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Abstract: Considering that the determination of fire hazard zones in warehouses is not sufficiently

researched and studied, this paper aims to present a new methodological approach concerning the

mentioned issue. Based on the COPRAS multi-criteria decision-making method, a new method was

developed for the precise determination of potential zones where there is a risk of fire. The advantage

of the described method is that it allows the quick and easy determination of all-orientation fire risk

zones. The method requires fewer hardware resources compared to the existing ones and enables

the display of the warehouse space in the form of a 3D model with calculated fire hazard zones.

The mentioned procedure represents the first step when planning the layout and arrangement in

the warehouse itself. The effectiveness of the proposed method was confirmed through a suitable

numerical example.

Keywords: warehouse; fire risk zones; multi-criteria decision-making

1. Introduction

Fire represents a serious threat to the safety of people and property, regardless of
whether it is about residential buildings, storage facilities, or industrial facilities; therefore,
managing the risk of fire outbreaks is a big challenge in urban and rural environments [1].
Warehouses, as objects in which some activities and work processes are performed regard-
ing the storage, transportation, and manipulation of goods and materials, are places where
various accidents can often occur, which can result in the injury of employees, the occur-
rence of material damage, and the endangerment of the working environment, especially
in cases of fire. In comparison with other places of fire origin, fires in warehouses have a
small share in the total number of fires. Still, in terms of heat release, the size of the area
affected by the fire, the degree of damage to the building itself, and material damage, these
fires have significant consequences compared to fires in other types of buildings.

Warehouses, as an integral part of logistics, are often exposed to various improvements
and corrections in the development phase, all with the aim of a better performance, capacity,
and efficiency of the warehouses themselves. The aforementioned improvements result in
larger and taller warehouses, the use of automated systems for the storage and retrieval
of storage units (AS/RS systems), increased storage density, and the placement of storage
units at higher heights [2]. The mentioned improvements make the warehouses efficient,
but at the same time, they introduce potential dangers in terms of fire protection. With the
increase in the height and density of storage, the possibility of the spreading and growth of
flames in the case of fire increases, thereby reducing the possibility of a quick detection and
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localization of the fire, as well as increasing emissions of smoke and harmful substances,
which significantly affects the health and safety of employees.

In modern society, we are witnesses of fires that occur in warehouses in which there
are often human victims and large material losses. It is known that most deaths in fires are
the result of the inhalation of toxic gases (CO, CO2, etc.), thick smoke, and an insufficient
amount of oxygen [3,4]. The fire that occurred in August 2015 in the warehouse of the
port of Tianjin in North China, due to the large number of victims and material damage
caused, highlighted the importance of the issue of fire protection in warehouses. In this
event, 173 people died, and several hundred were injured [5]. According to the conducted
research, the cause of the accident was the improper storage of explosive materials (nitrocel-
lulose) with 40 other flammable and explosive materials (for example, refined naphthalene,
sodium sulfide, furfuryl alcohol, ammonium nitrate, etc.). Another fire with catastrophic
consequences occurred in August 2020, in a port warehouse in Beirut (Lebanon) [6]. In this
fire, 203 people died, more than 7000 were injured, and more than 300,000 people were
left homeless. Based on the conducted investigation, the cargo of 2750 tons of ammonium
nitrate was inadequately stored for 6 years without the application of appropriate safety
and fire protection measures. In 2021, at least fourteen people died and twelve were se-
riously injured in a fire that occurred in a logistics warehouse located in Changchun [7],
the capital of the northeastern province of Jilin. At least 49 people, including 9 firefighters,
were killed in a major fire in 2022 at a container warehouse near a port city in southeastern
Bangladesh [8], and more than 100 people were injured in total. The cause of such a large
fire was the explosion of a container that was full of chemicals.

According to research published by the National Fire Protection Association (NFPA)
in 2022 [9], the average number of fires that occurred in warehouses in the USA annually
between 2016 and 2020 was 1450. It was estimated that an average of at least 2 people were
killed, 16 were injured, and USD 283 million in direct property damage was generated.

Based on the large number of fires in warehouses, which by their scope and conse-
quences can sometimes be considered catastrophic and which occurred around the world
at the end of the last century and during this century, a large number of research related to
this topic was initiated. The primary goal of these investigations consisted in answering
questions related to risk assessment, safe evacuation from the warehouse, effective fire
extinguishing and localization, and reducing the risk of the fire itself. Fires of various com-
bustible materials in warehouses have been presented in the literature, including flammable
liquid fires [10], chemical warehouse fires [11,12], warehouse and cotton industry fires [13],
and lithium-ion battery factory and warehouse fires [14], in which fire risk analysis was
conducted in different ways.

In paper [15], the introduction of a procedure based on Set Pair Analysis (SPA),
which is based on the Fault Tree Analysis (FTA) method, was considered, and the fire
risk assessment for a chemical warehouse was performed using a Bayesian network (BN)
and Computational Fluid Dynamics (CFD). The paper also uses a methodology that is a
combination of the Bow-Tie Method (BT), Fuzzy Set Theory (FST), and Bayesian Network
(BN). FST was used to estimate the probability of occurrence of the Basic Events (BE), and
the interaction probability between a set of variables was obtained using the Bayesian
Network (BN). Paper [16] presents the methodology of risk assessment in a chemical
warehouse using a Bayesian Network (BN), Computational Fluid Dynamics (CFD), Bow-
Tie (BT), and Fuzzy Set Theory (FST) in order to analyze consequences and dynamic risk
assessment. Using a similar approach, in paper [17], an assessment of the risk of fire in the
storage of lithium-ion batteries was carried out to analyze the development of the fire and
the consequences of the fire. The results of this procedure showed that the human factor is
usually the cause of fires in this type of warehouse.

Existing risk assessment methods are still an effective tool for assessing, reducing, and
eliminating all hazards to human life and health as well as the risk of damage to buildings.
Among the methods used in fire risk assessment is the Gustav–Purt method, which stands
out for its simplicity of application [18]. The mentioned method is not entirely suitable
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for assessing the dynamic risk of fire outbreaks, but due to its relatively good properties,
simple use, and results, it still has significant application.

In order to obtain a more reliable method for assessing the risk of fire in logistics facili-
ties, the authors of paper [19] improved the existing Gustav–Purt method by converting the
planar model into a stereoscopic three-dimensional model. The mentioned improvement of
the method makes it suitable for the analysis of different types of storage, and the obtained
results show the feasibility and practicality of the model. Within this improved method,
dynamic factors were defined that were used in the fire risk calculation and can be classified
into several groups such as factors related to combustion, fire load, temperature, sources of
ignition, factors related to human health, etc.

The main goal of the research in this paper is the development of a new method for
determining the potential fire risk zone occurrence in high-bay warehouses. In comparison
with existing methods and approaches in the domain of safety and risk assessment in ware-
houses, the developed method enables the precise determination of the zone where there is
a probability of fire occurrence based on the weighting coefficients obtained based on the
characteristics of the stored material. By using the multi-criteria decision-making method,
weighting coefficients are obtained for each material that is stored and which represents
input data in the process of determining the mentioned location in the high-bay warehouse.
Compared to methods with two-dimensional representation, in the proposed approach,
a spatial three-dimensional coordinate view of the space of the high-bay warehouse is
obtained, with a sphere representing a potential fire hazard zone. Also, the developed
method requires less time and fewer hardware resources compared to the increasingly
popular and sophisticated CFD method.

2. Materials and Methods

The method developed in this paper consists of four parts. The first part refers to
the selection of parameters used in fire risk assessment methods, needed to obtain the
weighting coefficients necessary for determining fire hazard zones using multi-criteria
decision-making procedures [20,21]. In the second part, the COPRAS method is presented,
which was selected as relevant for obtaining the weighting coefficients necessary for further
calculation, as in paper [22]. The third part describes the characteristics and advantages of
the three-dimensional method for determining the parameters related to the contents placed
in the warehouse necessary for calculations, fire risk assessment, and the determination of
fire hazard zones. In the last, fourth part, the 3D COG method (center of gravity method) is
presented, which is used to determine locations within the warehouse that are considered
potential risk zones in case of fire. By entering the parameters of all transport units and
obtaining the weighting coefficients based on the multi-criteria decision-making method,
the locations are determined. The flowchart of the proposed method is shown in Figure 1.

2.1. Selection of Parameters for Multi-Criteria Analysis

The basic concept in the development of the method was to combine factors related to
the emission of harmful substances due to the frequency of poisoning in fires, as well as
factors related to the process of burning materials in a fire. Due to the limitations of the
COPRAS method related to the number of criteria that can be applied, 7 key parameters
were selected based on the available literature. The mentioned parameters represent the
criteria in the multi-criteria analysis procedure, which are divided into two groups: criteria
related to the impact on human health and criteria related to the thermal characteristics
of the stored materials. To determine potential fire risk zones in warehouses based on
data sources [19,23], 7 different parameters were selected: the concentration of CO [mg/g],
the concentration of CO2 [mg/g], smoke density [kg/m3], ignition temperature [◦C],
thermal conductivity [W/mK], specific heat capacity [J/(kg K)], and calorific value [MJ/kg].
Increasing the number of criteria in the COPRAS method impairs the quality and precision
of the results obtained in the multi-criteria decision-making process [22].
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Figure 1. Flowchart of the proposed method.

2.2. Determination of Simulation Parameters Using the COPRAS Method

The COPRAS method has a very wide field of applications. It was used for risk assess-
ment in the construction industry [24], in the selection of materials for solar panels [25],
in the selection of mechanical processing of composite materials [26], in the selection of
the type of robotization in production [27], etc. In this paper, the COPRAS method was
used to determine the weighting coefficients, which also represent input parameters for
risk assessment in the case of a high-bay warehouse, as the authors presented in paper [28].
The COPRAS method includes several steps:

• Step 1—Creation of the initial decision matrix

In the first step, to create the initial decision-making matrix, 5 materials were selected
to be stored: wood, cardboard, chipboard, PVC plastic, and rubber. These materials will
represent alternatives in the process of multi-criteria decision-making using the COPRAS
method in further steps. In a multi-criteria decision-making process, the criteria usually
have different units of measure. In order to transform the performance of the considered
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alternatives, which represent the materials in the warehouse, into dimensionless values, the
normalization procedure is used. For normalization in the COPRAS method, the following
formula is used, which also represents the initial matrix containing the input data related
to the i-th alternative and the j-th criterion:

X =
[

xij

]

m×n
=

















x11 . . . x1j . . . x1n
...

. . .
...

. . .
...

x21 . . . xij . . . x2n
...

. . .
...

. . .
...

xm1 . . . xmj . . . xmn

















m×n

(1)

where alternatives are marked with i = 1, 2, . . ., m, and criteria are marked with j = 1, 2, . . ., n.

• Step 2—Normalization of the decision matrix

The normalization of the values of the elements of the decision matrix to remove the
dimensionality is performed by means linear transformation with the mathematical form
according to Equation (2).

rij =
xij

n

∑
i=1

xij

, i = 1, . . . m, j = 1, . . . n (2)

where kij—performance of the i-th alternative in relation to the j-th criterion; m—number of
alternatives; n—number of criteria.

• Step 3—Forming the weighted normalized decision matrix V =
[

Vij

]

m×n

The weight vector indicating the preference level is represented in Equation (3).

wj = [w1 . . . wn]where
n

∑
i=1

(w1 . . . wn) = 1 (3)

The weight-normalized value of the decision matrix Vij is calculated using the weight
vector and the normalized decision matrix, using Equation (4):

Vij = wj × rij, i = 1, . . . m, j = 1, . . . n (4)

• Step 4—Sum of the weighted normalized values of criteria Vij

In this step, it is necessary to categorize the criteria into useful or useless criteria, with
the aim of maximizing all those criteria that are useful and minimizing all those that are
considered useless. In order to make it easier to calculate income S+i (maximizing indices)
and expenditure S−i (minimizing indices), the decision matrix first places the income and
the expenditure criteria, and S+i and S−i are calculated using expressions (5) and (6):

S+i =
n

∑
j=1

Vij

∣

∣ j ∈ jmax, i = 1, . . . m (5)

S−i =
n

∑
j=1

Vij

∣

∣ j ∈ jmin, i = 1, . . . m (6)

• Step 5—Determining the relative importance (weight) of each alternative
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Relative importance helps to compare different alternatives through a generalized
metric. It can be calculated according to the following formula:

Qi = S+i +

S−min

n

∑
j=1

S−i

S−i

n

∑
j=1

(S−min/S−i)
, i = 1, 2, . . . m (7)

where S−min is the minimum value of S−i.

• Step 6—Ranking the alternatives

The considered alternatives are ranked in ascending order, according to the value of
Qi, and the best alternative is determined using the following formula:

Ui =

[

Qi

Qmax

]

× 100% (8)

The higher the value of Ui [%], the better the alternative.

2.3. Three-Dimensional Method for Determining Storage Parameters

To determine the most precise parameters related to the locations of transport units,
flexibility in terms of the configuration of the layout within the facility itself, and using
the approach as in papers [29,30], a procedure was developed for the formation of a three-
dimensional model of the warehouse with associated elements. The proposed structure of
the procedure for determining the parameters of the warehouse, as shown in Figure 2, in-
cludes three main phases for the calculation and determination of the necessary parameters
related to the storage of materials inside the warehouse.

 

ff

ffi

ffi

Figure 2. Schematic representation of the formation of a three-dimensional warehouse model and the

procedure for obtaining the relevant parameters.

Let us assume that the useful volume of a typical high-bay warehouse can be repre-
sented using overall dimensions (length, width, and height), as presented in phase 1. In
order to simplify the presentation and define the parameters that depend on the layout of
the content within it, in the following text, a two-dimensional view of the warehouse from a
bird’s eye view will be used. This two-dimensional representation is obtained based on the
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three-dimensional model presented in phase 2. In Figure 2, the elements of the warehouse
are corridors for the passage of transport vehicles, racks, and space for storing pallets. The
racks themselves are marked in the range i = 1, . . ., n ∈ N.

Filling the racks in the warehouse (phase 3) is carried out by filling them with pallets
which are represented by three dimensions Lp, Dp, and Hp, i.e., length, width, and height,
respectively. Based on the mathematical model used in this method, as a final result in
phase 4, parameters related to racks and transport units can be obtained in a simple way.
These parameters are presented in the form of a table (Figure 2), which represents the basis
for further calculation of the object’s fire risk. The mentioned table contains parameters
related to the location of all pallets, the belonging of the pallets to the racks, the binary
status of the space for placing the pallets (full/empty), the characteristics of the material in
the pallet, and the individual numbering of the pallets.

In this way, a demonstration of the advantages of using alternative solutions for an
easier configuration of warehouse and storage space design, as well as the possibility of
forming different layout configurations, was performed. This enables the faster generation
and acquisition of parameters related to the contents of the warehouse, which are neces-
sary for calculations related to fire risk assessment. Another advantage of the mentioned
approach is that when creating the configuration of the warehouse, there is no limitation
in terms of the dimensions of the building and the number of storage units, and the same
can be applied to high-rack warehouses with a height of several tens of meters. It is impor-
tant to note that the warehouse filling strategy in this procedure can be implemented in
two ways: automatically and manually. Automatic filling can be carried out according to a
given rule or randomly. Manually filling the warehouse involves manually changing the
cell index, which gives greater control over the layout of the pallets in the warehouse, but it
is time-consuming and prone to error.

2.4. The Procedure for Determining the Coordinates of Potential Risk Zones

To simplify the presentation and further calculation, transport units as bodies of
appropriate dimensions and characteristics that occupy only a stationary position in the
warehouse will be represented by a material point. In this way, the dimensions of the
transport units can be considered infinitely small, and assuming that each point of the
volume has the same properties, i.e., that the content of the transport unit is homogeneous,
the entire volume can be represented by a point that represents the center of gravity of
the body and which is defined by its coordinates in three-dimensional space, as well as
by the weighting coefficient of the corresponding material that replaces the mass in the
further calculation.

The procedure for evaluating the center of gravity of transport units represented in the
form of a material point (Figure 3) and determining the weighting coefficients for materials
placed in the warehouse are the main prerequisites for determining the potential fire risk
zone. The classical approach to the method of determining the center of gravity (COG
method) used in logistics [31–33] enables the determination of optimal locations in the
two-dimensional coordinate system XoY.

To assess potential fire risk zones and their coordinates, an improved version of the
COG method will be used to determine the center of gravity in a three-dimensional coordi-
nate system, which has found application in medicine, electrical engineering, mechanics,
and other fields [34–36]. Algorithm 1 (Pseudocode for determining the coordinates of the
center of gravity) shows the algorithm for obtaining coordinates in the form of a pseu-
docode to make the procedure easier to understand. Input parameters when determining
potential fire risk zones are the coordinates of the center of gravity of transport units
(Xci, Yci, and Zci), as well as the weighting coefficient Qi, which contains the values of all
relevant fire-related parameters.
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Figure 3. Representation of the palette in the form of a material point.

Algorithm 1: Algorithm to find pointset of potential fire hazard zones

INPUT: Pointset Xci, Yci, Zci, Qi

OUTPUT: X, Y, Z

Numerator = 0

Denominator = 0

for i = 1:n

Numerator_x = Numerator + Xci*Qi

Numerator_y = Numerator + Yci*Qi

Numerator_z = Numerator + Zci*Qi

Denominator = Denominator + Qi

end

X = Numerator_X/Denominator

Y = Numerator_Y/Denominator

Z = Numerator_Z/Denominator

Post-processing and presentation of results

All calculations and simulations were done using a computer in the Matlab 2023
software package. For the purposes of the experimental research, DELL OptiPlex 3000
SF workstations with the following configuration were used: Intel® Core™ i5-11300H
processor, 32GB DDR4 RAM memory and 512GB SSD disk.

3. Numerical Example

In the numerical example shown in this section, the parameters of the high-bay
warehouse related to dimensions and layout (see Figure 4) given in paper [28] were used.
Based on the considerations given in Section 2, to obtain the most accurate data needed for
further simulation, it was decided to select five types of solid materials (wood, cardboard,
chipboard, PVC plastic, and rubber) as alternatives in the multi-criteria decision-making
process, which will be the subject of further calculations.

The list of materials and the numerical values of the seven selected parameters are
given in Table 1. The listed characteristics of materials related to combustion shown in the
mentioned table represent criteria in the multi-criteria decision-making process and are
taken from the literature [37–43].
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Figure 4. Layout of a high-bay warehouse with associated dimensions and materials (• wood,

• cardboard, • chipboard, • PVC, and • rubber).

Table 1. Input parameters in the procedure of determining the weighting coefficients required for

the simulation.

Material CO [mg/g] CO2 [mg/g]
Smoke
Density
[kg/m3]

Ignition
Temperature

[◦C]

Thermal
Conductivity

[W/mK]

Specific Heat
Capacity
[J/(kg K)]

Calorific
Value

[MJ/kg]

Wood 6 1696 100 350 0.15 1360 14.4
Cardboard 0.1 1450 39.8 427 0.061 1400 13.5
Plywood 6 1774 400 150 0.13 2500 17

PVC 71 657 55.03 391 0.185 900 41
Rubber (tire) 600 1911 8000 315 1.85 1880 35

Table 1 presents the criteria in the order shown in Section 2.1. C1, C2, and C3 are
considered useful because they take into account the emission of harmful gases that affect
human health, while the other criteria, C4, C5, C6, and C7, which take combustion into
account, are declared useless in the first case. Alternatives related to materials are marked
with Aj (j = 1, . . ., 5). After converting the qualitative attributes into quantitative ones,
the decision matrix with assigned weighting coefficients formed based on Equation (1) is
shown in Table 2.

Following all the steps provided by the COPRAS method (1–6) and based on
Equations (2)–(8), in step 6, the weights for each of the alternatives Qi and the corre-
sponding ranking are obtained, as shown in Table 3. Identically, the parameters for case
2 can be determined when the decision matrix is replaced, so that parameters C4, C5, C6,
and C7 are considered useful, and the other criteria, C1, C2, and C3, are considered useless,
as shown in Table 3.
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Table 2. Decision matrix (CASE 1).

Criteria C1 C2 C3 C4 C5 C6 C7

Unit of
Measure

[mg/g] [mg/g] [kg/m3] [◦C] [W/mK] [J/(kg K)] [MJ/kg]

Goal min min min max min max min

Beneficial Non-Beneficial

Weights 0.2 0.2 0.2 0.1 0.1 0.1 0.1
A1 6 1696 100 350 14.4 1360 0.15
A2 0.1 1450 3.8 427 13.5 1400 0.061
A3 6 1774 400 150 17 2500 0.13
A4 71 657 55.03 391 41 900 0.185
A5 600 1911 8000 315 35 1880 1.85

Table 3. Tabular representation of the entire procedure in the process of determining the weight of

alternatives, steps 1–6.

STEP 1

A1 0.00878 0.22650 0.01168 0.21433 0.06313 0.16915 0.11911
A2 0.00015 0.19364 0.00044 0.26148 0.02567 0.17413 0.11166
A3 0.00878 0.23691 0.04674 0.09186 0.05471 0.31095 0.14061
A4 0.10394 0.08774 0.00643 0.23944 0.07786 0.11194 0.33912
A5 0.87835 0.25521 0.93471 0.19290 0.77862 0.23383 0.28950

STEP 2

A1 0.00878 0.22650 0.01168 0.21433 0.06313 0.16915 0.11911
A2 0.00015 0.19364 0.00044 0.26148 0.02567 0.17413 0.11166
A3 0.00878 0.23691 0.04674 0.09186 0.05471 0.31095 0.14061
A4 0.10394 0.08774 0.00643 0.23944 0.07786 0.11194 0.33912
A5 0.87835 0.25521 0.93471 0.19290 0.77862 0.23383 0.28950

STEP 3

A1 0.00176 0.04530 0.00234 0.02143 0.00631 0.01692 0.01191
A2 0.00003 0.03873 0.00009 0.02615 0.00257 0.01741 0.01117
A3 0.00176 0.04738 0.00935 0.00919 0.00547 0.03109 0.01406
A4 0.02079 0.01755 0.00129 0.02394 0.00779 0.01119 0.03391
A5 0.17567 0.05104 0.18694 0.01929 0.07786 0.02338 0.02895

CASE 1

STEP 4 STEP 5 STEP 6

S+i S
−i S

−min/S
−i wei Ui Rank

0.04939 0.0566 1 0.14821 32.8586 3
0.03885 0.0573 0.98738885 0.13642 30.2442 4
0.05849 0.0598 0.94582261 0.15195 33.6878 2
0.03962 0.0768 0.73626964 0.11238 24.9145 5
0.41365 0.1495 0.37844907 0.45105 100 1

CASE 2

STEP 4 STEP 5 STEP 6

S+i S
−i S

−min/S
−i wci Ui Rank

0.03364 0.07181 0.890464834 0.191791 82.62265 4
0.03168 0.06584 0.971262209 0.204186 87.96209 3
0.05135 0.06871 0.930749428 0.216658 93.33521 2
0.05452 0.06395 1 0.232129 100 1
0.12880 0.42969 0.148824442 0.155235 66.87452 5

Each of the materials presented in Algorithm 1 occupies two racks, so the total number
of racks in the warehouse is 10; that is, there can be a maximum of 1200 transport units in
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the warehouse. In practice, it is rarely the case that the warehouse is filled to 100%, and
so testing the effectiveness of the proposed method is carried by varying the layout of
the transport units in the racks so that the total percentage of the warehouse is filled to
a maximum of 70%, as in [8], with the rule that the percentage share of each of material
should be equal, i.e., 20% of the total number of transport units. In this way, each rack
contains 168 transport units.

To confirm the functionality of the method and the comparative presentation of the
results, the coordinates X, Y, Z, and the vector r were calculated for the following variants
of warehouse filling:

- Variant 1: The first three racks on the left side of the warehouse are completely emptied
and the filling of the warehouse with the remaining 840 transport units starts from
rack number 4;

- Variant 2: The last three racks on the right side of the warehouse are completely
emptied and the filling of the warehouse with the remaining 840 transport units starts
from rack number 1;

- Variant 3: The content of each of the racks on the upper front side is reduced by 30%;
- Variant 4: The content of each of the racks on the lower front side is reduced by 30%;
- Variant 5: The content of each of the racks in the uppermost rows is reduced by 30%;
- Variant 6: The content of each of the racks is reduced by 30% in the initial lower rows;
- Variant 7: The content of each of the racks is reduced by 30% and the arrangement of

transport units within the racks is carried out randomly.

Based on the obtained weight coefficients for the selected five materials for case 1 and
case 2, the following can be concluded:

- Due to the significant difference in the parameters concentration of CO [mg/g] and

smoke density [kg/m3] for tire compared to the other materials (case 1), the weight co-
efficient we5 = 0.45105 of the mentioned material has the highest value, in comparison
to the weight coefficients of the other four materials.

- There is no big difference between the weight coefficients wci in case 2 because there
is no significant deviation in the values of the parameters related to the thermal
characteristics of the stored materials.

The obtained results were compared using correlation analysis based on Spearman’s
rank correlation coefficients and the standard deviation of the ranks of the alternative
levels [44]. Spearman’s rank correlation coefficient R is in the range of 0.7 ≤ R (R = 0.74).

4. Results and Discussion

Based on the parameters related to the location of the transport units determined by
implementing the procedure shown in Figure 2, and the weighting coefficients obtained
using the COPRAS method and entering the mentioned parameters into the COG algorithm,
the locations of the potential fire risk zones in the high-bay warehouse are obtained. These
locations are represented in the form of coordinates X, Y, Z and the distance r which
represents the distance of the potential risk zone from the zero point. The radius of the fire
risk zone R is defined as the distance from the center of the fire risk zone to the nearest
storage unit. It is defined to include the closest place where a fire can start. In this case, this
volume practically includes storage units where it is most unfavorable, from the point of
view of safety and occupational health, for the initial spark to fall and cause a fire.

As can be seen in paper [45], when burning, tires emit a large amount of smoke
and substances harmful to human health, so for reasons of safety, visibility, and easier
evacuation from the warehouse, as shown in Figure 4, transport units with tires occupy the
last two racks, which represents one of the considered cases. To obtain the most accurate
and reliable results, the calculation of potential zones was also performed for the case
when the rubber-filled storage units occupied the first two racks. It is important to note
that when calculating the mentioned fire risk zones, economic and logistical factors were
not considered.
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The calculated coordinates of potential fire risk zones, distance r, and radius R for the
variant where tires occupy the last two racks are shown in Table 4. The left part of the table
presents the results obtained using the weighting coefficients for case 1, while the right side
presents the results obtained using the weighting coefficients for case 2.

Based on the results and illustrations shown in Table 4, it can be noted that by changing
the weighting coefficients, the position of the fire risk zone also changes due to the difference
in the values of the weighting coefficients themselves. In the case when the dominant
factors are related to the emission of harmful combustion products, the weighting coefficient
for tire is we5 = 0.45105, while in the other case, when the dominant factors are related to
combustion, the weighting coefficient is wc5 = 0.155235. The mentioned difference in the
weighting coefficient has the effect that in all variants in the first column, the fire risk zone
gravitates toward the racks where tire is located, which directly indicates that the width
and position of the fire risk zone depend on the arrangement and amount of material in
the warehouse.

Based on the results obtained using the described method (see Table 4), it can be
noted that in the case where the storage units are randomly distributed within the ware-
house (variants 7.1 and 7.2), the position of the fire risk zone is between the fire risk
zones determined in extreme cases (variants 1.2, 2.2, etc.), which is supported by the
following observations:

- The X coordinate for variants 7.1 and 7.2 represents approximately the mean value of
the X coordinate for pairs 1.1 and 2.1, that is, 1.2 and 2.2, respectively;

- The Y coordinate for variants 7.1 and 7.2 represents approximately the mean value of
the Y coordinate for pairs 3.1 and 4.1, that is, 3.2 and 4.2;

- The Z coordinate of variants 7.1 and 7.2 represents approximately the mean value of
the Z coordinate of pairs 5.1 and 6.1, that is, 5.2 and 6.2.

Using the method described in the previous sections, the case of warehouse filling
was considered where the first two racks, viewed from left to right, are filled with rubber,
which is the only difference compared to the previously considered case. The obtained
results are shown in Table 5.

In contrast to the previous case, it can be noted that the fire risk zone is closer to
the zero coordinate, that is, the entry/exit from the warehouse. This phenomenon can
be explained by the fact that tire has a high value of the weighting coefficient; since its
position is now closer to the entrance/exit of the warehouse, the fire risk zone is also closer
to the entrance/exit. As it was previously established that tire emits a high level of harmful
substances, which is the reason why it has a high value of the weighting coefficient, this
shift of the fire risk zone is expected, which in a way represents a confirmation of the
validity of the method/model.

As in the previous case, it can be noted that in the case where the storage units are
randomly distributed within the warehouse (variants 7.1 and 7.2), the position of the fire
risk zone is between the fire risk zones determined in extreme cases (variants 1.2, 2.2, etc.).

The results in the form of coordinates of spatial points obtained by means of sim-
ulation are shown in Tables 4 and 5. Based on the obtained coordinates and using a
three-dimensional model of a high-bay warehouse, two spheres that define potential fire
risk zones were generated (Figure 5). The mentioned spheres represent the space that is
considered vulnerable in terms of fire and which includes normal and random variants of
material distribution within the space of the observed high-bay warehouse. Considering
the symmetrical arrangement inside the warehouse along all axes, the homogeneity of the
stored material, and the warehouse occupancy, the left sphere (with coordinates of center
x = 8.7 m, y = 12 m, z = 4.8 m, and r = 4 m) and the right sphere (with coordinates of center
x = 10.2 m, y = 12 m, z = 4.8 m, and r = 4.1 m) are generated. Figure 5 shows the deviation
in the coordinates of the spheres along the x-axis, which is directly related to the change in
the distribution of materials in the racks. Coordinates of spatial points are obtained for the
cases of warehouse layout when tire as material occupies the last two racks and when it
occupies the first two racks, respectively.
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Table 4. Coordinates of potential fire risk zones, distance r, and radius R for cases 1 and 2 (when tire occupies the last two racks).

Variant X Y Z r R View Variant X Y Z r R View

Variant 1.1 13.85 12.11 5.05 19.08 1.054

 

Variant 1.2 12.19 11.98 4.76 17.74 1.038

  

Variant 2.1 7.94 12.11 5.05 15.34 0.742

 

 

Variant 2.2 6.38 11.95 4.76 14.36 1.142

 

 

Variant 3.1 11.61 8.40 4.80 15.11 1.018

 

 

Variant 3.2 9.23 8.40 4.80 13.37 1.584

 

 

Variant 4.1 11.61 15.60 4.8 20.03 1.018

 

Variant 4.2 9.23 15.60 4.80 18.75 1.584

 

Variant 5.1 11.51 11.56 3.45 16.67 0.648 48 

 

Variant 5.2 9.12 11.57 3.47 15.14 1.249
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Table 4. Cont.

Variant X Y Z r R View Variant X Y Z r R View

Variant 6.1 11.61 12.46 6.21 18.13 0.654

 

Variant 6.2 9.23 12.46 6.21 16.70 1.379

 

Variant 7.1 11.61 11.84 4.89 17.29 0.862

 

Variant 7.2 9.23 11.84 4.87 15.78 1.493

 

Table 5. Coordinates of potential fire risk zones, distance r, and radius R for cases 1 and 2 (when tire occupies the first two racks).

Variant X Y Z r R View Variant X Y Z r R View

Variant 1.1 10.73 11.89 4.56 16.65 0.757

 

Variant 1.2 12.56 12 4.82 18.03 1.242

  

Variant 2.1 4.82 11.90 4.56 13.62 0.976

 

 

Variant 2.2 6.76 12 4.82 14.59 1.006
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Table 5. Cont.

Variant X Y Z r R View Variant X Y Z r R View

Variant 3.1 7.01 8.40 4.80 11.95 1

 

 

Variant 3.2 9.78 8.40 4.80 13.76 1.426

 

 

Variant 4.1 7.01 15.60 4.8 17.76 1

 

Variant 4.2 9.78 15.60 4.80 19.03 1.426

 

Variant 5.1 6.97 11.56 3.45 13.93 0.578

 

Variant 5.2 9.66 11.57 3.48 15.47 1.262

 

Variant 6.1 7.01 12.46 6.21 15.59 0.626

 

Variant 6.2 9.78 12.46 6.21 17.01 1.193

 

Variant 7.1 7.05 11.82 4.88 14.60 0.838

 

Variant 7.2 9.78 11.84 4.87 16.11 1.322
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The warehouse space covered by the mentioned spheres should be taken into consider-
ation during the process of designing the warehouse system, fire extinguishing, prevention,
and alarm systems, as well as the evacuation plan from the warehouse. The implemented
procedure based on the method described in this paper can be applied to any closed-type
storage and is not related only to the considered example.

In relation to the existing fire risk assessment methods (e.g., Gustav method), in the
proposed approach, the simulation results are obtained based on the weight coefficients
related to the materials that are stored, the percentage share of storage units, and the param-
eters related to the dimensions of the warehouse. By varying the mentioned parameters in
the proposed approach, shown in the form of a flowchart diagram in Figure 1, the location
of the fire risk zones in the warehouse changes automatically. In accordance with the
popular trend of warehouse development by increasing the dimensions and capacity of
the warehouses themselves, this method represents a quick and useful tool for fire risk
assessment in the phases of designing new or adapting existing solutions related to high-
bay warehouses. The practicality and usability of the proposed method are reflected in the
simplicity and practicality of application, with fewer necessary parameters and resources,
simple data acquisition, and the possibility of a three-dimensional display of risk zones in
real time.

The described method was not meant to be a replacement for the Gustav method.
The Gustav method is more complicated and can be more complex. This means that it
takes some time to adapt it and use it by the warehouse designer, and it gives more broad
results. The method described in this paper enables quick calculation and provides general
guidelines for warehouse designers, but does not provide detailed results like those of the
Gustav method.

ffi

ffi

Figure 5. Graphic representation of the fire risk zones in the warehouse with isometric view, top view,

and side view.
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5. Conclusions

A method for risk assessment and the determination of potential fire hazard zones
in high-bay warehouses is presented in this paper. Concerning existing methods related
to risk assessment in warehouses, the proposed method is based on weight coefficients
related to the type of material being stored, the percentage share of storage units, as well as
parameters related to the structure and configuration of the warehouse. Weight coefficients
related to the type of material represent input parameters in the process of simulation and
the determination of potential fire hazard zones. They are determined by a multi-criteria
decision-making process using the COPRAS method.

Compared to other, mostly two-dimensional methods, this method enables simple
data acquisition in the form of data tables and the generation of a three-dimensional
model of the warehouse, which contains spatial points that define potential risk zones. By
incorporating the mentioned spatial points within the 3D model of the high-bay warehouse,
a sphere is obtained, whose radius represents the critical area of the risk of fire. The results
obtained by the proposed method can be a good basis during the planning and design
of the warehouse, the layout of the objects, and also when designing the appropriate fire
protection and evacuation systems in the warehouse.

Considering how the parameters related to the materials in the warehouse, the di-
mensions of the object, and the arrangement of the storage units, are generated, as well
as the way that the simulation works, the method can be upgraded with other tools such
as an optimization algorithm inspired by metaheuristic biology. The focus of further re-
search will be on the attempt to incorporate some of the parameters related to the working
environment using some other method of multi-criteria decision-making. The research
will also focus on the possibility of implementing some of the meta-heuristic biologically
inspired optimization methods for solving a wide range of engineering problems. The
goal is to obtain the best possible simulation results and locations of potential risk zones.
With the support of logistics IoT platforms, the weights and values of parameters related to
materials and working environments can be quantitatively calculated.
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