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SUMMARY:: Construction sites contain several supporting facilities that are required to perform construction
activities. These facilities may be exposed to several hazards. This may lead to adverse consequences for the whole
construction process, which in turn lead to fatal accidents that have a major impact on worker and employee
productivity, project completion time, project quality and project budget. This paper proposes a framework to
visualize spatial variability of a construction site's risk, generated by natural or technological hazard, through
using hazard and vulnerability interaction matrices, between potential sources and potential surrounding targets.
The proposed framework depends on using analytical hierarchy process (AHP), the potential global impact of
facilities obtained from the interaction matrices, and the capabilities of GIS to generate results in the mapping
form. The methodology is implemented in a real case project. The results show the capability of framework to
visualize construction site risks due to natural or technological hazard, and also identify the most at risk position
within a construction site.
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1. INTRODUCTION

The construction industry is distinguished from other industries by the large amount of risks occurring during the
execution of construction projects (Zhang et al., 2013). This refers to the participation of different parties with
different goals; these parties spend a lot of time at construction sites. Therefore it is very important to organize a
site adequately in order to facilitate and accelerate parties moving within and around the site as well as to save
time and increase productivity and safety. (Zolfagharian and Irizarry, 2014) stated that for each construction
project, the site layout planning is distinctive from any other projects and depends entirely on the work areas and
the location of different facilities.

Referring to (El-Rayes and Said, 2009) the construction site space is considered as one of the project resources that
require management, like any other resources, in order to accomplish the project objectives. Though there are numerous
researches dealing with site space management to smooth arrangement of conducting construction activities, some of
construction site managers and planners still give less attention to site space management which still relies on the concept
“first come first serve”.

Site layout planning can be defined as the accommodation of temporary facilities that are required while performing
construction activities, such as material storage, fabrication areas, and parking lots at a convenient location within the
available site space. Therefore, it is important for the construction site manager to visualize the effect of the proposed
site layout plan, with an efficient view of work spaces and the interaction among facilities, on the variability of risk
within a construction site in order to enhance the decision making process especially in the case of an emergency, and
assist in identifying the position at most risk within the site. Unfortunately, few efforts have been devoted to considering
the impact of natural hazards and their risks on construction sites. The present study addresses three main topics:

. The loss of life as a result of construction accidents every year should be reduced. According to
(Banaitiene and Banaitis, 2012), about 1300 people are being killed every year in Europe due to
construction accidents. Furthermore, construction workers are about three times more likely to be
killed and twice as likely to be injured compared to other industries.

. Construction companies that conduct risk management efficiently will benefit from greater
productivity, financial savings, enhanced decision making and success rates of new projects.
) The hazards such as fire may take place at any facilities in construction site. It can then disseminate

to other facilities or positions within the site, causing what is called domino-effect phenomena,
which lead to catastrophic damages and losses in property and life. Even though this rarely happens
in construction sites, the high dependence on advanced technology use which depends highly on
electrical and fuel energy usage may increase the probability of natural hazards occurrence. It is then
worth to consider natural hazard as one of other usual hazards happened during construction of
project.

However, few studies tackled the risk of the fire hazard within a construction site. Thus, this research focuses and aims
to enhance the visualization of global risk (generated from fire hazards) within a construction site by developing a new
framework that takes into account the hazard and vulnerability interaction matrices between potential sources and
potential surrounding targets. It is necessary to define the impact of one facility on another and the impact on the system
as a whole in order to avoid fatal accidents that have a major impact on worker productivity, project completion time,
project quality and project budget. Moreover, the visualization of risk due to fire hazards can be helpful in identifying
the optimal routes to evacuate site seamlessly and without panic. Therefore guided crowd evacuation requires the
identification of the highest risk areas (to avoid during evacuation when possible) and where is the lowest risk areas
recommended for the evacuation.

2. LITERATURE REVIEW

Several studies have tackled the subject of construction risks and injuries occurring during the construction process,
proposed methods to facilitate evacuation and reduce losses and casualties in cases of emergency, and the economic cost
of implementing risk management while ignoring the impact of site layout on minimizing these losses.

(Kimetal., 2013) stated that the repetitive occurrence of similar accidents in construction disasters is a prevalent feature.
They proposed an accident automated information retrieval system that extracts building information modeling objects
and composes a query set by combining BIM objects with a project management information system. Users can
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markedly reduce query generation and can easily avoid risks by receiving similar past accident cases that may happen
while they work. (Raz and Michael, 2001) developed a questionnaire to identify the tools that are most frequently utilized
and contributed by enhancing project risk management.

(Akintoye and MacLeod, 1997) found that risk management during construction is very significant in reducing losses
and increasing profitability, and also conclude that the risk analysis and management depends entirely on experience,
judgement and intuition. They found that risk management techniques are rarely utilized due to a lack of knowledge and
suspicion about the appropriateness of these techniques in giving the best results. (Carr and Tah, 2001) proposed a model
for qualitative risk assessment based on a hierarchical risk breakdown structure. In this model, the relationship between
project sources and consequences on project performance can be quantified utilizing a fuzzy approach.

(Charriere et al., 2012) talked about the importance of risk communication as one of procedures that should be conducted
to enhance the preparedness of inhabitants in order to minimize risk disaster. They proposed a visualization utilizing GIS
as one of the best ways of propagating information about spatial phenomena. ( Belinfante et al., 2012) conducted a study
to propose a way of determining the economic value of geospatial information in risk management. They claimed that
the probable value of geo-information in risk management is high due to its ability to enhance the speed and quality of
decision making in disaster and risk management, which in turn makes it possible to minimize losses and damage. (Kang
et al., 2013) developed a risk management visualization model that has the capability to analyze the degree of risk in
construction projects by collecting risk information utilizing quantifying methodologies like the Analytical Hierarchy
Process (AHP) and fuzzy techniques.

(Elbeltagi and Hegazy, 2003) proposed a model for site layout planning considering both travel distance and site safety
criteria; they presented the construction site and facilities as a multi-unit, and a genetic algorithm was used as the optimal
means to get the optimal site layout. (Jannadi and Almishari, 2003) developed computerized model called risk assessor
model (RAM), to identify the risk associated with specific construction activities. It is helpful for contractors in
determining the highest risk of major construction activities and enhancing the safety precaution arrangements.
(Mitropoulos and Namboodiri, 2010) proposed new safety risk assessment technique for construction activities called
task demand assessment (TDA). It depends on the activity characteristics, level of observable task demand factors and
exposure to the hazard. However, the method elucidated how the potential of accidents are highly impacted by the
changes in the operation parameters of construction activities. Also it reveals the complexity to conduct activity safely.
Although the previous two models are efficient, they focused only on hazard generated by construction activities. They
did not consider the consequences of natural hazards that may lead to catastrophic destruction.

(Rozenfeld et al., 2010) developed a construction job safety analysis (CJSA) framework to assess the hazard of
construction activities. The framework aims enhancing safety precautions and planning at the affected locations, through
identifying the probable loss of control events for common construction activities, and their probability of occurrence.
They found that the events related to exterior work at height are the most common. (Sousa et al., 2015) indicated that the
rate of construction accidents is still very high, even with the resort to utilize advanced technology in performing
construction activities. They referred this to the financial raise of applying additional safety precautions in a competitive
market. Therefore, they offered a model that displays the cost- beneficial of conducting occupational safety and health
risk management on construction projects.

(Mebarki et al., 2012a, 2014a; Mebarki and Barroca, 2014) performed a study considering the accidents that may be
expected to happen in industrial plants. They stated that the domino effect will arise, and produce a catastrophic
condition. (Gao etal., 2007) indicated that evacuation is very crucial in emergency management, and developed a model
to minimize the evacuation time through performing a simulation of a route/time swapping process utilizing a heuristic
algorithm to get the optimal solution.

It is obvious from this literature that little attention has been devoted to considering the impact of natural hazards (fire
for instance) on the construction site configuration and the vulnerability of facilities in order to understand and visualize
the spatial variability of risk at the construction site and to be able to avoid or at least reduce the domino effect of disaster.
Therefore, the present research will focus on:

. The implementation of an interaction matrix technique, which has been attempted in environmental
impact assessments and structural risk for informal masonry construction (Mebarki et al., 2012b), to
determine the potential global impact for each construction facility on the project as a whole.

. The use of GIS capabilities to analyze spatial datasets and generate a risk map for a construction site,
which will assist in identifying the most at risk positions within the site, which facilitate finding the best
routes with minimum risk that should be followed to minimize injuries and victims.
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3. RESEARCH METHODOLOGY

The proposed integrated framework is shown in FIG. 1: Methodology flowchart. It is obvious that two interaction
matrices should be created for every expected natural or technological hazard at a construction site (earthquake, flood,
tsunami, fire, explosion, leakage of hazardous materials, for instance, in the current research fire hazard is considered):
one for the hazard generated from each source and another one for the vulnerability of the targets to the hazards presented
by the sources. For the sake of simplicity, it is assumed, in this research, that the conditional vulnerability is a linear
function of the hazard value; therefore the concentration is directed toward creating a hazard interaction matrix. The
adaptation for other systems and hazards will therefore require the appropriate conditional vulnerability specific to the
considered system.

Hazard Matrix Vulnerability Matrix
AHP | Identify number of sources | Identify number of targets
Pair-wise comparison | l l
| Hazard interaction matrix | Vulnerability interaction matrix

GIS
| Spatial datasets |

|

Risk map

FIG. 1: Methodology flowchart

A pair-wise comparison utilizing an Analytical Hierarchy Process (AHP) will be conducted to evaluate the hazards
generated from each source and the vulnerability of each target. Referring to (Saaty, 1980), AHP can afford relative
priorities on a ratio scale for all objects based on both the decision maker’s judgments and the consistency of these
judgments. After that, regarding the hazard interaction scale measurement, the object that has the highest priority will
take the largest hazard scale value, while the remaining objects will take values in proportion to the highest one,
depending on their relative priorities. The hierarchy of model consist of two levels as shown in FIG. 2. Level one
represents the main goal of the problem under consideration, whereas, level two represents the facilities that will be
located in the sites. It is assumed that each facility represents a source of fire hazard. The experts are requested to conduct
pairwise comparison among facilities (determining the fire hazard intensity for each facility). The fire intensity generated
from each facility is not the same. It depends on the nature of facility, its usage and the presence and amount of
combustible materials.

Determining the fire hazard

intensity for each facility Level 1: Main Goal

l | | |
[ Facility (1) ] { Facility (2) ] [ Facility (3) ] [ Facility (4) ] [ Facility (5) ]

FIG. 2: The hierarchy levels of the model

The hazard sources (fire) are attributed to all present facilities in a construction site. This assumption considers the worst
condition, where the fire occurred in all facilities at the same time. Actually, the fire hazard intensity generated from
each facility is differ from one to another, therefore pairwise comparison is required to determine the relative hazard
intensity of each facility with respect to other facilities at a higher level of the hierarchy. It is, thereafter, possible to
hierarchy the facilities from the highest to the lowest based on the relative fire hazard intensity.
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Finally the GIS will be helpful to generate results in map form. The proposed model aims at visualizing the spatial
variability of risk generated by the natural or technological hazards within a construction site. Therefore, it is first required
to identify the kind of hazard that will be taken into consideration. Once the hazard is identified, the next step is to
perform pair-wise comparison and determine the relative hazard priorities for each object with respect to others in order
to evaluate objectively the intensity of hazard generated by each potential source object within a construction site.
Afterwards, the hazard interaction matrix will be developed and filled based on the results of the pair-wise comparisons
and the hazards’ attenuation value, which is determined based on the nature of the hazard (Mebarki et al., 2012a, 2012b).
Thereafter, the risk is determined as a product between hazard and vulnerability; thus the risk interaction matrix will be
created, from which the global potential risk for every object will be determined and will later be imported to the
Geographic Information System (GIS) to generate and visualize the variability of risk within the construction site (see
FIG. 1: Methodology flowchart).

3.1 Analytical hierarchy process (AHP)

AHP is a widespread decision making method. It is selected for use in this study due to its simplicity, flexibility,
and its ability to determine the relative impact of numerous components on the predicted outcomes, as well as its
ability to judge the rate of consistency of the judgment, while the most important thing is its capability to convert
the subjective judgment into an objective one. The implementation of pair-wise comparison utilizing AHP
involves: (1) determining the components that will exist at a construction site, (2) creating a pair-wise comparison
matrix (size n x n) in which a construction manager or planner conducts the hazard judgment evaluation. According
to (Saaty, 1994), pair-wise comparison is favoured because the decision maker performs the comparison between
two components at the same time and it is done in terms of which component dominates the others. AHP pair-wise

comparison uses the relative scale measurement shown in TABLE 1. Basically, the number of judgments required

is equal to @ and the reciprocals are automatically assigned for each pair-wise comparison. Afterwards, the

relative priority of hazard intensity for each object with respect to others at the construction site is determined.
Finally, the consistency of the judgment is examined by calculating a consistency ratio (CR) as specified by (Saaty,
1980), who indicated that if CR is greater than 0.1, then the judgments are not acceptable. Therefore, the results of
the AHP will be meaningless and the judgment should be revised.

TABLE 1: The relative scale for AHP pair-wise comparison

Points scale Description

1 Equal

Moderate

High

Extreme

Intermediate values; for example, a value of 6 means that the degree level is
between high (5) and very high (7).

3
5
7 Very high
9
2

4,68

3.2 Interaction matrix

Herein, an explanation of the hazard interaction matrix will be presented. Interaction matrices were used in
environmental impact assessment, where the features of the environment were recorded vertically, and the actions were
listed horizontally (Mavroulidou et al., 2004). The interaction matrices can be utilized in order to identify the impact of
one component on another within the system, the effect of the system on each component, and to determine the total
impact for each component within the whole system, considering both the impact of the component on the system and
the effect of the system on the component. Therefore, this kind of matrix is used in this study to identify the impact of
each construction facility (crane, site offices, batch plant, etc.) within a construction site on another, and the potential
global impact of that facility on the construction site as a whole, to be combined with a spatial dataset using GIS to
generate a risk map. However, the size of the matrix varies from one construction site to another, depending on the
number of construction facilities existing within the site (Mebarki et al., 2012a, 2012b, 2014a; Mebarki and Barroca,
2014).

3.2.1 Generating the interaction matrix (Hazard modelling)

Several steps should be followed in order to create a hazard interaction matrix ( Mebarki et al., 2012a, 2012b, 2014a;
Mebarki and Barroca, 2014):

. Identify the construction facilities that will be erected within the construction site.
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Identify the nature of hazard that may arise on a construction site (leakage of hazardous material,
fire, earthquake effects, flood effects, explosions and blast waves, malicious acts etc.), in the current
research the fire hazard is considered.

Evaluate the hazard category generated by each facility compared to other facilities using the relative
scale measurement categories specified in TABLE 2, where 0 represents the lowest hazard, while 4
represents the highest hazard, in order to create and fill the diagonal of the hazard interaction matrix.
The results of pair-wise comparison have been used, where the facility with the highest priority will
take the largest hazard scale value “4”, while all the remaining facilities will take values in proportion
to the highest one and depending on their relative priorities.

Create a hazard interaction matrix that displays the source of hazard (i) and the its impact on target
(i) In addition, fill the diagonal of the matrix with the evaluated hazard values, which represent the
highest hazard from each source (i), as shown in FIG. 3, where Hii represents the hazard generated
from source 1, Hj represents the hazard generated from source (i) and so on. These values are
obtained from step 3. In fact, while this value seems such as the object interacting with itself, this
just indicates that the intensity and consequence of the hazard is the highest at the object itself and
attenuate as it becomes far away from the object.

Target ()

Source(i)| :

FIG. 3: The diagonal of the hazard interaction matrix

TABLE 2: Hazard interaction scale measurements

Hazard level Details

0 No hazard

1 Low hazard

2 Moderate hazard
3 High hazard

4 Very high hazard

For the sake of simplicity, it is assumed that there is a linear attenuation with distance, i.e. a linear
relationship between the hazard interaction values Hj; and the distance dj; to the target.

Therefore, the hazard from source (i) on target (j) decreases as the target (j) becomes far away from
source (i). Thus, the hazard decay, which is represented by the slope of linearity decreasing (tan o),
should be identified as shown in FIG. 4 based on the nature of the hazard whether is it thermal flux,
heat pressure or any other kind of hazard, and can be expressed using equations (1-7). In fact,
specific studies of the attenuation can be adopted depending on the nature of the hazard (flood,
explosion, or fire, for instance) (Mebarki et al., 2012a, 2012b, 2014a; Mebarki and Barroca, 2014).
The current research will focus on the fire hazard.
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FIG. 4: Hazard decay with distance
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where: hij|d=d” . is the hazard interaction value between facilities (i) and (j) at any distance (d) i.e. the effect of
source (i) on target (j); H: is the hazard interaction matrix; h;;|4-, : is the maximum potential hazard generated
from facility (i) at a distance d = 0, i.e. the hazard intensity at the object itself; % : is the amount of hazard
attenuation with distance (hazard decay) depending on the nature of the hazard; g;; : is a factor to consider that the
hazard evaluation value is maximum at d = 0 (i.e. to consider the case when i = j); d;; : is the Euclidean distance
between facility (i) and (j); x; , y; , x; , ;: is the coordinates of facilities (i) and (j); n: is the total number of facilities
in the construction site; H* : is the normalized hazard interaction matrix; h1J : is the normalized hazard interaction
value between facilities (i) and (j), V h;j; € [0,1]; max [hij|d:0]: is the maximum value of potential hazard
generated from facility (i) at distance 0 among all facilities, i.e. the maximum value among all diagonal values in
the hazard interaction matrix.

3.2.2 Generating the interaction matrix (Vulnerability modelling)

Once the hazard interaction matrix is created, it is crucial to identify the vulnerability of all of the targets within a
site to the hazards generated from each source. The vulnerability of each target depends on its capacity to resist
various hazard values generated by surrounding sources. Vulnerability represents the potential weakness of whole
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targets to the hazard generated from each source. Also, physical vulnerability is the degree of loss to a given
element at risk resulting from the occurrence of a natural phenomenon (fire in our case) of a given intensity and
expressed on scale from 0 (no damage) to 1 (completely damage). In the present research, the vulnerability is
expressed as function of hazard intensity. It is assumed that the conditional vulnerability is a linear function of the
hazard value due to lack of vulnerability curves for supporting facilities (elements at risk), as shown in FIG. 5. A
linear variation of the conditional vulnerability is adopted for the sake of simplicity and can be expressed as shown
in equations (8-12). However, equation (9) indicates that the target limit state occurs when the hazard generated
from source (i) and the impact on the potential target (j) are equal to the vulnerability of potential target (j) subject
to the hazard generated from source (i). For real cases, each target should have its specific fragility curve and
vulnerability, according to its constitutive materials and to its physical response to the various hazards generated
within the layout. A physical analysis is able therefore to provide the response of the target and its capacity to
withstand the various hazard levels.

Vi = #(Hi]-): conditional values of the vulnerability (8)

Therefore,

Vji < Hj;: Conditional failure of the target

V;i > Hj; @ Conditional safety of the target 9)
Vi = Hy ¢ Target limit state safety
Vll e Vln
v=|[i Vi (10)
Vit - Vin
E »H
=
Hu B '
v

Vi

Vulnerai)ilil_\' (Vi)
FIG. 5: Vulnerability as a function of hazard value.
Since the vulnerability is assumed as function of hazard as shown in FIG. 5, then:
vj; = hj; (11)
V= HT (12)
Where Hj;: is the hazard evaluation value generated from source (i) and the impact on target (j); vj;: is the
normalized vulnerability of target (j) to the hazard generated by source (i); V: is the vulnerability interaction

matrix; HT: is the hazard transpose interaction matrix

3.2.3 Generating the interaction matrix (Risk modelling)

The supporting facilities that will be erected in the construction site represent the elements at risk. The potential
risk (r;;), resulted from the hazard of source (i) on target (j) and the vulnerability of target (j) to that hazard,
quantifies the probability of failure or damage for that target. It is estimated as a convolution product of both the
hazards generated by the sources and the targets' vulnerability. Therefore, the risk interaction matrix can be
developed. Also, the potential risk resulted from the hazard and vulnerability interactions among facilities can be
identified utilizing equation (13):
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Potential risk (r;;) =h;jj. vj; (13)

Once the risk interaction matrix is created, the impact of all other facilities on a specific facility and the impact of
each facility on the system as a whole are identified, as explained in the following section 3.3, by implementing
the matrix algebra through:(1)Find the summation of each individual row and the summation for each individual
column in the matrix (the row summation expresses the potential risk of source (i) at the construction site, while
the column summation expresses the potential sensitivity of each target (j) to the total risks and threats); (2) Then,
combine the above two summations to determine the global potential risk of each source (i) on the whole plant
(i.e. determine the overall weight or interaction of each facility within the construction site); (3) Furthermore, the
risk should be normalized with values ranging within [0-1] so that it has a probabilistic meaning. It therefore
becomes a probability of failure or accident. A probabilistic combination of facilities’ failure is therefore easy to
perform and the meaning of the risk becomes relevant as it can be associated with the expected loss or damage of
the whole site.

3.3 Mathematical modelling of the risk interaction matrix

This section explains the derivation of the mathematical formulas adopted for this study. Consider a risk interaction
matrix between construction facilities R € R,, where (n) is the total number of construction facilities that will be
accommodated within the construction site. Hence the (n x n) matrix will be developed as shown in equations (14—
19):

* *

LA U S T

— * : " :
R= Rmaxlv * R ij — :Rmaxlv- . rij . (14)

* *

a1 " Tm

Where: Rpaxlv is the maximum potential risk evaluated within the system; R*; is the corresponding normalized risk,
VR € [0,1]; r;“j: is the normalized potential risk, it is determined using equation 13. Once the risk interaction matrix
has been created, the global potential risk of each facility within the system can be determined as follows:
n
¢ - = Z I (15)
j=1
n

¢ = Z T (16)

i=1

wWi= ¢ -+ ¢ 17)

b= i (18)
a ko1 Ui

Zq;i:L vi € [1,n] (19)

i=1

where: ¢~; _ : is the potential risk generated from each source (i) in the whole site (i.e. the potential risk of source (i) at
the construction site); ¢*_; : is the potential sensitivity of each target (j) to the total risk from sources (the potential risk
of all other facilities on the target j); »*; : is the global potential risk of each source (i) on the whole site; y; : is the relative
global potential risk of each source (i) on the whole site (i.e. probability of failure of facility i). In the case where i = j,
the value of 7;; will reflect the maximum risk generated from that source. All diagonal values in the matrix will have a
maximum value compared to other values in the same row in the matrix, because the hazard generated from the source
will have the highest influence on itself (at distance zero). Due to attenuation, this influence generally decreases as the
target becomes far away from the hazard source, unless there is a local site effect and amplification.

3.4 GIS datasets

The relative potential global impact for each facility obtained from the risk interaction matrix is imported to GIS in order
to perform a spatial analysis and generate a visual map of the risk within the construction site.
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Therefore, the construction site and facilities will be converted to raster, and the potential global risk for each unknown
node within the construction site can be estimated utilizing interpolation techniques based on the principle that spatially
distributed elements are spatially correlated. One of these techniques that is common and widely used is inverse distance
weighting (IDW), which is also adopted in this research. In order to guarantee that we determine the best estimated cell
values and reliable results, the maximum number of points is used and their distribution within the site space has been
considered. The average of the interpolated sample points is computed to estimate the unknown cell values as shown in
equation (20). The IDW interpolation technique assumes that each interpolation point has an influence that reduces with
distance, where the closer the estimated proximity of the sampled point to the unknown cell, the greater the influence it
has in determining the average, as shown in equation (21). It appears from this equation that the diminution of the weight
(the influence of the sampled point) will be greater at remote points than at nearby ones as the power value increases.
Therefore, when the node becomes too close to the facilities with the highest potential global impact, the potential global
risk at that node will be high compared to those located far away from these facilities.

— ZiSq1ZiWgi
2= Ty Wi (20)
1
Wyi = d_p (21)

where: Zy : is the estimated potential global risk for each unknown node (K); z; : is the value of the sample interpolated
point (i); wy; : is the weight or influence of point (i) during the averaging process; d; : is the distance between the sample
interpolated point (i) and the unknown node (k) that is to be estimated; p: is the power value to be adopted; m: is the
number of sample interpolated points used to estimate unknown node (k). FIG. 6 illustrates both equations (20 and 21)
utilized for the interpolation process.

® @ ®
° o e e
e
e e
® e 'h‘% ®
@ i

FIG. 6: Inverse distance weighted (IDW) interpolation process

4. MODEL IMPLEMENTATION

A real case study is implemented in order to clarify the ability of the proposed framework to visualize risk at a
construction site, the metric system was used. The project consists of constructing two buildings with a total ground area
equal to 2500 m2. The nature, location and dimensions of the facilities are presented in TABLE 3 and the construction
site boundaries and the existing facilities layout are shown in FIG. 7.

The proposed model requires the construction and safety managers to determine several inputs: (1) identify the kind of
hazard, in the current project the fire hazard is considered; (2) identify the hazard attenuation value (hazard decay); (3)
and finally identify the potential hazard and threat (hazard intensity) generated by each facility, by conducting pair-wise
comparisons among them in order to find the overall priorities of facilities in term of fire hazard.

In this project the hazard is identified to be fire hazard with a hazard attenuation value equal to 0.01. Basically, the
facilities in this project were divided into two categories: permanent facilities like buildings (Fis and Fi7) and
temporary facilities like (F1 to Fis). The managers conduct pair-wise comparisons only among the temporary
facilities, of which there are 13, i.e. they considered using either of the Y entity offices (Fs or Fg) as representative
of both because they have the same characteristics, and the same applies for the X entity temporary offices (F7 or
Fg). The managers were not considered permanent facilities in the pair-wise comparison, since permanent facilities
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do not exist from the commencement of the project, but it is proposed to assign them a moderate hazard value after
they become present. Therefore, the hazards generated from buildings were assigned a value equal to 2. The other
temporary facilities of the project were assigned hazard values depending on the pair-wise comparison analysis
and results, where the facility with the highest priority will take the largest hazard scale value “4”, while all the
remaining facilities will take values in proportion to the highest one and depending on their relative priorities.
Whatever the case, it is possible to insert permanent facilities in a pair-wise comparison process. Basically,

according to (Saaty, 1980), the total number of comparisons required among the facilities is equal to = (7;_1). Thus

in this project 78 comparisons were conducted (@ =76).

TABLE 3:Facilities descriptions, dimensions and locations
Facility Description Length (m) Width (m) Location coordinate (m)
Fy Electric generator 2 1 (62.59,103.74)
F, Tower crane 8 8 (62.30,109.14)
Fs Y entity storage 6 3 (92.59,78.39)
Fq Y entity storage & office 12 25 (88.84,73.79)
Fs Y entity office 1 6 25 (94.70,65.50)
Fe Y entity office 2 6 25 (100.34,66.35)
Fs X entity temp office 1 12 3 (101.22,76.08)
Fg X entity temp office 2 12 3 (100.53,71.89)
Fo X entity offices 32 23 (110.08,101.14)
Fio Container office 10 3.2 (59.21,26.89)
Fi1 Concrete plant 14 6.5 (78.54,116.51)
Fi2 Steel rebar storage 24 8 (74.01,89.47)
Fis Steel workshop fabrication 20 9 (80.08,60.94)
Fia Labor services 7 25 (30.67,76.92)
Fis Parking lot 22 8 (92.92,126.22)
Fis Building 1 50 26 (42.36,136.36)
Fi7 Building 2 50 24 (53.76,78.72)

" The coordinates represent the center point of the facility

I

{
f

FIG. 7: Construction site layout
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The Expert Choice software was utilized to identify the hazards and the relative priority of each facility with respect to
others at a higher level of hierarchy. FIG. 8 and FIG. 9 display the 13x13 pair-wise comparison matrix among facilities
to estimate relative fire intensity for each one, and the relative priorities of the facilities according to main goal of
hierarchy, respectively. It is obvious from FIG. 9 that the electric generator has the highest priority value, which means
that this facility will have the highest fire hazard intensity compared to others. Thus, it is assigned a hazard intensity
value equal to 4 and all the others will be in proportion to it, based on their priorities as shown in TABLE 6. This latter
presents the hazard intensity for each facility. The managers are required to review their comparisons and conduct the
necessary adjustments if there is an inconsistency greater than 0.1. FIG. 9 also presents the inconsistency value equal to
0.03, which is less than 0.1; therefore the results are satisfactory and acceptable.

9876543212346567839
Tower crane N Parking lot
4]

Compare the relative importance with respect to: Goal: Determine Facilities Hazard

Electric ge1 Steel rebar Tower cran| Steel Work| Y entity sto| Y entity offi Y entity sto| X entity ten| X entity offi Parking lot labor servi( Container ¢ Concrete p
2.0 2.0 2.0 7.0 5.0 2.0 2.0
2.0 20 2.0 3.0 3.0 2.0 20
20 20 20 5.0 3.0 20 20
2.0 2.0 2.0 3.0 3.0 2.0 2.0

Electric generator

Steel rebar storage

Tower crane

Steel Workshop fabrication

Y entity storage and office | 1.0 2.0 2.0 5.0 3.0 2.0 2.0
Y entity office 2.0 1.0 1.0 3.0 3.0 1.0 2.0
Y entity storage ] 2.0 20 30 30 3.0 3.0
X entity temp office 1 ] 1.0 3.0 1.0 2.0
X entity offices . T 1 ] X 1.0 2.0
Parking lot I I . 3.0 3.0
labor services I 3.0 2.0
Container office 1 1 2.0
Concrete plant _______l

FIG. 8: Pair-wise comparison matrix to estimate relative fire intensity for each facility

Goal: Determine Facilities Hazard

Electric generator 157 I
Tower crane 134 I
¥ entity storage 112 I

¥ entity storage and office 106 I

¥ entity office 073 I

X entity temp office 073 I

X entity offices 073 I

Container office 072 T

Concrete plant 055 T

Steel rebar storage 046 T

steel Workshop fabrication 046 T

labor services 020

Parking lot 021 1N

Inconsistency = 0.03
with 0 missing judgments.

FIG. 9: Relative priorities of facilities according to main goal (estimating fire hazard intensity for each facility)

The values in the last column in TABLE 6 present the diagonal values in the hazard interaction matrix. The
remaining values in the matrix that display the impact of each hazard source on each target within the construction
site are determined by utilizing equation (1), which depends on the hazard intensity at the object itself (diagonal
values in the matrix), the distances among the objects, and the hazard attenuation value as shown in TABLE 4.
Also, due to the reasons of simplicity explained above, the hazard interaction matrix that was created will represent
the conditional vulnerability of the potential targets too. The potential risk (r;;) can thereafter be estimated by
determining the mathematical product between the hazard and vulnerability matrices, as shown in TABLE 5. Once
the risk interaction matrix is created, the next step is to perform matrix algebra in order to identify the relative
global potential risk of each facility ({;), which is later imported to GIS in order to visualize the variety of risk
within the construction site and to identify the most at risk position inside it. This then requires more attention
during the construction process. All of the matrix algebra calculations are shown in TABLE 5.
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TABLE 4: Hazard interaction matrix

Facility No. Facilities =1 F, Fs Fq Fs Fe = Fg Fo Fio Fu1 Fiz Fis = Fis Fis Fi7
=1 Electric generator 4.00 3.95 3.61 3.60 3.50 3.47 3.53 3.50 3.52 3.23 3.80 3.82 3.54 3.58 3.62 3.62 3.73
F, Tower crane 3.36 341 2.98 297 2.87 2.84 2.90 2.88 2.93 2.59 3.23 3.18 2.90 2.96 2.88 3.07 3.09
Fs Y storage 2.46 242 2.85 2.79 2.72 271 2.76 2.75 2.56 2.24 244 2.63 2.64 2.23 2.37 2.08 2.46
Fs Y storage and office 2.30 2.26 2.64 2.70 2.60 2.56 2,57 2.58 2.35 2.15 2.26 248 2.54 212 2.17 1.92 2.35
Fs Y officel 1.36 1.32 1.73 1.76 1.86 1.80 1.74 1.77 147 1.34 1.32 1.54 171 121 147 0.98 1.43
Fe Y office 2 1.33 1.29 1.72 1.72 1.80 1.86 1.76 1.80 1.50 1.29 131 151 1.65 1.16 1.26 0.95 1.38
F7 X temporary office 1 1.39 1.35 1.77 1.73 174 1.76 1.86 1.82 1.59 121 1.40 1.56 1.60 1.16 1.35 1.02 1.39
Fs X temporary office 2 1.36 1.33 1.76 1.74 177 1.80 1.82 1.86 1.55 1.25 1.36 1.54 1.63 1.16 131 0.99 1.39
Fo X offices 1.38 1.38 1.57 151 1.47 1.50 1.59 1.55 1.86 1.36 151 1.48 1.36 1.03 1.56 1.10 1.25
Fo Container office 1.06 1.01 1.22 1.28 131 1.26 1.18 1.22 1.33 1.83 091 1.37 1.43 1.25 0.78 0.72 131
Fu Concrete plant 1.20 1.22 0.99 0.96 0.86 0.85 0.94 0.90 1.05 0.48 1.40 1.13 0.84 0.78 1.23 0.99 0.95
Fi Steel rebar storage 0.99 0.94 0.95 0.95 0.85 0.82 0.87 0.85 0.79 0.71 0.90 1.17 0.88 0.72 0.76 0.60 0.94
Fis Steel workshop fabrication 0.71 0.66 0.96 1.01 1.02 0.96 0.91 0.94 0.67 0.77 0.61 0.88 1.17 0.65 0.50 0.33 0.85
Fia Labor services 0.32 0.29 0.12 0.16 0.09 0.04 0.04 0.04 0.00 0.16 0.12 0.29 0.22 0.74 0.00 0.13 0.51
Fis Parking lot 0.16 0.01 0.06 0.01 0.15 0.00 0.03 0.00 0.24 0.00 0.37 0.13 0.00 0.00 0.54 0.02 0.00
Fis Construction building 1 1.62 1.66 1.23 1.22 112 1.09 1.16 1.13 124 0.89 1.59 1.43 1.16 1.39 148 2.00 141
Fi7 Construction building 2 1.73 1.68 161 1.65 157 1.52 1.53 1.53 1.39 1.48 1.55 1.77 1.68 1.77 1.38 141 2.00
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TABLE 5: Risk interaction matrix, potential risk (r;;), and the implementation of matrix algebra to estimate relative global potential risk (1};)

Fa,fl':ty F. F) Fs 3 Fs F F Fo Fo Fio Fu Fiz Fis Fis Fis Fis Fir 0%, T ¥,
Fi 16 1557 1301 1297 1225 1203 1243 1228 1242 1044 1441 1457 1251 1284 1312 1308 1395 22389 28150  0.153
F) 1126 1163 887 88l 822 805 841 827 856 660 1044 1012 839 875 829 944 957 15377 21029  0.114
Fs 604 585 812 779 740 733 762 755 657 500 597 694 694 498 562 434 606 11011 17016 0093
Fa 530 510 697 729 675 657 663 666 554 460 511 617 647 448 473 369 550 9757 15753  0.086
Fs 185 173 299 309 346 325 301 315 217 178 176 238 291 146 217 096 204 4017 9779  0.053
F 177 166 295 297 325 346 311 326 225 166 172 228 272 133 158 090 190 3876 9547  0.052
F 192 182 314 301 301 311 346 330 254 147 195 242 256 133 183 104 192 3983  97.87 0053
Fo 186 176 309 303 315 326 330 346 241 156 186 238 265 134 172 098 192 3973 9760  0.053
Fo 192 189 247 229 217 225 254 241 346 185 228 219 185 106 242 120 157 358 8920 0049
Fio 113 101 148 163 170 159 140 149 176 335 083 187 205 157 06l 052 171 2570 68449 0037
Fu 143 149 099 092 075 073 088 08 110 023 196 127 071 06l 150 097 090 1726 7180  0.039
Fi 097 089 091 091 073 067 075 073 063 050 08 137 077 052 057 037 089 1297 7299 0040
Fis 050 043 091 103 103 092 083 088 045 059 038 077 137 042 025 011 073 1161  67.74  0.037
Fu 010 008 001 002 00l 000 000 000 000 003 00l 008 005 055 000 002 026 124 4756 0.026
Fis 003 000 000 000 002 000 000 000 006 000 013 002 000 000 029 000 000 055 4939 0.027
Fis 261 276 152 149 125 119 134 128 153 080 252 206 134 194 220 400 200 3184 7545  0.041
Fur 301 284 260 271 246 230 233 233 194 219 240 314 283 313 192 200 400 4411 8773  0.048
0*; 5770 5651 6004 5096 57.62 5670 5804 57.86 5338 4275 5454 60.02 5613 4633 4883 4362  54.92 183858  1.00
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TABLE 6:Facilities hazard intensity

- . Relative Normalized Fire hazard
Facility Description S . . ;
priorities priorities intensity
F Electric generator 0.157 1 4.00
F Tower crane 0.134 0.85 3.41
Fs Y entity storage 0.112 0.71 2.85
F4 Y entity storage & office 0.106 0.68 2.70
Fs Y entity office 1 0.073 0.46 1.86
Fs Y entity office 2 0.073 0.46 1.86
F; X entity temp office 1 0.073 0.46 1.86
Fs X entity temp office 2 0.073 0.46 1.86
Fo X entity offices 0.073 0.46 1.86
Fo Container office 0.072 0.46 1.83
Fu Concrete plant 0.055 0.35 1.40
Fi Steel rebar storage 0.046 0.29 117
Fis Steel workshop fabrication 0.046 0.29 117
Fiq Labor services 0.029 0.18 0.74
Fis Parking lot 0.021 0.13 0.54
Fis Building 1 - 2"
Fi7 Building 2 - 2"

“The hazard intensity value is assigned based on the managers’ suggestion.

The summation of each row as shown in TABLE 5 represents the potential risk generated by each facility (i) at the whole
site (¢"; — column), whereas the summation of each column represents the potential sensitivity of each target to the total
risk generated from sources (¢p*_; last row in the table). The (»";) and ({s;) columns in the table represent the global
potential risk and relative global potential risk of each source (i) on the whole site respectively. It is clear from TABLE 5
that facility (F1) has the most influence on the system compared with other facilities, with a relative global potential risk
equal to 15.3 % followed by facility (F2) with a relative global potential risk equal to 11.4%. This indicates that the risk
consequences from facility (F1) are the highest, whereas those generated from the two facilities (F14) and (F1s) are the
lowest. Moreover, TABLE 5 shows that facility (F1) has the greatest potential risk in the plant, with a value equal to
223.9, whereas facility (Fis) has the lowest potential risk at the site with a value equal to 0.55. TABLE 5 also indicates
that the greatest influence on the whole plant arises from facility (F1) with a total value equal to 281.6, while the least
influence on the whole plant is caused by facility (F14) with a total value equal to 47.6. Also, the most dominant facility
on the site that has a highest difference between potential risk (¢*; ) and potential sensitivity (¢*_;) is facility (F1)
followed by facility (F) (i.e. d*;- — ¢*_;), whereas the least dominant facility that has the lowest difference between
potential risk (¢*; —) and potential sensitivity (¢*_ ;) is facility (Fis).

Global potential risk

Value
m— M0 - 1

-

FIG. 10: Spatial variability of global potential risk within a site
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FIG. 10 also displays the spatial variability of global potential risk within a construction site, the estimation of which is
based on the global potential risk of facilities (y;) and on an interpolation conducted utilizing IDW. It is obvious that the
areas closer to the facilities with the highest global potential risk will have higher values of potential risk than those
located far away. Hence, the most at risk position is located at approximately the middle of the site (around facilities F;
and F2) where these two facilities having the highest global potential risk. There is also another area around Y entity
storages (Fs and F4) that has a high risk since these facilities have high relative global potential risk values compared to
the remaining facilities (tagged in red color). Furthermore, it becomes obvious that the areas located near facilities (F14)
and (Fis) have the lowest risk (tagged in green). However, the remaining locations have approximately moderate risk,
especially those that are very close to facilities with relatively moderate global potential risk values.

5. CONCLUSIONS

This paper presents a new methodology for visualizing construction site risk, generated by natural or technological
hazard, based on developing hazard and vulnerability interaction matrices between potential sources and potential
surrounding targets. The spatial variability of construction site risk is visualized by estimating the global potential risk
of facilities obtained from the risk interaction matrix, which is in turn imported to a geographic information system (GIS)
in order to generate the risk map for the whole construction site. The framework is implemented in a real case study for
illustrative purposes. It consists in several facilities acting as hazardous source objects that are able also to become
potential target objects in a 2D layout. The results indicated that the proposed framework is powerful and efficient due
to its ability to visualize construction site risks due to hazard, and also to identify the positions most at risk within a
construction site. The methodology then appears helpful in determining the best routes for evacuation in case of
emergency and in assisting construction managers during the construction process, enabling them to avoid or at least
minimize the consequences of risk's domino effects.

Currently, the proposed framework can be used in a same manner to visualize risks of other similar natural hazards (not
only fire) within a construction site. It can then be expanded by finding worthy and significant criteria to evaluate
vulnerability for each object within a construction site instead of utilizing assumption conditional vulnerability, which
will enhance the precision of the risk visualization. Furthermore, identifying the best evacuation routes and emergency
exits considering both risk and total evacuation time within a site can be further future endeavours. Moreover, integrating
the risk generated by workers with the risk of natural hazards can also be another further future endeavor. The proposed
framework is highly efficient in identifying the areas most at risk within a construction site, which will assist construction
managers and planners to determine the best routes (with minimum risk) to follow in order to facilitate evacuation in
cases of emergency.
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