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ABSTRACT: An effective implementation of the Behaviour-Based Safety approach requires a continuous mon-
itoring of the performance of workers. However, this continuous monitoring is challenging for practitioners due
to the great demand of time, cost, and professional skills needed for its implementation. This paper proposes a
sustainable solution consisting in a method which combines the Continuous Safety Sampling Method, a statis-
tical analysis of non-conforming observations, and a consistent experts’ judgements elicitation process based

on the Analytic Hierarchy Process.

1 INTRODUCTION

Accidents at work continue to be one of the major
work environment challenges facing legislators, en-
terprises, and workers worldwide. According to the
Labour Force Survey (LFS), using data from 2007,
the 3.2% of the workforce in the EU-27 reported an
accident at work in the past 12 months. This corre-
sponds to approximately 6.9 million persons. In line,
data from the European Statistics on Accidents at
Work (ESAW) showed that 2.9% of the workers had
an accident at work with more than three days of sick-
ness absence and 5580 workers died in a fatal acci-
dent in 2007 (Eurostat European Commission. 2010).
The data clearly show that accidents at work place a
considerable burden on individuals, society and en-
terprises.

Because of the relevance of the problem, several
attempts have been made aiming at improving Occu-
pational Safety and Health (OSH) conditions within
enterprises. In particular, several studies focused on
the causes of accidents, with the purpose of removing
these causes by means of different kinds of interven-
tions. In this regard, there is scientific evidence that
unsafe behaviours are a major cause of accidents (see
e.g. Heinrich, 1950 and Hide et al, 2003); as a conse-
quence, many approaches aiming at modifying hu-
man unsafe behaviours have been proposed in the sci-
entific literature.

Among these, the Behaviour-Based Safety (BBS)
approach is gaining an increasing attention in the area
of OHS. BBS aims at modifying human unsafe be-
haviours (Scott Geller, E., 2001) by adding anteced-

ents and/or consequences to the situation to alter re-
sponse probability (DePasquale & Geller, 2000). Ex-
amples of interventions creating antecedents and con-
sequences are Goal Setting and Feedback
(DePasquale & Geller, 2000; Cameron & Duff,
2007). A goal of compliance level to safety is an an-
tecedent which alters workers’ response: the desire to
achieve the goal would motivate workers to make ef-
forts in this direction. On the other hand, positive
feedback, incentive or reward are consequences
which reinforce workers’ safe behaviours.

Over the years, BBS has been applied successfully
by many researchers in various settings such as clini-
cal medicine (Dickerson et al., 2010), manufacturing
(Hermann et al., 2010), mining (Hickman & Geller,
2003) and institution office (Al-Hemoud & Al-As-
foor, 2006). Moreover, BBS was found to be a prom-
ising way to further prevent accidents. Many re-
searchers analysed the OSH records of enterprises
which implemented BBS and the results revealed a
significant decrease in incidents across groups fol-
lowing the BBS implementation (see e.g. Krause et
al., 1999).

Despite these successful implementations, BBS
approach faces a critical difficulty in achieving per-
sistent effects. Some studies have reported that be-
havioural safety performance declined (Johnston et
al., 1994; Lingard & Rowlinson, 1998) or even went
back to the baseline level (Komaki et al., 1978) after
intervention was stopped.

Although many factors may affect the final out-
comes of BBS approach, this difficulty is largely at-
tributed to the intervention strategy itself. Basically,
BBS intervention focuses on external antecedent and



consequence for the reinforcement of safe behaviours
(Cameron & Duff, 2007), thus creating OHS im-
provements with a sensitive dependence on external
situations. When the external situation changes, the
safety performance is likely to deteriorate (Deloy,
2005). As a consequence, a continuous monitoring of
the external situation and of the performance of the
workers is necessary.

However, this activity is challenging due to the
great demand of time, cost and professional skills for
its implementation. In the light of the relevance of this
practitioners’ challenge, this paper proposes a solu-
tion consisting in a method which combines three dif-
ferent techniques: the Continuous Safety Sampling
Method (CCSM) (Quintana and Nair, 1997), a statis-
tical analysis of non-conforming behaviours, and a
consistent experts’ judgements elicitation process
based on the Analytic Hierarchy Process (AHP).

The paper is structured as follows. In paragraph 2,
the CCSM is summarised, due to its relevance for the
proposed model. In paragraph 3, the Risk-Based Sta-
tistical Control Method is presented, by means of its
application in an Italian manufacturing enterprise. Fi-
nally, in paragraph 4 main conclusions are taken.

2 THE CONTINUOUS SAFETY SAMPLING
METHODOLOGY

The CCSM (Quintana and Nair, 1997) represents a
method for the continuous monitoring of the external
situation and of the performance of the workers. The
methodology aims at collecting information on the
safety conditions in a statistically verifiable and eco-
nomically viable manner by using the principles of
work sampling and control charts. The hypothesis is
that a random sample of a sufficiently large size, as in
work sampling, reflects the state of the system being
observed. Sampling aims at observing the occurrence
of conditions that may become hazardous in a given
system, called dendritics. On the other hand, by
providing information regarding the tendency of a
system, the control charts in CCSM indicate when
systems tend to become hazardous, thus facilitating
the implementation of corrective steps.

For the creation of CSSM five steps are necessary:

Step 1 - Dendritic construction. This step consists
in the identification of the core conditions leading to
hazards in any given system. This analysis can be per-
formed by means of a Preliminary Hazard Analysis.

Step 2 - Random Sampling. The sampling can be
performed in conjunction with other routine job func-
tions, without additional allocation of resources.

Step 3 - Control chart. A p-chart is constructed by
plotting the daily value of p against the date. The p is
the daily weighted average of all the proportion of
non-conforming observation. The Upper Control
Limit (UCL) and the Lower Control Limit (LCL) are

given by formulas reported in Equation (1) and in
Equation (2):

"
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Step 4. The control chart observations are tested
for “out of control conditions”.

Step 5. If an out of control condition is detected,
appropriate action is taken to eliminate or control
these conditions and thus to maintain a desired safe
system.

The application of the above stepwise procedure
provides a cost effective way of keeping a continuous
check on the safety status of the workplace under con-
sideration.

However, CCSM, in the described formulation, is
not adequate for the continuous monitoring of the ex-
ternal situation and of the performance of the workers
in a Behaviour-Based Safety perspective. The main
limitation is that the model does not provide an esti-
mation of the risk related to the non-conforming be-
haviours. The method distinguishes between con-
forming and non-conforming behaviours, without any
further clarification on the criticality or on the ex-
pected consequences of the behaviours themselves. In
fact, different at-risk behaviours are characterized by
different criticalities.

When the OHS performance of the whole enter-
prise is monitored, interventions can be introduced
only when the risk related to the non-conforming be-
haviours is not acceptable, while it is not possible to
intervene every time that behaviours are simply non-
conforming. If interventions implemented without
any estimation of the criticality of the related non-
conforming behaviours, resources can be -easily
wasted in correcting behaviours which are not critical
for the improvement of the OSH performance of the
enterprise.

In the light of the above, modifications and inte-
grations to the CCSM are necessary for the continu-
ous monitoring of the external situation and of the
performance of the workers in a Behaviour-Based
Safety perspective. This paper proposes a risk-based
statistical control method which is grounded on the
original CCSM and which overcomes its mentioned
limitations by combining CCSM with a statistical
analysis of non-conforming behaviours, and with a
consistent experts’ judgements elicitation process
based on the Analytic Hierarchy Process (AHP).

The risk-based statistical control method re-de-
fines some parameters proposed by CCSM, thus shift-
ing the method from a simply non-conforming based
method into a risk-based method. The method has
been tested by means a pilot application in an Italian



manufacturing company which produces tractors.
The method, together with the results obtained during
its empirical application, are presented in the follow-
ing paragraph.

3 THE RISK-BASED STATISTICAL CONTROL
METHOD

Coherently with the steps proposed by CCSM, for
the creation of the model five steps are necessary,
which consists in (1) Dendritic construction, (2) Ran-
dom Sampling, (3) Control chart design (4) Test for
“out of control conditions, and (5) Action.

Step 1. The dendritic construction consists in the
identification of the core conditions leading to haz-
ards in the system. A preliminary hazard analysis has
been performed in the monitored enterprise, and a
checklist of behaviours leading to hazards has been
identified. The dendritics leading to hazards have
been classified in different groups. These dendritics
are reported in Table 1. Many of the identified den-
dritics are workers’ behaviours; however, some den-
dritics more related to contextual aspects, such as ob-
stacles not clearly indicated, have been included.

Table 1. Checklist of dendritics.

Machinery and Tools

D1 Tools are not correctly used

D2 Tools are not adequate or in non-adequate conditions
D3 Heavy objects are not ergonomically stored

D4 Materials are not ergonomically stored in cart lifts

PPEs

D5 Workers do not use protective gloves necessary for the task
D6 Workers do not use protective glasses necessary for the task

Procedures

D7 Procedures are not adequate

D8 Procedures are not known or not understood

DO Procedures are not followed

D10 Lifting carriages are not correctly used

D11 Suspended loads are not correctly harnessed

D12 Forklifts are not used according to the procedures
D13 Forklifts stop close to pedestrian crossings

D14 Safety belt is not used

D15 Use of music earphones

Working environment

D16 Obstacles are not clearly indicated

D17 Floor and corridors are not clean

D18 Materials and tools are not stored in the special containers
D19 Lack of indications for the use of the tools

D20 Waste containers are full

D21 Lifting carriages are not correctly functioning

D22 Forklifts stop in forbidden areas

D23 Lockout procedures are not correctly followed

D24 Safety devices are not correctly used

D25 Lack of indications for the shelves

The contemporary assessment of behavioural and
contextual conditions potentially determining acci-
dents is one advantage of the model, which allows for
an unique analysis of all the aspect that determine the

OSH performance of the company. Each of the den-
dritics is assessed during the inspection, and 1 is used
for the indication of non-conformity, while 0 is used
to state conformity.

Step 2. The sampling can be performed in conjunc-
tion with other routine job functions, without addi-
tional allocation of resources. In the analysed enter-
prise, the sampling has been done by monitoring the
safety conditions of the “Transmissions” department,
during 19 work-shifts.

Step 3 - Control chart. The main modification in-
troduced in the model consists in the way in which the
control chart is designed. Instead of the p-chart pro-
posed by CCSM, the model uses a R-chart, which
means Risk-chart. A R-chart is constructed by plot-
ting the daily value of R against the date. R is the daily
weighted average of all the proportion of non-con-
forming Risks. The Upper Control Limit (UCL) and
the Lower Control Limit (LCL) are given by the for-
mulas reported in Equation (3) and in Equation (4)

R(1-R
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Risk is defined as the product between the severity of
consequences (D) and the probability of occurrence
of the accident (E) and of its related causes Cy, as in-
dicated in Equation (5).

»Cn) )

The probability of occurrence of the accident and of
its related causes can be calculated by means of
Bayesian marginalisation, i.e. the summation of the
products between the probability of occurrence of the
accident, conditional to the occurrence of the k-cause
P(E/Cy), and the probability of occurrence of the
cause P*(Cy), as indicated in Equation (6).

R=D 'P(E,Cl,Cz,...

P(E,Cy, Cy e’ C) = EN_1 P(E/C) - P*(C)  (6)
It is important to underline that the first term P(E /Cy,)
has to be estimated during the setting of the model,
and it is kept constant in further observations, while
the second termP*(C},) is obtained by the daily obser-
vation of non-conforming dendritics.

The probability P(E/C}) can be easily estimated
using the Bayes’ theorem, as shown in Equation (7)

P(Ck/E)P(E)

P(E/Cy) = "2

(7)

In Equation (7), P(Cy/E) indicates the probability
that an accident occurs as the direct consequence of
the occurrence of the k-cause; P(E) indicates the



probability of occurrence of the accident, and P(Cy)
indicates the prior estimation of the probability of oc-
currence of the k-cause. An estimation of these three
terms is necessary.

The probability of occurrence of an accident P(E)
has to be estimated during the setting of the model,
and kept constant in further observation. The histori-
cal value of P(E) during the year t, called P(E);, can
be estimated as ratio between the number of accidents
happened during one year and the number of total
worked hours. The actual value of P(E) can be esti-
mated by applying exponential smoothing to the his-
torical values. In the analysed case, the historical val-
ues of the last three years have been used; these values
are reported in Table 2. Exponential smoothing
(Equation 8) has been applied to the historical values
P(E); reported in Table 2.

Se=PE)e+ (A —a) Seq ®)

In Equation (8), the initial value of the S; has been
calculated as value of the first year, and the parameter
alpha has been set to 0,9 in order to give higher im-
portance to the most recent data. Indeed, the interven-
tions progressively implemented improve the OHS
conditions of the enterprise, and it is possible to pre-
dict that this trend is ongoing. The final estimation,
calculated with exponential smoothing, is P(E)=0,39

Table 2. P(E) calculated for the last three years.

Year Accidents P(E);
1 117 0,53
2 96 0,44
3 84 0,38

The initial estimation of the probability of occur-
rence of the k-cause P(Cy) has been calculated as ra-
tio between non-conforming observations and total
observations during five working shifts. Some repre-
sentative values of P(C},), with the relative number of
non-conforming observation, are reported in Table 3.

P(C/E), namely the probability that the k-cause
will generate an accident, has been estimated by com-
bining an estimation from historical data P(Cy/E);
and experts’ judgments P(Cy/E) aup-

As for the estimation from historical data P(Cy/
E)¢, coherently with the technique used for the esti-
mation of P(E), the data of the last three years have
been used. P(Cy/E); has been estimated as ratio be-
tween the occurrences of accidents generated by the
k-cause #(E /Cy) of the considered year and the total
number of accidents of the considered year
# accidents;. This ratio is shown in equation (9).

#(E/Ck)t (9)

# accidents;

P(C/E): =

Table 3. Examples of values of P(Cy).

Non- Total
Dedritics conf. P(Cy)
obs.
obs.
Tools are not correctly 3 294 0.01
used
Tools are not adequate
or in non-adequate con- 6 224 0,03
ditions

On the other hand, experts’ judgments P(Cj/
E) 4up has been obtained using the Analytic Hierar-
chy Process (Saaty, 2008). The Analytic Hierarchy
Process (AHP) is a theory of measurement through
pairwise comparisons and relies on the judgements of
experts to derive priority scales. It is these scales that
measure intangibles in relative terms. The compari-
sons are made using a scale of absolute judgements
that represents, how much more, one element domi-
nates another with respect to a given attribute. Five
experts were interviewed: the production engineer,
the technology development engineer, the safety en-
gineer, the safety manager, and the responsible for
workshop machining. The experts were asked to pair-
wise evaluate the k causes by means of the following
question: “Which of the two causes has the higher
probability of generating an accident?”. The results
consists in a set of weights related to the k-causes of
accidents.

The estimation from experts’ judgments P(Cj/
E)sup and the estimation from historical data
P(Ci/E) have been mediated when possible. Indeed,
the historical data did not contain any reference to
some of the k-causes. For these k-casues, the final es-
timation P(C,/E) is equal to the estimation collected
through experts’ judgments P(Cy/E) gyp. Some ex-
amples of final estimations are reported in Table 4.

Table 4. Examples of estimation of P(Cy /E).

Dedritics P(C,
P(Ck/E): P(Cy/E)
/E) anp
Tools are not 0.08 i 0.08
correctly used
Tools are not ad-
equate or in nor?— 0,09 0.07 0,08
adequate condi-
tions

Having estimated all the terms necessary to the esti-
mation of the probability P(E /C}), the last parameter
estimated is the severity of consequences (D). Again,
the historical value of D during the year t, called Dy,
can be estimated as ratio between the number of work
shifts lost because of accidents and the total number
of working hours, multiplied by 1000, as reported in
equation (10).

# work shifts lost
Dt =

-1000 (10)

# working hour



The actual value of D can be estimated by applying
exponential smoothing to the historical values. Also
in this case, the simple exponential smoothing has
been used with data of the last three years. Alpha has
been set to 0,9 since the hypothesis is that OHS inter-
ventions implemented in the last years progressively
reduce the number of injuries and that this positive
trend will continue in the future. The historical values
D; are reported in Table 5.

Table 5. Data used for the estimation of D by expo-
nential smoothing.

Year D;
1 1,03
2 1,06
3 0,96

The application of an exponential smoothing with al-
pha=0,9 gives a final value of D equal at 0,97.

Having estimated all the terms of Equation (7), it is
now possible to calculate the criticality of the k-cause.
The criticality is defined by Equation 11.

Criticality, =D - P(E/Cy) (11)

The criticality calculated for some of the k-causes is
reported in Table (6).

Table 6. Criticality calculated for some of the k-
causes.

Dedritics Criti-
P(CK/E) | P(E) P(Ck) cality

D1 Tools ‘are not | 40| 039 | 0,013 | 2,14

correctly used

D2 Tools are not ad-

equate or in non-ad- 0,09 0,39 0,027 1,31

equate conditions

D3 Heavy objects

are not ergonomi- 0,05 0,39 0,009 1,94

cally stored

D4 Materials are not

ergonomically 0,04 0,39 0 0

stored in cart lifts

The criticality is used for weighting the estimations
of P*(C},) obtained by the day-by-day observed non-
conforming dendritics.

Having estimated all the terms of Equation (5), it is
possible to calculate the total Risk of a production de-
partment, unit or single workplace. Some examples of
numerical values of Risk are reported in Table 7.

Table 7. Risk of the department.
DI |D2 [D3 |..

| D24 |

Critic. 2,14 | 1,31 | 1,94 | ... 0,00 | Risk

Day 1 0 0 0 0 0,01587
Day 2 0 0 0,003 0 0,01507
Day 3 0 0 0 0 0,01456
Day 4 0 0 0 0 0,00482

The internal elements of Table (7) are the estimations
of P*(C;) obtained as ratio between the number of
non-conforming observations and the total number of
observations at each sampling session. For instance,
the value 0,003, obtained in the sampling session of
the day 2 for the cause “Heavy objects are not ergo-
nomically stored”, has been obtained as ratio between
the number of non-conforming observations for
“Heavy objects are not ergonomically stored” in the
sampling session of the Day 2 (1 non-conforming ob-
servation) and the total number of observation in that
day 2 (341 total observations).

In order to create the control chart, it is finally nec-
essary to estimate the average R (equation 12), the
Upper Control Limit (UCL) (equation 13), and the
Lower Control Limit (LCL). In order to simplify the
model, the lower control limit has been set to zero.

R=%% (12)

R-(1-R)
n

LCS=R+3-

(13)

In Equation (13) n is the number of observations at
each sampling session whereas in Equation (12) t the
number of periods.

Having estimated all the parameters, it is now pos-
sible to create the final control chart, as shown in Fig-
ure 1.

Step 4. The control chart shows that the risk level
has been out of control in one case. An analysis of the
out of control case showed that it was created by the
synergic combination of different causes. In the ana-
lysed enterprise, the sampling has been done by mon-
itoring the safety conditions of the “Transmissions”
department, during 19 work-shifts.

Step 5. Interventions have been introduced to re-
move these causes.

Control Chart

Figure 1. Control chart.

Further analyses show that the department does not
present particular criticalities. The non-conforming



observations are mainly related to a restricted set of
causes, with a prevalence of
Lockout procedures not correctly followed (D23)
Workers do not use protective glasses necessary
for the task (D6)
Safety belt is not used (D14)
Forklifts stop in forbidden areas (D22)
Use of music earphones (D15)
The frequency of occurrence of each single cause is
reported in Figure 2, while the cumulative risk curve
is reported in Figure 3.
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Figure 2. Frequency of occurrence of the k-causes.
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4 CONCLUSIONS

The proposed method allows the continuous monitor-
ing of OHS conditions in workplaces associated to
workers' safety performance. The combination of a
checklist of dendritics and a control chart seems to be
an adequate and sustainable approach for this pur-
pose. On the one hand, the checklist, developed by
mean of a Preliminary Hazard Analysis, includes all
the hazardous conditions of the company and in par-
ticular all the at-risk behaviours. On the other hand,
the control chart allows identifying all the hazardous
conditions that are critical for the employees.

This is a first innovative aspect respect to the sim-
ple CCSM method. While CCSM gives the same im-
portance to all the detected non-conforming behav-
iours, our method introduces a distinction based on
the criticality of the specific non-conforming obser-
vation. A second innovative aspect of the method is
related to the possibility of combining historical data
and experts’ judgments in the estimation of the criti-
cality. This aspect is of paramount importance, since
the external conditions, which influence workers’ be-
haviours, change dynamically; experts’ judgment is
essential for a sound assessment of the dynamic evo-
lution of the system.

Summing up, CCSM does not provide an estima-
tion of the severity of the consequences related to the
non-conforming behaviours, while traditional risk as-
sessment does not allow continuous monitoring of
working conditions and of the performance of the
workers. The proposed method overcomes these lim-
itations of CCSM and of risk assessment by combin-
ing their advantages. Being risk-based, the method al-
lows for the estimation of the severity of
consequences related to the non-conforming behav-
iours; on the other hand, thanks to statistical analysis
of observed non-conformities, the method allows for
the continuous monitoring of the external situation
and of the performance of the workers, with an af-
fordable demand of time, cost and professional skills
for its implementation. Despite the implementation of
our method requires an initial investment of resources
that is higher than basic CCSM, the effort needed for
its daily implementation is comparable. However, the
former is substantially covered by the traditional risk
assessment process (e.g. by using Job Safety Analysis
or Facility Hazard Analysis), which is performed in
each company (generally required by law).

The proposed method has some limitations, which
open room for future improvements. The main limi-
tation is related to the estimation of the severity factor
(D). For the sake of simplicity, a single point severity
value has been used for all the at-risk behaviours.
However, a more robust estimation should consider
different severities for different causes. Again, this
estimation could be done by combining historical
data, when available, with experts’ judgments. A fur-
ther limitation is related to the effectiveness of the
model; it should be tested by means of a long term
pilot implementation to check for any positive corre-
lation between safety performance trends and the im-
plementation maturity of the proposed method . This
means that after the implementation of the method, a
test should verify that the number of non-conforming
behaviours as well as the related risk level reduced
over time.

Finally, the model has been implemented at shop
floor level (i.e. a Transmissions assembly depart-
ment). Future researches could consider an extension
of the method to be applied in other workplaces of a
gneric industrial or service company. This requires a



more flexible checklist as well as a clear definition of
the sampling criteria that must be applied.
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