed until the completion of the 
removal operations; this implies the impossibility to monitor the sampling 
operations. In such a context the use of monitoring devices (e.g. 360° cameras in 
Figure 19) able to capture 360° images of the area surrounding the sampling flow-
controlled pump can be useful. The use of compact and rugged cameras, mounted 
on the used pumps, makes possible both an image recording and a remote control 
monitoring, to verify that the sampling device remains in the designated location 
for the all sampling duration, and to get information about possible occurrences 
causing anomalous data (e.g. particular operations producing higher fibres 
release). 
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Figure 19 Example of 360° camera suitable for the sampling operations monitoring 

The three simultaneous samplings were carried out using three high-flow area 
sampling devices (the flow-controlled pumps), compliant with UNI EN ISO 
13137:2015 standard, equipped with open face samplers (16) (Tab. 30).  

 
Sampling area Area A Area B Area C 

Sampling 
devices 

 
Zambelli 5000 

 
Zambelli ZB2 

 
Tecora Bravo R 

Sampler 

Open face samplers, 
positioned approx. 1,5 
meters above the floor, 
using Mixed Cellulose 
Ester – MCE filters (47 
mm diameter, 0,8 µm 
pore size)    

Table 30 Sampling equipment used in the measuring campaign  

According to the System Quality in measuring processes and equipment 
setup, discussed in Section 6.2, the used sampling equipment and the analytical 
instruments fulfil the metrological confirmation condition, ensuring the quality of 
the results. Moreover, the three flow-controlled pumps were calibrated by means 
of a flowmeter before and after each sampling session to verify the flowrate 
within the required interval:  5% of the set flowrate (UNI EN ISO 13137: 2015).  
  

                                                 
16 Sampler: device for separating chemical and/or biological agents from the surrounding air 

(UNI EN ISO 13137:2015)  
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Increasing the method sensitivity - sampling 
Regarding the sampling phase, the improvement to increase the method 

sensitivity concerned the sampled air volume: the minimum volume suggested 
by the D.M 06/09/94 (3000 litres) was increased to 5000 litres, drawn in 200 
minutes (sampling duration) with a reference flowrate Qref = 25 l/min, 
maintaining unchanged the ratio flowrate/membrane surface (0,35 m/s, 
minimum capturing velocity required for SEM analyses). 

 

The entire campaign was completed in six sampling sessions, resulting in 18 
membranes to analyse. During the collection of the three concurrent samples, a 
multifunction measuring device monitored and recorded, every 30 minutes, the 
significant parameters potentially conditioning the sampling outcomes: 
temperature, pressure, relative humidity and air velocity and direction. The 
microclimatic data are required: 
1. to correctly determine the concentration values; being the air density dependent 

on temperature and pressure, where necessary, the sampled air volume should 
be normalized (eq. 11) at normal temperature and pressure (T = 298 K and P 
= 1013 mbar according to the American Conference of Governmental 
Industrial Hygienist (2018);  

(
𝑃∙𝑉

𝑇
)

𝑛𝑜𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
=  (

𝑃1∙𝑉1

𝑇1 )
𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

  (eq. 11) 

2. to evaluate the outdoor concentration variability (relation between the outdoor 
measured concentration and the microclimatic condition at the time of the 
sampling); 

3. to explain possible outliers within the dataset attributable to significant 
differences in microclimate conditions, in particular in terms of air velocity 
and direction.  

The filters from sampling campaigns were analysed by a certified laboratory 
through a Scanning Electron Microscopy – SEM. The analytical method adopted 
conforms to the Italian regulation D.M. 06/09/94, Annex 2: the analysis was 
carried out by means of a Hitachi TM 3000 SEM, equipped with SwiftED 3000 
device for micro-analysis, working at 2000x magnification, with 15 kV 
acceleration voltage. The respirable fibres (complying the geometric 
requirements: length greater than 5 µm, cross dimension smaller than 3 µm, and 
length / diameter ratio equal to or greater than 3:1, American Conference of 
Governmental Industrial Hygienist, 2018) were definitely recognized as asbestos 
fibres through the elemental analysis.  

Increasing the method sensitivity – laboratory analysis 
As for the sampling phase, one of the analytical parameters was improved to 

increase the method sensitivity. In particular, a larger filter section (1,27 mm2), 
resulting from 400 reading fields of 0,0032 mm2 area, was analysed with an 
increase of approx. 22% of the routine value suggested by the already quoted 
D.M. 06/09/94.  
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7.2.2 The method implementation - data analysis  

To draw some considerations about the results of the above-described 
measuring strategy based on the comparison of the simultaneous concentration 
measures, the approach implementation followed three consecutive steps: 
1. determination of the airborne fibres concentration and method detection limit;  
2. measuring uncertainty evaluation;  
3. data interpretation. 

1. Airborne fibres concentration and Limit of Detection  
The starting point is the definition of the mathematical model (eq. 12) to 

calculate the airborne fibres concentration from the samplings and analysis 
parameters (Tab. 31).  

Concentration mathematical model: 

𝑪 [𝒇𝒇 𝒍⁄ ] =   
𝑵𝒇 ∗ 𝑨

𝑵𝒄∗ 𝒂 ∗ (𝑸 ∗ 𝒕)
       ( eq. 12) 

where: 
- Nf is the number of fibres detected in the analysed section of membrane; 
- A is the effective area of the filter [mm2]; 
- Nc is the number of reading fields; 
- a is the area of each reading field [mm2];  
- Q is the flowrate of the flow-controlled pump [l/min]; 
- t is the sampling duration [min].  

Multiplying Q and t results in the sampling volume (V) referred to the normal 
conditions. 

Table 31 Airborne fibres concentration formula and parameters 

Table 32 shows the “nominal” values of the parameters, set in sampling and 

analysis stages, except for the variable Nf whose value changes depending on the 
analytical results. 

Parameters and “nominal” values 

Nf [ff] A [mm2] (17) Nc [n.] a [mm2] Q [l/min] t [min] 

x 962,1  400 0,0032 25 200 

Table 32 Values of parameters  

The mathematical model in eq. 12 lays at the basis of the calculation of the 
Limit of Detection – LoD of the method, which specifies the smallest detectable 
quantity achievable by the used method, as expressed in Table 33. Equation 13 
shows as the number of fibres count (Nf) is replaced by the upper limit of the 95% 
confidence interval of a zero fibres count, due to the Poisson distribution of fibres 
on the filter. 

                                                 
17 The 962,1 mm2 effective area of the filter exposed to the airflow results from the 35 mm 

mean effective diameter of the used membranes. 
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In the case of SEM analysis, the LoD is defined as the numerical asbestos 
fibres concentration below which, with the 95% probability, the real concentration 
shall lie when no asbestos fibres are detected during the analysis (UNI EN ISO 
16000-7:2018 standard). Hence, this limit shall be determined for each single 
analysis, and in the case of no fibre count, the outcome of the analysis will denote 
“below the LoD”.  

LoD formula: 

𝐿𝑜𝐷 =  
𝑈𝐶𝐿 ∗ 𝐴

𝑁𝑐 ∗ 𝑎 ∗(𝑄∗𝑡)
    (eq. 13) 

In general, the 95% confidence interval of a measurement, as function of the number 
of asbestos fibres counted, can be obtained from the two equations (eq. 14 and eq. 
15): 

𝑥𝑈𝐶𝐿 = 𝑑 ∗ [1 − (
1

9 ∗ 𝑑
) + 𝑧 ∗ √(

1

9 ∗ 𝑑
)]

3

  (eq. 14)  

𝑥𝐿𝐶𝐿 = 𝑥 ∗ [1 − (
1

9 ∗ 𝑥
) − 𝑧 ∗ √(

1

9 ∗ 𝑥
)]

3

    (eq. 15) 

where x is the fibre count, d = (x + 1) and z = 1,960 the standard normal deviate for 
the two-sided limits at the 95% probability level. The same data are available in 
Table 3 of the UNI EN ISO 16000-7:2018 standard. 

The considered 95% confidence interval of a zero fibre count ranges from 0 [ff], 
Lower Confidence Limit – LCL to 3,69 [ff], Upper Confidence Limit – UCL.  

Table 33 Limit of Detection and Confidence Limits 

At the light of these considerations, taking into account the “nominal” values 
of parameters (Tab. 32) the LoD of the developed method results (eq. 16):  

𝑳𝒐𝑫 =  
𝟑,𝟔𝟗 [𝒇𝒇] ∗ 𝟗𝟔𝟐 [𝒎𝒎𝟐]

𝟒𝟎𝟎 ∗ 𝟎,𝟎𝟎𝟑𝟐 [𝒎𝒎𝟐] ∗ (𝟐𝟓 [
𝒍

𝒎𝒊𝒏
] ∗ 𝟐𝟎𝟎 [𝒎𝒊𝒏])

= 𝟎, 𝟓𝟔 [𝒇𝒇 𝒍⁄ ]  (eq. 16) 

The SEM analysis of the 18 membranes, from the six “ordinary” samplings, 
resulted in no asbestos fibres detection (only few artificial or organic fibres were 
identified): laboratory reports gave concentration values below the LoD (conc. < 
0,56 [ff/l]) for the all membranes analysed. Appendix 6 provides a report 
summarizing the result of the laboratory analysis, including information on the 
fibres count, the UCL and the airborne fibres concentrations.  

No background fibres were detected in the field blank (18) analysis, proving 
the absence of membrane contamination.   

To verify the possibility of getting a higher fibres count, through a further 
reduction of the LoD, four additional samplings were carried out following an 
alternative procedure based on an additional increase of the sampled air volume 
up to 10.000 litres, using the same membrane for two consecutive samplings of 

                                                 
18 Field blanks are filters which has been taken to the sampling site, opened, and then closed; 

they are used to determine whether contamination can have occurred during the field handling of 
the cassettes (UNI EN ISO 16000-7:2008)  
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the usual 200 minutes sampling duration. The inlet airflow was monitored 
systematically to verify the minimum capturing velocity required (0,35 m/s in the 
case of SEM analysis), taking into account the increased aerodynamic resistance 
due to the progressive filter obstruction.  

2. Measuring uncertainty assessment  
The measuring processes aimed to define pollutant airborne concentrations (or 

in general to quantify the Hazard Factors) should take into account some 
important issues about sources of variability conditioning the measurements. 
Specifically, the study of the uncertainty due to different factors (e.g. equipment 
preparation, sampling, sample storage and transportation, laboratory analysis, etc., 
see Figure 10 discussed in Section 6.2.1) is pivotal to reduce the final expanded 
uncertainty affecting the measures (Barbato et al., 2013).  

Even if, as suggested by literature, in the case of low fibres counts, the 
intrinsic uncertainty due to the statistical Poisson distribution of fibres on the 
filters surface can make negligible the contribution of the remaining uncertainty 
sources, the experimental nature of the sampling and analytical method adopted 
made necessary to investigate whether the adjustments aimed to increase the 
sensitivity of the method introduce significant variability causes. Based on the 
principles of statistical methods in design, production and verification processes, 
the analysis was planned in three steps:  
1. evaluation of a-priori uncertainty of the analytical method (predicted 

variability obtained by combining the various uncertainty components that 
characterize the measurement);  

2. a-posteriori assessment of uncertainty of the method implementation, using 
measured data accurately processed to identify systematic effects/tendencies, 
outliers, etc.;  

3. conclusion about the three set of concurrent measures in terms of both values 
and experimentally observed variability. 
Table 34 summarizes the methods (statistic - Type A and non-statistic - Type 

B) for the uncertainty evaluation of the involved parameters in eq. 12. 
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Parameters Uncertainty evaluation method 

Q and t 
The parameters could be easily measured several times and then their 
relevant uncertainty managed through the statistical analysis of a series 
of observations (Type A evaluation of uncertainty feasible). 

a and Nc 

The parameters can be hardly measured, in particular the reading field 
area depends on the characteristics and settings of the used microscope: 
the uncertainty should be evaluated mainly by Type B method using a-
priori information (Type A evaluation difficult). 

A 
The effective area of the membrane can be measured several time, but 
also managed with a priori information (e.g. caliper uncertainty as 
declared by the supplier). 

Nf 
The fibres count is affected by the uncertainty intrinsic to the filter 
method, due to the Poisson distribution of fibres on the filter. 

Table 34 Uncertainty evaluation of the different parameters 

Typically, the a-priori uncertainty is a preliminary evaluation of the method 
variability, to perform before any measurement, and is based on the knowledge of 
influence factors producing uncertainty contributions.  

The three simultaneous samplings strategy results comparable to three distinct 
processes, carried out by means of comparable sampling equipment (with their 
own metrological characteristics – MCME) and same analytical instrument. The 
a-priori uncertainty assessment should provide indication on: 
1. the predicted variability associated to each of the three processes; 
2. the ranking of the uncertainty contributions, useful to make decisions about the 

sources to act upon to reduce the expanded uncertainty in the method 
implementation, identifying the most critical factors;  

3. the effect of such decisions (point 2) in the terms of expanded uncertainty 
reduction.  
The knowledge of sampling and analysis activity/equipment made possible 

the identification of the uncertainties sources for each parameter, as summarized 
in Table 35.  
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Parameters Uncertainty source 

Nf 
- Poisson distribution of fibres on the membrane 
- Resolution (two possible detection situations: 1 or half a fibre) 

A 

- Caliper uncertainty (zero error) 
- Reproducibility (variability of replicated measurements in different 

conditions) 
- Reading uncertainty 

Nc 
- Bias (due to the operator distraction, interruption and restart of the 

analysis, etc.) 

a - Micrometre calibration  

Q 
- Reproducibility 
- Resolution (sampling equipment characteristic) 
- Accuracy (sampling equipment characteristic) 

t 
- Reproducibility  
- Resolution (chronometer characteristic) 
- Accuracy (chronometer characteristic) 

NOTE: the following definitions of the terms used in the table are drawn from JCGM 
200:2012: 
Resolution: smallest change in a quantity being measured that causes a perceptible 
change in the corresponding indication; 
Reproducibility: measurement precision under reproducibility conditions of 
measurement (condition of measurement, out of a set of conditions that includes 
different locations, operators, measuring systems, and replicate measurements on the 
same or similar objects); 
Bias: estimate of a systematic measurement error; 
Accuracy (19): closeness of agreement between a measured quantity value and a true 
quantity value of a measurand. 

Table 35 Parameters and their relevant variability sources 

The uncertainty contributions were estimated by the Procedure for 
Uncertainty MAnagement - PUMA method: non-statistical information were 
transformed in statistical characteristics in terms of Variance, to be composed 
with statistical information assessing the relevant statistical distribution, e.g. 
rectangular or triangular, for passing to Variance.  

A Excel based spreadsheet, briefly described in Appendix 7, made possible to 
quantify the expanded uncertainty by setting the “nominal” values of the 
parameters and their estimated variability. According to the analytical results (i.e. 
no fibres counted in the “ordinary” samplings filters), the measurement 
uncertainty was evaluated by replacing the fibres count parameter (Nf) with the 
95% Upper Confidence Limit for a zero fibres count (3,69 [ff]).  

Table 36, drawn from the used spreadsheet, clarifies, for the three situations, 
the parameters, the uncertainty sources and their estimated values.   

                                                 
19 For the purpose of this research work, we still refer to the term accuracy, even if the last 

updates of International Vocabulary of Metrology – VIM introduced some amendments on the 
term. 
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area A 

 

area B  

 

area C 

Table 36 Parameters, values and uncertainty sources in the three situations 

The PUMA method, adopted to perform the a-priori uncertainty analysis, 
pointed out that the variability sources of the three processes resulted equivalent 
(“Non statistical - aj” column in Table 36), except for the flow-controlled pumps: 
the three used devices, even having very similar characteristics, differed for 
producer and model.  

The predicted variability, achieved from the a-priori uncertainty calculation 
sheets, resulted similar for the three measuring processes/conditions (Tab. 37).  
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A-priori uncertainty results 

 area A area B area C 

Confidence level 0,95 0,95 0,95 

Coverage factor (t-Student) 2 2 2 

Expanded uncertainty U(y) 0,093 ff/l 0,092 ff/l 0,092 ff/l 

Table 37 A priori expanded uncertainty in the three situations 

Table 37 shows as the implementation of the adopted sampling and analytical 
strategy implies an approx. 18% variability range for the minimum detectable 
concentration (0,56 ff/l) in the three analysed situations.  

The main contributions to such a variability emerge from the ranking of the 
standard uncertainty 𝑢𝑖

2(𝑦) values, namely the values of the estimated variances 
associated with the output y (concentration) generated by the estimated variance 
associated with each input estimate xi. The standard uncertainties appear almost in 
the same ranking between the three situations (Tab. 38): the fibres count 
represents the first important contribution to the final combined standard 
uncertainty 𝑢𝑐(𝑦). 

area A area B area C 

   

Table 38 Ranking of the standard uncertainties in the three situations 

The result confirms the importance of hierarchical ordering of variability 
sources as key decision tool for the allocation of resources for samplings, analysis 
and measuring devices. The results of a-priori uncertainty analysis make possible 
some significant considerations: 
1. the original modifications implemented to increase the method sensitivity (i.e. 

higher air volume sampled and larger filter area analysed) did not introduce 
significant uncertainties sources;  

2. the three measuring systems (samplings and analysis) shown a comparable 
degree of variability; the uncertainty related to fibres count (resolution and 
Poisson distribution) remained the major uncertainty cause. 
In the same situation, assuming a higher fibres counts, the ranking would 

change and other uncertainty sources would become significant (Tab. 39) making 
necessary the second step of the uncertainty analysis: the a-posteriori evaluation 
phase.  
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Indoor work situation, 
assuming a higher fibres 
count (20 fibres): 
changed ranking of the 
variability sources. 

Table 39 Uncertainty sources ranking, in the high fibres count hypothesis  

The principle at the basis of the a-posteriori uncertainty method implies the 
replacement of the estimated variability contributions (achieved by PUMA 
method) with uncertainty values statistically defined, in order to achieve the 
expanded uncertainty in the specific operating conditions.  

Having suitable data available, the method entails: 1) the data analysis 
through descriptive statistic techniques to identify possible systematic effects, 2) 
the outliers identification and removal, 3) the verification of normal distribution of 
“cleaned” sample of data. The process, implemented on measured data of each 
parameter evaluable by the Type A method, makes available the Standard 
Deviation of the sample due to only random effects. This figure replaces the 
corresponding a-priori estimated variability: the a-priori uncertainty evaluation 
turns in the a-posteriori one, providing the effective variability of measures in 
operative conditions. The comparison between the two analysis makes possible to 
understand if the measurement system is functioning properly.  

Making reference to the hypothesis described in Table 39, the reading field 
area (a) and the flowrate (Q) would produce the most significant variability on the 
final result of the measuring process. The gathering of a number of measures of 
those parameters in operative condition, where possible, (e.g. flowrate data 
recorded during the sampling operations) provides the required input data for the 
uncertainty statistical determination.  

In the case under exam, the a-posteriori analysis would be ineffective owing 
to a) the preponderance of variability related to Nf over the remaining uncertainty 
sources, b) the difficulty to collect data on the third source (the reading field area), 
and c) the reduced contribution of the remaining sources (20). 

3. Data interpretation  
The accurate calculation of the concentration values in the three considered 

contexts, together with the associated variability range for each measure, makes 
possible a reliable data interpretation phase.  

                                                 
20 in the case of a-posteriori uncertainty calculation, it is necessary to consider also the 

uncertainty contribution of the measuring devices for temperature and pressure determination, 
needed in particular to normalize the sampled volume, whilst these uncertainty contributions are 
not introduced in the a-priori uncertainty evaluations, since the variability related to flowrate is 
estimated on the basis of non-statistical information (e.g. samplers characteristics). 
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The interpretation of the indoor airborne fibres concentration measures 
(sample drawn from its belonging statistical population) through their comparison 
with reference values, e.g. the outdoor data, should be managed in an overall 
control strategy based on statistical representativeness criteria using relative input 
data, i.e. suitable ratios (PRs): the approach discussed in Section 6.3.2 can be 
effectively adopted to this purpose. However, the implementation of such an 
approach, designed to assess workers’ exposure, needs of adjustments to make the 
method suitable for the statistical comparison of datasets representative of 
different pollution situations (e.g. indoor working pollution and outdoor 
concentration measures).  

The availability and typology of the datasets guide the adaptation of the 
method; the following criteria could be an input for further research 
developments: 

1. Indoor/outdoor data available – the relation of suitable simultaneous indoor 
and outdoor measures makes necessary to replace the original PR with a 
specific measurements ratio (PRext) between the situation in areas where 
ACMs have been identified, but no activities involving emission are present, 
or situations where some activities can be expected to cause asbestos fibres 
release, and the common environment pollution (21), as expressed by eq. 17, 
taking carefully into account that weather conditions could restrict the ability 
to collect satisfactory air samples.  

𝑃𝑅𝑒𝑥𝑡 = concentration in the indoor polluted area

concentration in external nearby area
   (eq. 17) 

2. Indoor data available only – in contexts where no reference values (e.g. 
outdoor data) are available, a special pollution index (PRLD) can be 
determined involving the method LoD (eq. 18). Modifying the LoD 
parameters, in particular the confidence level of the filters method (Poisson 
distribution), the index can be adapted to each measuring context.  

PR𝐿𝐷= 
𝑥𝑖

𝐿𝑜𝐷𝑖
   (eq. 18) 

The PRLD can be comparable to a kind of concentration values normalization, 
maintaining the belonging statistical distribution of samples.  

3. Indoor/outdoor data below the LoD – the approaches in point 2 and 3 could be 
impractical where data to be compared result below the LoD. In this case, it 
would be necessary to develop focused methods starting from the already 
available researches on relevant topics, e.g. the exposure estimation in 
presence of no detectable values (Murray et al., 2001). 

According to the approach, the criterion in point 1 would be implemented to 
analyse our airborne concentration measures, however the lack of usable data (all 

                                                 
21 It is important to verify that in adjacent area no potential asbestos fibre sources are present 
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the concentration values below the LoD of the method) invalidated this step of the 
analysis. 

The result of the above-discussed approach confirms that, even during the 
window fixtures removal, the measurements in the operating area did not put into 
evidence a significant environmental pollution.  

A preliminary bird’s-eye analysis of concentration data from different 
scenarios (Tab. 40 and 41), in terms of asbestos characteristics and quantities, and 
typologies of operation performed, enables to refine the conclusions drawn from 
the above described study.  

Context description 

Indoor artefacts removal 
Removal of insulating layers containing friable asbestos, placed under the flooring in 
some indoor environments. 

Airborne fibres concentration data 

 
Data refer to indoor samplings involving both working and not working areas; 
laboratory analyses were performed through PCM (data supplied by the licensed 
contractor tasked to the removal operations).  
As a preliminary analysis, a simple graphical comparison between the two sets of 
indoor measures, including correctly the uncertainty intervals, shows: 1) low 
concentration values (lower than 5 ff/l – PCM analysis), and 2) overlapping 
uncertainty intervals in all the couple of measures, therefore it is not possible to make 
any remark about the potential increase of pollution owing to the asbestos removal 
operation.  

Table 40 Data on removal operations of friable asbestos 
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Context description 

Tunnelling operations 
Tunnel excavation in asbestos containing rock masses. 

Airborne fibres concentration data 

 
Data result from samplings performed in the excavation area (Poma and Puma, 2016), 
in proximity of the face (only indoor measures are available): the concentration values 
are determined by SEM analysis. The values appear certainly high and in some cases 
close (or higher) to the technical threshold limit (100 ff/l). 
In this case, simultaneous indoor/outdoor measurements could be effective: the raising 
of indoor pollutant concentration attributable to the excavation activities, revealing the 
tunnel driving crossing an asbestos containing zone, could be detected by identifying 
significant gaps between indoor / outdoor concentrations.  

Table 41 Data on tunnelling operations in asbestos containing rock mass 

In conclusion, the airborne measurements demonstrate to be still ineffective to 
detect fibres releases from friable asbestos handlings, except in the case of 
operations involving high mechanical stresses on asbestos (e.g. tunnel 
excavations), where those kind of measurements can become an useful tool. 
Clearly these situations are very far from the target of the study.  

The research proved the negligible contribution of airborne measurements in 
the identification of possible pollution deriving from the ACMs 
handling/stressing: no useful information are achievable through airborne fibres 
measurements, where no massive emissions are caused by stressing actions on 
friable ACMs. Therefore, the airborne fibres monitoring cannot provide useful 
contribution in the H.I. program special for ACMs neither in the classified areas 
Quality management: every effort should be directed towards the enhancement of 
periodic visual inspection, through innovative supporting technical solutions.  
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7.3 Special research for the asbestos sub-phase of the 
Guideline: the Image Analysis  

Research sub-question 3b: how can be the visual inspections improved, 
overcoming their limits and providing an effective tool for asbestos sub-phase of 
the Guideline?   

The result of the previous study confirms that the visual evaluation of the 
ACMs conservation conditions represents the main tool at disposal of the asbestos 
sub-phase of the Guideline, for the H.I. phase and the classified workplaces 
confirmation, within the Risk Assessment and Management in System Quality. 
However a visual inspection approach can present clear limits both in the first H.I. 
phase and in the following inspections aimed to verify the ACMs and 
sealing/enclosures status: a) a limited quality in the deriving documentation, b) the 
unsatisfactory detail in the comparison of the AMCs and sealing/enclosures status 
along the time, and the eventual subjectivity in that evaluation.  

This part of the research work discusses the substantial improvement 
achievable thanks to the use of Image Analysis techniques, both in ACMs H.I., 
and ACMs and sealing/enclosures status confirmation along the time, in terms of 
documentation for the identified ACMs, resulting in a kind of Identity Card for 
each artefact, and in terms of reduction of subjectivity in the decision making 
process, making more detailed the comparison of the ACMs conditions along the 
time. The implementation of Image Analysis techniques follows a logical flow of 
three different steps: 

1. Data acquisition 
The data acquisition is designed depending on the target of the Image Analysis, 
and performed using equipment, and setting their significant parameters, to 
record images with the required characteristics in terms of data typology (e.g. 
digital images or clouds of points), resolution, etc. Where geo-referencing 
operations are needed, the data acquisition phase includes markers positioning 
for a reference system setup.  

2. Image processing 
The image processing covers different procedures, including the measurements 
network adjustment for the reference system definition, if required, the image 
geo-referencing and the operations necessary to undistort digital images (e.g. 
minimizing the optical and perspective distortions due to both the used optical 
element and the perspective visual). Image processing makes the digital images 
suitable for the data interpretation stage. 

3. Information gathering from the automatic/assisted image interpretation  
The image analysis procedures aim to gather only the “important” information 

from the image(s) under exam (Russ, 2002), through a wide range of algorithms 
(Radke et al., 2005) used to prepare images for different purposes (e.g. the 
identification and count of features in an image, or the evaluation of the 
radiometric content differences between couples of images).  
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7.3.1 Image Analysis special for the asbestos sub-phase of the 
Guideline 

Some special Image Analysis techniques, involving laser-scanner acquisitions 
of the investigated areas, and high-resolution digital images of the identified 
points of interests (ACMs and/or sealing/enclosures), were introduced in the 
asbestos sub-phase of the Guideline.  

The techniques provide different improvement levels both in the H.I. and Risk 
Assessment and Management, in particular in Green and Yellow categorized areas 
(Tab. 42). 

Modus Operandi 

1. 3D Base model  

3D Base model is the initial acquisition, performed by means of a 
laser-scanner technique, of digitalized information on the 
investigated area, necessary for a detailed high quality “snap-
shot”, and to fix a permanent reference system for the future 

acquisitions vs pre-positioned markers (more than one 
acquisition can be necessary, to include critical points located in 
blind zones). The initial acquisition can conveniently take place 
during the Canvassing phase; 

2. Global analysis 

The Global analysis, based on the computer aided comparison of 
the global laser-scanner acquisitions of the same area gathered 
at different times and geo referenced in the system defined in the 
3D Base model, can point out coarse modifications in the area 
(structural modifications, equipment, furniture etc.);  

3. Local analysis 

The local analysis entails the collection of high-resolution digital 
images of critical points of particular interest, identified through 
the documentary analysis and Canvassing investigation. So, the 
first set of high resolution images should be collected at the end 
of the Canvassing investigation, as soon as a permanent local 
reference system is set up. Thanks to the high resolution, it is 
then possible to point out in detail localized changes in size, 
conditions and shape of artefacts or sealing/enclosures down to 
millimetre scale.  

Table 42 Modus operandi for the Image Analysis implementation 

The approach, set according to the above described work flow, aims to join 
good effectiveness and resources saving, in terms of equipment, staff and 
knowledge. 

 
1. Global analysis by Light Detection and Ranging - LiDAR 

Data acquisition phase - The LiDAR technique can acquire clouds of 3D 
points, each point containing four information: the three point coordinates X, Y 
and Z, and the reflectance value. For a realistic view, the cloud of points can be 
coloured with Red Green Blue - RGB images. The Global analysis is carried out 
using these clouds of points as input data, still maintaining the quality of 
information (Laser scanner acquisitions made possible to have multi-purposes 
data, i.e. clouds of points at different resolution levels, with the possibility to draw 



 

111 
 

reduced resolution data still maintaining the required information, but more 
manageable). 

Cloud processing phase - Clouds of points are not affected by optical and 
perspective distortions, making unnecessary preliminary image processing.  

Information gathering phase - The information gathering, supported by 
special software (e.g. CloudCompare ®), derives from accurate superimposing of 
the clouds of points of the investigated area, recorded at different times. A 
preliminary adjustment of the position of the markers is required for the 
comparison of multi-temporal clouds of points. 

2. Image Analysis on high resolution digital images – Local analysis 
Data acquisition phase - The acquisition of high-resolution digital images of 

every ACMs identified for the Local analysis should be carried out keeping 
unchanged the shooting parameters, in particular the focal length. The markers of 
the local reference system are necessary for the image processing procedure, 
namely for the perspective deformation recovery. 

Image processing phase - The quality of digital images depends on the quality 
of the used lens; the image distortions must be adjusted, in particular when 
pictures are involved in precise measurements processes. Moreover, in the case of 
accurate images superimposing, the perspective deformations due to the different 
shooting perspective should be recovered. Preliminarily to the Local analysis, 
both in radiometric and geometrical approach, a careful image processing is 
pivotal both to correct the image distortions through lens calibration, and to 
recover the perspective deformations, using the equations of the homography. 

Information gathering phase - Both radiometric differences, and geometrical 
analysis techniques can be implemented to perform the assisted image 
interpretation. The radiometric differences approach performs the comparison of 
the radiometric content of each couple of corresponding pixels of the images to 
compare, geo referenced in the same local reference system. The geometrical 
analysis is based on precision measuring operations on the images (e.g. 
measurements of length, areas or pixels coordinates): a variation of these features 
between the compared images, covering the part of the object under investigation, 
can be representative of an alteration of the artefact conditions. 

7.3.2 Approach validation: Image Analysis on a Yellow classified 
area 

Test site details 
The Image Analysis approach was tested to verify its effectiveness in the 

Canvassing of a Yellow classified area, characterized by the presence of an 
enclosure, near to the ceiling, segregating insulated pipes. In the Hazard 
Identification/in situ surveys phase, the Canvassing made possible the detection, 
and photographic documentation, of both an ongoing discontinuity (1° point of 
interest) between the enclosure panel and the side walls, potentially invalidating 
the effectiveness of the enclosure, and a discontinuity on the wall (2° point of 
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interest) not directly related to the enclosure, but potentially starting point of 
further cracks that may involve the enclosure (Tab. 43).  

1° point of interest 2° point of interest 

 
Detail of the discontinuity in the ceiling 

enclosure-walls junction  
Fracture on the wall 

Table 43 Identified points of interest in the testing area 

Test equipment and shooting project  
According to the identified Modus Operandi (Tab. 42), high-performances 

equipment were selected to increase the sensitivity of the method. 
During the inspections, carried out from October 2015 (preliminary inspection 

on the test area) to April 2017, three sets of high-resolution digital images and 
LiDAR acquisitions were recorded using a Nikon D800E high-resolution reflex 
camera and a CAM2 Focus 3D laser scanner (Fig. 20). 

 
Figure 20 CAM2 Focus 3D laser scanner  

The Nikon D800E high-resolution reflex camera (Full Frame – FF sensor with 
36 x 106 pixels) was assumed as an effective device, suitable to capture digital 
images with the required resolution for the Local analysis. The camera was 
equipped with AF-S NIKKOR 24-70mm f/2.8G ED lens, used with 50 mm fixed 
focal length (Tab. 44). 
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High-resolution camera 

 
Nikon D800E 

 
AF-S NIKKOR 24-70mm f/2.8G ED 

Camera characteristics 
Model: D800E 
Effective megapixels - MPx: 36,30 
Total megapixels: 36,80 
Sensor size: 35,9 x 24 mm  
Sensor type: Complementary Metal–
Oxide–Semiconductor - CMOS  

 
Sensor resolution: 7379 x 4919 
Max. image resolution:   7360 x 4912 
Pixel pitch: 4,87 µm 
Pixel area: 23,7 µm2  

Table 44 Camera used for the Local analysis  

The Nikon D800E camera, together with a well-designed photographic 
shooting project (Tab. 45), including modifiable (e.g. focal length) and fixed (e.g. 
camera resolution and sensor dimension) parameters, made possible to capture 
images with the quality required by the Local analysis.  

Shooting project 

Shooting parameters 

Resolution MPx 36 

Focal (mm in the used format)  50 

Shooting distance (m)  3 

Camera parameters 

a side of the sensor (mm) 24 

b side of the sensor (mm) 36 

a side of the sensor (px) 4899 

b side of the sensor (px) 7348 

Dim px (mm) 0,0049 

Dim px (μm) 4,90 

Ground coverage 

Mean scale 1: 60 

GSD (mm) 0,3 

Side a (m) 1,4 

Side b (m) 2,2 

Table 45 Shooting project for the Local analysis 

The Ground Sample Distance – GSD, namely the ground coverage of the 
sensor pixel, is the distance between pixel centres measured on the object (Tab. 
46). This important parameter gives information about the minimum detail 
detectable on the image (or the minimum alteration detectable of the shot object), 

file:///H:/SICUREZZA/OSCAR/CONVENZ/SIC-POLI/NEW%20RSPP/2018/cinata%202.0/progetto_presa.xlsx
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depending on the pixel dimension, the shooting distance and the focal length (eq. 
19). 

 

Ground Sample distance:  

𝐺𝑆𝐷 =  
𝐷

𝑐
 ∙ ∆𝑥     (eq. 19) 

where x is the pixels dimension 
(square elements), resulting from the 
sensor dimension and number of 
pixels, c is the focal length, D is the 
distance between the principal point 
and the object. 

Table 46 Ground Sample Distance 

In line with the quoted shooting project, keeping fixed both the 50 mm focal 
length and the shooting distance (3 m is a reasonable distance between the camera 
kept by a standing operator and the identified point of interest) a 0,3 mm length on 
the object represents the minimum detectable change (the GSD is a geometric 
characteristics that can be considered devoid of uncertainty component). 

Test period  
The inspections were planned taking into account the window fixtures 

replacement operations, involving consecutively both the Yellow test area and the 
nearby areas: the removal operations and the mechanical stresses on the identified 
points of interest represent useful information to interpret the results of the Image 
Analysis for the Local Analysis. 

The data recording started in May 5th 2015 (first step of image shooting) at the 
end of the Canvassing investigation: the first set of high-resolution images of the 
identified points of interest, shot by the selected Nikon D800E high-resolution 
camera, provided the zero condition for the Local analysis. At the same time, the 
poor results of a preliminary test with a special camera - iStar 360° model, guided 
the choice towards the use of the CAM2 Focus 3D laser scanner to perform the 
next data gathering for the 3D Base model and the Global analysis.  

The second step of image shooting was carried out during the inspection in 
December 14th 2016. At that time, the planned window fixtures removal and 
replacement works inside the testing area, were accomplished.  

During the inspection of the April 26th 2017 (third step of image shooting), 
some high-resolution digital images and laser scanner acquisitions were gathered. 
The date of the inspection was selected according to the conclusion of window 
fixtures replacement operation involving nearby areas. The activity could have 
further stressed the identified points of interest, therefore it was decided to capture 
a set of images after the conclusion of the work. 

Camera 
sensor 

Object 
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As result of this process, three complete and consecutive sets of acquisitions, 
for both the General and Local analysis, were available.   

Data processing for the Global analysis 
According to the discussed approach, the first step of the areas Quality 

Management is a general analysis performed geo-referencing and superimposing 
the laser scanner acquisitions to the 3D Base model.  

Figure 21 shows a screenshot of the 3D Base model of the tests area.  

 
Figure 21 3D Base model of the test area, reference system, and points of interest 

location 

A set of nine markers (red and white) and four checkpoints (yellow and white) 
specifically positioned on the ceiling of the test area (Fig. 22 left) made available 
a permanent reference system for the laser scanner acquisitions geo-referencing. 
The measurements network adjustment for the reference system definition with 
the Least Square method (Fig. 22 right), needed to compare the multi-temporal 
clouds of points, resulted from a series of mutual distances measurements between 
the markers and checkpoints processed by MicroSurvey StarNet ® software; the 
network adjustment reduced to 1 mm the maximum uncertainty of the markers 
position, both in X and Y coordinates, providing an increased accuracy in the 
superimposing operations. 

1° Point of interest 2° Point of interest 

General reference network  
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Figure 22 Reference system – circles evidence the markers and checkpoints (left), Least 

Square network adjustment with error ellipses (right) 

The Global Analysis did not underline coarse modifications occurred during 
the time interval between the first and the last acquisition. 

Data processing for the Local analysis 
The Local Analysis tests involved the crack on the wall - 2° point of interest: 

the flatness characteristics of the surface where the crack is located simplifies the 
image processing procedure.  

The approach requires to select, adjust and compare three high-resolution 
digital images of the same point of interest with comparable characteristics, 
captured in different times. Three sets of images of the crack are available: Table 
47 summarizes some information about each images collection.  

1st set 

Image shooting date: May 5th 2016 
Files names: from GEO_0979.JPG to GEO_0986.JPG 
Note: planned window fixtures replacement works not carried 
out yet.  

2nd set 
Image shooting date: December 14th 2016 
Files names: from GEO_1289.JPG to GEO_1293.JPG  
Note: planned window fixtures replacement works completed.  

3rd set 

Image shooting date: April 26th 2017 
Files names: GEO_2552.JPG and GEO_2564.JPG 
Note: planned window fixtures replacement works completed 
in nearby areas.  

Table 47 Information about the three sets of images 

The three selected images within the sets of data show comparable features in 
terms of geometrical resolution (300 dot per inch – dpi), focal length 48 ÷ 50 mm, 



 

117 
 

and focal ratio (22) f/4 ÷ f/3 (Tab. 48). Some different features, e.g. the exposure 
times (1/40, 1/60 and 1/160 sec) and the ISO sensitivity (ISO 250, 500 e 800) do 
not affect the analysis, in terms of dimensional image interpretation. 

Image GEO_0984.JPG 

   

Image GEO_1289.JPG 

  
 

Image GEO_2564.JPG 

  

 

Table 48 Characteristics of the selected images 

  

                                                 
22 Focal ratio or F-stop is the ratio of the system’s focal length to the diameter of the entrance 

pupil or reciprocal of the relative aperture 
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Image processing: distortion correction  
Some automatic lens calibration software, e.g. Agisoft Lens ®, make possible 

to estimate the non-linear distortion coefficients necessary to correct the image 
distortion. Agisoft Lens ® determines the calibration parameters from a 
calibration pattern provided by the software, i.e. a set of images of a chessboard of 
known geometry taken from different perspectives (Tab. 49).  

Distortion coefficients Chessboards 

 
- f - focal length, in pixels;  
- cx - X coordinate of the principal point;  
- cy - Y coordinate of the principal point; 
- K1, K2, K3, K4 - radial distortion 

coefficients in the Brown's model;  
- P1, P2, P3, P4 - tangential distortion 

coefficients in the Brown's model;  
- B1, B2 - affinity and non-orthogonality 

(skew) coefficients. 

 

Table 49 Distortion coefficients and chessboard for the lens calibration 

Processing the chessboard pictures shot by means of the Nikon D800E camera 
fitted with Nikkor 24-70 mm f/2.8 lens, used with 50 mm focal, the software 
made available the required coefficients (only for radial distortions, since the 
tangential ones resulted negligible); Figure 23 shows the output of the software.  

 

Figure 23 Agisoft Lens ® calibration document 
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The images undistortion procedure, possible by means of different software, 
e.g. StereoCad Menci software ®, can require a preliminary conversion of the 
calibration document (file extension .xml) in special extension files (.cvc), since 
software such as StereoCad ® requires .cvc file as input data. In this case, the 
necessary transformation was obtained by an algorithm developed in Matlab 
MathWorks : Table 50 shows the content of the original (.xml) and converted 
(.cvc) files.  

Agisoft Lens calibration data StereoCad file input 

  
With reference to the converted file: 
- ps is the pixel size  
- c is the focal length in millimetres  
- cx and cy are the focal in pixels 
- ppx and ppy are the principal point coordinates in pixel 
- k1, k2, k3 are the parameters of the characteristic curve necessary to adjust the 
distortion through the equation 𝛿𝑟 =  𝑘1𝑟3 +  𝑘2𝑟5 +  𝑘3𝑟7 + ⋯(eq. 20) 

Table 50 Original and converted calibration data 

Thanks to the information in the .cvc file, the software produces three 
undistorted images (.TIFF).  

An algorithm, developed in Matlab MathWorks  to detect radiometric 
content differences between images for Local analysis purpose, makes possible to 
display the differences between the original and undistorted pictures.  

As an example, Figure 24 shows the result of the comparison between the 
original GEO_0984.JPG image and its undistorted version: in the centre of the 
figure no differences appear (black colour corresponds to zero value pixels), 
moving towards the edge of the image, some un-matching pixels (coloured pixels 
containing other than zero values) highlight observable radial distortions – 
increasing from the centre to the edges of the picture.  
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Figure 24 Difference between original and undistorted image 

Figure 25 shows a magnification of the upper right corner of the image in 
Figure 24: data tips show the image coordinates (in pixels) and the content of the 
selected pixels in RGB bands: values other than zero identify un-matching pixels 
due to distortion.  

 
Figure 25 Magnification of part of the Fig. 24 and pixels information 

 
Image processing: perspective deformation recovery  
The perspective deformation recovery, implemented on the undistorted 

images from the previous stage, needs of points of known coordinates in a defined 
reference system. Points could be directly identified, or specifically positioned 
(local markers), on the photographed object.  
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The estimate of the eight homography coefficients, possible with a minimum 
of four points of known coordinates, enables the perspective deformation 
adjustment.  

The adjusted image is obtained implementing the homography equations to 
each pixel of the original image, to relocate the pixels in the correct position and 
to resample their radiometric content. This process needs both the object and 
image coordinates of each marker. The relation object/image depends on nine 
parameters, describing: 

- the external orientation: camera position in the space, including three 
translations and three rotations components (Fig. 26) 

   
Figure 26 External orientation 

- the internal orientation: parameters describing the internal geometry of 
the camera: Principal Point – PP coordinates (𝜉0, 𝜂0) and principal distance/focal 
length (Fig. 27)  

   
Figure 27 Internal orientation 

 
The flatness characteristic of the chosen point of interest simplifies the 

perspective deformation adjustment, which can be modelled through the general 
homography equations at eight parameters ( eq. 21 and 22 in Table 51), instead of 
the nine parameters necessary in the case of 3D objects. These equations give the 
relation between object and image. 
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Image 

 
Object 

𝑋 =  
𝑎1𝜉+𝑎2𝜂+ 𝑎3

𝑐1𝜉+𝑐2𝜂+ 1
  (eq. 21) 

 

𝑌 =  
𝑏1𝜉+𝑏2𝜂+ 𝑏3

𝑐1𝜉+𝑐2𝜂+ 1
  (eq. 22) 

Where: 

- (X,Y) object coordinates 

- (ξ, η) image coordinates 

- (a1, a2, a3, b1, b2, b3, c1, c2) eight 
homography parameters 

Table 51 Homography formulas 

On the basis of the image (𝜉, 𝜂) and object (X,Y) coordinates of the six local 
markers (constituting the local reference system), specially positioned close to the 
wall discontinuity (Tab. 52), the eight parameters can be determined by software, 
e.g. RDF ®.  

The precision required by the approach made necessary the measurements 
network adjustment for the local reference system definition, before the 
perspective deformation correction, to obtain precise object coordinates 
minimizing the uncertainty related to each marker position. Table 52 shows the 
markers labels and their mutual distances needed to adjust the network.  

Local reference system 

 

Marker 
A 

Marker 
B 

Mutual 
distances 

[m] 

Marker 
A 

Marker 
B 

Mutual 
distances 

[m] 

101 102 0,286 102 106 0,681 

101 103 0,254 103 104 0,300 

101 104 0,397 103 105 0,442 

101 105 0,695 103 106 0,520 

101 106 0,738 104 105 0,517 

102 103 0,254 104 106 0,405 

102 104 0,275 105 106 0,300 

102 105 0,756    

Table 52 Mutual distances between local markers 

The measurements network adjustment was performed through MicroSurvey 
StarNet ® software, selecting the 103 marker as origin of the local reference 
system. The first attempt underlined some error ellipses too large (in both the 
axes). The analysis of residuals gave indications about the possible cause of the 
problem: among the adjusted distance observations, the measure between markers 
102 and 103 showed a too large residual, probably due to an error in the 
measurement. Excluding that measure from the network adjustment, the error 

Y

X





Y

X
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ellipses came back to acceptable dimensions. Table 53 displays the adjusted local 
reference system and the precise markers coordinates. 

Adjusted reference system Adjusted object coordinates [m] 

 

Station X Y 

103 100,000 100,000 

101 99,994 100,254 

102 100,279 100,274 

104 100,299 100,000 

105 100,030 99,560 

106 100,327 99,596 

Maximum Standard Deviation in 
X,Y = 1,8 mm  

Table 53 Adjusted local reference system 

RDF ® software determines the parameters of the homography equation, 
having both the adjusted object coordinates of the local markers as input data, and 
the corresponding image coordinates, recorded by collimating each markers centre 
on the image. On the base of these parameters, the image is re-sampled by setting 
a bilinear resampling method and a pixel dimension close to the calculated GSD 
(0,3 mm according to the shooting project): the final resulting picture is corrected 
from the perspective deformations.  

Affine transformation 
The geometrical approach for the Local analysis, based on precision 

measurements, requires the availability of the object coordinates directly on the 
image. Therefore, an affine transformation (eq. 23 and eq. 24 in Table 54) is 
necessary to convert the image system coordinate (𝜉, 𝜂) in cartographic system 
coordinates (Est, Nord). The “image geo-referencing” option, available in RDF ® 
software menu, enables to save the six parameters for the affine transformation in 
.TFW files, to associate to the relevant .TIFF image. Table 54 shows the content 
of the .TFW file of the three adjusted images, and the affine transformation 
formula.  
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Affine transformation parameters and formula 

   

 
Image coordinates (𝜉, 𝜂)  Cartographic coordinates (E,N) 

𝐸𝑠𝑡 = 𝐴 ∗ 𝜉 + 𝐶 ∗ 𝜂 + 𝐸    (eq. 23)   

𝑁𝑜𝑟𝑑 = 𝐵 ∗ 𝜉 + 𝐷 ∗ 𝜂 + 𝐹   (eq. 24) 

Meaning of the six parameters of equation 23 and 24 (in bracket numbers 
indicating the parameters in .TFW files): 
- A (1) and D (4): scale of the image, pixels dimension; 
- B (2) and C (3): skew factor (zero values, since the image is still resampled); 
- E (5) and F (6): translation of the system origin (from the upper left corner). 

Table 54 Affine transformation parameters for the three images 

Uploading both the .TIFF and .TFW files in software e.g. AutoCad Autodesk 
® or similar, the object coordinates become available directly on the image (Fig. 
28), and special operations, e.g. precision measurements, are possible.  

 

ξ pixel 

η pixel 



 

125 
 

 
Figure 28 Object coordinates available on the image GEO_0984  

 
Information gathering: the Identity Card of the point of interest 
Finalized the preliminary Image processing, the adjustment of the mutual 

distances for the local reference system definition, and the coordinates affine 
transformation, the three images of the crack can be included in the quoted 
Identity Card of the point of interest (Fig. 29), and analysed in two consecutive 
steps according to the timeline of images acquisition.  

 

Figure 29 Identity Card of the 2° point of interest 

Information gathering: the radiometric difference analysis 
The assisted image interpretation by radiometric difference method can be 

considered as a subtraction between two matrices. Digital images, indeed, are 
matrixes where the photographic content is recorded in numbers. Each 
infinitesimal element of the image (pixel, not further divisible) contains a number 
(or numbers) representing the radiometry of the portion of image involved. In true 
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colour images, the radiometry of a pixel is represented by three integers (ranging 
from 0 to 255) expressing the saturation of the main three bands (RGB); this 
representation requires three bytes for each pixel. Each pixel is uniquely identified 
by two integers that represent the row and column position of the element within 
the matrix (Tab. 55). 

 

      

Table 55 Digital image as matrix of numbers 

The principle at the base of the analysis is the identification of differences 
between couples of images, subtracting (images subtraction) each element of the 
first matrix (image 1) to the corresponding element belonging to the second 
matrix (image 2). The finding of differences in some pixels content reveals that, 
during the image taking, different reflectance values were recorded by the 
elementary parts of the camera sensor, or physical pixels (23), due to different 
surficial conditions of the object photographed in steady light conditions.  

Practically the images subtraction was performed through an original Matlab 
MathWorks  algorithm: after the initial conversion of the RGB images to 
grayscale, the algorithm enables a kind of images orthorectification needed, for an 
accurate superimposing. The algorithm outcome is a “difference-image” (matrix 
of differences): the Local analysis is based on two possible interpretations of such 
an image: 
1. totally black difference-image - all zero values in the matrix of differences: 

perfect matching of two successive pictures and their pixels content; no 
detectable surficial modifications of the point of interest occurred in the 
timespan between the two images shooting; 

2. difference-image with coloured parts - values other than zero in the matrix of 
differences: some parts of the compared pictures differ, and differences are 

                                                 
23 Physical pixels - photodetector: smallest light-sensitive element of the sensor. 



 

127 
 

localizable in the coloured portions of the difference-image; if the coloured 
area includes the point of interest, or to part of it, some alterations of its 
conservation conditions occurred (e.g. modification in shape of the wall 
discontinuity). 

The method was implemented to compare the three chosen pictures of the 
wall crack, in two consecutive steps, according to the timeline of images 
acquisition. Table 56 shows the first couple of adjusted images to compare: 
geo_0984_orizz_raddrizz (image 1) and geo_1289_orizz_raddrizz (image 2), 
converted in grayscale and orthorectified. 

  

geo_0984_orizz_raddrizz  
(image 1) 

geo_1289_orizz_raddrizz 
(image 2) 

Table 56 First couple of orthorectified grayscale images of the point of interest in Identity 
Card of Fig. 29  

Table 57 (left) shows the difference-image resulting from the subtraction of 
image 1 and image 2: the white coloured pixels include the most of the point of 
interest area; the right part of Table 57 displays an in high detail of such an area.  



 

128 
 

 
 

Table 57 Radiometric difference-image resulting from image 1 / image 2 subtraction  

The grayscale and orthorectified images geo_1289_orizz_raddrizz (image 2) 
and geo_2564_raddrizz (image 3) for the second step of the analysis are shown in 
Table 58. 

  
geo_1289_orizz_raddrizz 

(image 2) 
geo_2564_raddrizz 

(image 3) 

Table 58 Second couple of orthorectified grayscale images of the point of interest in 
Identity Card of Fig. 29 
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Table 59 shows the result of the subtraction between image 2 and images 3.  

 
 

Table 59 Radiometric difference-image resulting from image 2 / image 3 subtraction  

As shown in the right part of both Table 57 and Table 59 (result of the 
analysis in high detail), zero difference values between the corresponding pixels 
of the two recorded images result in a black representation, i.e. in no detectable 
modification of the point of interest in the timespan between the shooting of the 
two images, whilst the coloured parts correspond to un-matching pixels of the 
input images, and provide evidence of alterations in the point of interest 
conditions.  

The extent of the white coloured area involving the wall discontinuity, 
resulting from the comparison of image 1 and image 2, denotes a significant 
alteration, (most likely imperceptible through a simple visual analysis), occurred 
between May 2016 and December 2016. The alteration of the crack is probably 
due to structural mechanical stresses during the window fixtures replacement 
works. 

The difference-image resulting from the subtraction of image 2 and image 3 
shows a very reduced coloured area involving the crack: the deterioration, 
occurred during the second time interval between December 2016 to April 2017, 
is certainly less important than the alteration occurred during the first timespan 
considered; this is also clear comparing the analysis in high detail in the right part 
of Tables 57 and 59 involving the portion of the crack. 
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Information gathering: the geometrical analysis 
The geometrical analysis approach can be performed through precision 

measurements on the difference-image or directly on the adjusted images: 
- measurements on the difference-image: the same Matlab MathWorks ® 

algorithm used for the radiometric difference analysis makes possible to load 
the affine transformation parameters: precise measurements can be therefore 
carried out on the resulting difference-image thanks to the availability of the 
object coordinates which enables the measurements of the extent of the point 
of interest changes occurred over the time; 

- measurements on the images: based on the comparison of geometrical quantities, 
e.g. areas or lengths, defined on the first image with the same quantities on 
the other pictures; differences between such quantities, involving the part of 
the image reproducing the wall discontinuity, are attributable to alterations, 
i.e. crack propagation or enlargement. 
According to the first approach, direct measurements of the point of interest 

modifications, in length and width, can be performed on the resulting difference-
image, thanks to the object coordinates availability with an accuracy in the range 
of 1 mm, and to the 0,3 mm GSD resulting from the selected shooting project. 

 

Figure 30 Example of measurements on the difference-image in Tab. 57 

The extent of the white coloured area involving the wall discontinuity denotes 
a measurable alteration: enlargements more than 1 mm can be measured on the 
difference-image. 

According to the second approach as an alternative method, preliminary tests 
were carried out by using special software, e.g. Global Mapper Blue Marble 
Geographics ®. Contemporarily opening the three adjusted images (Fig. 31), it is 
possible a preliminary evaluation of the effectiveness of the image processing, by 
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turning on and off the overlapped images (as layers), and verifying the good 
match of the markers position on the three overlapped images. 

   
Figure 31 The three adjusted images overlapped  

A more accurate evaluation is possible using the available digitizer tool, able 
to create or modify vector features. A vector feature of points collimated in the 
central pixel of markers on the image 1, makes possible to verify the correct 
matching in the other two overlapped images (Fig. 32).  

 
Figure 32 Vector feature of markers position 

The same digitizer tool was used to carry out a preliminary test to analyse the 
potential alteration of the point of interest. In particular, the procedure 
implemented consisted in the opening of the image 1, and the drawing of a vector 
area, by following the entire discontinuity shape. The pixel information tool is a 
useful support for the selection of pixels on the edge of the crack: depending on 
the pixel RGB content, it is possible to make decision about including or not the 
involved pixel in the vector area under construction. Figure 33 shows the vector 
area making process, including the pixel information analysis. 
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Figure 33 Vector area construction on the first image 

The vector area, drawn tracing the shape of the discontinuity on the image 1, 
become the frame of reference for the other two images. Keeping turned on the 
vector area, and switching alternatively the other pictures, the potential 
discontinuity alterations are easy to detect by looking for section of the image 
under analysis where vector area does not overlap perfectly with the discontinuity. 
 

7.4 In closing 

In the frame of PoliTo-UniTo Guideline, the still present high criticality due 
to the residual presence of asbestos containing artefacts in many public facilities 
motivated the development of the special asbestos sub-phase of the Guideline. 

To achieve an effective Risk Assessment and Management in System Quality, 
the asbestos sub-phase makes available univocal criteria for a strict classification 
of workplaces in well-defined categories in terms of asbestos Hazard modes, a 
reliable reference for the H.I. phase based on the well-tested Canvassing, and 
management criteria of the different classified areas, established on the base of the 
general Quality requirement. 

With reference to Research sub-question 3a (what is the actual contribution 
of the airborne fibres measurements both in the initial workplaces classification 
and their periodic confirmation?), a special study, performed to identify the role 
of airborne fibres measurements in the H.I. and Risk Assessment and 
Management of Green and Yellow classified areas, confirmed that airborne 
measurements cannot give useful information where no massive emissions are 
caused by stressing actions on friable ACMs. Also accidental damages, involving 
a high but occasional and short-term emissions, are not detectable. To increase the 
possibility to detected pollution due to artefacts deterioration, some improvements 
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on the method were adopted, in terms of sampling and analysis strategy and 
samplings locations. However, these adjustments did not give appreciable 
outcomes:  
- all the measures resulted below the method LoD; no evaluation was possible 

about the pollution levels in the three typologies of sampling areas, neither 
considerations on the indoor fibres release attributable to the ACMs 
degradation or effects of the outdoor pollution were achievable; 

- the attempt to force the increasing of the sampled air volume till to 10.000 l, did 
not give appreciable results. However, such a high volume causes difficulties 
in the analytical stage (e.g. problems in filters reading due to the membrane 
overload), as well as problems in the samplings management (e.g. the 
handling of a membrane already used in the previous sampling); 

- the main uncertainty contribution of the concentration measures remained 
related to the fibres count, also considering the adopted strategy;  

- due to the lacking of usable data, a careful statistical comparison between the 
three sets of measures through suitable representativeness tests resulted 
unfeasible. 

Therefore no useful contribution for the initial workplaces classification, neither 
for their periodic confirmation, can derive from airborne fibres 
measurements.  

With reference to Research sub-question 3b (how can be the visual 
inspections improved, overcoming their limits and providing an effective tool for 
asbestos sub-phase of the Guideline?), the implementation of computer assisted 
image processing and interpretation techniques into the asbestos sub-phase of the 
Guideline to support the inspection activities -in particular in Green and Yellow 
classified areas- provides a documented history of the artefacts conditions along 
the time, both in small and large scale, the latter making available Identity Cards 
of the points of interest, and results in substantial improvements in the Quality 
Management of Occupational Safety in these areas. Table 59 summarizes the 
main improvements and the possible future developments of the approach. 
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Improvements in the Hazard Identification and Risk Assessment and Management 
made possible by the introduction of Image Analysis techniques for the ACMs 
status and sealing/enclosures conditions, in Green and Yellow areas.  

The common approach, based on 
inspectors’ subjective judgment, can 

result in not exhaustive Hazard mode 
and Risk Assessment, and inspections 
scheduling.  

The introduction of an Image Analysis 
approach in the asbestos sub-phase of the 
Guideline makes possible the following 
improvements 

a) poor completeness, in particular when 
Checklists are used (see comments in the 
Canvassing chapter); 

a) the 3D Base model makes available a 
complete – event if rough– documentation of 
the Canvassing results in the area; it is 
moreover possible to implement into the 3D 
Base model geo referenced information on 
the positions where ACMs are present; 

b) modifications in the layout of 
services, systems and interior spaces 
containing workplaces and working 
equipment can remain not completely 
noticed by a coarse inspection; 

b) the 3D Base model provides an effective 
tool for the comparison of the general area 
conditions along the time, both for direct 
evaluations by the people charged of the 
inspections, and for more detailed 
comparisons, supported by computer-
assisted image analysis –Global Analysis- 
of the sequence of acquisitions; 

c) poor results in terms of recognition 
and assessment of changes in the ACMs 
or sealing/enclosures conditions along 
the time; 

c) Local Analysis makes possible to directly 
point out in detail localized changes in size, 
conditions and shape of ACMs, artefacts or 
sealing/enclosures: this is of great help to 
confirm or modify, on a not subjective base, 
the area classification (in particular from 
Yellow to Red); 

d) possible -even unacceptable- delay 
between critical modifications in ACMs 
or sealing/enclosures status, and the 
inspections. 

d) the use of permanent camera systems (in 
particular for Local Analysis of critical 
points of interest) and data loggers can 
ensure a monitoring of the status of ACMs 
and sealing/enclosures at predefined 
intervals and/or on remote demand, and 
setup in real time alarms where significant 
modifications occur, independent from the 
schedule of inspections.   

Table 60 Improvements in the H.I. and Risk Assessment and Management made possible 
by the introduction of Image Analysis techniques in the asbestos sub-part of the Guideline 
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Discussion and conclusion 

The Occupational Risk Assessment and Management appears is a particularly 
complex task in the case of research universities, due to a number of typical 
problems, involving different aspects both of organizational nature and related to 
the special activities carried out, requiring tailored approaches. 

As discussed, a special research work developed as part of a formal 
collaboration between PoliTo and UniTo, within The General Safety Issues and 
Goals in Turin Universities – TGSIGTU project, made possible the issuing of the 
PoliTo - UniTo Guideline for the Occupational Risk Assessment and Management 
of employees, students and people involved in the research university, encouraged 
since 2008 by Politecnico di Torino and Universita’ degli Studi di Torino, and 

officially quoted as basic reference in 2015.  
The research work presented in this PhD Thesis makes available systematic, 

complete and formalized instruments –the Guideline sub-phases- for a correct and 
effective Occupational Risk Assessment and Quality Management in public 
structures and in particular in research universities in the frame of PoliTo-UniTo 
Guideline. The validation of each developed sub-phase proves the OS&H 
improvements and benefits achievable. 

The sub-phase of the Guideline special to manage the workplace general 
safety, based on the Canvassing, has proven an organized and complete method 
to support both a systematic H.I. phase and a Quality Management within the 
workplace general safety analysis.  

The several in-situ tests, involving different working environments, pointed 
out the effectiveness, completeness and repeatability of the method in the 
identification of OS&H criticalities related to shell, services and interior spaces 
of premises containing workplaces, and on their not-operative content.  

Given the sheer sizes and criticalities of large public facilities (universities 
included), the task of the skilled technicians is already assisted by the sub-phases, 
but it is evident that, in the conservative management of Safety level achieved, 
the highly qualified technicians would be under employed, also from an 
economic point of view. An effective solution (already adopted in different 
context, e.g. safety management in construction sites) is to benefit from the 
availability of less qualified personnel that could be more frequently present on 
the field. Therefore, the final result of the Canvassing analysis and the 
management organization, carried out by skilled technicians, can be put into 
practice also by means of the preparation of tailored Checklists, usable by local 
staff. This solution gives an additional benefit: thanks to their frequent 
interventions, local staff can also call for a greater awareness on the OS&H 
aspects than in the case of inevitably less frequent inspections by skilled 
technicians. 
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The sub-phase of the Guideline special for the OS&H analysis of working 
activities represents an effective tool, characterized by metrological and scientific 
rigour and in system quality approach, to improve the effectiveness of the 
workers’ exposure assessment, thanks to approaches aimed to increase the quality 
of exposure data gathered, to design precise measuring campaigns, and achieve a 
correct interpretation of the exposure data, in particular for chemical agents. 

The approach based on the process statistical control and Capability analysis 
tools (i.e. Control Charts and Process Capability indexes) enables to perform 
intermediate calibration checks of measuring systems involved in OS&H Risk 
Assessment: the use of measuring systems in correct metrological confirmation 
condition, verified by appropriate metrological confirmation intervals become of 
pivotal importance to gather high quality exposure data. The measurement 
results, for OS&H purposes, are essential decision-making tools both in the 
definition of workers’ exposure models and in the selection of technical and work 
organization prevention solutions, therefore the data quality is a pivotal 
requirement. 

The following part of the sub-phase of the Guideline special for the OS&H 
analysis of working activities makes available a rigorous approach, based on two 
levels of representativeness, to achieve a correct assessment of the exposure 
conditions of workers.  

The approach, through both a rigorously design and manage of measuring 
campaigns and a statistical-based data interpretation, makes possible the 
achievement of data actually representative of the working context (1st level of 
representativeness), and the optimization of the measuring campaigns to collect 
actually usable data (2nd level of representativeness), making effective the 
workers exposure model definition, and therefore the resulting Risk Assessment 
and Management in a Quality approach, overcoming problems due to 
over/underestimation of risks resulting from an incorrect or incomplete 
understanding of measurement results or a poorly designed measuring campaign. 
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The special asbestos sub-phase of the Guideline has proved an effective 
approach to assess and manage, in System Quality, the risks related to the still 
widespread presence of residual ACMs in large public facilities and universities. 
The asbestos sub-phase of the effective and well tested Guideline for 
Occupational Safety in Universities and large public facilities, results from a 
multidisciplinary research study aimed to provide a reliable reference for the 
Assessment and Quality Management of Risk of exposure to air-dispersed 
respirable asbestos fibers, covering the definition of the correct approaches in 
scenarios from confirmed absence of ACM, to the various Hazard modes, from 
Dormant, to Armed, to Active. The target is obtainable through some key points: 
a. univocal criteria for a strict classification of workplaces in categories well 

defined in terms of asbestos Hazard modes;  
b. a reliable and well-tested reference for the H.I. phase both in shell, systems 

and interior spaces, and in work equipment, in terms of presence and 
conservation conditions of the ACMs and their sealing/enclosures; 

c. a reliable reference on the Risk Assessment and Management for the 
prevention of occupational illness from exposure to respirable asbestos fibres 
of people at work in universities and large public facilities. 

 
As part of the asbestos sub-phase of the Guideline, a special study was carried 

out to evaluate the actual contribution of the airborne fibres measurements in the 
asbestos sub-phase approach, in particular in terms of initial workplaces 
classification and their periodic confirmation. 

On the basis of the achieved results in a rigorous metrological approach, it is 
confirmed the impossibility to characterize the environments containing ACMs on 
the basis of airborne fibres concentration measurements, since, taken into account 
the uncertainty values related to such determinations, the concentrations result 
hardly comparable with the measures collected in areas with verified presence of 
ACMs without ongoing stresses, or in outdoor environments close to the 
abovementioned areas. Very different is the situation in operative contexts where 
the quantities of asbestos containing materials and the involved stressing actions 
cause important pollution levels. 

Hence, according to the D.M.06/09/94 indications, the importance of rigorous 
direct inspections is confirmed, both to localize ACMs in compact matrix (Hazard 
Factor dormant), and to identify transition situations from Dormant to Active 
Hazard Factor. Such a result cannot be achieved by means of airborne fibres 
measurements, except in the case of important fibres releases.     

Verified that the airborne fibers concentration measurements cannot provide 
useful information where no massive emissions are caused by stressing actions on 
friable ACMs, the asbestos sub-phase improvements focused on the set up of 
rigorous instrumental techniques to support the direct investigations, reducing the 
impact of judgment subjectivity, thanks to the implementation of formalized 
methodologies of Canvassing, based on assisted image interpretation techniques.   

As demonstrated by direct in situ tests, the implementation of Image Analysis 
techniques into the Canvassing, recommended approach for a reliable Hazard 
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Identification and asbestos Hazard mode confirmation along the time, is feasible 
and makes possible substantial improvements in the investigations results, directly 
in terms of detail, reliability and repeatability, and in general for the overall 
quality of the investigations and decision making processes. 

Such an approach could result also beneficial where implemented in 
refurbishing works involving civil and industrial buildings, thanks to the 
possibility to achieve an improved exhaustiveness of the operations and a 
documented effectiveness of the intervention performed. 

Asides from the direct results here discussed, further developments in the 
implementation of Image Analysis techniques for the Assessment and 
Management of Occupational risks nowadays possible will substantially 
contribute to the transition of OS&H from approaches still conditioned by the 
subjective judgment of a human observer, or relying on poorly effective 
techniques, to methods more consistent with the evolution of the production 
systems towards checks and controls from remote, with high digitalization and 
automation levels. 

In conclusion, the Guideline and the developed sub-phases, consistent in 
every single step and phase with both the regulatory requirements, can be 
considered a rigorously structured and carefully tested reference -in terms of 
effectiveness and practical feasibility- both for the introduced general analysis 
principles and for the risk assessment and management models discussed in the 
sub sections intended to special aspects typical of the research universities. A side 
benefit -certainly not negligible- is that the method can help to promote the 
spreading of the Culture of Safety.  
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Appendix 1  

TU Delft OS&H approach 
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Appendix 2  

TU Delft OS&H approach for research laboratories 
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Appendix 3  

University of Twente OS&H approach 
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Appendix 4  

TNO OS&H approach  
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Appendix 5  

Canvassing in-situ tests results 
Site: OFFICES 

 
Image of one of the investigated offices 

Discretization: the Zone Elevation Split proved to be of simple application, but the Zone Split 3D 
did not give special advantages, since the reduction of a homogeneous and limited volume into sub-
volumes gave no more information.  
 Suggested discretization: Zone Elevation Split 

Search modes: the Grid Search results excessive: the search patterns result too dense. The same 
problems occur with the use of Spiral Search, more difficult for the presence of furniture. Hence, 
the best technique is the Strip Search. 
 Suggested search modes: Strip Search. 

The method at a glance 

  
Layout of the office 

 
Office discretization and search method 

Special benefit of the method 

 
Point of interest 

Considerations: the Zone Elevation Split + Strip 
Search combines simple application and in-depth 
analysis of the area in a systematic way. This 
approach permits an effective Hazard Identification 
of some hidden potential criticalities. 
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Site: RESEARCH LABORATORIES  

 
Image of one of the investigated laboratories 

Discretization: the application of Zone Split 3D is necessary to separate the zone assigned to 
measuring equipment preparation, and results processing and archiving (Area A), from the 
laboratory area (Area B), characterized by different intended uses and criticalities; for each volume 
it is necessary a further discretization by means of the Zone Elevation Split technique. 
 Suggested discretization: Zone Split 3D + Zone Elevation Split 

Search modes:  
Area A: this context results critical due to the 
presence of equipment, particular materials and 
tools. For these reasons: 
- Grid search model is of difficult 

implementation due to some cramming of 
furniture; 

- the application of Wavy Line search is 
problematic for encumbrance and tightness 
of the environment; 

- Overlapping Search results too expensive 
also for the involved resources (the technique 
requires at least 3 operators). 
Here, the Spiral or Strip searches allow to 

achieve a thorough analysis with good results. 

 
Area B: 
- the application of the Grid and Strip 

searches can lead to loss of important 
pieces of information, e.g. due to the 
presence of critical hidden zones behind 
the various equipment; 

- the use of Wavy Line search is difficult 
due to encumbrance problems and the 
tightness of the environment; 

The Overlapping search can be the most 
suitable technique in such a complex scenario, 
since more operators perform the investigation 
of the whole environment. In such a way, 
Hazard Factors are unlikely to be missed. 

Suggested search modes: Spiral or Strip for the Area A; Overlapping search for Area B. 

The method at a glance / Special benefit of the method 

    
Layout of Lab. / Zone Split 3D result 

Considerations:  
the combination of the Zone 
Elevation Split and the 
Overlapping Search in such a 
complex contest permits 
multiple analysis of the potential 
criticalities, and reduces the 
possibilities of incompleteness 
of results: e.g. to overlap the 
same area by more than one 
operator reduces the risk of 
skipping some Hazard Factors. 
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Site: CLASSROOMS 

 
Image of one of the investigated classrooms 

Discretization: the Zone Split 3D results useful especially for the definition of homogenous volumes 
(desk zone, blackboard zone, etc.). In each identified volume, the Zone Elevation Split is applied. 
This combination ensures the completeness of the analysis. 
 Suggested discretization: Zone Split 3D + Zone Elevation Split  

Search modes:  
The search method depends on the specific configuration of each sub-volume previously identified. 
Students’ zone: the Grid and Spiral searches are poorly applicable due to particular desks layout. 
The Strip Search seems to be tailored for the students’ zone, thanks to its suitability to the linear 
layout of the desks. 
Lecturer zone: as in the desk zone, the Strip Search appears suitable. A good alternative could be 
the Wavy Line Search, due to the more complexity (in terms of devices and systems) of this volume 
if compared to the students’ one.  
In order to ensure the continuity in the analysis of the fittings, a Strip Search in the border areas 
could be useful; for the devoted analysis of identified plants and fittings a special Hazard 
Identification technique will then be used. 
 Suggested search modes: Strip search for the students’ zone; 

Strip or Wavy Line search for the lecturer zone. 

The method at a glance Special benefit of the method 

  
Layout of a classroom 

 
Classroom discretization 
in different floor levels  

 
Point of interest 

Considerations: the combination of Zone Split 3D and Zone Elevation Split permits to reduce the 
extent of the searched volume, and to select the investigation method, Wavy line or Strip, the most 
suitable to its characteristics. It is of pivotal importance to consider the possible variability of the 
classroom in terms of dimension and configuration. These aspects could influence the choice of a 
technique rather than another (e.g. in a small classroom the Wavy Line and Zone Split 3D do not 
provide any improvement for the Hazard Identification, and the Zone Elevation Split results 
sufficient). 
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Appendix 6  

Outcomes of simultaneous measuring campaigns 

Sampling  
Membrane 

ID 
Volume 
[litres] 

Asbestos fibres 
counted 

UCL (95% 
confidence level) C [ff/l] 

O
rd

in
ar

y 
sa

m
pl

in
gs

 

1 
A1 5000 0 3,69 < 0,56 
B1 5000 0 3,69 < 0,56 
C1 5000 0 3,69 < 0,56 

2 
A2 5000 0 3,69 < 0,56 
B2 5000 0 3,69 < 0,56 
C2 5000 0 3,69 < 0,56 

3 
A3 5000 0 3,69 < 0,56 
B3 5000 0 3,69 < 0,56 
C3 5000 0 3,69 < 0,56 

4 
A4 5000 0 3,69 < 0,56 
B4 5000 0 3,69 < 0,56 
C4 5000 0 3,69 < 0,56 

5 
A5 5000 0 3,69 < 0,56 
B5 5000 0 3,69 < 0,56 
C5 5000 0 3,69 < 0,56 

6 
A6 5000 0 3,69 < 0,56 
B6 5000 0 3,69 < 0,56 
C6 5000 0 3,69 < 0,56 

Sp
ec

ia
l s

am
pl

in
gs

 

7 and 8 
A7/8 10000 0 3,69 < 0,28 
B7/8 10000 0 3,69 < 0,28 
C7/8 10000 0 3,69 < 0,28 

A + A PLUS 10000 1 - 0,08 
X X 10000 0 3,69 < 0,28 

9 and 10 
A9/10 10000 0 3,69 < 0,28 
B9/10 10000 0 3,69 < 0,28 
C9/10 10000 0 3,69 < 0,28 

OFFICE OFFICE 10000 0 3,69 < 0,28 

11 and 
12 

A11/12 10000 0 3,69 < 0,28 
B11/12 10000 0 3,69 < 0,28 
C11/12 10000 0 3,69 < 0,28 
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Appendix 7  

Excel spreadsheet for the a-priori uncertainty calculation  

 

 
 

Calculation steps  

1) Mathematical model definition: the mathematical model involves a technical 
knowledge of the process for which the uncertainty is evaluated. From the 
management point of view it is necessary that JCGM 100:2008 conditions are 
fulfilled: 

- adequate linearity of the model in the variation range involved in uncertainty 
calculations (usually acceptable);  

- no correlation among independent variables (requires great attention in cooperation 
with the technical part); 

- avoid automatic compensation of factors. Compensation is usually valid at values 
level (values are nearly equal), not at variability level (if there is no correlation, 
variations of the two factors are independent, that is generally different). 

2) Insertion in the column "Symbol" of the symbols of the variables contained in the 
mathematical model (one at a time); 

3) Insertion in the column "Value" of the values of the variables contained in the 
mathematical model (note: also averages or nominal values can be used); 

4) Insertion in the column "note" of all the factors affecting the relevant variable (one for 
each subsequent raw) and each useful information. In case of variables corresponding 
to measured quantities, in principle the metrological factors of bias, resolution, 
repeatability or reproducibility shall be considered; 
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5) Insertion of information of variability, statistical Type A, or non-statistical, Type B: 

5.1) Sector for the statistical information (Type A) of variability (standard deviation s, 
standard uncertainty u, variance s², expanded uncertainty U) in column Si. The 
standard deviation can be obtained in different ways: 

a1) obtained from experimental data by data analysis, cleaning as much as possible 
data from measurement accidents and systematic effects; 

a2) obtained as variance s², when variance value is available; 

a3) obtained from expanded uncertainty U received as external information (in case U 
was evaluated by yourself, you have directly s). Expanded uncertainty U should be 
given together with the relevant confidence level, to be inserted in column Pdj and 
degrees of freedom νdj, to be inserted in column νdj. 

In case of accessory information on confidence level or degrees of freedom not 
available, it is possible to use the convectional values adopted in the metrological 
field, that is confidence level 95% and degrees of freedom 100. Excel automatically 
evaluates the coverage factor k (t-Student) and the relevant standard deviation  

5.2) Insertion of information of Type B (non-statistic) variability in column ai as half of 
the variability field. 

To understand whether the available information regards the total field or directly half of 
variability field is important. In metrological field information on Uncertainty or 
maximum error should be given as half of the variability field, while in technology 
and quality total variability field is used. 

It is necessary to decide the type of statistical distribution to be associated and give in 
column ka the relevant value 2, 3 or 6: 

𝐻𝑎𝑙𝑓 𝑟𝑎𝑛𝑔𝑒 𝑎 𝑤𝑖𝑡ℎ  𝑆2 =  
𝑎2

𝑘𝑎
 

𝑈𝑛𝑖𝑓𝑜𝑟𝑚 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  𝑆2 =  
𝑎2

3
 

𝑈 − 𝑠ℎ𝑎𝑝𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  𝑆2 =  
𝑎2

2
 

𝑇𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  𝑆2 =  
𝑎2

6
 

6) Insertion of the degrees of freedom pertaining to each factor in column νj Note: in 
column νdj connected with the information of U received, now you have to put the 
degrees of freedom you consider correct for the relevant factor, determined as 
follows: 

- if know, from data calculations or information received, use the known number; 

- if unknown, it is necessary to consider how believable is the variability information 
available: very believable -> 100; believable -> 30; poorly believable -> 15 

In addition, when bias is involved and relevant degrees of freedom are not declared, as 
bias value is obtained by a calibration and standard specifications usually require few 
measurement for calibration, to be conservative 5 degrees of freedom are set; 

7) Completing the column nd: consider carefully if the variability information used refers 
to single data or to the average of q data. In this last case put q in the column nd  

8) Compile column nr: consider carefully if you will evaluate the uncertainty of single 
data or of the average of q data and if, for the factor considered, the conditions of the 
Central Limit Theorem (C.L.T.) are fulfilled. If so put q in the column nr 
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An efficient way for understanding if C.L.T. shall be applied to your q data consists in 
evaluating if the value of each of that data can be anywhere in the variability field 
declared; if so the average of your q data fall near the centre of variability interval and 
C.L.T. shall be applied.  

9) Evaluation of sensitivity coefficients: sensitivity coefficients are the partial derivatives 
of the dependent variable against each of the independent variables, as the 
mathematical functions of the mathematical model can be very complicated, a table of 
numerical evaluation of sensitivity coefficients is available. 

The table evaluate the incremental ratio and is nearly automatic, as it need only the 
calculation of the incremented value of the mathematical model putting at the place of 
the variable xi considered its incremented value xi+Dxi  

This can easily be done coping the formula in the formula line (therefore copied as text) 
pasting that text in each line where there is a variable (different factors of the same 
variable have the same value of derivative), putting the pointer in the formula line, so 
that the frames of the values used for calculation appear, and dragging the frame of 
the relevant variable xi to the incremented variable xi+Δxi. As a variable can be used 

by the mathematical model more than one time, repeat this operation until all frames 
are transferred to the incremented value. Copy the values of incremental ratios in the 
column of sensitivity coefficient for each variable and put them equal for each factor 
of the same variable. 

 


