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Abstract

Passengers face high costs or multiple transfers when they arrive or depart from the airport. In addition, most transportation modes in a city
typically stop operating from midnight to early morning, making it impossible for passengers to enjoy quality and inexpensive services.
Considering the passenger detour and muti-types, this paper sets up the passenger detour rebate mechanism and constructs the Airport
Reservation Bus (ARB) scheduling model to maximize the profit of ARB enterprise. Meanwhile, an Improved Adaptive Genetic Algorithm
(IAGA) is designed to solve the model, where the crossover and mutation operations are optimized to prevent it from falling into local
optimum. Finally, a case study shows that ARB costs at least 39% less than taxis, with slightly longer travel time. Compared to traditional
GA, TIAGA reduced running time by more than 12%, showing faster convergence.

Keywords: airport reservation bus; differential pricing; vehicle scheduling; improved adaptive genetic algorithm.

Investigacion sobre la programacion de autobuses de reserva en
aeropuertos

Resumen

Los pasajeros afrontan altos costos o multiples trasbordos al viajar al aeropuerto. Ademas, la mayoria de los medios de transporte urbano
cesan su operacion de medianoche a primera hora, privando a los pasajeros de servicios econémicos y de calidad. Considerando desvios y
tipos mixtos de vehiculos, se propone un mecanismo de reembolso por desvio y un modelo de programacién de autobuses de reserva
aeroportuaria (ARB) para maximizar la rentabilidad. Se disefia un Algoritmo Genético Adaptativo Mejorado (IAGA) optimizando cruce y
mutacion para evitar el 6ptimo local. Los casos muestran que el ARB cuesta 39% menos que los taxis con un ligero aumento de tiempo.
En comparacion con el AG tradicional, el IAGA redujo el tiempo de ejecucion en mas del 12%, lo que demuestra una convergencia mas
rapida.

Palabras clave: autobuis con reserva de aeropuerto; tarificacion diferencial; programacion de vehiculos; algoritmo genético adaptativo
mejorado.

Fare studies are mainly divided into two categories, fixed
fare and differential fare. Regarding fixed fare, Zhou (2001)
[1] et al developed a bi-level transit fare optimization method
based on line capacity constraints. Borndorfer (2012) [2] et

1 Introduction

If the airport connection service is not good enough, it would
be inconvenient for passengers. Currently, the public

transportation modes from airport to urban area mainly include
‘airport bus + bus/subway’, ‘railway + bus/subway’ and cab,
etc., which are difficult to balance the convenience, economy
and comfort of travel. Nevertheless, the Airport Reservation Bus
in this paper strives for a compromise among the three, while
reducing the total social cost, easing traffic pressure and
improving the efficiency of passenger distribution.

al proposed a nonlinear fare optimization method based on a
discrete choice model. However, these studies predominantly
adopted fixed fares and overlooked the impact of detours on
passenger cost. Due to the unfairness of fixed fare,
differential pricing is attracting more and more attentions.
Emele (2013) [3] et al introduced a variable pricing
mechanism into the fare planning for flexible transport
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services. Kamel (2020) [4] et al constructed a platform for
optimizing time-based transit fares in large multimodal
transportation networks. Guo (2021) [5] et al established a
time-dependent transit pricing model considering elasticity
and time-distributed demand. While these studies explored
dynamic pricing mechanisms, they seldom connected fare
adjustments with detour distances.

Vehicle scheduling is categorized into single-vehicle
type and multiple-vehicle type. Concerning the single-
vehicle type, Smith (2003) [6] et al established a bi-
objective scheduling optimization model based on
balancing the maximum number of deviations and
minimum unused slack time. Gebeyehu (2008) [7] et al
applied the GIS technology to the design of Demand
Responsive Transit routes. Ye (2015) [8] et al constructed
an optimization model for taxi ridesharing routes. Li
(2024) [9] et al proposed a real-time dynamic route
planning algorithm for DRT. Notably, these single-vehicle
studies overlooked the efficiency potential of mixed fleets,
a research dimension that subsequent multi-fleet studies
have begun to address. In terms of multi-vehicle type,
Golden (1984) [10] et al first proposed the multi-vehicle
route planning problem. Tarantilis (2003) [11] et al
designed a metaheuristic algorithm to solve it with a fixed
vehicle size. Dondo (2008) [12] et al, Barkaoui (2013) [13]
et al and Goeke (2015) [14] et al proposed a hybrid local
improvement algorithm, improved adaptive genetic
algorithm, and hybrid heuristic algorithm respectively.
Gasque (2022) [15] et al established two mixed-integer
programming models for taking delivery without
separation as well as taking delivery with separation and
proposed an adaptive large-neighborhood search element
heuristic algorithm. Although these multi-vehicle studies
optimized routes, they rarely combined mixed types with
detour management.

Though existing research has made significant progress
in fares and scheduling models, there remain the following
problems: the fixed fare is typically adopted, without
considering the effect of detours. Concerning vehicle
scheduling, scholars pay less attention to the variability of
vehicle types. With respect to algorithms, the Adaptive
Genetic Algorithm (AGA) is more widely used because of its
high robustness and efficiency, while suffers from problems
such as premature convergence and local optimization.
Aiming at the above problems, this paper simultaneously
considers the passenger detour and the mixed vehicle types
and proposes a passenger detour rebate mechanism. With the
goal of maximizing the profit of the Airport Reservation Bus
(ARB) enterprise, then the ARB scheduling model is
constructed. Finally, an Improved Adaptive Genetic
Algorithm (IAGA) is designed to solve it.

2 Airport reservation bus scheduling model based on
passenger detour compensation

2.1 Problem description

The problem is divided into the delivery stage and pick-
up stage, described as follows: the delivery stage involves

Figure 1. Passengers boarding at the airport and their routes a) Passengers;
b) Routes for them
Source: Own elaboration.

Figure 2. Add passengers alighting at the airport a) Add passengers; b)Final
routes
Source: Own elaboration.

transporting passengers boarding at the airport. In this stage,
the origin is fixed at the airport. The pick-up stage is to collect
passengers alighting at the airport. According to distance of
detours, a fare discount is rebated to detour passengers.

The process of generating the routes of the ARB is shown
in Fig. 1 (a) — 2 (b). The demands of passengers boarding at
the airport and their routes are in Fig. 1 (a) - (b). Based on
this, taking passengers alighting at the airport into routing
consideration, the final planning is in Fig. 2 (a) - (b).

The solid area in the above figure is for passengers
boarding at the airport and the dashed is for passengers
alighting at the airport. The ARB delivers passengers to the
destination while picking up passengers to the airport. Upon
completion of the pick-up and drop-off, the bus returns to the
terminal to wait for the next round of pick-ups and drop-offs.

2.2 Model building

2.2.1  Model assumptions

(1) The seat reservations are accepted only between the
airport and the points of demand, not between points of
demand;

(2) For passengers alighting/boarding at the airport, only
their arrival/departure time window at the airport is
considered.

(3) The vehicle type and fleet size are known;

(4) Vehicle speed is constant and known.

(5) There is only one airport within the service area.

(6) The vehicle makes only one round trip at a given time.

2.2.2  Definition of parameters

The definition of the parameters involved are in Table 1.
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Table 1.
Parameter Definition.
Symbol Definition
Ji Airport.
G Freeway entrance/exit.
M The set of boarding and alighting points, m is the total number
of points.
K The set of vehicle types, K = {1,2, ..., h}, h is the sequence of
the vehicle type.
K The set of the number for vehicles type h, K, = {1,2, ..., k}, k
h is sequence of the vehicle.
Q The set of passengers.
Q. The set of passengers alighting at the airport.
Qp The set of passengers boarding at the airport.

i The sequence of the point, i € M.

q The sequence of the passenger, g € Q.
lij Ideal distance traveled from point i to point j.
Qi’j Number of passengers for vehicle k from i to the J.
p* Fare per kilometer of vehicle k in the urban area.
g (lflf )  Floating fare for vehicle k from i to J.
C, Value of time for passengers.
L’i‘j Actual distance traveled by vehicle k from i to j.
Alim Passenger detour coefficient.
Cho Fixed costs of type h.
N The service life of the vehicle.
Chy Variable cost of unit distance for vehicle type h.
Cy Wage for driver.
|4 Speed of vehicle.
to Individual passenger boarding or alighting time.
4 Penalty cost factor for late arrival of vehicles at the airport.
i Number of passengers late arrival for vehicle k.
Té‘] Departure moment of vehicle k from J.
(T, T4 Expected arrival time window, g € Q,,.
' 9% Expected departure time window, g € Q.
Qix Number of passengers in vehicle k arriving at point i.
Qy Capacity of vehicle k.
Ty Waiting time of passenger q.
T***  Maximum tolerated waiting time for passenger q.
Tax  Maximum travel time of vehicle.
vk 1, vehicle k traveling from i to j.
i 0, otherwise.
v 1, passenger g served by vehicle k.

0, otherwise.
Source: Own elaboration.

2.2.3 Model assumptions

Route planning is a major task of vehicle scheduling. This
paper formulates a route planning model to maximize the
profit of ARB enterprises by optimizing operational
efficiency. The model introduces a differential pricing
mechanism that rebates passengers for detours and imposes
penalty fees if their time requirements are unmet. The
objective function is defined as:

maxP=R—-C;—C,—C3—0C, 1)

Where P, R, C;, C;, C5, C, mean profit, fare revenue, fixed
cost, variable cost, penalty cost for late arrival and for late
departure respectively.

1. Fare revenue R

The fare revenue R consists of the basic fare Ry, r and the

rebate R, based on mileage pricing.

11

Figure 3 Shortest and actual routes.
Source: Own elaboration.

Rszf_Rr

@

The basic fare R, is a primary function proportional to
the ideal distance of passengers [16-18].

Ror=2 20

hEK KEKy, iEM jEM

[p* - Ly - (QF + Q)] 3)

The rebate R, is related to the passenger detour distance.
The formula proposed in this paper is as follows.

)

Dl ol + 9@ - ok

4)
ek Keky, ieM
g(lkf _ {[Cv (LY = Ay - L)1V L /1y = A )
Y 0,L¥,/liy < Ayim

When a passenger detour is greater than or equal to A,
passenger time delayed by the detour is converted into money
and rebated to him. The shortest and actual distance for
passengers are shown in Fig. 3.

For passenger 6, the actual distance is ideal distance, so
detour does not exist. For passenger 3, whose ideal distance
is f +k, the actual distance is g+h+i+j+k. If
(g+h+i+j+k)/(f+k)> Ay, it is necessary to
rebate him.
2.Fixed cost C;

Fixed cost C; is related to the number of vehicles and their
service life [16-18].

Yhek Zkek, C
= hek 2keky Cho (6)
365N
3. Variable cost C,
Variable cost C, includes fuel consumption and driver
cost, which are related to distance [16-18].

Lj - Yk
Z(Cm i Y+ Cq - (T”

hek Keky, M jem
4 Yiemmax(QF, Q%) - to

60

C
%)

)
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4. Penalty cost for late arrival at the airport C;

C; is the penalty cost for vehicles arriving late at the
airport. Since airport passengers are highly time sensitive,
late arrival may cause passenger miss their flights and incur
a great loss [16-18].

IR RGN

G = q€Qq hEK keEKp, (®)
0, (Tys < T8
Niem o .Yk m . max l“ ky. ¢
TX1 =T§]+ IEM LjeM tijlij + i=1 (Qz] Q]l) 0 (9)

/4 60

5. Penalty cost for late departure from the airport C,

C, is the penalty cost for a vehicle departing the airport late.
If a vehicle leaves the airport later than T/, it will cause the
passenger wait too long. The formula proposed is as follows.

{

2.2.4 Constraints

Z sz,(o <Td]_Tl < 5)
qEQa hGKkEKh

cxz,(s < T§ — T} <20)

q€EQq heK kEKh (10)
CXZ ,(TY, =Tk > 20)
qEQa heK kKEK},
Cxz = (Tdy — T4) - Y¢ (11)

1. Origin and destination constraints
Vehicles entering and exiting a point of demand are the
same.

Zn’;sL(jeM,keKh)

ieM

(12)

2. Vehicle capacity constraints
The number of passengers in a vehicle is less than or equal
to the its capacity.

Qir < Qp

{Qik‘l‘Qik]—Q}‘iSQk'(kEK’“iEM)

(13)

3. Connection service supply constraints
Each demand is served by only one vehicle.

Z vE=1,(q €M)

hEK keKp,

(14)

4. Maximum travel time of vehicle

ZLEMZ]GM le
%4

Yiemmax(Qf, Q) to
60
=< Tmaxv (k € Kh)

k
ij

(15)

5. Passenger detour constraints

A= (16)

(L_’f] N iemmax(Q, QF) - to
74 60

i

Improved adaptive genetic algorithm

Aiim

3

The problem studied in this paper is the Vehicle Routing
Problem with Time Window constraints, which is a well-
known NP-hard problem solved by heuristic algorithms
efficiently. Genetic Algorithm (GA) has the advantages of
parallelism and global optimization. It continuously
generates new individuals and populations in the process of
reproduction, and seeks a better solution, which is applicable
to the solution of complex optimization problems.
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Figure 4 Chromosome coding schematic.
Source: Own elaboration.
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Figure 5 Chromosome coding forms.
Source: Own elaboration.

In the traditional GA, the crossover probability P, and
mutation probability P, are fixed values. In the process of
large-scale problem, the early maturity often occurs. This
paper proposes an IAGA to set P, and P,, as dynamic values,
which improves the solving efficiency while setting the
minimum value of P. and P,, to ensure the evolution speed in
the early stage is high enough to avoid falling into the local
optimal solution.

3.1  Chromosome coding and population initialization

3.1.1  Chromosome coding

Considering mixed vehicle types, it is necessary to add
vehicle type auxiliary codes for chromosome coding. The
chromosome is encoded into individuals of length m + 1 +
2(K; + K5). The coding scheme is shown in Fig. 4.
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In this paper, there are two vehicle types. Where 1 in the
vehicle types represents the type a, -1 is the vehicle type b,
and 0 means the vehicle is not being used. The demand point
0 is the airport.

Taking (0,14,3,6,8,0,0,2,13,9,1,4,0,7,1,11,5,12,0,1,0,-1,-
1) as an example, the chromosome coding form is shown in
Fig. 5. There are 15 demand points and 4 vehicles, with two
each of vehicle type a and b.

Vehicle 1 (a): Airport - Point 14 - Point 3 - Point 6 - Point
8 -Airport

Vehicle 2 (a): Non-operational

Vehicle 3 (b): Airport - Point 2 - Point 13 - Point 9 - Point
10 - Point 15 - Point 4 - Airport

Vehicle 4 (b): Airport - Point 7 - Point 1 - Point 11 - Point
5 - Point 12 — Airport

3.1.2 Population initialization

In this paper, a randomized generation method was
chosen to generate the initial population. A passenger is
randomly selected and assigned to a vehicle. If the number of
passengers does not exceed the capacity, add the point into
the route. Otherwise, re-select a vehicle among the rest and
determine whether it is overcrowded until the passenger is
assigned to a particular vehicle. Repeat until all demands are
met.

3.2 Genetic operation

3.2.1 Selection operation

In this paper, the selection operation is based on Monte
Carlo Method, and the selection probability of a chromosome
is the ratio of its fitness value to the sum of the fitness values
of all chromosome. Therefore, the larger the fitness value, the
greater the probability of being selected.

3.2.2 Crossover operation

The Adaptive Genetic Algorithm (AGA) proposed by M.
Srinivas makes the crossover probability P. relevant to the fitness
value, which can solve the problem of premature convergence
effectively. However, in the early stage of AGA, the evolution
speed of good individuals is slow, which reduces the operational
efficiency and even leads to the local optimum.

This paper improves the crossover probability P. of AGA,
which ensures that the fitness value can flexibly change the
crossover probability to improve the operational efficiency.
Meanwhile, the minimum crossover probability is set to ensure
that it evolves quickly in the early stage, to avoid falling into the
local optimum. The improved formula are as follows.

(PC1 - Pcz)(fup - fmean)

P —
P = { “ fmax — fmean
Pcl' fup < fmean

Where
fmax——Maximum fitness value of all chromosomes
fup Larger fitness value in two chromosomes

rJU 2 mean
fup = 1 (17)
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fmean——Mean of all chromosome fitness values
P,,——Maximum crossover probability
P,,——Minimum crossover probability

When chromosome X and Y perform crossover operation,
point chain 1 of vehicle i is randomly selected from X, and
point chain 2 of vehicle j is randomly selected from Y. The
type of vehicle i and j may be the same or different.

(1) The same vehicle type.

In this case, it does not need to consider vehicle type
crossover and only chain crossover can be considered.

Step 1: add the points in chain 2 to chain 1 sequentially.
For each point, conduct a feasibility test of the corresponding
vehicle type on chain 1. If the constraints are satisfied, insert
it into chain 1 and delete points duplicated with chain 1 on
other chains of the X chromosome. Otherwise, remain in
chain 2.

Step 2: update the chromosome X.

Step 3: set the operated vehicle in chain 2 on chromosome
Y to 0, complement missing demand points and randomly
select an assigned vehicle to deliver the demand points. If
points cannot be assigned to them, arrange for a new vehicle.
If it is not available, keep the original chromosome Y to enter
the offspring.

(2) The different vehicle types.

Step 1: if vehicle i and j are type a and b respectively,
draw out the points in chain 1, and sequentially place the
drawn points into chain 2 until the constraint of type b is
satisfied.

Step 2: conduct the aforementioned procedure for the
same vehicle type according to the case where both vehicles
are type a and both are type b respectively, to obtain
temporary chromosome X; and X,.

Step 3: calculate the fitness f; and f, for X; and X,.
Generate a random number y, if y < ——, remain X, into the
offspring, otherwise remain X,. SCW:{f) the sequence of
chromosomes X and Y and perform the above operation.

3.2.3 Mutation operation

The improved mutation probability B,, of AGA proposed
by M. Srinivas plays the same role as P.. Therefore, it is
necessary to set a minimum mutation probability. The
improved formula are as follows.

_ (Pm1 - sz)(fup - fmean)

my ’ fup = fmean

fmax - fmean

P = { (18)
Pmlifup < fmean

Where

By,,——Maximum mutation probability

By,——Minimum mutation probability

The mutation operation is divided into two stages, point
mutation and vehicle type mutation. The procedure is as
follows:

Step I: select individuals in turn from the crossover
operation.

Step II: determine whether the individual is mutated or
not. If mutated, turn to step III. Otherwise, turn to step V.

Step III: Stage 1 - Point Mutation.
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Step 1: randomly select an assigned vehicle and record its
point chain.

Step 2: randomly choose a point x in the chain and remove it.

Step 3: add point x to the chain of another assigned vehicle,
if the new chain satisfies the capacity constraints of the
corresponding vehicle type, then the insertion is successful.
Otherwise, search for the next vehicle. If fail to assign it, then
determine whether a vehicle is available. If there is, assign the
point to the new vehicle, otherwise turn to Step IV;

Step 4: update the chromosome.

Step IV: Stage 2 - Vehicle type mutation.

Step 5: randomly select a vehicle and record its chain and type.

Step 6: determine whether the chain satisfies the
constraints of the other vehicle type. If so, turn to Step 8,
otherwise, turn to the next step.

Step 7: draw out all points in the chain sequentially until
the capacity constraint of the other type is satisfied. Then,
assign the drawn points to other assigned vehicles for the
other type. If failed, arrange a new vehicle. If there are no
available vehicles, readjust the point drawn scheme. If all
schemes can not satisfy the constraints, the mutation fails and
remain the chromosome. Otherwise, turn to the next step.

Step 8: replace the vehicle type with the other one.

Step V: update the chromosome.

3.3 Solution flow
The TAGA is used for model solving, and the specific
flow is shown in Fig. 6.

3.4 Algorithm comparison

In order to verify the advantages of the IAGA, the
algorithms are compared with 20 and 30 demands

| Randomly generate initial |

scheduling schemes

4){ Calculate the fitness value ‘

Selection based on Monte Carlo Method

Perform point chain and vehicle type crossover. Then,
delete duplicate points and supplement missing points

Perform point mutation and vehicle type mutation.

.

Get new scheduling schemes

No —. _—
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Figure 6 Schematic diagram of the IAGA.
Source: Own elaboration.

Table 2.
Algorithm comparison data.
Demand Longitude Latitude Time Demand Longitude Latitude Time

1 101.27  31.05 13:45 16 101.29  31.07 14:00
2 101.3 31.02 13:50 17 101.24  31.02 14:30
3 101.21 31.06 13:45 18 101.24 31 13:55
4 101.25  31.03 13:45 19 101.2 31.04 14:15
5 101.21 31.02 13:50 20 101.27  31.03 14:25
6 101.23 31.1 1425 21 101.28  31.04 14:30
7 101.22  31.01 14:30 22 101.25  31.02 14:15
8 101.25  31.01 13:55 23 101.27  31.04 14:05
9 101.22  31.08 13:30 24 101.29  31.09 13:50
10 101.22  31.02 14:25 25 101.23  31.04 14:00
11 101.2 31.05 13:55 26 101.3 31.03 13:55
12 101.2 31.05 1430 27 101.28  31.05 13:45
13 101.21 31.05 14:.00 28 101.28  31.02 14:10
14 101.27 31 13:25 29 101.26 ~ 31.06 14:05
15 101.3 31.09 14:25 30 101.27  31.03  14:00

Source: Own elaboration.

respectively. The fitness of the traditional GA is set as the
value of the objective function and the algorithm parameters
are the same as the IAGA. Taking the arrival time window at
the airport as an example, the data in the table is T}, and qu
is 15 minutes in advance, shown in Table 2. The 20 demands
are the top 20 data in Table 2.

The changes in the objective function values for each
group are in Fig. 7 (a), 7 (b) and the results is in Table 3, 4.

Compared with the traditional GA, the running time of
the TAGA corresponding to 20 and 30 demands decreased by
12.02% and 14.08% respectively and the number of iterations
has been reduced by 23.6% and 35.7%.

4  Case study

4.1  Service areas and example profiles

Take Changchun Nanguan District, an area with high
density passenger flow, as the object.
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Figure 7 Different demands a) Demands = 20; b) Demands = 30.
Source: Own elaboration.

Table 3.
Comparison of the results of 20 demands.

Algorithm  Running time (s) Iterations objective function value
Traditional GA 43.76 89 797.66
IAGA 385 68 806.3
Change (%) -12.02 -23.6 +1.08

Source: Own elaboration.

Table 4.
Comparison of the results of 30 demands.

Algorithm  Running time (s) Iterations objective function value
Traditional GA 49.08 42 1094.0
IAGA 42.17 27 11313
Change (%) -14.08 -35.7 +3.41

Source: Own elaboration.



°,

o

Li et al / Revista DYNA, (92)238, pp. 9-18, July - September, 2025.

iy Highspeed Rail Station

.
P Ty

N
»
4
»

°,
4
2l

4444.*

i
|

Figure 8 Road information a) Road network; b) Public transportation.
Source: Own elaboration.
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Figure 9 Reservation demand distribution.
Source: Own elaboration.

The road network is in Fig. 8 (a), and the coverage of
public transportation around the area is shown in Fig. 8 (b).
The existing transportation modes from urban area to
Changchun Longjia International Airport (International Air
Transport Association: CGQ) are in Fig. 8 (b)
Taking arrival flights of 19:00-22:30 and departure flights
of 22:30-00:30 as an example, 50 passenger demand points
are randomly generated. The total number of passengers is
58, where 44 passengers board at airport and 14 passengers
alight at airport. The distribution of demand points are in Fig.
9 and the demand data is shown in Table 5, in which point 51
and 52 are freeway entrance/exit and airport.

Table 5.
Passenger travel data.

Expected time window Number of

No. Longitude Latitude passengers
Arrival Departure Boarding Alighting

1 125.31673143.860387 - 20:15-20:20 1 0
2 125.31934943.861980 - 20:05-20:10 1 0
3 125.32497143.861299 - 19:35-19:40 1 0
4 125.32462843.859814 21:00-21:15 - 0 1
5 125.32046543.855977 - 20:20-20:25 1 0
6 125.33158143.858541 - 20:35-20:40 1 0
7 125.33492743.860804 - 20:40-20:45 1 0
8 125.32986343.862197 - 20:10-20:15 1 0
9 125.33398343.854801 - 20:05-20:10 2 0
10 125.33964843.858576 20:50-21:05 - 0 1
11 125.32887643.858515 - 19:55-20:00 2 0
12 125.348403 43.860031 - 20:20-20:25 1 0
13 125.34166543.855296 - 20:35-20:40 2 0
14 125.35785143.863526 - 19:10-19:15 1 0
15 125.35961143.857728 - 19:55-20:00 1 0
16 125.35477643.862816 - 20:30-20:35 1 0
17 125.35939643.848783 - 20:05-20:10 2 0

m’(”"f& Expected time window Number of
o No. Longitude Latitude P passengers
| N Arrival Departure Boarding Alighting
18 125.34687943.848828 - 19:00-19:05 1 0
""'/’/ b 19 125.340528 43.85053 21:10-21:25 - 0 1
P e 20 125.33930543.848333 - 20:15-20:20 1 0
o sy msion 21 125.33441243.849757 21:30-21:45 - 0 1
22 125.327803 43.849076 - 20:10-20:15 1 0
23 125.33033543.84579521:45-22:00 - 0 1
24 125.33520643.84319522:15-22:30 - 0 1
25 125.32777543.855069 - 19:10-19:15 1 0
26 125.32361943.848271 - 20:30-20:35 1 0
27 125.322503 43.843474 22:40-22:55 - 0 1
» 28 125.32552943.847861 22:00-22:15 - 0 1
29 125.29134743.84588821:30-21:45 - 0 1
E 30 125.29787 43.84427821:05-21:20 - 0 1
31 125.300273 43.841369 - 19:35-19:40 1 0
2 32 125.29762843.846277 - 20:20-20:25 1 0
33 125299694 43.848287 - 20:40-20:45 2 0
. 34 125.30514443.834249 - 20:30-20:35 1 0
2 35 125.29686143.834125 - 19:00-19:05 1 0
36 125.29396543.838057 22:10-22:25 - 0 1
‘ 37 125.306467 43.845906 - 20:35-20:40 1 0
38 125.31058243.845887 - 19:10-19:15 1 0
39 125.320104 43.846667 - 20:20-20:25 1 0
40 125.31119243.851894 - 19:05-19:10 2 0
41 125.31447843.83722921:15-21:30 - 0 1
42 125.30975843.834102 - 19:10-19:15 2 0
43 125.310594 43.838707 - 20:15-20:20 1 0
44 125.33103643.840939 - 20:35-20:40 1 0
45 125.33065943.846738 21:05-21:20 - 0 1
46 125.32687743.845568 - 19:35-19:40 1 0
47 125.33251343.83777822:10-22:25 - 0 1
48 125.34159 43.840317 - 20:20-20:25 1 0
49 125.34124743.835673 - 19:05-19:10 2 0
50 125.34785643.836292 - 20:05-20:10 1 0

51 125.47098743.903319 - -
52 125.70507943.998125 - -
Source: Own elaboration.

Table 6.
Model parameters.
Parameter Definition Value
h 1, fleet size of vehicle type a (vehicle) 10
2, fleet size of vehicle type b (vehicle) 10

1.3 (daytime), k € K;
1.6 (evening), k € K;
1.5 (daytime), k € K,
1.8 (evening), k € K,

r  Fare per kilometer of vehicle k
p (yuan/PAX)

C, Value of time for passengers (yuan/h) 43.78
Aym  Passenger detour coefficient 1.2
Cho  Fixed cost of vehicle k (yuan/h) {33(.)?,kk€€KI§1
c Variable cost of unit distance for { 1,k €K,
"M vehicle k (yuan/km) 1.2,kE€K,
Cy Wage for driver (yuan/h) 33
vV Speed of vehicle (km/h) 55
Passenger boarding or alighting time
to . 1/6
(min)

Penalty cost factor for late arrival

?  (yuan/PAX) 10000
Qr  Capacity of vehicle k (PAX) {172' 1765615(1
, 2
Maximum driving hours per vehicle
Tmax (h) 2
NP Initial population 300
F Maximum Iterations 300

Source: Own elaboration.
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4.2 Scheduling and planning analysis

The parameter calibration is shown in Table 6.

The evolutionary iteration process is shown in Fig. 10,
which illustrate the relationship of the iterations and optimal
value. The objective function value increases with the
number of iterations and stabilizes after 210 iterations.

The routes and corresponding vehicle allocation scheme
are shown in Table 7. According to Table 7, a total of six
vehicles are assigned, including two 7-seat and four 12-seat
vehicles. 58 passengers are all delivered to their destinations.
Specific route information is illustrated in Table 8, which
shows that all vehicles return CGQ within 2h.

~——— Improved adaptive genetic algorithm
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Figure 10 Iterative diagram of the evolution of the optimal solution.

Source: Own elaboration.

Table 7.
Solution results.
Average
Vehicle Number of | Route travel
No. type Route passengers length time
(PAX) (km) (min)
52-51-14-18-49-42-35-38-
1 b 20-25-4-10-51-52 13 1046  47.11
5 a 2?:;-3-30-3 1-41-46-45-19- 7 96.54 4413
3 a  52-51-11-15-29-21-51-52 5 99.4 43.66
52-51-12-1-5-20-48-43-39-
P 3536284704515 1210631 4659
5 b zﬁ:gé_8_2_9_22_23_50_17_ 9 100.64  49.36
52-51-16-13-7-6-26-33-37-
6 b 34.44.27-51-52 12 10022 46.78
Source: Own elaboration.
Table 8.
Route information.
55» § BoardmgsPer.sons "l.“ravel Detour Basic Rebate Final Arrival
S £ or in distance factor ¢ (yuan) time
B alightings vehicle (km) (yuan) y (yuan)
52 +11 11 - - - - - 19:10
51 -0 11 - - - - - 19:40
14 -1 10 3540 1.00 52.30 0.00 52.30 19:53
1 18 -1 9 36.60 1.00 54.10 0.00 54.10 19:55
49 -2 7 3870 1.00 57.25 0.00 57.25 19:57
42 2 5 43.00 1.01 6295 0.00 62.95 20:02
35 -1 4 4590 1.06 63.85 0.00 63.85 20:05
38 -1 3 47.60 1.11 63.40 0.00 63.40 20:07

55» § BoardingsPen:sons "["ravel our Basic Rebate Final Arrival
2 3 or in distance factor 1 (yuan) are Lo
KA alightings vehicle (km) (yuan) y (yuan)
40 -2 1 50.70 1.28 58.60 2.53 56.07 20:10
25 -1 0 53.10 1.33 5890 425 54.65 20:13
4 +1 1 40.80 1.04 57.85 0.00 57.85 20:15
10 +1 2 3720 1.00 55.00 0.00 55.00 20:19
51 -0 2 - - - - - 20:35
52 -3 0 - - - - - 21:04
52 +3 3 - - - - - 19:35
51 -0 3 - - - - - 20:05
3 -1 2 3540 091 59.47 0.00 59.47 20:22
30 +1 3 4474 1.05 63.89 0.00 63.89 20:27
31 -1 2 39.96 094 64.15 0.00 64.15 20:27
2 41 +1 3 4198 1.01 62.46 0.00 62.46 20:30
46 -1 2 42.69 1.09 59.47 0.00 59.47 20:30
45 +1 3 40.90 1.05 59.47 0.00 59.47 20:31
19 +1 4 37.50 1.00 57.39 0.00 57.39 20:35
51 -0 4 - - - - - 20:51
52 -4 0 - - - - - 21:20
52 +3 3 - - - - - 19:55
51 -0 3 - - - - - 20:25
11 2 1 3820 1.00 5830 0.00 58.30 20:41
3 15 -1 0 40.70 1.11 56.22 0.00 56.22 20:44
29 +1 1 4450 1.09 61.68 0.00 61.68 20:50
21 +1 2 3850 1.00 58.69 0.00 58.69 20:57
51 -0 2 - - - - - 21:14
52 -2 2 - - - - - 2143
52 +8 8 - - - - - 20:20
51 -0 8 - - - - - 20:50
12 -1 7 3500 1.00 54.14 0.00 54.14 21:03
1 -1 6 3840 1.02 57.78 0.00 57.78 21:07
5 -1 5 4020 1.05 5856 0.00 58.56 21:09
20 -1 4 4380 1.19 56.61 0.00 56.61 21:13
48 -1 3 4540 1.19 5830 0.00 5830 21:14
4 43 -1 2 4825 1.15 63.11 0.00 63.11 21:18
39 -1 1 48.76 123 6038 0.80 59.58 21:18
32 -1 0 51.66 1.12 68.83 0.00 68.83 21:21
36 +1 1 4385 1.00 6584 0.00 65.84 21:24
28 +1 2 40.55 1.02 60.25 0.00 60.25 21:27
47 +1 3 38.75 095 61.81 0.00 61.81 21:29
24 +1 4 3790 1.00 57.91 0.00 57.91 21:30
51 -0 4 - - - - - 2147
52 -4 0 - - - - - 22115
52 +8 8 - - - - - 20:10
51 -0 8 - - - - - 20:40
8 -1 7 38.10 1.00 58.17 0.00 58.17 20:56
2 -1 6 4140 1.10 57.52 0.00 57.52 21:00
9 -2 4 40.70 1.09 57.13 0.00 57.13 21:03
5 22 -1 3 4430 1.16 58.17 0.00 58.17 21:07
23 +1 4 39.54  1.02 59.08 0.00 59.08 21:09
50 -1 1 53.80 1.38 59.34 5.57 53.77 21:12
17 -2 2 5434 145 57.52 734 50.18 21:12
51 -0 2 - - - - - 2129
52 -2 0 - - - - - 2159
52 +11 11 - - - - - 20:40
51 -0 11 - - - - - 21:10
16 -1 10 3480 1.00 51.40 0.00 51.40 21:23
13 -2 8 37.60 1.02 54.40 0.00 54.40 21:26
7 -1 7 4140 1.10 55.60 0.00 55.60 21:30
6 -1 6 4290 1.13 56.05 0.00 56.05 21:32
6 26 -1 5 4349 1.10 5845 0.00 58.45 21:33
33 -2 3 4599 1.08 6295 0.00 62.95 21:35
37 -1 2 4632 1.09 6295 0.00 62.95 21:36
34 -1 1 49.02 1.15 63.10 0.00 63.10 21:39
44 -1 0 50.82  1.24 60.55 138 59.17 21:40
27 +1 1 3870  1.00 57.25 0.00 57.25 21:43
51 -0 1 - - - - - 22:00
52 -1 0 - - - - - 22:30

Source: Own elaboration.
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The cost and revenue for each route is illustrated as Table
9. The total profit is 2033 yuan and total cost is 1363 yuan.
All of the penalty cost for vehicle is 0 and there are no
passengers arriving late at the airport. In addition, a majority
of passenger time window are met.

Table 9.
Rebate and cost of each route.
Route R Cy C, C; C4 P
1 753.69 40 188.46 0 5 520.23
2 426.3 32.5 154.56 0 0 239.24
3 293.19 32.5 159.11 0 0 101.58
4 722.72 40 223.84 0 0 458.88
5 501.34 40 211.46 0 0 249.88
6 698.67 40 180.56 0 148 463.31
Total 339591 225 111799 0 19.8  2033.12

Source: Own elaboration.

Fare rebate is given to some passengers due to detours,
shown in Table 10.

Table 10.
Rebate passenger information.

RoutePoin tDistance (km)  Basic fare Rebate Final fare

Ideal Actual (yuan) (yuan) (yuan)

1 40 39.6 50.70 58.60 2.53 56.07
25 39.8 53.10 58.90 425 54.65

4 39 39.8 48.76 60.38 0.80 59.58

5 17 37.6 54.33 57.52 7.34 50.18
50 39 53.80 59.34 5.57 53.77

6 44 409 50.81 60.55 1.38 59.17

Source: Own elaboration.

The layout of each route is shown in Fig. 11 (a) - 13 (b).

4.3  Comparison of connection methods

In order to compare different connection modes, it
assumes the distribution of demand remains the same. Point
44 is taken as an example to compare each connection mode,
and the calculation results are in Table 11. Due to the inability
to measure the walking and waiting time of passengers, The
travel time of airport bus and railway are its running time.
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Figure 11 Vehicle routes 1-2 a) Route 1; b) Route 2.
Source: Own elaboration.

Figure 12 Vehicle routes 3-4 a) Route 3; b) Route 4.
Source: Own elaboration.
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Figure 13 Vehicle routes 5-6 a) Route 5; b) Route 6.
Source: Own elaboration.

Table 11.
Comparison of each mode.
Indicator Airport bus Railway Cab ARB
Daytime Travel time (min) 46 30 45 55
Fare (yuan) 27 13 76 39
. Travel time (min - - 45 55
Night Fare (yua(n) ) ; ; 76 48
Convenience 2 2 1 1

17

Note. ‘1’: door-to-door, ‘2’: non-door-to-door.
Source: Own elaboration.

No matter during the daytime or at night, even though
ARB has a small increase in travel time compared to cab, the
former is at least 39% less than the latter in terms of fare. As
a consequence, ARB can attract most of the passengers.
During the daytime, although the travel time for airport bus
and railway is less than that of ARB, the former does not take
walking time and waiting time into account, so it is highly
likely that the former’s is greater than that of the latter.
Moreover, ARB offers door-to-door transportation compared
to the other two modes, and despite the fact that its fare is
relatively higher, it is still a good choice for those seeking
efficiency or persons with large luggage.

5 Discussion

5.1  The ARB model balances cost and convenience.
The proposed ARB achieves a fare reduction of more than
39% compared with taxis through a bypass rebate mechanism
and mixed vehicle scheduling, while the door-to-door service
makes up for the shortcomings of traditional public
transportation that requires walking, which verified the
feasibility of "low cost + high adaptability".

5.2  Adouble breakthrough in pricing and algorithms
The pricing mechanism breaks through the limitations of
traditional fixed fares and combines detour distance with
time value, which solves the defect that dynamic pricing
proposed by Emele [3] et al does not consider detours.
Compared with traditional GA, the IAGA reduces the
running time by 12%/14% and the number of iterations by
23%/35%, effectively avoiding the problem of premature
convergence.

5.3  Limitations and future directions

The model assumes that there is no traffic congestion, but
it is inevitable in practice. Future research will consider
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integrating real-time traffic data to improve the model's [10]

adaptability.

As the case study with concentrated demand points,
future research may partition cities into districts to set
differentiated vehicle round-trip time limits based on demand
distribution.

6 Conclusion

In order to meet the personalized travel demands and
improve the quality and efficiency of airport connections, this
paper proposes ARB mode, which improves convenience for
passengers, avoids high fares, and provides a new choice.
The main research content and innovation points of the paper
are summarized as follows.

(1) This paper incorporates rebate mechanism into the
model. The rebate mechanism makes it possible to
accommodate benefits of both passengers and enterprise in
the same objective function, which makes the model more
reasonable.

(2) AnIAGA is proposed. Setting the minimum crossover
probability and mutation probability improves the
evolutionary speed in the early stage and avoid it falling into
local optimum while producing a better and faster result.
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Abstract

In Colombia’s competitive e-commerce market, accurately estimating last-mile delivery fleets is essential for reducing operational costs.
The absence of comprehensive models with operational constraints leads to inefficient resource use and limits sustainable practices. This
study proposes a heterogeneous fleet composition model to reduce costs and integrate electric and low-consumption vehicles. The
methodology includes a literature review, operational characterization of the target company, and an optimization model for a tactical
planning period. A Monte Carlo simulation evaluates demand uncertainty through various scenarios. Results indicate a 9.92% cost
reduction and over 200% increase in electric vehicle usage within the fleet, supporting environmental goals. The proposed model offers a
decision-making benchmark for Colombian e-commerce companies, enhancing competitiveness and contributing to reduced urban
pollution.

Keywords: last-mile; heterogeneous fleet composition; E-commerce, low-emission vehicles; Monte Carlo simulation

Mejorando la eficiencia del comercio electronico urbano: una
referencia para la composicion de flotas

Resumen

En el competitivo mercado colombiano de comercio electronico, estimar con precision las flotas para la logistica de Gltima milla es clave
para reducir los costos operativos. La falta de modelos integrales con restricciones operativas genera un uso ineficiente de recursos y limita
practicas sostenibles. Este estudio propone un modelo de composicion de flota heterogénea orientado a disminuir costos e incorporar
vehiculos eléctricos y de bajo consumo. La metodologia incluye una revision bibliografica, la caracterizacion operativa de la empresa
objetivo y la formulacion de un modelo de optimizacion para un periodo tactico de planificacién. Mediante simulacion Monte Carlo se
evalta la incertidumbre de la demanda en distintos escenarios. Los resultados muestran una reduccion del 9,92 % en los costos y un
aumento superior al 200 % en el uso de vehiculos eléctricos, posicionando el modelo como una referencia para la toma de decisiones en
empresas de comercio electronico en Colombia, con beneficios econémicos y ambientales.

Palabras clave: Gltima milla; composicion heterogénea de flota; comercio electronico; vehiculos de bajas emisiones; simulacion Monte
Carlo.

1  Introduction significant growth, with a projected 25.6%
E-commerce in Latin America has experienced

increase in 2023, reaching 5.5% of total retail sales [1]. environmental regulations, traffic congestion, and

The COVID-19 pandemic accelerated this trend, introducing
millions of new users to online shopping [2]. However, last-
mile logistics in urban areas face challenges such as

insufficient infrastructure [3]. Major players like Mercado
Libre, Rappi, Amazon, and Shopee are reshaping logistics to
address these issues and meet regulatory demands [1,2].
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Last-mile logistics play a strategic role in operating costs
and consumer perception. Despite its importance, fleet
estimation is often performed empirically or using manual
tools. While extensive research exists on the Vehicle Routing
Problem (VRP), studies on strategic fleet composition remain
limited [4].

A heterogeneous fleet composition model is proposed to
optimize last-mile logistics by integrating real operational
constraints. The model incorporates electric vehicles and
alternative distribution methods to reduce costs and enhance
efficiency within a tactical timeframe. It defines fleet
requirements based on operational performance, vehicle
capacity, and origin-destination matrices. Using insights
from literature and service center-specific constraints, the
model ensures cost savings, meets sales-driven capacity
needs, and implements sustainable transport solutions.

The proposed model undergoes performance evaluation
by incorporating stochastic demand behavior, defining an
acceptable error margin, and estimating confidence intervals.
The results are compared against existing costs, assessing
potential improvements and replication feasibility in other
last-mile operations to strengthen Colombia’s logistics
sector.

2 Literature review

The rapid expansion of e-commerce has transformed
customer expectations regarding delivery speed, traceability,
customization, and location flexibility [5]. However, the
concentration of deliveries in urban areas presents significant
environmental, regulatory, and logistical challenges [6].
Consequently, last-mile logistics have evolved to integrate
sustainability, customer-centric strategies, and cost-
efficiency [7].

Last-mile delivery, accounting for up to 50% of total
supply chain costs, is critical for customer satisfaction but
faces challenges such as demand uncertainty and seasonal
variations [7]. Mathematical programming models have been
employed to optimize demand management in this context
[8,9]. Furthermore, integrating production and distribution
remains a complex issue due to fluctuating demand and
logistical constraints, addressed through routing optimization
algorithms [10,11].

Urban delivery operations are influenced by traffic
regulations, congestion, and access restrictions. Load
consolidation models have been proposed to improve
efficiency [12], while the impact of e-commerce on transport
policies has been analyzed through consumer surveys [13].

Table 1.
Types of vehicles that can be used.

Fleet composition further complicates last-mile logistics, as
heterogeneous fleets introduce additional constraints related
to cost, route length, work shifts, and environmental impact
[4,14-16].

Fleet optimization methodologies encompass
mathematical programming for demand-based vehicle
allocation [17-20], heuristic and metaheuristic approaches
for solving complex routing problems [21-26], and machine
learning techniques for demand forecasting [27,28].
Stochastic  variables are frequently integrated into
heterogeneous fleet models to address demand uncertainty,
employing dynamic programming [21], two-stage
optimization frameworks [17,29], and decision tree-based
fleet analysis [20].

Research on stochastic vehicle routing predominantly
relies on exact methods (51%), followed by metaheuristics
(32%) [30]. Multi-stage stochastic optimization has been
applied using Sample Average Approximation (SAA) [31],
while Monte Carlo simulations have demonstrated
effectiveness in fleet cost evaluation [29]. These
methodologies contribute to the ongoing development of
robust and efficient fleet composition models for last-mile
logistics.

3 Problem statement

The case study examines a Colombian e-commerce
company operating twelve service centers in major cities and
surrounding areas. These centers function as cross-docking
platforms, dispatching parcels without storage. Parcel
destinations are typically confirmed six hours before
departure, requiring volume estimates for fleet planning, with
tactical projections set four months in advance and strategic
projections one year ahead. The vehicle fleet consists of
logistics provider alliances (small vans, electric motorcycles,
conventional motorcycles, and electric vans) and owned
vehicles, all subject to geographic and security constraints, as
detailed in Table 1.

Currently, vehicle allocation is performed manually, with
monthly calculations and updates 24 hours before departure,
disregarding package volume and specific destinations. This
results in inefficiencies, including a 9.44% reserve fleet
requirement and an additional 1.95% fleet allocation due to
routing mismatches and oversized packages. In total, 11.39%
of the chartered fleet is used to compensate for these
inefficiencies.

Vehicle Type Geography Security Autonomy Package Size
Small Van All No zone restriction, can carry an assistant Unlimited All
Company-Branded All Zone restrictions due to theft risk, can carry an assistant Unlimited All
Small Van
Auto Rickshaw Flat Zone restrictions, cannot carry an assistant Limited to 60 km Volume restricted
Motorcycles All No zone restriction, cannot carry an assistant Unlimited Volume restricted
Electric Van All Zone restrictions due to theft risk, can carry an assistant Limited to 80 km All
Crowdsourcing All No zone restriction, cannot carry an assistant Limited to 40 km Volume restricted
Delivery Cell All Zone restrictions, cannot carry an assistant Limited to 5 km Volume restricted

Source: Created by the authors
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Table 2.
Operational characterization.

Service center Areas to be served

Type of product

Type of vehicle Operational period

12 service centers 148 nodes

3 typologies

9 typologies 6 days

Areas to be served from each service center

Characterization

- Demand

- Cost per vehicle
- Capacity limits
- Type of contract
(own / rented)

- Forecast performance evaluation

Source: Created by the authors

Given Colombia’s competitive e-commerce landscape,

costs is essential. A more efficient approach would
enhance fleet utilization by incorporating electric and low-
consumption vehicles while considering geographic and
volumetric constraints. This strategy would not only reduce
operational costs and fleet procurement expenses but also
minimize emissions and urban traffic congestion. The
research proposes a heterogeneous fleet composition model
that integrates sustainable transport solutions to optimize
operational efficiency. The key vehicle allocation parameters
and constraints are summarized in Table 1.
4  Data analysis
A structured framework for fleet composition modeling
is proposed, based on a comprehensive bibliographic review.
The framework characterizes operational logistics by
defining a distribution network through destination nodes
and clustering final customers according to geographic and
cost-related factors.

Volumetric package characterization is conducted using
a 12-month historical sales analysis, segmenting products
into small, medium, and large categories. This segmentation
aligns with vehicle load capacities, restricting large packages
to high-capacity vehicles. Historical parcel data informs
projected volumes per destination, facilitating the
construction of an estimation matrix.

Fleet operations are characterized by evaluating loading
and travel times, work shifts, delivery durations, capacity
constraints, and route dispersion limits over a 12-month
period. Additionally, an origin-destination tariff matrix is
developed to determine vehicle operating costs,
incorporating surcharges for remote deliveries. A summary
of these key elements is presented in Table 2.

Finally, a sales forecast analysis compares actual versus
estimated performance, assessing error margins by service
center and target population. This analysis, fundamental for
the stochastic evaluation of the model, will be presented in a
subsequent section.

5  Deterministic fleet composition model

We will first take models developed by [17,18] Next, the
formulation of a proposal for a mixed integer linear
programming mathematical model is detailed, taking the data
in the previous chapter as the source for an evaluation period
of a typical week. The percentage share of demand for each
destination node is taken as fixed for the model, and a

21

optimizing last-mile delivery
maximum limit of packages is defined for each type of
vehicle.  Regarding this model, volumetric capacity
restrictions associated with the characteristics of the
packages are defined to each area.

Model notation

Definition of the sets precedes the presentation of the
parameters and decision variables, as shown in Tables 3 to 5.
The section concludes with the mathematical model that
integrates these components into a coherent and structured
formulation

Table 3.
Model sets.
Notation Description
I Areas to be served
K Types of vehicle to rent
M Types of vehicle to own
T Operation day

Source: Created by the authors

Table 4.
Model parameters.
Notation Name
D;, Demanded delivery in area I in day t
RCAP, Capacity of rented vehicle type k
OCAP,, Capacity of owned vehicle type m
CRy,; Cost of operating rented vehicle type k per day
co,, Cost of owned vehicle type m in planning period
1: If area i can be served with rented vehicle type k, 0:
RE;, .
otherwise
1: If area i can be served with owned vehicle type m, 0:
OE;, .
otherwise

Source: Created by the authors

Table 5.
Model variables.
Notation Name
RV, Number of rented vehicles of type k to rent in day t
ov,, Number of vehicles of type m to be owned
RVDy;, Number of rented vehicles of type k to serve zone i in
day t
oVD,..; Number of owned vehicles of type m to serve zone i in
day t

Source: Created by the authors

6  Objective function

The objective function minimizes the total vehicle operating cost
in period intervals, there are two sets of type of vehicles i) Rented
Vehicles and ii) Owned Vehicles. This implies that the number of
rented vehicles may vary each day, whereas the number of owned
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vehicles remains fixed throughout the entire time horizon (1).

K T M
minZ = z Z CRyt - RVie + Z €0,,0V,,
k t m

Restrictions

The following is a list of the restrictions contemplated in
the model:

1

Z RVDy < RV VKkEK,teT @
i
1

Z OVD,; < OV, VmeM,teT 3)
i

K M
Z RCAP, - RVDy, + Z 0CAP,
k

= VieLteT )
- OVDpit
2= Dy
Dy <48
K M = i
YK RVDy + XM OVDyye VieLteT )
RCAP, - RVDy;, < REy - Dy VielLteT,VkeK (6)
OCAP,, - OVDyye < OE;, - Dy VieELteT,YymeM  (7)

Eq. (2) constrains that the number of rented vehicles sent to
each area in each day cannot be greater than the total vehicles to
rent in each day. Eq. (3) constrains that the number of owned
vehicles sent to each area in each day cannot be greater than the
total vehicles to own. Eq. (4) ensures that the demand of each area
is satisfied according to the capacity and number of vehicles sent
to that area in that day. Eq. (5) ensures that in average vehicle are
not planned with more than 48 deliveries to satisfy a working day
(10 min per delivery). Eq. (6) ensures that vehicles are not send
to areas that cannot be served with that type of rented vehicle, Eq.
(7) ensures that vehicles are not send to areas that cannot be
served with that type of owned vehicle.

The model is implemented using the open-source
optimization package Pyomo in Python. Pyomo is selected
for its compatibility with mathematical notation, ease of

defining constraints, and integration with data handling
(Pandas), graphing (matplotlib), and stochastic modeling
(pysp). It supports multiple solvers, including AMPL, CBC,
CPLEX, Gurobi, and GLPK, offering flexibility in both
commercial and freeware environments.

The proposed model presents certain limitations derived from
its own structural assumptions. First, by assuming that the number
of owned vehicles remains fixed throughout the entire planning
horizon, operational flexibility is constrained in the face of demand
fluctuations or unforeseen events. Although the model allows for
daily variability in the number of rented vehicles, this is bounded
by a maximum daily limit, which may lead to bottlenecks in areas
with high demand. Additionally, the model does not account for
costs associated with vehicle underutilization or penalties for
unmet demand. The constraint of a maximum of 48 deliveries per
day, based on an average of 10 minutes per delivery, overlooks
potential variations in traffic conditions, service times, and the
geographical dispersion of delivery points. Finally, while the
restrictions on vehicle accessibility by type are necessary, they may
limit service coverage without offering alternative mechanisms to
address these areas, potentially compromising overall system
efficiency in more complex real-world scenarios.

7 Monte Carlo simulation

After defining the deterministic model, the stochastic
behavior of demand is integrated into the fleet composition
model. A historical analysis of forecast accuracy over the
past 15 months is conducted, evaluating normal, logistic,
exponential, gamma, and beta distributions using sum of
squared errors (SSE), p-value, and Akaike’s Information
Criterion (AIC) (Table 6). The logistic distribution is
identified as the best fit due to its lowest AIC value.

Based on the forecast analysis, a set of stochastic demand
parameters (¢) is generated to estimate operating costs. Using
Sample Average Approximation (SAA), the expected cost
function (Eq. 8) is reformulated (Eq. 9) under a logistic
distribution. The required sample size (N) for a 95%
confidence level is determined as 80 (Eq. 10), considering
idle vehicle costs. Monte Carlo simulation is then applied to
compute confidence intervals (Eq. 11) and estimate the
expected error (Eq. 12), ensuring robust fleet composition
modeling

nder stochastic demand conditions. Zgsg, X 0\°
under stochastic de d conditions N:(gm ):80.4z80 (10)
ME
K T M
. - o
Q(¢e) =E[minZz =zz CRyt - RVj + Z COmOVm] ®) X F Zosy, ¥ TN an
k t m
1 N . Sup. interval — Inf.interval
rror =
(2= [0@)] © 2 (12)
=1
Table 6.
Input analysis results.
Created by the authorsCriteria Normal Logistic Exponential Gamma Beta
SSE 0.0726 0.0363 0.4161 0.0761 0.0739
AIC 1.3768 0.6854 3.1232 3.4249 5.3943
P-Value 0.0358 0.6876 0.0020 0.0239 0.0311

Source: Created by the authors
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Table 7.
Fleet composition model scenarios.
Source: Created by the authors

Current Scenario Deterministic Results Mean Inferior Interval Superior Interval
Total cost (M COP) $436,400 $397,000 $395,700 $394,600 $396,900
Demand 151.140 151.140 151.401 149.697 152.049
Vehicles 2415 2454 2.438 2432 2418
Cost per package $2,888 $2,627 $2,614 $2,636 $2,611
Cost per vehicle $180,717 $161,800 $162,335 $162,260 $164,155
Saving vs actual Cost per Vehicle 0.000% 11.690% 11.320% 11.370% 10.090%

Source: Created by the authors

8  Results

The company’s operations were analyzed through an
origin-destination matrix, defining routes by distance,
geographic restrictions, and service cost. A 12-month sales
analysis identified package volume profiles per destination,
and historical demand share was assessed. Vehicle
typologies were characterized based on key operational
parameters, including load and travel time, work shifts, and
volumetric constraints. A tariff matrix with surcharges for
remote areas was also developed.

The deterministic fleet composition model optimized
vehicle allocation, identifying cost-efficient distribution
methods. Execution time was 3.4 minutes on an Intel Core
15-337U with 4GB RAM. The model prioritized vehicles
with lower costs per package while considering volume
constraints, leading to 9.92% operational savings, reaching
up to 28.6% in specific service centers. Savings varied across
locations, and compliance with demand restrictions, work
shifts, and geographic distribution was validated. Fig. 1
compares the current and proposed fleet compositions.
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Figure 1. Linear programming model execution results.
Source: Created by the authors
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A Monte Carlo simulation with 80 demand scenarios
assessed model robustness, requiring 58.1 minutes for
execution. Cost per vehicle savings of 11.69% were observed
in the deterministic model, with a stochastic savings estimate
of 11.32% at a 95% confidence level, even in worst-case
scenarios yielding a 10.09% cost reduction. The model error
was $1,155,621 (0.29% of total costs). Table 7 presents cost
and demand variations, showing reduced inefficiencies.

Electric vehicle use increased by 277%, from 20 to 86
units per week, while motorcycle-type vehicles decreased
from 24 to 14 units. Low-emission motorcycles increased by
57%, reducing costs and CO2 emissions. The standard
deviation in fleet size was 87 weekly units, with daily
variations of 3.6%. Compared to the current 11.39%
inefficiency, this represents a potential 7.79% fleet
reduction. Even in outlier scenarios, savings of 6.76% were
achieved despite a 2.56% demand increase. Fig. 2 details the
fleet composition adjustments.
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9  Conclusions and future research

The objective was to propose a heterogeneous fleet
composition model to determine the fleet required to reduce
operating costs in last-mile logistics for an e-commerce
company in Colombia. This goal was achieved by
incorporating key operational constraints and demonstrating
an expected cost reduction of 9.92% under a deterministic
model. Additionally, the integration of stochastic demand
behavior led to an expected savings of 10.27% under
uncertainty conditions. This result highlights the relevance
of combining deterministic models with stochastic
components to better reflect and predict real-world
dynamics.

Practically, the model offers companies a structured
approach to defining fleet size and type, facilitating informed
decisions that align with both cost-efficiency and operational
feasibility. The proposed methodology supports replication
in similar last-mile logistics contexts and enables the creation
of a tailored fleet strategy based on actual operational
characteristics. For decision-makers, this provides a robust
analytical tool to evaluate trade-offs, anticipate variability in
demand, and justify investments in diverse vehicle types,
including electric or low-emission alternatives.

Furthermore, the development of a comprehensive
reference framework for heterogeneous fleet composition—
based on key research trends and solution methods—
provides a valuable resource for practitioners seeking to
optimize logistics operations. The application of Monte
Carlo simulation enhances the model’s utility by offering
confidence intervals for scenario-based planning, thereby
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strengthening its use in real-world strategic decision-making.
Future work may incorporate two-stage stochastic
programming to further enhance the probabilistic robustness
of the model.
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Abstract

The integration of advanced technologies such as Artificial Intelligence (AI), Robotic Process Automation (RPA) and Big Data is
revolutionizing strategic accounting management and consulting. Al optimizes repetitive tasks, improves accuracy in financial data
processing and facilitates fraud detection. RPA automates audits, reconciliations and reporting, reducing errors and increasing operational
efficiency. Big Data, on the other hand, improves the analysis of financial trends and risk management, enabling more strategic decisions.
However, the implementation of these technologies faces significant challenges: resistance to organizational change, digital skills gaps, the need for
a robust technological infrastructure and regulatory compliance in data security. This study employs a mixed methodology, combining a systematic
literature review, case studies in accounting firms in Colombia and Brazil (PwC, Datactil) and interviews with accounting and technology experts.
The findings indicate that while the adoption of Al, RPA and Big Data improves efficiency and client confidence, their success depends on continuous
training, change management strategies and sound regulatory frameworks. It is concluded that these technologies are redefining modern accounting,
promoting more informed decisions and increasing the competitiveness of the financial sector

Keywords: efficiency; automation; predictive analytics; risk management; decision making and technology integration.

Integracion de IA, RPA y Big Data en la gestion y consultoria
estratégica contable: perspectivas y desafios

Resumen

La integracion de tecnologias avanzadas como la Inteligencia Artificial (IA), la Automatizacion Robotica de Procesos (RPA) y Big Data
esta revolucionando la gestion y consultoria contable estratégica. La A optimiza tareas repetitivas, mejora la precision en el procesamiento
de datos financieros y facilita la deteccion de fraudes. La RPA automatiza auditorias, conciliaciones y generacion de informes, reduciendo
errores y aumentando la eficiencia operativa. Big Data, por su parte, mejora el analisis de tendencias financieras y la gestion de riesgos,
permitiendo decisiones mas estratégicas. No obstante, la implementacion de estas tecnologias enfrenta desafios significativos: resistencia
al cambio organizacional, brechas en competencias digitales, necesidad de una infraestructura tecnoldgica robusta y cumplimiento
normativo en seguridad de datos. Este estudio emplea una metodologia mixta, combinando revision sistematica de literatura, estudios de
caso en firmas contables de Colombia y Brasil (PwC, Datactil) y entrevistas con expertos en contabilidad y tecnologia. Los hallazgos
indican que, si bien la adopcion de 1A, RPA y Big Data mejora la eficiencia y confianza del cliente, su éxito depende de capacitacion
continua, estrategias de gestion del cambio y marcos regulatorios solidos. Se concluye que estas tecnologias estan redefiniendo la
contabilidad moderna, promoviendo decisiones mas informadas y aumentando la competitividad del sector financiero.

Palabras clave: eficiencia; automatizacion; analisis predictivo; gestion de riesgos; toma de decisiones e integracion tecnologica.

How to cite: Guerrero, W.A., Camacho-Galindo, S., Guerrero-Martin, L.E., Arévalo, J.C., and Guerrero-Martin, C.A., Integration of AI, RPA and Big Data in strategic accounting
management and consulting: perspectives and challenges. DYNA, (92)238, pp. 26-34, July - September, 2025.

Universidad Nacional de Colombia. ()
Revista DYNA, (92)238, pp. 26-34, July - September, 2025, ISSN 0012-7353
DOL: https://doi.org/10.15446/dyna.v92n238.118759



Guerrero et al / Revista DYNA, (92)238, pp. 26-34, July - September, 2025.

1  Introduction

Modern accounting is undergoing an unprecedented
transformation driven by the integration of Artificial
Intelligence (AI), Robotic Process Automation (RPA), and
Big Data. These disruptive technologies are not merely
automating routine tasks but are actively redefining how
financial information is processed, interpreted, and used for
strategic decision-making. Al has proven capable of
automating repetitive processes, analyzing vast datasets, and
detecting fraudulent activities in real time, which
significantly enhances the analytical capacity of
organizations [1]. Meanwhile, RPA has brought measurable
improvements in core accounting operations, such as account
reconciliation, internal auditing, and the generation of
financial statements, by reducing lead times and minimizing
human error [2-4]. Big Data, through predictive modeling
and data mining, enables the identification of behavioral
patterns in financial activity, thereby strengthening risk
management systems and improving the accuracy of
economic forecasts [5-7].

Despite their benefits, the implementation of these
technologies presents significant challenges. Organizational
resistance to change, the lack of professionals with advanced
digital and cybersecurity skills, and the need for substantial
investment in technological infrastructure remain key
obstacles [8-10]. In addition, companies must address
growing concerns regarding regulatory compliance,
especially when managing large volumes of sensitive
financial data under privacy and data protection standards
[11-13].

This study adopts a mixed-methods approach, combining
a systematic literature review, case studies of prominent
firms such as PwC and Datactil, and fieldwork involving
structured surveys and interviews with accounting and
technology experts. It seeks to address the following research
questions:

1. How do Artificial Intelligence, Robotic Process
Automation, and Big Data affect the efficiency and
accuracy of accounting processes?

2. What organizational, technical, and regulatory
challenges hinder the effective adoption of these
technologies in accounting firms?

3. Which practical strategies can accounting professionals

and firms apply to successfully implement these
technologies in real-world settings?

By addressing these questions, the study aims to provide
an integrated understanding of the opportunities and
limitations associated with digital transformation in
accounting and to offer actionable insights for its successful
adoption, particularly in emerging market contexts
2 Theoretical framework
Modern accounting is undergoing an accelerated
transformation process due to the integration of emerging
technologies such as Artificial Intelligence (AI), Robotic
Process Automation (RPA), and Big Data. These
technologies have reshaped financial management by
improving operational efficiency, increasing the accuracy of
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data analysis, and enabling more strategic decision-making
[1-3]. Through automation, organizations can reduce human
error, detect complex patterns, and manage large volumes of
financial data in real time.

Al, in particular, has played a central role in this
transformation. Its capabilities include advanced fraud
detection, predictive analysis, and the automation of complex
reports, enhancing decision-making at multiple levels [4-
6,40]. Studies demonstrate that Al can audit transactions in
real time, reduce risk exposure, and increase the transparency
of accounting processes [7]. However, its adoption continues
to face challenges such as resistance to change, lack of skilled
personnel in data analytics, and the need for investment in
technological infrastructure [8, 9].

Likewise, RPA has enabled significant improvements in
accounting operations. By automating routine tasks such as
account reconciliation, invoice processing, and internal
auditing, RPA reduces cycle times and increases consistency
[10,11]. Companies like PwC and Datactil have reported
reductions of up to 60% in processing time after
implementing RPA solutions [12]. Nevertheless, challenges
persist in terms of system compatibility, staff retraining, and
high initial costs [13].

Big Data has also become essential in accounting by
allowing the integration and analysis of massive volumes of
structured and unstructured data [14,15]. Its application in
auditing processes helps identify anomalies and anticipate
financial risks with greater accuracy [16]. Studies highlight
its impact on reporting quality and predictive financial
modeling [17,18,39]. Despite these advances, organizations
must address infrastructure limitations, staff training, and
data security compliance to fully leverage Big Data [19,20].

The combined use of Al, RPA, and Big Data creates
powerful synergies. These technologies not only optimize
accounting operations but also generate strategic insights that
support long-term planning [21]. Research indicates that their
integration enhances risk management, regulatory
compliance, and the efficiency of audit processes [22]. For
example, Al and RPA have reduced audit costs while
increasing accuracy, while Big Data has strengthened
transparency and data-driven decision-making [23].

To understand how organizations adopt these
technologies, several theoretical models are relevant. One is
the Technology Acceptance Model (TAM), which explains
that technology is more likely to be adopted when users
perceive it as useful and easy to use [24]. This is crucial in
the accounting field, where professionals are more willing to
use Al and RPA when they improve task execution and are
compatible with existing systems.

In addition, the integration of digital technologies into
accounting requires internal transformation. Lewin’s Change
Management Model outlines a three-stage process—
unfreezing, changing, and refreezing—that helps
organizations navigate transitions [25]. Kotter’s eight-step
model extends this by highlighting the need for leadership,
communication, and employee engagement throughout the
change process [26]. These theories are highly applicable
when firms must overcome cultural resistance to automation
or redefine professional roles in the face of intelligent
systems.
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The Dynamic Capabilities Theory is also highly relevant.
It posits that organizations must develop the ability to
integrate, build, and reconfigure internal competencies to
adapt to technological change [27]. In the accounting context,
this means investing in infrastructure, data governance, and
talent development to align with emerging digital tools.

Equally important is Christensen’s Theory of Disruptive
Innovation, which explains how technologies initially
considered marginal can transform entire industries [28].
This is evident in how Al and Big Data are changing
traditional auditing models by enabling real-time analysis,
reducing dependence on manual sampling, and improving
overall reporting quality.

Empirical studies have emphasized that successful
implementation depends on strategic alignment between
technological resources, organizational structures, and
regulatory frameworks [29]. Firms that fail to address these
dimensions often experience low adoption rates or
operational inefficiencies [30]. On the other hand, companies
that invest in digital transformation benefit from increased
productivity, reduced error rates, and greater agility in
responding to market demands [31].

Finally, ongoing innovation in accounting technologies
points to the importance of preparing for future developments
such as blockchain, cloud-based platforms, and algorithmic
governance models. These trends will likely demand even
greater coordination between technology, talent, and strategy
[32].
3 Methods
To assess the impact of the integration of Artificial
Intelligence (AI), Robotic Process Automation (RPA), and
Big Data on strategic accounting management and
consulting, a mixed-methods approach was adopted,
combining both qualitative and quantitative techniques. This
approach enabled a comprehensive analysis including a
systematic literature review, case studies, structured
interviews, and multi-level data analysis [1].

The systematic literature review aimed to establish a
strong theoretical foundation on the integration of digital
technologies in accounting. To ensure relevance and quality,
inclusion and exclusion criteria were established. The review
prioritized articles published between 2010 and 2024 and was
conducted in databases such as JSTOR, Scopus, Google
Scholar, and PubMed. More than 400 initial documents were
identified, and after applying filters for scientific quality,
scope, and topic relevance, 120 key investigations were
selected for full-text analysis [33-35]. This process allowed
identifying global trends regarding the benefits, barriers, and
strategic uses of AI, RPA, and Big Data in accounting
contexts.

To analyze real-world experiences, case studies were
conducted in two organizations recognized for their adoption
of emerging technologies in financial operations: PwC
Colombia and Datactil Brasil. These companies were
selected due to their advanced digital infrastructure and
documented implementation of Al and RPA [22,23]. Data
collection involved internal documentation and interviews
with accounting managers and financial technology experts.
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According to internal reports, RPA implementation reduced
account reconciliation time by up to 70%, while Al
contributed to improving the accuracy of fraud detection
algorithms [36,37]. Despite the successes, resistance to
change remained a significant obstacle, reinforcing the need
for institutional change management and continued staff
training [10].

To deepen the understanding of expert perspectives on
accounting digitalization, structured interviews were carried
out with 30 out of 40 invited professionals from the financial
and technology sectors. The instrument included targeted
questions on perceived benefits, implementation barriers, and
technological strategies. Interviews were recorded,
transcribed, and analyzed using thematic coding and
classification into categories such as operational efficiency,
regulatory adaptation, and human resource readiness.
Findings revealed that 83% of participants considered Al as
a catalyst for improving accounting procedures, while 17%
noted internal resistance within their organizations.
Additionally, 67% highlighted cybersecurity as a critical
concern in the adoption of financial technologies [38,26].

A combined analysis of qualitative and quantitative data
was then performed. The quantitative component integrated
descriptive statistics, logistic regression, and correlation
analysis to evaluate the relationship between the adoption of
digital tools and performance indicators in the firms studied.
Results showed that Al led to a 50% reduction in accounting
processing time, and RPA was associated with a 60%
decrease in audit errors. Nonetheless, 50% of respondents
cited the lack of robust digital infrastructure as a limiting
factor for full-scale implementation [31,32].

The qualitative component employed content analysis
and thematic classification to interpret interview responses
and documentary evidence. This approach allowed
understanding not only technological outcomes, but also
cultural, structural, and strategic implications of technology
adoption in the accounting function.

Finally, the entire process followed the PRISMA
guidelines (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses). The search strategy included
Boolean operators applied as follows:

Records identified through
database searching (n=1436)

Recors after duplicates
removed (n=1202)

Records screened (n=1202) |

L
Full-text articles assessed for
eligibility (n=103)

Studies included in qualitative
synthesis (n=47)

Figure 1. Prisma.
Source: Authors



Guerrero et al / Revista DYNA, (92)238, pp. 26-34, July - September, 2025.

("artificial intelligence" OR "machine learning") AND
("accounting" OR "financial reporting") AND ("RPA" OR
"robotic process automation") AND ("Big Data") AND
("adoption" OR "implementation")

Selection and exclusion procedures are illustrated in Fig.
1 — PRISMA diagram [33], and the results of the review were
integrated with empirical data to inform the
recommendations and conclusions of this study

3.1. Limitations of the Mixed-Methods approach

While the mixed-methods design adopted in this study
provided a comprehensive perspective on the integration of
Al, RPA, and Big Data in accounting, several limitations
should be noted. First, the qualitative component—especially
interviews—generated more in-depth data than the
quantitative survey, which may have led to interpretative
asymmetries [1]. To address this, thematic findings were
cross-validated using literature and case data.

Second, the purposive sampling of case studies and expert
participants, although strategically justified, limits the
generalizability of the results to broader accounting contexts
[2]. Additionally, social desirability bias may have
influenced some interview responses. This was mitigated by
ensuring anonymity and triangulating with internal
documentation [3].

Finally, the systematic review was constrained by
database indexing and potential omissions due to keyword
variations [4]. Despite careful design of the Boolean search
and inclusion criteria, some relevant literature may have been
inadvertently excluded.

These limitations do not undermine the validity of the
findings but suggest avenues for future research, including
larger samples, longitudinal studies, and expanded
geographic coverage to strengthen the empirical base on
accounting digitalization

4. Results

Research on the integration of Artificial Intelligence (Al),
Robotic Process Automation (RPA) and Big Data in strategic
accounting management has identified significant gains in
efficiency, accuracy and resource optimization within
accounting firms. Through a combination of qualitative and
quantitative methods, including systematic literature review,
case studies, structured interviews and data analysis, key
findings on the benefits, challenges and critical factors
affecting the adoption of these technologies have been
obtained.

The systematic literature review evidenced an
exponential growth in the adoption of these technologies
within the accounting sector over the last decade. More than
400 studies published between 2010 and 2024 have been
identified, highlighting that Al has allowed optimizing the
speed and accuracy of accounting tasks, particularly in fraud
detection and predictive analysis of financial risks [1,15].
Likewise, it has been documented that automation through
RPA has reduced account reconciliation times by up to 70%,
minimizing errors in internal audits and increasing
operational consistency [2,3]. As for the use of Big Data, it

29

has been shown to enable the processing of large volumes of
information in real time, facilitating the identification of
market trends and new business opportunities [5,6].

Case studies conducted in leading accounting firms, such
as PwC and Datactil, have demonstrated substantial
improvements in operational efficiency through the
implementation of these technologies. At PwC, the use of
RPA for automating financial reporting and audits has
reduced the time required to prepare accounting statements
by 60% [22,23]. In addition, the adoption of Al has enabled
more accurate detection of accounting irregularities,
improving the reliability of financial reports [39]. For its part,
Datactil has focused its digital transformation on the
implementation of Big Data and predictive analytics models,
managing to reduce operating costs by 40% and improve the
accuracy of financial analysis by 30% [36,37].

Through structured interviews with 30 accounting and
technology experts, key insights on the impact of digitization
on the industry were identified. Eighty-three percent of
respondents noted that Al has optimized the execution of
accounting tasks, reducing errors and facilitating the analysis
of large volumes of data in real time. However, 17%
mentioned that resistance to organizational change has been
a significant barrier to the adoption of this technology [38].
Regarding automation with RPA, 50% of the interviewees
highlighted that their company has used this technology
mainly for account reconciliation, while 33% have
implemented it in financial reporting and 16% in internal
audits. In addition, 67% of the participants highlighted that
the use of Big Data has improved the ability of companies to
identify business opportunities and foresee financial risks;
however, 50% indicated that the lack of adequate
technological infrastructure is a major barrier to its adoption
[27,28].

Quantitative data analysis allowed an accurate
assessment of the effects of AI, RPA and Big Data
implementation on accounting efficiency. Descriptive,
correlational and logistic regression analysis techniques were
applied, identifying that AI has reduced accounting
processing times by 50%, while automation with RPA has
reduced audit errors by 60%. Likewise, companies that have
implemented Big Data have reported a 40% improvement in
the accuracy of their financial reporting, compared to those
that still rely on traditional methods [40]. In terms of
operating costs, automation with RPA has led to a 30%
reduction in administrative costs, which has facilitated the
reallocation of resources towards strategic areas of growth
and business development [31].

Despite the observed benefits, the study also identified
significant challenges in the implementation of these
technologies. Thirty-three percent of respondents indicated that
lack of training in emerging technologies and organizational
resistance to change have slowed the adoption of accounting
digitization. Also, 50% of the companies analyzed reported that
they do not have adequate technological infrastructure for the
effective implementation of Al and Big Data, which limits their
capacity for analysis and automation [12]. In terms of regulation
and compliance, there are concerns related to data protection and
privacy, especially in the use of Big Data for accounting decision
making [11].
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The results of this article confirm that the integration of
Al, RPA and Big Data has significantly transformed
efficiency and accuracy in strategic accounting. However,
their effective adoption depends on the implementation of
organizational change management strategies, continuous
training and development of a robust technology
infrastructure. In the following section, we will analyze these
findings in the context of the existing literature and discuss
strategies for overcoming implementation challenges and
maximizing the positive impact of these technologies in
accounting consulting

4.1. Interviews

The following graphs (Figs. 1 to 10) present the results of
the interviews conducted with people who manage small and
medium-sized companies:

The answers to question 1. What impact has the
implementation of Al had on your accounting processes? are
shown in Fig. 2:

83% of respondents believe that Artificial Intelligence
has greatly enhanced operational efficiency and result quality
in accounting, noting improvements in speed, accuracy, and
analytical capability, which support better decision-making
and fewer human errors. Meanwhile, 17% point to staff
resistance—driven by fear, lack of training, or reluctance to
adopt new tools—as a key barrier to full implementation.
Overcoming these challenges calls for change management
strategies and ongoing education.

The responses to question 2, What routine tasks have you
automated with RPA in your organization?, are presented in
Fig. 3

Impact of Al on Accounting Processes

m Significant
improvement in
efficiency

17%

Staff resistance to
change

Figure 2. Survey results to question 1.
Source: Authors

Routine Tasks Automated with RPA

B Account
reconciliation

33,30%

Internal audits

\

16,70%

Financial reporting

Figure 3. Survey results to question 2.
Source: the authors

Big Data and Data Processing Accuracy
m Reduction of analysis
time
Improved predictive
analytics
Identification of
hidden trends

Figure 4. Survey results to question 3.
Source: Authors

Half of the respondents reported that Account
Reconciliation is the primary area where RPA has been
applied, emphasizing how automation has made this key
financial process faster and more accurate. Additionally,
16.7% pointed out that internal audits have also seen
improvements, with RPA enhancing the speed and
consistency of data review, helping the organization better
meet regulatory requirements. Meanwhile, 33.3%
highlighted significant gains in Bank Reporting, where
automation has enabled quicker and more precise report
generation, supporting strategic decisions. Overall, RPA has
become a valuable tool across multiple areas, boosting
efficiency, accuracy, and agility in financial operations.

Views on question 3, How has the accuracy of data
processing improved with the use of Big Data? are shown in
Fig. 4.

Half of the respondents believe Big Data has enhanced
the accuracy of predictive analytics, boosting the
organization’s ability to anticipate situations and make
well-informed decisions. Another 33% emphasize how
automation has reduced the time needed for complex
analyses, allowing for quicker and more efficient
responses. The remaining 17% appreciate Big Data’s role
in revealing hidden trends and uncovering opportunities
and risks that had gone unnoticed. Altogether, Big Data has
played a key role in refining both strategic and operational
decision-making.

The answers to question 4, What type of technology
infrastructure do you consider essential to implement Al
and RPA?, are shown in Fig. 5 below.

Foundational Technology for Al and
RPA

m Specialized software

17%

High-speed
networks

33%

Robust servers

Figure 5. Survey results to question 4.
Source: Authors
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Cultural Challenges in Tech Integration

g

® Lack of technical
skills
Slow acceptance of
new methodologies
methodologies

m Resistance to change

Figure 6. Survey results to question 5.
Source: Authors

50% of respondents believe that, in order to effectively
implement Artificial Intelligence (AI) and Robotic Process
Automation (RPA), it is essential to have a technological
infrastructure based on specialized software. On the other
hand, 33% of respondents say that the key to successful
implementation lies in the availability of high-speed
networks, as they enable more efficient and faster processing
and transmission of data, 17% believe that robust servers are
necessary.

The answers to question 5, What cultural challenges have
you faced in integrating these technologies? are shown
graphically in Fig. 6 below.

When it comes to cultural challenges in adopting new
technologies, two main issues stand out. Half of the
respondents point to a lack of technical knowledge as a key
obstacle, indicating that many employees are not yet
equipped to work effectively with Al and RPA. Another 33%
mention the slow acceptance of new technologies, reflecting
a broader reluctance to embrace innovation in the workplace.
Additionally, 17% specifically highlight resistance to change
as a major concern. Together, these insights stress the
importance of investing in employee training and change
management strategies to support the smooth and successful
integration of these technologies.

The reactions to question 6 ;What specialized skills do
you consider necessary to handle Al, RPA and Big Data?
visually in Fig. 7.

67% of respondents view data analytics and statistics as
crucial for managing Al, RPA, and Big Data. Meanwhile,
17% emphasize cybersecurity, and another 17% highlight
programming skills. Overall, the results point to the need for
multidisciplinary  training to fully leverage these
technologies.

Specialized Skills for AI, RPA, and
Big Data
m Data analysis and
statistics
Knowledge in
cybersecurity

17%
17%

Programming and
software development

Figure 7. Survey results to question 6.
Source: the authors
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Customer Relationships After Tech
Integration

H Increased customer
confidence
Need to re-educate
customers
Reduced response time

17% 17%

Figure 8. Survey results to question 7.
Source: Authors

® Improved customer
satisfaction

The answers to question 7, How has the integration of
these technologies affected your relationship with your
customers? are graphically illustrated in Fig. 8 below.

The integration of advanced technologies has greatly
enhanced the customer experience. 33% of respondents note
improved satisfaction through more efficient, personalized
services, while another 33% highlight faster response times.
Additionally, 17% mention increased customer trust due to
greater accuracy and reliability, and 17% point to the need
for customer re-education to adapt to new processes.
Together, these factors strengthen relationships and improve
service quality.

The views on question 8, What security measures have
you implemented to protect the data handled by these
technologies?, are illustrated in Fig. 9 below.

Data security in advanced technologies relies on strict
policies and technical solutions. 50% of organizations use
role-based access controls, multi-factor authentication, and
password management, while the other 50% invest in
advanced tools like next-generation firewalls and intrusion
prevention systems. Additionally, encryption, endpoint
protection, cloud-specific measures, continuous monitoring,
and employee training strengthen the overall security
framework.

The responses to question 9, What additional benefits
have you observed with the adoption of Big Data in your
accounting consultancy? are illustrated in Fig. 10 below.

Security Measures for Al, RPA, and Big
Data

m Strict access policies

Advanced firewalls

Figure 9. Survey results to question 8.
Source: Authors
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Benefits of Big Data in Accounting
Consultancy
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Figure 10. Survey results to question 9.
Source: Authors
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Al RPA & Big Data: Recommendations
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33%

W Start with pilot projects
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Figure 11. Survey results to question 10.
Source: Authors

The adoption of Big Data in accounting consulting has
brought several key benefits. Half of the respondents
highlight its role in identifying new business opportunities by
revealing hidden patterns and market trends. Another 33%
point to deeper client analysis, enabling more personalized
services and stronger relationships. Meanwhile, 17%
emphasize resource optimization, with Big Data improving
operational efficiency and cost management.

The opinions on question 10, What recommendations
would you give to other organizations considering
integrating Al, RPA and Big Data?, are illustrated in Fig. 11
below.

When adopting advanced technologies like Al, RPA, and
Big Data, several strategies are essential. 33% of
organizations begin with pilot projects to test and refine
implementation. 17% focus on staff training to ensure
effective tool usage, while another 17% emphasize
continuous monitoring and evaluation to improve outcomes.
Lastly, 33% highlight the need for a robust infrastructure to
meet technological demands. These approaches support
successful and beneficial integration.

5. Discussion

The results obtained in this research support the premise
that the integration of Artificial Intelligence (AI), Robotic
Process Automation (RPA) and Big Data in accounting
management represents a significant transformation in
operational efficiency, financial reporting accuracy and
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strategic decision making. Previous studies have indicated
that the digitization of accounting processes generates a
substantial improvement in the speed and accuracy of
administrative and analytical tasks. In line with these
findings, our results evidence that accounting automation
through Al and RPA has reduced financial processing times
by 50%, while the use of Big Data has increased the accuracy
of financial analysis by 40%.

Comparison with existing literature shows that the
benefits of these technologies have been widely documented,
particularly in sectors that require a high degree of accuracy
and efficiency in data handling. In this context, our findings
confirm that the application of Al in accounting not only
optimizes routine tasks such as account reconciliation and
fraud detection, but also significantly improves financial risk
prediction capabilities. In addition, data collected through
case studies show that companies that have adopted RPA for
internal audits have reduced errors by 60%, aligning with
previous research suggesting that automation minimizes
inconsistencies in accounting processes.

Despite these benefits, the adoption of these technologies
is not without its challenges. The literature suggests that
organizational resistance to change and lack of training in
emerging technologies are critical barriers to the
implementation of digitization in the accounting sector. In
our research, 33% of respondents indicated that the main
barrier to Al and RPA adoption in their organization is a lack
of expertise, while 50% indicated that inadequate technology
infrastructure hinders the effective implementation of Big
Data. These findings reinforce previous studies that highlight
the importance of investing in training and infrastructure
development to maximize the impact of these technologies
on strategic accounting.

Another key issue identified in our research is the
relationship  between  automation and  workforce
reconfiguration in the accounting sector. While some studies
warn of potential job reductions due to automation, our
results suggest that, rather than replacing accountants, these
technologies allow them to focus on more value-added
strategic tasks, such as financial data interpretation and
business consulting. However, to capitalize on these benefits,
it is critical to redesign accounting training programs to
include skills in data analysis, programming and IT security.

From a regulatory perspective, challenges related to data
protection and regulatory compliance were identified in the
adoption of Big Data and accounting automation. Previous
studies have warned that the management of large volumes
of information in digital environments can generate
vulnerabilities in terms of security and privacy. In this
research, 50% of respondents highlighted the need to
implement stricter security protocols, including the use of
multi-factor authentication and advanced encryption to
ensure the protection of accounting data. In addition, the
results indicate that companies that have adopted
international cybersecurity regulations have managed to
reduce associated risks by 30% compared to those that have
not implemented these regulations.

In terms of strategies for overcoming implementation
barriers, three fundamental approaches were identified that
have proven to be effective in integrating these technologies
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in accounting firms. First, the implementation of pilot
projects, which allow the benefits and challenges of AI, RPA
and Big Data to be evaluated in a controlled environment
prior to full deployment. Second, the adoption of continuous
training programs, designed to train staff in the use of
automation and data analysis tools. And third, the
strengthening of the technological infrastructure, ensuring
interoperability between traditional accounting systems and
new digital platforms.

The results of this article highlight the importance of
organizational adaptability and change management as key
factors for the success of digitization in strategic accounting.
The integration of AI, RPA and Big Data not only improves
operational efficiency and accuracy, but also redefines the
role of the accountant within organizations, giving them a
more strategic and analytical approach. However, to
maximize these benefits, it is critical that firms adopt a
holistic approach that combines technology, human talent
and appropriate regulatory standards

6. Conclusions

The integration of Artificial Intelligence (AI), Robotic
Process Automation (RPA), and Big Data into strategic
accounting represents more than a technological evolution—
it marks a profound transformation in how financial
information is processed, interpreted, and used for decision-
making. This study reveals that these technologies contribute
significantly to improving operational efficiency, reducing
audit errors, enhancing fraud detection, and accelerating
reporting processes. However, their successful adoption is
not solely a matter of technical implementation; it depends
on organizational culture, training, infrastructure, and
leadership.

One of the central findings is the uneven pace of
technological adoption across firms, influenced by factors
such as budget constraints, resistance to change, and skills
gaps. While some companies, like PwC and Datactil, show
strong integration results, others remain in exploratory
stages, facing challenges related to cybersecurity,
interoperability, and compliance frameworks. These
disparities reflect broader structural and institutional barriers
that still limit the scalability of digital transformation in
accounting. From a strategic perspective, the study highlights
that automation and intelligent systems can elevate the role
of accountants from transactional executors to analytical
advisors. This shift demands a reevaluation of traditional
workflows, talent profiles, and educational curricula in the
accounting field.

Despite the progress identified, several knowledge gaps
remain open for future research. First, there is limited
empirical evidence on the long-term financial returns of
automation in small and medium-sized enterprises (SMEs).
Second, the ethical implications of algorithmic decision-
making in audit and reporting require deeper exploration,
especially in light of transparency and accountability. Third,
comparative studies across countries could provide insights
into how regulatory environments shape technological
integration in accounting practices.

Finally, this study reaffirms need for

the a
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multidimensional strategy—technological, organizational,
and human—that ensures not only adoption, but also
effective and sustainable transformation. Future research
should aim to build frameworks that guide firms in
implementing Al, RPA, and Big Data ethically, efficiently,
and strategically.

7. Recommendations

The integration of Al, RPA, and Big Data in accounting
requires more than technical deployment—it demands
coordinated strategies in training, organizational culture, and
infrastructure. First, firms should invest in continuous
training for accountants, focusing on data analytics,
cybersecurity, and digital tools. Academic programs must
update their curricula to include Al and automation topics to
prepare future professionals [4,5].

Second, managing resistance to change is crucial.
Organizations should adopt structured change management
models, such as those proposed by Lewin or Kotter, to
facilitate the transition [25,26]. These models involve
leadership alignment, stakeholder engagement, and effective
communication strategies.

Third, technological modernization is essential.
Accounting systems must operate on secure, integrated
platforms that support automation and real-time data
processing. Investments in cloud infrastructure, ERP
integration, and cybersecurity protocols are fundamental for
sustainable digital adoption [19,32].

Lastly, firms should maintain dialogue with regulatory
entities to align technological innovation with compliance
frameworks. Participation in pilot projects and industry
forums can help anticipate legal requirements and guide
responsible implementation of algorithmic tools [38].

Together, these recommendations provide a roadmap for
firms seeking to transform their accounting functions through
intelligent technologies while addressing technical, cultural,
and strategic challenges
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Abstract

The present study aims to implement Google App Script to optimize the automatic generation of the pre-registration form at FIIS-UNFV.
The methodology used is based on applied descriptive research, focused on improving the registration process through automated tools.
The results highlight an improvement in the control of quotas, avoiding excesses in courses, as well as the elimination of waiting times for
students when completing the process online. Student satisfaction resulting from these changes is 50%, reflecting a positive impact,
although there are still strategies to improve to increase satisfaction to 100%.

Keywords: automation; enrollment; time; App Script.

Implementacion de Google app script para la generacion automatica
de la ficha de pre-matricula

Resumen

El presente estudio tiene como objetivo implementar Google App Script para optimizar la generacion automatica de la ficha de pre-
matricula en la FIIS-UNFV. La metodologia empleada se basa en una investigacion descriptiva aplicada, enfocada en mejorar el proceso
de matricula mediante herramientas automatizadas. Los resultados destacan una mejora en el control de cupos, evitando excedentes en los
cursos, asi como la eliminacion de tiempos de espera para los estudiantes al realizar el proceso en linea. La satisfaccion estudiantil resultante
de estos cambios se sitia en un 50%, reflejando un impacto positivo, aunque atin existe estrategias para mejorar para incrementar la
satisfaccion al 100%.

Palabras-clave: automatizacion; matricula; tiempo; App Script.

1  Introduction The use of tools such as Google App Script has enabled

educational institutions to automate various functions,

In recent years, the automation of administrative
processes in education has experienced significant growth,
driven by the development of new technologies that facilitate
the optimisation of routine tasks. In particular, the automatic
generation of enrolment forms and quota management have
emerged as key solutions to improve efficiency and student
satisfaction in higher education institutions [1]. These
solutions not only reduce the time needed to complete
enrolment processes, but also eliminate problems such as
long queues and human error, providing a smoother
experience for students [2].

significantly improving administrative efficiency (Miller and
Zhang, 2020). This approach has not only been applied in the
context of enrolment, but also in areas such as inventory
management and management information systems [3]. On
the other hand, the implementation of automated systems not
only streamline processes, but also improves the user
experience, which is crucial for maintaining high levels of
student satisfaction [4]. Integrating technologies such as
Google App Script into educational administration not only
streamlines enrolment processes, but also facilitates the
customisation of systems to the specific needs of each
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Figure 1. Phases of implementation
Source: Own

institution [5]. This approach has been widely adopted in several
institutions, which have reported significant improvements in
operational efficiency and accuracy of automatically generated
data [6]. By enabling the automation of routine tasks, institutions
can focus their resources on more strategic aspects, such as
academic development and technological innovation [1].

On the other hand, recent studies have shown that automated
enrolment systems not only benefit educational institutions in
terms of operational efficiency, but also offer advantages in data
management and strategic decision-making based on real-time
information [7]. Optimising these processes also allows
administrators to adapt platforms to the changing needs of users,
ensuring greater flexibility and customisation [8].

This paper focuses on the implementation of Google App
Script as a tool for the automatic generation of the pre-enrolment
form at the Faculty of Industrial and Systems Engineering (FIIS)
of the Federico Villarreal National University (UNFV). The
research aims to explore how this technology can optimise the
enrolment process, improve quota control, eliminate queues for
counselling and increase student satisfaction.

2 Method

Three phases are developed for the implementation of
Google App Script for the automatic generation of the FIIS-
UNFYV pre-enrolment form. See Fig. 1.

Spatial scope: The present project is focused on the
Faculty of Industrial Engineering and Systems at the
Universidad Nacional Federico Villarreal.

Temporal scope: This project has a timeframe of 2024.

Universe: Students from the first to the fifth year of
Professional School and Systems Engineering.

Sample: 141 students from the first to the fifth year of
Professional School and Systems Engineering.

Instrument: Pre-enrolment form, quota visualisation tool
and questionnaire.

Technique: Data analysis, surveys.

3 Results

3.1 Control of course quotas through automatic
generation of the Enrolment Form

A Script has been implemented that allows the
automation of the quota control in real time, avoiding the
over-allocation of enrolled students in the courses, see Fig..2
An event has been created that allows to control every minute
the availability of courses, for example, the course "100375-
INGLES I -A-M-1" is available in the Pre-Enrolment form
when the number of enrolled students is less or equal to the
available limit (25), the Google Apps Script event controls
the maximum limit, hiding the available course so that the
following students cannot be enrolled.
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Figure 2 - Quota control
Source: Own
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Figure 3 - Configuration of the event quota control every one minute
Source: Own

In Google, the process for scheduling events is called
triggers. In the case of quota control, it was configured so that
the process is executed every minute. See Fig. 3.

3.2

Elimination of queues through automatic

generation of the Enrolment Form

The automated system with Google App Script has
eliminated the need for physical queuing for Pre-Enrolment,
see Table 1 for the time taken from the flow of regular
enrolment. Students can complete the entire process online,
saving time and avoiding crowds. Table 2 shows the time
reduction in relation to the waiting time.

Table 1.
AS-IS Flow (part 1)
The
. . Request a review Waiting time C(i)\tlensseuor
Registration of q . to be attended SV
the Registration of_ compliance by the attention  to
with the the  student
Form . counsellor .
requirements (teacher) and reviews
the student's
file.
20 MIN 3 MIN [1h - 2h] 5 MIN
Source: Own
Table 1.
AS-IS Flow (part 2)
Sign and record . Request Waiting time
teagcher's code on Rpcel&les the attgntion at at thegSIEF
the registration ;lgn.e ion F SUM OCRAC
form. gistration Form o cp A SUM
1 MIN 1 MIN 3 MIN [1h - 2h]

Source: Own
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Table 2.
TO-BE
The . SUM OCRAC's
Submits .
. counsellor technical office
To register the . . approval .
. . gives attention registers the
registration and/or

to the student Cards that were

form using the comments on

following form and rev1ew's observations appl.‘oved b y the
the student's . advisor in its
to be raised.
file system.
10 and 15 MIN 5 MIN 1 MIN 3 MIN

Source: Own

SATISFACCION DE LOS ESTUDIANTES

INSATISFECHO

SATISFECHO 70

NEUTRAL

Figure 4 - Level of satisfaction
Source: Own

Upon registration of the Pre-Enrolment form the status
changes to "Pending Review", the next step is the review by
the counsellor. The online enrolment flow eliminates the
waiting time to be seen by the counsellor.

3.3  Student satisfaction

Students have expressed greater satisfaction with the tool's
contribution to eliminating the queue and controlling quotas. To
evaluate the level of satisfaction we will use the graded table or
scales, for this we will evaluate the questions How easy was it to
use the automatic generation tool of the Enrolment Form? and
How satisfied are you with the accuracy of the information
generated in the Enrolment Form? In the following Fig. 4, you can
see the results obtained from the student surveys.

On the result, 50% were satisfied with the use of the
Google App Script tool, 46% indicated that they have a
neutral opinion, that it can be improved with training and
coaching and 4% indicated that they had problems when
generating their Pre-Enrolment Form. In addition, evaluating
other questions, it is mentioned that the ease of generating the
Pre-Enrolment Form is 73.6% and 95% consider that the use
of the tool reduces the time of the enrolment process.

4 Discussions

4.1  Control of course quotas through automatic
generation of the Enrolment Form

Preliminary results show that the implementation of a
Google App Script to automate quota control has been
effective, allowing real-time updating of course availability
and eliminating over-allocation of students (Fig. 2). This
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approach is consistent with previous studies highlighting the
benefits of automation in educational administration. For
example, Miller and Zhang (2020) demonstrated that the
integration of Google App Script significantly improves the
accuracy and speed of administrative processes, reducing
human error and increasing system efficiency.

The ability of the script to automatically hide courses
once the quota limit is reached improves management and
avoids conflicts that could arise from over-enrolment. This
mirrors the findings of Lee and Kim (2022), who found that
automating enrolment systems improves resource allocation
and reduces the workload of administrative staff. When
comparing these results with other implementations, such as
the one presented by Ordofiez Valencia et al. (2022), it is
evident that automation not only avoids course overload, but
also optimises the Pre-Enrolment process, contributing to a
smoother experience for students.

However, as Firmansyah and Sari (2021) suggest, one of
the challenges of automated systems is the dependence on
technology and internet connectivity. During
implementation, the need to ensure a stable technological
infrastructure was identified to avoid possible delays in
updating quotas.

4.2

Elimination of queues through automatic

generation of the Enrolment Card

The second key result is the elimination of physical
queues during pre-enrolment, which has allowed students to
complete the entire process online, saving time and avoiding
crowds (Table 1). This finding is consistent with previous
research showing that the digitisation of administrative
processes significantly reduces waiting times and the need
for face-to-face procedures. Calampa Tantachuco (2021)
observed similar results in the implementation of a web
platform for enrolment, showing that the use of technological
tools facilitates organisation and access to administrative
services.

Time saving is one of the main benefits, and this result is
aligned with the findings of Fandifio Rangel and Alvarez
Peniche (2021), who reported an improvement in operational
efficiency through digitalisation. Students no longer have to
wait for long periods of time to be served by counsellors,
which contributes to higher overall satisfaction. In addition,
the elimination of physical queues has positive implications
for logistics and space management within educational
institutions, which Gualoto Garcés (2021) also identified as
a key benefit in his study on optimising enrolment processes.
4.3  Improving student satisfaction through automation
Preliminary results indicate that students have responded
positively to the new automated enrolment system. In a
satisfaction survey, 57.4% of students rated the tool as "easy"
or "very easy" to use, reflecting a high level of acceptance.
These results are in line with studies showing how the
implementation of intuitive and efficient technologies
improves the user experience. According to Baxter et al.
(2020), simplicity and accessibility of technological tools are
key factors in achieving high user satisfaction.
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Furthermore, 73.6% of students completed their pre-
enrolment in less than 10 minutes, highlighting the speed of
the new process compared to the manual system. This finding
is consistent with the research of Martinez and Garcia (2023),
who found that automated systems significantly reduce
enrolment times, improving the efficiency of administrative
procedures.

Finally, 50% of the surveyed students are satisfied. This
reinforces the idea that automation not only optimises
processes, but also improves users' perception of service
quality, as suggested by Johnson and Williams (2021).

5  Conclusions

The implementation of Google App Script to improve
the quota control of the courses through the automatic
generation of the enrolment form, verifies every minute
that it does not exceed the maximum limit of enrolled
students, in case of parallel registrations due to student
attendance in a certain time, it can be limited to a value
lower than the limit to ensure that the maximum quota
will not be exceeded.

By implementing Google App Script to eliminate queues
through the automatic generation of the enrolment form,
the entire process is completed online, the system time
for a student is approximately 24 minutes, while the
manual process was 33 minutes, without considering the
waiting time generated when the enrolment date is more
crowded. For the busiest day for the review of their
enrolment forms, the waiting time is reduced with the
greatest amount of resource allocation (counsellors),
The results of the pilot implementation show that 50%
are satisfied with the generation of the automatic
enrolment form; this indicator can be improved by
training students.

The pilot implementation of Google App Script
optimised the automatic generation of the pre-enrolment
form at the FIIS-UNFV, eliminating queues and
controlling quotas in order to avoid reprocessing.

Recommendations

Use an institutional Google account because it has better
functionality than conventional mail.
Propose an elective course in basic programming with
the javascript language for all engineering majors.
Propose an elective course on automation with the App
Script tool to support process improvement in public and
private companies.
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Abstract

The aeronautical sector confronts unprecedented challenges to mitigate its environmental impact amid accelerated climate change and
stringent regulations. This study’s objective was to design and apply a methodology for evaluating environmental performance at the Cuban
Air Navigation Company through a mixed-methods case study. Based on ISO 14001 and 14031 standards, the methodology's design
integrated systematic literature review and documentary analysis and was validated using inductive-deductive and systemic approaches.
The results, based on three premises and six key indicators, revealed high compliance in environmental objectives (92.3%) and waste
management (102%). However, the evaluation also highlighted key areas for improvement, such as electromobility strategies (70%
compliance) and the environmental training plan (83.6% compliance). The resulting framework not only enables monitoring environmental
practices to ensure regulatory compliance but also serves as a strategic tool for advancing sustainability and driving continuous management
improvement.

Keywords: climate change; environmental performance; methodology; environmental management; sustainability; environmental training.

Evaluacion del desempeiio ambiental en navegacion aérea con
recursos limitados: estudio de caso en Cuba

Resumen

El sector aeronautico enfrenta desafios inéditos para mitigar su impacto ambiental ante un cambio climatico acelerado y regulaciones mas
estrictas. Este estudio disefio y aplico una metodologia para evaluar el desempefio ambiental en la Empresa Cubana de Navegacion Aérea
mediante un estudio de caso mixto. La metodologia, basada en las normas ISO 14001 y 14031, integro la revision sistematica de literatura
y el analisis documental, y fue validada mediante métodos inductivo-deductivos y sistémicos. Los resultados, a partir de tres premisas y
seis indicadores clave, mostraron alto cumplimiento en objetivos ambientales (92,3%) y gestion de residuos (102%), pero también revelaron
areas de mejora como la electromovilidad (70%) y la formacion ambiental (83,6%). El marco resultante facilita el monitoreo de practicas
ambientales, el cumplimiento normativo y sirve como herramienta estratégica para promover la sostenibilidad y la mejora continua de la
gestion.

Palabras clave: cambio climatico; desempefio ambiental; metodologia; gestion ambiental; sostenibilidad; formacién ambiental.

1  Introduction long-term variations in global and regional climate patterns,

primarily driven by human activities such as the burning of

In recent decades, the relationship between human fossil fuels, deforestation, and industrialization [1]. These

activities and changes in the natural environment has become  activities contribute to the increase in greenhouse gas

critically important. One of the most extensively studied concentrations, such as carbon dioxide (CO:) and methane,
phenomena is climate change, which involves significant and  in the atmosphere, thus driving global warming [2].
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The aeronautical sector is responsible for approximately
2% to 3% of global CO: emissions due to the large quantities
of fossil fuels consumed during flight operations. These
operations significantly impact the environment through air
pollution and other contributions to climate change [3,4]. In
addition to CO: emissions, the sector also contributes to
climate change through other environmental impacts such as
noise pollution and the consumption of resources, including
fuel and water, required to maintain operations [5, 6]. These
factors underscore the urgent need to explore strategies for
mitigating the environmental footprint of the sector.

1.1  Environmental management in the aeronautical
sector

The International Organization for Standardization (ISO),
through consensus among its member countries, establishes
systems and methodological tools to address the
environmental impacts of organizational management. The
ISO 14000 family of standards, developed by the ISO/TC
207 Technical Committee on environmental management,
provides a set of international benchmarks to guide
organizations in minimizing their environmental impacts [7].
Within this series, the ISO 14050:2020 standard defines
environmental management as "the coordinated set of
activities within an organization related to its environmental
aspects" [8] (p. 3).

Grounded in the principles of sustainable development,
environmental management seeks to balance industrial
growth with environmental preservation [9]. In the aviation
industry, this balance is pursued through policies,
procedures, and practices designed to mitigate the
environmental effects of operations [10]. To this end,
frameworks like the Cuban standard NC-ISO 14001:2015,
Environmental Management Systems—Requirements with
Guidance for Use, equip organizations with a formal system
to control environmental impacts, continuously improve
performance, and demonstrate a commitment to
sustainability. The standard aims to ensure regulatory
compliance and address risks and opportunities by promoting
interrelated actions, such as setting clear objectives and
implementing integrated processes [1].

Identifying and quantifying the environmental impacts of
an organization's activities is therefore essential for strategic
decision-making. It allows for setting clear objectives,
implementing preventive or corrective measures, and seizing
opportunities to enhance environmental performance [11].
The NC-ISO 14001:2015 standard defines an environmental
impact as any change to the environment, whether adverse or
beneficial, resulting wholly or partially from an
organization's environmental aspects [1]. An environmental
aspect, in turn, is defined as any element of an organization's
activities, products, or services that interacts or can interact
with the environment.

Consequently, implementing an  Environmental
Management System in air service companies requires
specific methods to evaluate environmental performance.
This process entails measuring and analyzing operational
impacts on the environment, local communities, and the
economy. Furthermore, it involves designing sustainable
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strategies and fostering a culture of continuous improvement
in environmental management [12].

1.2 Context, framework, and  rationale
environmental performance evaluation

for

The Cuban context presents unique challenges that
heighten the importance of this study. The national
aeronautical sector operates under significant economic
constraints that limit access to cutting-edge, fuel-efficient
technologies and international capital for green infrastructure
projects [13]. Furthermore, as an island nation, Cuba is
particularly vulnerable to the impacts of climate change, such
as rising sea levels and an increase in the frequency of
extreme weather events, which directly affect airport
operations and safety. These factors create a pressing need
for innovative, low-cost, and highly adaptable environmental
management methodologies that can be effectively
implemented within the existing resource framework,
making the Cuban case a relevant model for other developing
nations facing similar circumstances.

In line with national policies to reduce the environmental
impacts of aviation, the Instituto de Aerondutica Civil de
Cuba (IACC) is responsible for developing aeronautical
standards and regulations. These are based on the
international requirements of the International Civil Aviation
Organization (ICAO), which promotes global cooperation in
the sector [14]. Consequently, Cuban companies in the
aeronautical sector are mandated to implement practices to
conserve resources, improve and rehabilitate environmental
conditions, and monitor impacts and risks. These control
actions must involve both workers and managers and be
conducted in accordance with relevant budgets, ensuring
compliance with all national and international regulations
[15-18].

The Empresa Cubana de Navegacion Aérea (ECNA), the
focus of this research, provides air navigation services within
the Havana Flight Information Region (FIR), operating
through a Central Level with seven directorates and eleven
Base Business Units [19]. The company has implemented an
Environmental Management System (EMS) based on NC-
ISO 14001:2015, certified by national and international
bodies. This system aligns its operations with ICAO policies
and follows a process-based approach for predictable results
[20,21]. For this research, the specific unit of study selected
from ECNA's eleven Base Business Units was the Air Traffic
Control Center (Centro de Control de Transito Aéreo -
CCTA).

The selected unit, CCTA, is located in proximity to
several potential sources of environmental interaction,
including an electrical substation, a warehouse facility, and
the hangars of the Cuban Aviation Company. The nearest
residential area is a populated settlement approximately 2 km
from the site, featuring well-developed infrastructure such as
drainage and aqueduct systems and multi-story buildings.
Although a portion of the CCTA workforce resides in this
settlement, no environmental conflicts related to the unit's
operations had been formally reported at the time of the
study. This physical and social context is relevant for
identifying baseline environmental conditions and potential
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community-related environmental aspects.

While an EMS provides a foundation, its effectiveness hinges
on a robust process for environmental performance evaluation
(EPE). The ISO 14031:2021 standard defines EPE as an internal
process employing indicators to measure and promote
continuous improvement, structured around the Plan-Do-Check-
Act (PDCA) cycle. In the Plan stage, key indicators are selected,
which fall into two main categories: Environmental Condition
Indicators and Environmental Performance Indicators. The first
category, Environmental Condition Indicators (ECIs), provides
information on the environmental context affected by the
organization. The second category, Environmental Performance
Indicators, is further subdivided into two types: Management
Performance Indicators (MPIs) and Operational Performance
Indicators (OPIs). MPIs focus on management commitment and
socio-economic benefits, while OPIs analyze the efficiency of
organizational operations [22].

Following the cycle, the Do stage involves the systematic
collection and analysis of reliable, high-quality data, which are
transformed into actionable information to  support
environmental objectives (EO) and facilitate communication
with stakeholders. During the Check and Act phases, results are
compared against established objectives using statistical tools to
identify progress or deficiencies. These findings are then
communicated to senior management to support strategic
decision-making and drive continuous improvements [22]. To
ensure its utility and promote accountability, ISO 14031:2021
also stipulates that all EPE information must be relevant,
comprehensive, transparent, consistent, and accurate.

The execution of such a detailed process requires a structured
methodology. Ferndndez Sotelo [23] describes a methodology as
a sequence of methods, procedures, and techniques that integrate
actions, resources, and tools to achieve defined objectives.
Furthermore, de Armas Ramirez et al. [24] emphasize that an
effective methodology must be built upon clear premises and
include specific objectives, stages, and implementation
recommendations to ensure its applicability.

Considering the above, and despite its certified EMS,
ECNA's management identified a critical gap. There was a
recognized need to set more specific environmental goals to
prevent pollution, eliminate hazards, and reduce risks.
Concurrently, it was observed that there was insufficient
information to identify strategic opportunities, track trends in
environmental performance, and establish clear objectives
against which performance could be measured. This lack of
a systematic process for understanding its environmental
impact was identified as the core research problem.
Consequently, the objective of this research was to design
and apply a methodology for evaluating environmental
performance within ECNA, enabling the organization to
address these gaps and achieve its sustainability goals.

2 Method

2.1  Research design and approach

This study employed a mixed-method research design,
combining qualitative analysis with practical application.
The qualitative phase involved systematic literature and
documentary reviews to establish a theoretical foundation.

The practical phase consisted of the pilot-testing of the

resulting methodology within a specific organizational

context. This integrated approach allowed for a

comprehensive  examination of the intervention's

effectiveness. The research was structured as a single-case
study of the Air Traffic Control Center, a Base Business Unit
within the Empresa Cubana de Navegacion Aérea.

2.2 Study participants and collaborators

The design and validation of the methodology were

conducted in collaboration with an expert panel. This panel

consisted of three researchers specializing in environmental
management, with affiliations to ECNA, the University of

Havana, and the Pontifical Catholic University of Ecuador,

ensuring a blend of internal and external academic

perspectives.

The pilot implementation of the methodology was carried
out at the CCTA. The study population comprised all 166
employees of the unit. Their participation was defined as
follows: direct participation involved key personnel, such as
managers and department heads, who actively engaged in
providing data and feedback during the evaluation process.
Indirect participation included the remainder of the
workforce, whose departmental activities, resource
consumption data, and waste generation figures were
essential for the overall environmental performance analysis.
All organizational data were anonymized and handled with
strict confidentiality to protect the privacy of the company
and its employees.

2.3 Methodology development and application

The development of the methodology began with a

systematic review of scientific and technical literature to

establish a theoretical foundation. This review utilized
databases such as Scopus, Web of Science, and Google

Scholar, with key search terms including “environmental

management,” “environmental performance,” “service

companies,” and “aviation.”

Simultaneously, a comprehensive documentary analysis
was conducted on the following key standards, regulations,
and internal procedures relevant to the aeronautical sector:

e NC-ISO 9001:2015 Quality Management Systems -
Requirements.

e NC-ISO 14001:2015 Environmental management
systems - Requirements with guidance for use.

e SO 14031:2021 Environmental management -
Environmental performance evaluation - Guidelines.

e Aecronautical Regulation No. 16. Environmental
Protection - Part 1. Environmental Management [15].

e Procedure P.01-15. Environmental Aspects. Internal
procedure to identify, evaluate, and control
environmental aspects at CCTA [25].

To facilitate a comprehensive diagnostic of ECNA’s
environmental performance, a checklist was developed,
grounded in the elements provided by standards NC-ISO
14001:2015 and ISO 14031:2021. This tool comprised 29
criteria, whose relevance was validated through unanimous
approval by ECNA's senior management, ensuring alignment
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with the organization’s operational and strategic needs.

Using this diagnostic checklist in conjunction with other
documentary analysis techniques, including systematic
comparison, critical analysis, and comparison matrices, a gap
analysis was performed. This involved comparing the
principles and requirements from the literature and official
documentation against ECNA’s existing practices to identify
key deficiencies and areas for improvement.

Based on the results of the gap analysis, relevant
environmental performance indicators were selected and
subsequently adapted to the specific processes and activities
of ECNA. This step ensured that all proposed indicators were
directly applicable to the organization's operational context.

The proposed methodology and its adapted indicators
then underwent a rigorous validation by an expert panel. This
validation was conducted through a structured consensus
workshop where each indicator was systematically assessed
against SMART criteria (Specific, Measurable, Achievable,
Relevant, and Time-bound). Indicators were collectively
discussed, revised, and formally adopted upon reaching
expert consensus on their practical applicability, robustness,
and strategic alignment with ECNA's goals.

Following the validation, the application phase of the study
was conducted. Data corresponding to the selected
environmental performance indicators (energy consumption,
emissions, waste generation) were collected from existing
operational records within CCTA. The collected data were then
processed and analyzed using descriptive statistical techniques.
Furthermore, comparative analyses were performed to identify
areas with the greatest potential for improvement and those with
outstanding performance, providing the quantitative basis for the
evaluation. All data processing and analysis were conducted
using Microsoft Excel.

3 Results

3.1  Framework of the proposed methodology

The methodology was developed based on three

fundamental premises:

1. The ECNA operates within an environmentally sensitive
sector, necessitating robust environmental management
to address the challenges posed by climate change.

The methodology aims to ensure compliance with both
national and international regulations related to
sustainability and environmental management.

The organization’s success is contingent upon its ability
to adapt operations to climate and environmental
challenges, aiming to reduce negative impacts while
enhancing operational efficiency.

Based on these premises, the objective of the

methodology was to establish a structured framework for

systematically =~ evaluating =~ ECNA’s  environmental
performance and providing reliable data to support strategic
decision-making. The resulting framework, depicted in

Figure 1, is structured around the PDCA cycle and is

designed to transform a series of key inputs into tangible

outputs through four distinct stages.
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Figure 1. Framework of the Methodology for EPE based on the PDCA Cycle
Source: Own elaboration.

The proposed methodology requires a set of essential
inputs to ensure its alignment with the principles of an ISO
14001-based Environmental Management System and its
effective implementation within the organization. These
inputs are:

e The mandatory reference framework established by
local, national, and international regulations applicable
to the aeronautical sector.

The organization's environmental policy, serving as a
strategic guide that reflects senior management's
commitment to improving environmental performance
and preventing pollution.

A thorough identification and prioritization of
environmental aspects and impacts related to the
organization's activities, products, and services (e.g.,
emissions, waste generation, and the consumption of
natural resources).

Operational and historical data, including records of
energy consumption, emissions, water use, and waste
generation, which form the basis for analysis and
planning.

All available resources for implementation and
monitoring, including equipment, measurement systems,
trained personnel, and financial assets (allocated
budgets).

The expectations and concerns of relevant stakeholders,
such as communities, regulators, and customers, which
are taken into account to influence strategic decision-
making.

The findings from previous audits, initial
assessments, or past evaluations, which are integrated
within the operational framework of the PDCA cycle
to ensure a systematic approach to continuous
improvement.

The methodology systematically processes the inputs
through the four stages shown in Figure 1, which
correspond to the PDCA cycle. Table 1 provides a detailed
summary of the key actions performed within each of
these stages, from the initial diagnosis and planning to the
final  communication and  implementation  of
improvements.
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Table 1.
Summary of Methodology Stages, Actions, and PDCA Cycle Mapping

PDCA Methodology
Phase Stage

Key Corresponding Actions

Identify and prioritize
environmental aspects.
Select and design SMART performance
indicators (MPIs, OPIs).

Align indicators with strategic objectives
and regulations.

significant

Diagnosis and

Plan Indicators

Develop standardized protocols for data
gathering.

Collect reliable, verifiable, and traceable
data for each indicator.

Organize information in a centralized
database.

Do Data Collection

Analyze data and compare performance
against established targets.

Identify deviations, non-conformities,
and opportunities for improvement.
Generate structured reports for senior
management.

Check  Evaluation

Formulate and implement corrective and
preventive action plans.

Communicate performance results to all
relevant stakeholders.

Periodically review and adjust indicators
and processes.

Communication
and Continuous
Improvement

Act

Source: Own elaboration.

Applying the methodology yields a series of concrete
outputs that enhance the organization’s environmental
performance and reinforce its alignment with the EMS
objectives. The principal outputs are:

e A tailored set of environmental performance indicators
to monitor critical areas such as emissions reduction,
resource efficiency, and waste minimization.

The creation of environmental management plans and
strategies, which are supported by the indicators and
include targeted programs to mitigate significant
impacts, optimize processes, and meet established goals.
Systematized data and documented records,
encompassing monitoring results, measurements, and
findings from internal and external audits, which provide
verifiable evidence of the organization’s environmental
performance.

Periodic evaluation reports that detail compliance with
indicators and objectives, identify areas for
improvement or non-conformities, and propose
corresponding corrective and preventive actions.

The promotion of a continuous improvement cycle,
reflected in updates to procedures, processes, or
technology, ensuring the ongoing optimization of
environmental performance.

The effective communication of performance results to
all relevant stakeholders, fostering transparency and
reinforcing  confidence in the organization’s
environmental commitment.

Periodic updates to the environmental policy based on
achieved results, consolidating long-term sustainability
and ensuring lasting environmental, social, and
economic benefits.
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Table 2.
Design and measurement criteria for MPI
. Method of Reference Score
Indicator .
measurement point breakdown
TEO (actual) A=CEO> A+B=2 2
CEO=TE0 (plamy '° 90%=1  As+B=1 1
MPI 1 TC
CEA = —+100 B=CEA > A+B=0 0
TP 90 %=1
CETP CETP>95%
MPI 2 ETA (real) CETP >95%
=——— 4100 )
ETA (plan) * CETP<95% 0
Score from worker E.P>4 1
environ- menttal E.P>4 EP<d 0
MPI 3 perception survey
. . C=0 1
Complaints received C=0 C£0 0

Note. The formulas use the following abbreviations: TEO = Tasks
contributing to compliance with EO; TC = Tasks Completed; TP = Tasks
Planned; ETA = Environmental Training Actions.

Source: Own elaboration.

3.2 Design of performance indicators

To assess environmental performance in accordance with
the integrity principle outlined in ISO 14031:2021 (ISO,
2021), three management performance indicators (MPI) and
three operational performance indicators (OPI) were defined.
The design and measurement criteria for the MPI are detailed
in Table 2, while the criteria for the OPI are presented in
Table 3. The design and measurement of environmental
condition indicators were entrusted to external specialized
entities, which conducted evaluations under service contracts
for agreed-upon environmental categories.

Designed Management Performance Indicators:

MPI 1: Compliance with Environmental Objectives and
Actions (CEO and CEA).

Objective: Determine the extent to which ECNA
achieves its environmental improvement goals.
Information Sources: Environmental strategic plan,
monitoring reports, environmental committee meeting
minutes, internal compliance audits.

MPI 2: Compliance with the Environmental Training
Plan (CETP).

Objective: Assess how well the organization promotes
environmental awareness among its employees.
Information Sources: Training records, attendance logs,
post-training  satisfaction surveys, environmental
competency evaluations, training session minutes.

MPI 3: Stakeholder Satisfaction Level.

Objective: Evaluate whether ECNA’s environmental
management meets the expectations of its stakeholders.
Information  Sources: Stakeholder surveys and
interviews, complaint and suggestion records.

Designed Operational Performance Indicators:

—

OPI 1: Compliance with the Route Realignment Plan (CRRP).
Objective: Assess progress in redesigning airspace to



Depestre-Wray et al / Revista DYNA, (92)238, pp. 39-46, July - September, 2025.

achieve more direct and efficient routes, optimizing
flight times and fuel consumption.
Information Sources: Flight plans, airspace redesign
reports, route time and fuel consumption statistics, air
traffic monitoring software reports.

OPI 2: Compliance with the Emissions Reduction
Program (CERP).

Objective: Measure the degree to which ECNA meets its
commitments to adopt more efficient technologies.
Information Sources: Flight emission records, electric
technology migration project (ETMP), energy efficiency
audits.

OPI 3: Compliance with the Recyclable Waste Delivery
Plan (CRWDP)

Objective: To verify how the organization ensures the
fulfillment of commitments made for the sustainable
management of its waste.

Sources of Information: Records of recyclable waste
delivery and reception, agreements with recycling
companies, waste management audits, environmental
compliance reports.

Through the integration of these indicators, ECNA
ensures a structured and evidence-based approach to
monitoring and improving environmental performance,
while aligning its strategic objectives and regulatory
requirements.

3.3 Performance evaluation results

The application of the designed indicators yielded the
results summarized in Figure 2, which compares the achieved
performance against the established targets for each key
indicator.

Table 3
Design and measurement criteria for OPI
Indicator Method of Reference Score
measurement point breakdown
OPI 1 CRRP CRRP CRRP 2
_ Ri(actual) «100 =100 % =100 %
" R(plan) CRRP 0
<100 %
OPI 2 ETMP A:ETMP A+B=2 2
=TA(real)*100 >85%=1 A+B=1 |
TA (plan)
RCE B: RCE A+B=0 0
ER (real) >100 % =
=——-=x100 1
ER (plan)
OPI 3 CRWDP CRWDP CRWDP 1
_ DQ (real) 100 >100 % >100 %
<100 %

Note. The formulas use the following abbreviations: R = Realignment of
routes; TA = Total actions; ER = Climate equipment replaced; DQ =
Delivered quantities; PR = Potential material to be recycled. The score for
OPI 2 is a composite of two components: component A (Compliance with
the technological migration program) and component B (Replacement of
climate equipment with ecological refrigerant).

Source: Own elaboration.
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Figure 2. Target vs. achieved compliance for key performance indicators
Source: Own elaboration.

The evaluation shows full compliance (100%) was
achieved in the Route Realignment Plan (OPI 1). The target
for Recyclable Waste Delivery (OPI 3) was exceeded,
reaching 102%, while the overall Environmental Objectives
(MPI 1) achieved a 92.3% compliance. In contrast, the
performance for the electromobility component of the
Emissions Reduction Program (OPI 2) was 70%, and the
Environmental Training Plan (MPI 2) reached an 83.6%
completion rate.

4 Discussion

4.1  Interpretation of key findings
The evaluation of ECNA’s environmental performance
reveals a profile of strong compliance in established operational
and administrative areas, contrasted with significant challenges
in technology-intensive domains. Full compliance in the Route
Realignment Plan (OPI 1) and high achievement in
Environmental Objectives (MPI 1) suggest that the organization
excels at optimizing existing processes and administrative
controls. However, the most telling findings are the nuanced
results. The overachievement in Waste Delivery (OPI 3 at
102%), for instance, was not a simple success in disposal, but
rather an indicator of a successful, underlying digitalization
strategy that reduced paper consumption. This highlights a key
strength of the methodology: its ability to uncover causal
relationships between seemingly unrelated initiatives.
Conversely, the shortfalls in the Environmental Training Plan
(MPI 2 at 83.6%) and the electromobility strategy (OPI 2 at 70%)
point to systemic issues. The link between inadequate training
completion and lower employee satisfaction ratings on
environmental education programs suggests that investment in
human capital is a critical prerequisite for performance. The
primary challenge, however, remains the implementation of
capital-intensive technologies like electromobility, where
progress is clearly hindered by the broader economic and
logistical constraints faced by the organization.
4.2  Contribution and novelty of the methodological
framework

The primary contribution of this research is the
development of a valid and effective tool for EPE within an
Environmental Management System. The methodology’s



Depestre-Wray et al / Revista DYNA, (92)238, pp. 39-46, July - September, 2025.

practical applicability was demonstrated by its successful
adaptation to the specific operational characteristics of an air
navigation service provider. The findings confirm that its
implementation enables the systematic identification of
significant environmental aspects and the formulation of
targeted improvement actions, thereby aligning with the core
requirements of the ISO 14031 standard.

When contextualized within existing international
frameworks, the specific contribution of this methodology
becomes evident. While the ICAO (2019) provides extensive
environmental guidance, its tools are often structured for
large-scale airport operators with significant resource
availability. The framework developed in this study
distinguishes itself by being specifically tailored for an entity
operating under resource constraints. Its novelty derives not
from proposing new theoretical constructs, but from the
systematic integration of established ISO standards with
national regulations and specific operational realities. This
results in a pragmatic and adaptable framework, offering a
valuable alternative to more prescriptive, universal models.
4.3  Implications for practice and replicability
The model's potential for replicability in other developing
nations is a significant implication of this study. The
operational challenges identified at ECNA—such as limited
capital for green technologies and heightened vulnerability to
climate impacts—are prevalent in many countries,
particularly in small island developing states. Consequently,
the proposed methodology, with its emphasis on leveraging
internal data and expertise within the recognized ISO
structure, offers a robust and transferable framework. Other
organizations can adopt the core PDCA architecture while
customizing the performance indicators to align with their
specific environmental priorities, such as water stewardship
in arid regions or biodiversity conservation near sensitive
ecosystems.

From a management perspective, the results underscore
that achieving environmental goals requires a dual focus:
optimizing internal processes and securing strategic
resources for technological upgrades. The mechanisms for
communicating results, defined via a formal procedure
involving periodic reports and feedback meetings, proved
effective in refining strategies and ensuring stakeholder
alignment.

4.4  Limitations and future research

Despite the successful application, this study has
limitations. The evaluation relied primarily on existing
historical data, which in some areas was incomplete, and the
single-case study design limits the generalizability of the
specific quantitative results. Based on these findings, it is
recommended that the organization accelerate the
implementation of advanced technological strategies and
develop a more comprehensive training plan to address the
identified shortfalls.

Future research should therefore focus on applying this
methodology in other air navigation service providers to
further validate its adaptability. Additionally, developing
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cost-effective, in-house methods for monitoring key
Environmental Condition Indicators could enhance the
autonomy and comprehensiveness of the evaluation.

5 Conclusions

This research successfully designed and applied a tailored
methodology for environmental performance evaluation at
ECNA. The study confirms that a systematic, evidence-based
approach structured around the PDCA cycle is highly
effective for identifying critical performance areas, even
under significant resource constraints. The resulting
framework not only provides a valid tool for ECNA’s
continuous improvement but also offers a replicable model
for other organizations facing similar environmental and
economic challenges, contributing a practical and relevant
tool to the field of sustainable aviation management.

The key outcomes that substantiate this contribution are:
The designed framework proved to be an effective and
replicable tool for monitoring and improving environmental
practices within a resource-constrained aeronautical entity.
The evaluation successfully identified areas of strong
performance, such as route realignment, while
pinpointing critical weaknesses in the environmental
training plan and the electromobility strategy.

A new risk related to regulatory non-compliance due to
deficiencies in worker environmental training was
uncovered, alongside a strategic opportunity to quantify
emissions reductions from route optimization.

These findings carry significant policy implications for
the Cuban aviation sector. The validated methodology
provides the Cuban Institute of Civil Aeronautics (IACC)
with a proven model that can be promoted as a best practice
for other national aeronautical entities. It demonstrates that
robust, data-driven environmental oversight is achievable
and can serve as a foundation for developing and refining
future national environmental standards, ensuring that Cuba's
aviation industry aligns with international sustainability
goals and national climate policies.

Based on the results and challenges identified, the
following strategic recommendations are proposed for
ECNA and similar organizations:

1. Immediately enhance environmental training programs to
address the identified performance gap and mitigate the
associated risk of non-compliance.

Urgently review pending measures in the emissions reduction
program, assessing the feasibility of alternative or phased
approaches to the electromobility strategy given the existing
constraints.

Secure the necessary inputs to formally quantify and report the
aircraft emissions reduction index resulting from the use of
optimized RNAYV routes.

For future cycles, reinforce the methodology’s effectiveness
by integrating participatory workshops for stakeholder
engagement and utilizing digital dashboards for real-time
performance monitoring.

Initiate medium- and long-term impact studies to
quantitatively evaluate how these environmental actions
contribute to broader frameworks, such as the UN’s
Sustainable Development Goals.
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In essence, by systematically integrating established
standards with operational realities, the methodology
provides a pragmatic pathway for similar organizations to
transition from reactive compliance to proactive
environmental stewardship.
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Abstract

Potholes are a type of distress that occurs in pavement surfaces. According to the method adopted for distress surveys, potholes are classified
into three levels of severity: low, medium, and high. The severity assessment is traditionally performed through slow and labor-intensive
manual procedures. To automate this process, this study employed the YOLOv8s and YOLOv8m models to detect pothole distress and
classify its severity. During the training phase, YOLOv8m achieved the best evaluation metrics, while YOLOvVS8s outperformed in the
testing phase, particularly in recognizing high-severity potholes. However, both models failed to effectively detect low and medium severity
levels, indicating the need for improvements before field application. One possible explanation for this limitation is the lack of depth
information in the input images, a factor that will be addressed in future research.

Keywords: deep learning; machine learning; computer vision; object detection.

Clasificacion de la severidad del deterioro tipo bache en pavimentos
asfalticos utilizando YOLOVS

Resumen

Los baches son un tipo de deterioro que ocurre en las superficies de los pavimentos. De acuerdo con el método adoptado para el
levantamiento de deterioros, los baches se clasifican en tres niveles de severidad: baja, media y alta. La determinacion del nivel de severidad
se realiza mediante procedimientos manuales que son lentos y extenuantes. Con el objetivo de automatizar este proceso, este estudio utilizo
los modelos YOLOv8s'y YOLOv8m para detectar el deterioro tipo bache y clasificar su severidad. En la etapa de entrenamiento, el modelo
YOLOv8m obtuvo las mejores métricas, mientras que en la etapa de prueba el YOLOvV8s mostr6 el mejor desempeiio, destacandose en el
reconocimiento de baches con severidad alta. No obstante, ambos modelos fueron incapaces de reconocer con precision los niveles de
severidad baja y media, lo que indica la necesidad de mejoras para su aplicacion en campo. Una posible explicacion de esta limitacion es
la ausencia de informacion de profundidad en las imagenes utilizadas, cuestion que sera abordada en estudios futuros.

Palabras clave: aprendizaje profundo; aprendizaje automatico; vision por computadora; deteccion de objetos.

Thus, pavement performance must be monitored, and
maintenance (both preventive and corrective) should occur at the

1. Introduction

The quality of roadways is essential to daily life, directly
influencing user safety and comfort, as well as impacting
vehicle and roadway maintenance costs. Asphalt pavements,
due to their cost-effectiveness and ability to withstand heavy
loads, are widely used but are susceptible to the emergence
of distresses that can significantly compromise their
functionality.

appropriate time [1]. For this purpose, the implementation of a
Pavement Management System (PMS) is required. The PMS is
responsible for managing the existing road infrastructure,
ensuring optimal traffic conditions. The core component of the
PMS is pavement evaluation. Through this process, it is possible
to identify the current condition of the pavement, the existing
distresses, their severity level, and their location.
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Among the various types of distresses, potholes are
particularly notable, as they represent the most common
and impactful form of pavement deterioration, severely
compromising serviceability, according to [2]. Potholes
are cavities of varying sizes that can appear in any part of
the pavement surface [3]. This type of distress can be
caused by traffic loads and weather conditions
(particularly in areas with interconnected cracking),
construction failures, or disintegration due to mix design
deficiencies [4]. Potholes are categorized into three
severity levels (low, medium, and high), with each level
defined based on area and depth [3].

Determining the severity level of distresses is
fundamental for identifying which roads require
Maintenance and Rehabilitation (M&R). Several

methodologies exist for distress severity classification,
such as ASTM D6433-24 [5], the Distress Identification
Manual (DIM) [6], and the Brazilian Distress
Identification Manual (Manual de Identificacdo de
Defeitos - MID) [3]. Although each procedure presents
distinct methods, they share a common characteristic: all
require manual, in-field evaluation conducted by
engineers and/or technicians. Due to the reliance on
human labor, these evaluations are not only time-
consuming and tiring but also prone to errors and
subjectivity.

In the past decade, [7] observed a significant increase
in studies employing smartphones in conjunction with
Machine Learning (ML) techniques, thus providing a more
automated methodology for processing field-acquired
data. There are numerous ML and Deep Learning (DL)
algorithms. Among the models capable of recognizing
objects in images, the You Only Look Once (YOLO)
architecture stands out. The first version of YOLO was
developed by [8], and currently, the object detector has
over ten versions, with YOLOv8 [9], YOLOvV9 [10],
YOLOvV10 [11], YOLOvI11 [12] and YOLOv12 [13] being
the most recent. YOLO architectures are applied across
various domains, such as medicine [14, 15] and agriculture
[16,17]. In engineering, YOLO is used for the automatic
detection of pavement distresses, being capable of
identifying potholes [18-20], cracks [21-23], and multiple
distresses simultaneously [24-26].

However, the aforementioned studies only explore the
models’ capability to detect distresses, without addressing
severity classification. In the literature, the automatic
classification of pavement distress severity levels remains
underexplored, with few published works. Among the
studies that address this topic using YOLO architectures,
[27-29] can be mentioned. [27] used different versions of
YOLOVS to detect block cracks at two severity levels (low
and high) using images obtained from an evaluation
vehicle. The best results were achieved with YOLOv5m,
which attained a precision of 72.3%, recall of 78.2%, and
mAP of 76.7%. [28] employed three object detectors
(YOLOvVS, YOLOvS, and CenterNet) for the detection of
five types of cracks (longitudinal, transverse, fatigue,
diagonal, and block) and their respective three severity
levels. YOLOVS achieved the best results, with a precision
of 52%, recall of 58.4%, and
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Figure 1. Methodology Steps
Source: The Authors.

mAP of 60%. However, despite addressing severity, the criteria
used to define it were not specified. In [29], the authors trained
three public datasets using YOLOv4 for the recognition of
multiple distresses and their severity levels. The distresses
studied included cracks (fatigue, longitudinal, transverse, and
edge), patching, and potholes. The reported precision, recall, and
mAP were 90%, 90%, and 87.44%, respectively. Nonetheless,
the authors noted that no depth-related information on the
potholes was available, and severity classification was based
solely on image texture (i.e., darker textures were assumed to
represent higher severity and vice versa).

Given the above, the present study aims to evaluate, in an
automated manner, the severity classification of potholes in
urban asphalt pavements. To this end, two versions of the
YOLOVS object detector (YOLOvV8s and YOLOv8m) were
used, trained on a proprietary dataset in which the severity
levels were determined through field measurements. The
YOLOVS architecture was selected due to the optimized
accuracy-speed tradeoff, making it suitable for real time
object detection in diverse applications [9]. Furthermore,
YOLO effectiveness in pavement distress and severity
detection has been demonstrated in recent literature [27-29].
2. Methodology
This section presents and discusses all the procedures
carried out throughout the study. It is divided into six stages
(Fig. 1), namely: Data Acquisition, Data Augmentation, Data
Labeling, Model Training, and Model Evaluation.

2.1 Data acquisition

The first stage consisted of image collection, during
which an initial dataset of pothole images from urban roads
was compiled. These images were captured using a Galaxy
M52 smartphone equipped with a 64-megapixel camera.
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Table 1.
Severity classification.
Severity Depth (cm) Area (m?)
Low <25 <0.28
Medium <25 >0.28
Medium 2.5a5.0 <0.28
Medium >5.0 <0.10
High 25a5.0 >0.28
High >5,0 >0.10

Source: The Authors.

In addition to photographing the distresses, field
measurements were also conducted to determine their
severity levels. For this purpose, MID [3] was employed.
According to [3], potholes must be measured based on their
depth (in centimeters) and surface area (in square meters).
The area is determined using a circumscribed rectangle, with
one side aligned parallel to the road axis.

Table 1 presents the severity classification criteria
according to the MID. A total of 20 images were collected
for each severity level (high, medium, and low), totaling 60
images. Of these, 36 were used for model training, 12 for
validation, and 12 for testing. Additionally, the dataset
developed by [30] was used, which includes 12 potholes
images — 10 of high severity and 2 of medium severity.

2.2 Data augmentation

Due to the limited number of collected images, data
augmentation techniques were applied. This technique is
commonly used to increase the size and diversity of training
sets by applying transformations to the original images [31].
Various transformations can be employed; in this study,
zoom, shear, rotate, 90° rotation, and flip were used. The
Python library Augmentor was used to implement data
augmentation, via the PyCharm Integrated Development
Environment (IDE). Figure 2 displays the code used, with
each line representing an applied operation.

A total of 60 images underwent augmentation, including
48 original images and 12 from [30]. As a result, 2,618
images were generated — 2,225 for training (85%) and 393
for validation (15%). Table 2 shows the distribution of
images per severity level in the final dataset.

2.3 Data labeling

After augmentation, the images were annotated. This
process involved manually drawing bounding boxes around
the objects of interest in the dataset. In this study, the target
objects were potholes on pavements and their associated
severity levels. All 2,618 images were manually labeled
using the LabelStudio platform, as shown in Fig. 3.

2.4 Model training

The model selected for training was YOLOVS, a version
released in 2023 by Ultralytics (also responsible for YOLOvVS
and more recently YOLOv11). YOLOVS offers state-of-the-
art performance in terms of accuracy and speed compared to
previous YOLO versions [9].

49

Its architecture is divided into Backbone, Neck, and
Head, as illustrated in Fig. 4. Although structurally similar to
YOLOVS, key differences, according to [32], include:

e Use of a modified CSPDarknet53 convolutional neural
network in the Backbone;

Replacement of the CSPLayer (used in YOLOVS) with
the C2f module;

Incorporation of a Spatial Pyramid Pooling Fast (SPPF)
layer, which accelerates computation by pooling features
into a fixed size map;

Each convolution is followed by batch normalization
and a SiLU activation;

The Head is decoupled to process classification and
regression tasks independently.

Table 2.
Dataset Split.
Severity Training Validation
Low 396 132
Medium 569 129
High 1260 132
Total 2225 393

Source: The Authors.

Rotate 9"

Figure 2. Code and Operations.
Source: The Authors.

| High severity 1

Figure 3. Labeling via LabelStudio
Source: The Authors.

Low Severity 2 Medium Severity 3
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BackBone Neck

)

Input

Figure 4. YOLOVS architecture.
Source: [24].

YOLOVS is available in five versions: YOLOv8n (nano),
which is lightweight and fast but less accurate; YOLOVSs
(small); YOLOv8m (medium); YOLOv8l (large); and
YOLOVS8x (extra-large), which is slower and heavier but
delivers higher accuracy. In this study, the YOLOvVS8s and
YOLOvV8m versions were used.

Model training was conducted locally using the Anaconda
development environment and the PyTorch library. YOLOVSs
was trained on a notebook with an NVIDIA GeForce GTX 1660
Ti GPU, Intel Core i7 9th generation processor, and 16 GB of
RAM, while YOLOv8m was trained on a notebook with an
NVIDIA GeForce RTX 4050 GPU, Intel Core 17 13th generation
processor, and 32 GB of RAM.

2.5 Model evaluation

To assess the model’s performance, standard machine
learning evaluation metrics were employed, including
Confusion Matrix, Precision, Recall, Average Precision
(AP), and mean Average Precision (mAP).

The Confusion Matrix (Fig. 5) is a 2x2 matrix in which
the main diagonal represents correct predictions, and the
secondary diagonal represents errors. The main diagonal
includes True Positive (TP) and True Negative (TN) values.
A TP occurs when the model correctly detects a pothole; a
TN occurs when the model correctly identifies the absence of
potholes. The secondary diagonal includes False Positive
(FP) and False Negative (FN) values. An FP indicates the
model predicted a pothole when there was none, while an FN
indicates the model failed to detect an existing pothole.

Precision (eq. 1) uses TP and FP values to measure the
model's ability to correctly identify and localize objects.
Recall (eq. 2) uses TP and FN values to determine how many
of the actual objects were correctly detected.

Using Precision and Recall, the precision-recall curve is
generated. The area under this curve represents the AP (eq.
3), which quantifies the model’s performance for a specific
class. For performance across all classes, mAP (eq. 4) is used.

According to [24], YOLOvS outputs two mAP values at
the end of training: mAP@50 and mAP@50-95. The first
measures performance at a 50% confidence threshold, while
the latter evaluates performance across multiple thresholds
ranging from 50% to 95%.

In addition to these metrics, the model was also evaluated
through testing using 12 unseen images (4 per severity level)
to assess practical performance in real-world conditions.

True positive

False negative

False positive True negative

Figure 5. Confus1o Matrx
Source: The Authors.

3. Results and discussions
3.1 Training results

This section presents the results of the training and testing
processes for YOLOv8s and YOLOv8m. The training for

YOLOVSs was configured for 200 epochs, with the best
results obtained at epoch 163.

p .. _ TP 6))
recision =p——p
TP

= 2
Recall TP FN 2)

1
AP = J Precision(recall) drecall 3)

0

Number of classes
AP = ! X Z APi (4
m " Number of classes :

i=1

Fig. 6 shows the precision-recall curve, which relates the
precision and recall metrics and is used to calculate the AP
for each class and the overall mAP. The curve indicates that
the model achieved a satisfactory mAP@50 of approximately
50%. High and medium severity levels yielded above-
average AP values — 59.60% and 77.60%, respectively —
while the low severity class underperformed, achieving only
9% AP.



de Souza et al / Revista DYNA, (92)238, pp. 47-56, July - September, 2025.

Precision-Recall Curve

\

—— High Severity 0.596

—— Low Severity 0.090

—— Medium Severity 0.776
= all classes 0.487 MAP@0.5

Precision

0.2 0.4 0.6

Recall

Figure 6. YOLOV8s Precision-Recall Curve
Source: The Authors
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Figure 7. YOLOv8m Precision-Recall Curve
Source: The Authors.

For YOLOV8m, the precision-recall curve in Fig. 7 shows
that the low severity class achieved better performance than
with YOLOVSs, reaching 28.10% AP at epoch 125 — a
19.10% improvement. This also positively impacted the
mAP@50 across all classes, which increased from 48.70%
with YOLOV8s to 53.70% with YOLOv8m.

Table 3 presents the evaluation metrics for the best-
performing epochs of the YOLOvV8s and YOLOv8m models.
It shows that the low severity class had the worst
performance in YOLOvVSs, with a precision of 23.80% and a
recall of just 1.52%. However, significant improvement was
observed in YOLOv8m, where the low severity class had the
highest precision (61.30%). Additionally, recall improved for
all three severity levels, reaching 76.6% for high severity.

Despite these improvements, YOLOv8m showed a
decrease in precision and mAP@50 for the medium and high
severity levels. Nevertheless, this decline did not affect the
overall model performance. In conclusion, YOLOv8m
outperformed YOLOVS8s, achieving 56.90% precision,
56.20% recall, 53.70% mAP@50, and 32.40% mAP@50-95.

To potentially achieve better training evaluation metrics,
more advanced versions such as YOLOv8x and YOLOv8xl
could be considered. These models include more parameters and
tend to produce better results. However, their training time is
significantly longer and requires greater computational power.
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Table 3.

Evaluation Metrics for the Training Phase

Evaluation Metrics (%)

Model € Precision Recall mAP50  mAP50-95
LS 23.80 1.52 9.03 383
MS 70.40 60.50  77.60 508
YOLOV8s g 68.80 6440  59.60 35.10
All 54.30 4210 48.70 29.90
LS 6130 15.90 28.0 12.10
MS 60.20 7600  75.60 513
YOLOv8m g 49.30 76.60  57.30 33.90
All 56.90 5620  53.70 32.40

Legend: C: Class; LS: Low Severity; MS: Medium Severity; HS: High

Severity.
Source: The Authors.

Table 4.
Confusion Matrix and Evaluation Metrics for the Test Phase
Predicted EM (%)
Model C NS Ms HS NC P R
IS 4 0 0 2 2 000 000
MS 4 0 0 2 2 000 000
YOLOVEs g 4 o 30 4286  75.00
Al 12 0 1 7 4 1429  25.00
LS 4 0 1 1 2 000 0.00
MS 4 1 0 3 0 000 000
YOLOVSm s 4 1 2 3 0 4286 5000
Al 12 2 3 7 2 1429 16.67

Legend: C: Class; NI: Number of Images; LS: Low Severity; MS: Medium
Severity; HS: High Severity; NC: Not Classified; P: Precision; R: Recall;
EM: Evaluation Metrics.

Source: The Authors

3.2 Test results

As previously mentioned, 12 images from the dataset —
4 for each severity level — were reserved for testing and
excluded from the training process. These 12 images were
evaluated by both trained models using a 30% confidence
threshold. Table 4 presents the confusion matrices with the
testing results for both models.

Table 4 shows that during testing, both models yielded
unsatisfactory results for the low and medium severity levels,
failing to correctly detect any of the four images in each class,
thus resulting in precision and recall values of 0%. In
contrast, the high severity class showed better performance,
42.86% precision and 75.00% recall for YOLOvVS8s, and
42.86% precision and 50.00% recall for YOLOv8m. These
stronger results for the high severity class can be attributed to
its greater representation in the dataset.

Tables 5, 6, and 7 provide a more detailed view of how
the models classified the images. Table 5 shows the test
results for the high severity class. It explains the drop in recall
from 75% with YOLOvS8s to 50% with YOLOv8m. This drop
was due to the bounding box overlap in YOLOv8m (see IDs
1 and 2 in Table 5): while YOLOVSs correctly detected a
single high-severity pothole, YOLOv8m assigned multiple
severity levels to the same distress. Thus, YOLOvS8s
performed better for high severity in testing, correctly
identifying 3 out of 4 images.

Tables 6 and 7 show the results for medium and low
severity classes. As previously stated, no true positives were
recorded in these classes, which justifies the precision and
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recall values of 0%. These test results suggest that the models
are not yet viable for recognizing medium and low severity
potholes.

One plausible explanation for these inadequate results is
the absence of depth information in the images. As
previously discussed, severity classification for potholes is
based on both area and depth. However, all images used in
training and testing were 2D, which means YOLO only
extracted features in two dimensions, disregarding depth —
a third-dimensional parameter. This hypothesis is supported
by cases such as potholes in IDs 2 and 4 in Table 6 and ID 3
in Table 7. These potholes have large surface areas but
shallow depths. In the field, they were classified as medium
or low severity, but the model interpreted them as high
severity due to their large visible area.

There are several alternatives to address this issue. As
previously mentioned, [29] used texture-related information
to estimate pothole depth. They converted RGB images to
grayscale and applied image enhancement techniques,
including Histogram Equalization, Average Filtering,
Median Filtering, and Gaussian Filtering.

Another solution was proposed by [33], who first trained
RetinaNet for pothole detection without considering severity
levels, achieving 99.0% precision and recall. Then, they

applied the photogrammetric process of Structure from
Motion (SfM) to derive 3D geometric data from 2D images.
This process produced a point cloud, which was used in a
Python script to estimate pothole depth and, consequently,
classify its severity. Their methodology first applies DL for
defect detection, followed by severity estimation based on 3D
analysis.

In addition to these approaches, sensors and lasers (e.g.,
LiDAR) can provide precise 3D data. However, such devices
are typically expensive. [34] mention more affordable
options such as Microsoft Kinect, Structure Sensor, and Intel
RealSense.

Other computer vision techniques like 3D object
detection, monocular 3D object detection, and monocular
depth estimation may also prove useful for future research.
However, the literature has not reported the use of these
techniques for pothole detection

Finally, it is worth noting that the YOLO architecture has
undergone further development beyond YOLOvS, with
significant improvements in versions YOLOv9 [10],
YOLOv10[11], YOLOv11 [12], and YOLOv12 [13]. Future
research is encouraged to explore these newer architectures.

Table 5.
Testing Stage for High Severity
Manual Field Measurements (cm) Severity
1D in-sit Severity (YOLOVSs) Severity (YOLOv8m)
Length Width Depth (in-situ)
Low and High
1 36.60 33.50 6.40 High
2 47.80 38.70 5.20 High
3 56.30 51.10 5.30 High Medium Medium
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High Severity 0.80! High Severity 0.80

4 43.70 23.90 5.90 High

Source: The Authors.

Table 6.
Testing Stage for Medium Severity
Manual Field Measurements (cm) Severity . .
1D Length Width Depth (in-situ) Severity (YOLOVSs) Severity (YOLOv8m)
Not Classified High
1 21.50 19.40 2.80 Medium
Hi
2 31.30 18.90 3.10 Medium
3 31.80 2430 2.90 Medium ~ NotClassified ’ Low
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fiHigh Severity 0.518 High Severity 0.71

4 29.70 19.90 3.10 Medium
Source: The Authors.
Table 7.
Testing Stage for Low Severity

Manual Field Measurements (cm) Severity . .
1D Length Width Depth (in-situ) Severity (YOLOVS8s) Severity (YOLOv8m)
Not Classified Not Classifi

1 7.90 7.30 2.20 Low

2 11.50 6.40 2.30 Low

3 19.90 14.40 2.50 Low High High
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4 19,80 8,40 2,30 Low

Source: The Authors.

Other object detectors outside the YOLO family may also
be viable, such as R-CNN [35] and RetinaNet [36].
Furthermore, the use of deep learning architectures with
segmentation blocks and monocular depth estimation blocks,
as used in [37], can also provide better results in the accurate
recognition of potholes and their severity levels.

4. Conclusion

In this study, two versions of the YOLOvVS8 architecture
(YOLOV8s and YOLOv8m) were trained to recognize the
severity level of pothole distresses in asphalt pavements.
Based on the training results, the version with a larger
number of parameters — YOLOv8m — achieved better
evaluation metrics. However, during the testing phase,
YOLOVSs showed superior performance, particularly in
detecting high-severity potholes. For medium and low
severity levels, both models proved ineffective, failing to
correctly identify these classes — a shortcoming that may be
attributed to the lack of depth-related data in the input
images. It can be concluded that the trained models require
significant improvements before being viable for practical
applications.

Future studies will explore the possibility of developing a
system capable of detecting potholes and determining their
severity while incorporating depth information. In addition,
new pothole images will be added to the database, thus
improving the generalization capacity of YOLO models and
their applicability in real-world.
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Abstract

Water management is essential in the face of growing global demand for domestic consumption, food production, and energy generation.
This study applies the Integrated Water Resources Management (IWRM) approach to the Giiéjar River basin in Colombia, a complex
system with productive activities such as agriculture, livestock farming, and oil extraction. An agent-based model developed in NetLogo
was used to analyze land use changes under a climate scenario characterized by reduced precipitation and increased temperature. The
analysis integrated hydrological data from the GR2M model, a high-resolution land cover map, and a causal diagram representing decision-
making processes related to water use and land occupation. The study area covered 2,372 km?. Results show that shrublands and secondary
forests are the most vulnerable, with losses of approximately 25% and 15%, respectively. In contrast, grazing areas increased by 35%, and
small-scale producers declined by 40%, displaced by larger actors. These findings underscore escalating socio-environmental risks.

Keywords: Giiejar River; land use changes; causal diagram; AGENT-based modeling.

Modelo basado en agentes para la gestion integral del recurso
hidrico: cuantificacion de los cambios en el uso del suelo mediante
la integracion de incentivos econdmicos y sociales. Estudio de caso:

Vista Hermosa (Meta)

Resumen

La gestion del agua es fundamental ante la creciente demanda global para consumo, produccién alimentaria y energética. Este estudio
aplica el enfoque de Gestion Integral de Recursos Hidricos (GIRH) en la cuenca del rio Gii¢jar (Colombia), un sistema complejo con
actividades productivas como agricultura, ganaderia y explotacion petrolera. Se utilizdo un modelo basado en agentes en NetLogo para
analizar cambios en el uso del suelo frente a un escenario climatico con menor precipitacion y mayor temperatura. Se integraron datos
hidrologicos del modelo GR2M, un mapa de coberturas de alta resolucion y un diagrama causal sobre decisiones de uso del agua y del
suelo. El analisis de 2.372 km? mostrd que arbustos y bosques secundarios son los mas vulnerables, con pérdidas del 25% y 15%,
respectivamente. En contraste, las areas ganaderas aumentan un 35%, y los pequefios productores disminuyen un 40%, desplazados por
actores de mayor escala.

Palabras clave: Rio Giiejar; cambios uso del suelo; diagramas causales; modelacion basada en agentes.
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1  Introduction

Water, an indispensable element for sustaining life and
fostering human development, is confronted with substantial
challenges in the contemporary context. These challenges are
directly related to population growth, industrial expansion, and
the intensification of agricultural activities. These factors have
increased water demand to levels that exceed the natural
renewal capacity of water systems in many regions [1]. Over
the past two decades, water consumption has increased by 0.8%
annually, a rate that has consistently exceeded the estimated
population growth rate of 1% [2]. Furthermore, climate change
is altering hydrological cycles, and land use transformations are
degrading ecosystems essential for water regulation [3].

Despite its abundant water resources, including more than
2,132 major rivers, an average annual precipitation of 2,600
mm, and a total available annual water supply (TAWS) of
900,000 Mm?, Colombia is confronted with challenges related
to its water resources. The uneven distribution of rainfall
throughout the year gives rise to agricultural, economic, and
social dynamics that give rise to dissatisfaction with water
access, affecting communities. In the Orinoquia region, the
average annual precipitation is 2,740 mm/year, with a TAWS
0f267.000 m>, representing 32% of the country's water reserves
[4]. Conversely, the region exhibits a 35% land transformation
rate due to deforestation and the conversion of forests into
monocrop such as rice and corn, which has reduced the soil's
capacity to retain water. According to Gonzalez (2022), over
30% of the forests in the Serrania de la Macarena (Meta) have
been converted into agricultural areas, impacting both surface
water availability and biodiversity, which sustains local
communities. The repercussions of the armed conflict, which
for years promoted the establishment of illicit crops and
hindered the sustainable management of resources, continue to
be a challenge. Subsequent to the ratification of peace accords
in 2016, initiatives promoting the transition to legal crops such
as cacao and coffee have been implemented with the objective
of mitigating environmental degradation and providing
economic alternatives to local communities. Nevertheless,
these initiatives continue to confront obstacles, including
constrained access to legitimate markets and enduring disputes
concerning land utilization.

From an integrated perspective, contemporary water
management must acknowledge that water constitutes not only
a natural resource but also an economic and social asset with
profound ramifications for public health, food security, and
economic growth. In this context, Integrated Water Resources
Management (IWRM) has emerged as a key strategy to address
these issues. This approach aspires to achieve a balance
between economic development, social welfare, and
environmental protection. In Colombia, Law 896 of 2017
signifies a landmark in this endeavor, as it establishes
regulations for the efficient use of water and promotes
sustainable practices. However, the implementation of this
legislation has been uneven, as over 60% of municipalities lack
the institutional capacity to meet the established standards,
creating a significant gap between policies and their
application. Furthermore, the interaction between traditional
water users, such as rural and indigenous communities, and new
economic actors, such as large agricultural companies, has led
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to an escalation in social conflicts.

A notable challenge pertains to the limited integration of
social and physical factors within water management models.
Historically, hydrological models operated under the
assumption that water demands remained constant, failing to
account for the adaptive capacity of users. This methodological
shortcoming has hindered a comprehensive understanding of
water systems and the efficacy of public policies [5]. However,
recent advancements have introduced innovative tools such as
Agent-Based Modeling (ABM). This methodology facilitates
the simulation of interactions between human decisions and
environmental dynamics. For instance, in simulated scenarios,
agents representing farmers, water users, and managers have
been employed to identify more effective policies for the
sustainable management of water resources. These tools have
also facilitated the design of long-term strategies that integrate
social and economic realities [6].

The present study aims to quantify changes in land use
under different economic and social incentives, analyzing its
potential as a tool for implementing IWRM at the regional and
local levels. The integration of simulation models, such as
Agent-Based Modeling (ABM), is a central tenet of this study.
The objective is to identify more effective policies to promote
water sustainability, balancing the needs of the agricultural,
livestock, industrial, and domestic sectors. This approach will
not only deepen the understanding of the interactions between
human decisions and environmental dynamics but also
contribute to the design of adaptive strategies that acknowledge
the social, economic, and ecological realities of Colombian
regions.

2 Methodology

2.1 Study area

The municipality of Vista Hermosa, located in the
southern department of Meta, is a region of strategic
importance both economically and ecologically (Fig. 1). It
borders the departments of Caqueta and Guaviare, and its
location in a transition zone between the Andes, Orinoquia,
and Amazon regions endows it with exceptional biodiversity
and a wide variety of ecosystems [7,19]. In terms of natural
resources, the area is rich in mining, agriculture, forestal, and
water, and its biodiversity includes a remarkable variety of
flora and fauna as well as natural landscapes [7].

Figure 1. Study area map: the Giiejar river basin, Meta, Colombia
Source: Authored
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Vista Hermosa's water resources are primarily linked to
the Giiejar River basin, one of the country's most important
river systems. The basin is crucial for the local ecosystem,
feeding a system of wetlands and swamps in its alluvial zone,
creating an ecologically valuable habitat. The region is also
part of the Macarena Special Management Area (AMEM), a
protected area due to its ecological importance, although it is
undergoing rapid changes due to recent socioeconomic
dynamics, such as the expansion of cattle ranching, affecting
both governance and environmental conservation [7].

The tropical climate of the region is characterized by an
annual rainfall of more than 2,000 mm, divided into two rainy
seasons: the first from March to June and the second from
October to December. The remaining months are dry, which
affects the hydrological dynamics of the basin. The Giiejar
River has an average annual flow of 2,361 m?/s, with marked
seasonal variability, reaching maximum flows (Qs) of 4,298
m?/s and minimum flows (Qos) of 1,578 m?/s. The average
annual temperature in Vista Hermosa remains above 24°C,
and elevations range from 50 m to 3,700 meters above sea
level, supporting diverse microclimates and ecosystems.

2.2 Materials and methods
2.2.1. Data sources

The digital elevation model (DEM) was derived from
SRTM with a height correction of the HydroSHED system
[8], with a 30 m resolution, covering the coordinates 3° 05'
13.6" N and 73° 49' 46.9" W. This DEM has an average
vertical error of 6.2 m (at a 90% confidence level) and a
geolocation error of 9 m for South America. Physical
parameters, such as elevation and slopes, were extracted from
this DEM. The closing point of the basin was located at the
Pifalito station (cod 32077070), and the drainage networks
provided by the Instituto Geografico Agustin Codazzi
(IGAC) were used to delineate and characterize the basin.

The study area was delineated using ArcGIS software
version 10.0. With the basin delineated, land cover types
were identified qualitatively using the Corine Land Cover
methodology, which was obtained from the open IDEAM
repository. The most recent map with information is from
2018, and comes with information on six different detail
levels. For the case of the study area, the first three levels of
detail were used, and the total number of land covers was
estimated to be 20.

Meteorological and hydrological data in Colombia are
freely accessible through the Institute of Hydrology,
Meteorology, and Environmental Studies (IDEAM). For this
study, daily rainfall data from stations covering the entire
Giiejar basin were used. A missing data analysis was
conducted, ensuring that only stations with less than 10%
missing data were included. Additionally, 39 wvariables,
categorized as Ordinary Climate, Main Climate,
Limnigraphic, Limnometric, and Pluviometric, were
considered for the analysis based on the basin area.
Precipitation within the basin was estimated using the
Thiessen method [9,10], while Evapotranspiration (ETo) was
calculated using the Hargreaves-Samani method [11,12].

The calibration period for the model was set between

1991 and 2010, while the validation data came from 2010 to
2020. Missing values for the calibration period were filled in
using linear regression methods. With the calibrated data, it
was possible to estimate the minimum and maximum flows
for the basin over 5, 10, and 20-year periods, and to conduct
a preliminary analysis of potential flood areas using the
Rainfall-Runoff-Inundation (RRI) model.

2.2.2. Hydrological model GR2M

The GR2M model is a simple basin conceptual
hydrologic model developed by CEMAGREF (Center for
Agricultural Research and Environmental Engineering of
France). It is one of the most widely used models in the world
for estimating runoff in river basins, especially in situations
where data availability is limited. This model is based on a
reservoir approach, where multiple reservoirs simulate the
hydrological processes occurring in a basin (Fig. 2). The GR
model consists of four key components, or reservoirs, that
simulate the transformation of precipitation into streamflow:
e Precipitation and Evapotranspiration: These are the main

inputs, with precipitation determining water storage and
evapotranspiration controlling water loss from the
system.

e Production Reservoir: Simulates the conversion of
precipitation into water available for runoff, releasing
accumulated water to the stream.

e Interception Reservoir: This reservoir handles small
variations in runoff from intense rainfall by storing water
before it reaches the drainage system.

e Drainage reservoir: Manages excess water from
precipitation and releases it into the main stream of the

watershed.
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Figure 2. Structure GR2J Hydrological Model
Source: Ditthakit et al., 2021. [13]
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The GR model assumes that the hydrologic behavior of a
watershed can be represented by the response of the system
to precipitation and evapotranspiration, considering that
runoff depends on the storage capacity of the reservoirs. In
simple terms, the model uses a reservoir approach with a
limited number of parameters to describe the dynamics of the
basin. One of the main advantages of this model is its
simplicity and low data requirements, making it suitable for
basins with limited data. However, the predictive ability of
the model is directly influenced by the quality of the input
data, such as the accuracy of precipitation and
evapotranspiration. In addition, the GR2M model is monthly,
i.e. it estimates outputs (flows) based on a monthly time
frame, which simplifies the analysis of large amounts of data
over the long term.

The GR2M model requires calibration of its parameters,
which are typically adjusted using optimization techniques
such as least squares or evolutionary algorithms to improve
the match between observed and simulated flows. The main
parameters that require calibration include: the storage
capacity of reservoirs, coefficients for converting
precipitation to runoff, and coefficients for the drainage and
evapotranspiration processes. For the validation of the
hydrological model, the Nash-Sutcliffe Efficiency (NSE)
(Eq. 1) was used as a goodness-of-fit metric. The NSE
assesses the predictive performance of hydrological models
by comparing observed and simulated flows, serving as an
objective function to evaluate the accuracy of model
simulations [14,15]. Observed flow data from the study area
were employed to validate the model by directly comparing
them with the flows simulated during the analysis period.

100 = $;)?
?:1(01' - 6i)2

NSE = 1- O

Where: NSE represents the efficiency in fractional terms,
0; represents the observations, S; represents the simulation,
and 0; represents the average of the observations.

2.2.3. Causal diagram

A causal diagram is a theoretical structure that illustrates
the cause-and-effect relationships between variables [16]. It
demonstrates how changes in one variable can directly
influence others, visually highlighting the many factors that
contribute to a particular observed outcome [17]. To enhance
clarity and organization, the design of the diagram seeks to
minimize overlapping arrows, ensuring a more precise
representation of the drivers and dynamics behind land-use
transformation.

The data processing for the designated study area was
conducted using Vensim software, a program that facilitated
the creation of a causal diagram that represents the causal
relations in the region [17]. The development of the diagram
was informed by three primary inputs: ecosystems, activities,
and economic incentives. These elements were connected by
arrows of varying thickness to indicate the strength of the
relationship, color to denote the primary input, and direction
to represent whether the relationship was positive or
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negative. A meticulous examination of the feedback loops
within the diagram was undertaken to identify reinforcing
and balancing interactions that affect the system.

2.2.3. Agent-Based Model

The Agent-Based Model (ABM) was developed in
Netlogo Software [18]. This ABM has the previously
described hydrological model and causal diagram as inputs,
seeking to represent the decision-making of different actors
within the basin, considering their main economic activity
and available area [19].

At setup, we established the random seed at 10 (it could
go from -9007199254740992 to 9007199254740992), to
guarantee replicable randomness. Also, at setup, the user can
select from three scenarios to see changes in the basins
productive landscape: Reforestation, where there are active
economic incentives to reforest the riparian forest;
Protection, where the extirpation of small local farmers is
lessened; Neutral, where there is no protection nor
restoration.

When the user selects the scenario, a map of the
catchment is drawn where each patch is assigned a land cover
based on the Corine Land Cover Level 3 methodology with a
pixel size of 30 meters. As the patches acquire their land
cover, agents are also placed at random (based on the seed),
are given a “scale” (small-scale family farmer or big
expansionist producer), and acquire the corresponding
productive activity (i.e. if they land on open grass, they have
cattle as productive activity). With the positions set, the
simulation begins according to the selected scenario,
however, all scenarios run for 120 ticks which represent ten
years (each tick being one month).

If the neutral scenario was selected, every big
expansionist would search for the nearest non-occupied patch
and transform it into its productive activity. If this agent finds
a forest patch it will destroy it, changing its color and name.
If, in its search for a patch, encounters a small-scale farmer,
it can “eliminate” it and take the land. Both of these actions
account for real processes that occur within the basin.

However, if the protection scenario was activated, an
additional factor is added to the expansionists where they
have to give the small-scale farmers a chance to stay. This
action is called by randomness dictated by the same seed and
by distance where closeness makes it more likely for small-
scale farmers to disappear.

Likewise, if the restoration scenario is active, the riparian
forest begins a healing process that is restrained by density
factor, where each patch of riparian forest counts how many
more of them are within a 2-patch radius, and if there are not
enough (“enough” was subjectively stated as less than 35%
and it can be changed within the code) then the closest grass
patch has a chance of becoming a forest patch.

3 Results

3.1 Hydrological model GR2M

The calibration of the hydrological model yielded a Nash-
Sutcliffe Efficiency (NSE) coefficient of 0.52, indicating a
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moderate correlation between the simulated and observed
flows of the Guéjar River at the closure station. As shown in
the figure, the model effectively captures the seasonal
variability of the flow during the period analyzed, showing a
general agreement between simulated and observed values.
However, it struggles to accurately represent extreme events,
particularly during peak flow conditions, where significant
discrepancies are evident. This suggests that further
parameter adjustments could improve the model's ability to
reproduce extreme hydrological events, which is essential for
flood risk management and water resource planning in the
basin [19].

The application of this calibrated model provided the
median flow rate of 137.30 m?/s, a critical result that not only
serves as a baseline, but also allows the definition of a
variability range (Fig. 3). This range of variability was then
incorporated into the agent-based model to increase the
robustness of the overall framework. By introducing this
variability, the agent-based model can better simulate the
dynamic interactions within the system, providing a more
comprehensive understanding of the hydrological processes
at play. In turn, this integration allows the analysis of both
typical and extreme scenarios, providing valuable insights for
more effective management of water resources and
preparation for potential flood risks. Although the
hydrological model has limitations in reproducing extreme
events, its performance in capturing seasonal trends and its
response to precipitation variability make it a suitable tool for
this analysis, particularly in understanding average monthly
patterns and assessing the impact of climate variability on the
system.

Despite these limitations, the results can be considered
satisfactory for the purposes of this study, which focuses on
the analysis of average monthly patterns of climatic and
hydrological wvariables. The response of the model to
precipitation variability is physically consistent, indicating
that its conceptual framework is appropriate for representing
the hydrological behavior of the basin at a monthly scale.
This reinforces its usefulness as a tool for assessing the
impact of climate variability and supporting decision-making
in water resource management in the region [19].

3.2 Causal diagram

The causal diagram of Vista Hermosa (Fig. 4), highlights
the complex interplay between changes in land use, economic
activities, and environmental degradation. Agricultural
practices (Fig. 4.-3), including coffee, rice, corn, and
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sugarcane farming, in conjunction with pasture grazing, have
been identified as significant contributors to deforestation.
These activities have been identified as key contributors to
the transformation of dense forests into pastures and
fragmented vegetation, resulting in a reduction of
biodiversity and ecosystem alterations. Furthermore, the
tourism, commercial and manufacturing sectors, in their
indirect role, contribute to the exacerbation of these land-use
changes by increasing demand for land and natural resources.
While Tourism offers the potential for sustainable
development, its benefits can be undermined in the absence
of adequate regulations to prevent habitat destruction.

The environmental consequences (Fig. 4.-8) of these
activities are profound, with deforestation resulting in the
proliferation of secondary vegetation and fragmented forests
that exhibit a diminished capacity to support biodiversity and
regulate water cycles. Critical ecosystems, such as gallery
forests, are particularly vulnerable to land conversion and
urban expansion, which threatens their ecological functions
and climate-regulating capacities. To elucidate these
relationships, a causal diagram was constructed using the
Vensim software [19]. This diagram represents the intricate
interplay among ecosystems, activities, and economic
incentives within the Vista Hermosa region. The direction of
the arrows in the diagram is indicative of the strength, nature
(positive or negative), and key drivers of these relationships.
This analysis revealed feedback loops that highlight how
human activities and natural processes reinforce one another,
worsening environmental degradation if left unchecked.

Social and economic dynamics (Fig. 4.-5) play a pivotal
role in the observed changes in land use in Vista Hermosa.
Communities, particularly resettled families and small-scale
farmers, frequently prioritize short-term economic survival
due to constrained access to alternative livelihoods and
deficient infrastructure. These conditions give rise to
unsustainable practices, including deforestation and
overgrazing, which in turn further degrade the integrity of the
ecosystems.  Socio-economic  inequalities  influence
community participation in conservation initiatives, often
marginalizing those who depend most on natural resources.
The implementation of targeted programs, complemented by
economic incentives that promote sustainable practices, is



Chicacausa et al / Revista DYNA, (92)238, pp. 57-65, July - September, 2025.

imperative  for ensuring long-term  environmental
sustainability and enhancing community well-being.

Although stronger conservation laws provide an essential
framework for sustainable land management, they alone are
insufficient to address the complex and interconnected
challenges of environmental degradation. While stricter
penalties for illegal deforestation and well-enforced zoning
policies to ecosystems, such as gallery forest, are crucial
steps, they must be complemented by strategies that go
beyond regulatory measures.

Economic incentives (Fig. 4.-4), such as subsidies for
sustainable farming practices or financial rewards for
ecosystem services, play a pivotal role in aligning individual
and community actions with conservation goals. However,
incentives alone may falter without effective organization
and collaboration among users. Capacity-building programs
that empower local communities with the knowledge and
resources to implement sustainable practices are key.
Additionally, promoting alternative livelihoods can reduce
the reliance on environmentally damaging activities, creating
a more resilient socio-economic foundation.

The synergy between legal frameworks, economic
incentives, and grassroots organization is essential. By
fostering networks of cooperation among users, enabling
shared governance, and ensuring equitable distribution of
benefits, communities in regions like Vista Hermosa can
collectively work toward preserving natural ecosystems
while achieving sustainable development. This multifaceted
approach tackles both the underlying causes and the visible
effects of environmental degradation, laying a solid
foundation for sustainable long-term solutions.

3.3  Agent-based model

Social and economic incentives are clearly observed in a
protection scenario where the local population has a higher
prevalence compared to scenarios without incentives. This is
illustrated in Fig. 5, which shows the evolution of the relative
population in the community of Vista Hermosa, Meta, over
time under different scenarios of social and economic
incentives. The X-axis represents the simulation time steps (1
tick = 1 month), while the Y-axis shows the relative
population of residents. Several series of data are compared:
the population with no incentives, the population with
standard protection, the population with an additional 20%
increase in incentives, and the total impact of social and
economic incentives on the community.

Fig. 5-A indicate that in the absence of incentives, the
local population experiences a rapid decline over time (from
280 to 260 in 37.5 ticks), suggesting migration or
displacement due to adverse socio-economic conditions. In
contrast, the implementation of conservation strategies slows
down the rate of population loss, suggesting improved
community stability with support measures. In particular, a
20% increase in social incentives results in even greater
demographic stability, mitigating the out-migration of local
residents. These findings are particularly relevant in Vista
Hermosa, a region with a history of armed conflict and an
economy largely based on agriculture and livestock, where
population retention is critical for sustainable development.
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In this context, the results of the model shown in Fig. 5-
B reinforce these conclusions. The evolution of the relative
population of local producers under different restoration
conditions-no restoration, 5% restoration, and 9%
restoration-shows how different strategies can affect
population dynamics. The most favorable scenario appears to
be the 9% restoration, where the population stabilizes around
253 individuals despite some decline. This scenario mirrors
findings from the broader study, where social incentives and
restoration efforts contribute to demographic stability and
can help mitigate displacement, further supporting the idea
that well-designed conservation and incentive strategies are
critical to promoting socioeconomic stability, reducing
vulnerability, and fostering resilient communities in regions
like Vista Hermosa.

Fig. 6-A shows a direct relationship between the
implementation of restoration strategies and the evolution of
vegetation cover in Vista Hermosa, Meta. The observed trend
shows a steady increase in grasslands in the absence of
incentives, suggesting a continued expansion of the
agricultural frontier, possibly at the expense of natural
ecosystems. In contrast, the 5% and 9% restoration scenarios
show a smaller reduction in natural forests and shrubs,
demonstrating that economic incentives for conservation
have a positive impact on the region's environmental
resilience.
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Figure 6. Analysis of the Coverage Areas by Time Steps. A- Social incentive
scenario. B- Economic incentive scenario.
Source: Authored
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Fig. 6-B shows that the 9% restoration scenario has a
significant effect of economic incentives to mitigate the loss
of natural habitat. These incentives, combined with
restoration efforts, reduce the expansion of grasslands and
help maintain a more balanced ecosystem. The expansion of
grasslands without incentives highlights the pressure that
agricultural activities place on the landscape, particularly in
a region where livestock and agriculture have historically
been dominant. This suggests that without intervention
mechanisms, ecosystem degradation could continue,
affecting biodiversity and essential ecosystem services such
as water regulation and erosion control. Therefore,
integrating economic incentives into restoration strategies
not only promotes environmental sustainability, but also
contributes to the long-term resilience of the region by
ensuring a more sustainable coexistence between agriculture,
livestock and natural ecosystems.

On the other hand, the changes in rice and oil palm area under
three protection scenarios: no incentives, 5% protection and 20%
protection (Fig. 7). For both crops, there is a significant reduction
in area in the first 10 months. For rice, the no-incentive scenario
shows the largest reduction, while the 5% protection scenario is
the most advantageous in mitigating this loss. For oil palm, the
most favorable scenario is the 20% protection scenario, which
minimizes the reduction in area.

The geographic representation of changes in the study
area (Vista Hermosa, Meta) under different protection
scenarios (Fig. 8) allows the identification of specific areas
where these changes are most pronounced.

In addition, Fig. 9 illustrates the geographic transformation of
the region under 5% and 9% restoration scenarios, highlighting
the positive impact of economic incentives and conservation
policies in promoting restoration and sustainability. These maps
provide a more detailed understanding of where the most
significant changes are occurring, highlighting regions where
forest protection and restoration efforts - supported by economic
incentives - are leading to improved environmental outcomes.
The geographical concentration of these changes highlights the
targeted nature of the interventions and helps to identify areas that
may require further attention to maximize the benefits of
conservation strategies.
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Figure 8. Geographic transformation of riparian forest where no incentives
are active. A- initial moment of the model (tick 1), B- consolidated at the
end of the simulation (120 ticks), if no modification (local protection or
restoration) is activated. The white color represents the riparian forest in the
neutral scenario.

Source: Authored

Figure 9. Geographic change under restoration scenarios. A. Scenario
without incentives or restoration. B- Final scenario with 5% restoration, and
C- Final scenario with 9% restoration

Source: Authored
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In the restoration scenario, the primary goal is to restore
the gallery forest, as it is located closest to the water source.
Fig. 10 shows four (4) scenarios faced by this forest: (i) no
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restoration or economic incentive, (ii) 5% restoration, (iii)
9% restoration, and (iv) a restoration scenario where rice and
oil palm crops are adapted to retain 20% more water. The
results show a significant difference, highlighting that if no
incentives or restoration efforts are applied, the gallery forest
tends to disappear. In contrast, under scenarios with
incentives and restoration efforts—regardless of the
percentage applied—the forest area not only avoids
disappearance but increases significantly. The most favorable
outcome is observed under the 9% restoration scenario,
where the forest area expands to 0.06 million pixels.

4  Discussion

Based on the results obtained, it is possible to identify
significant patterns in the response of vegetation cover and
the socio-economic dynamics of the region with respect to
the integration of economic and social incentives. These
findings highlight the interconnectedness of human and
environmental systems and emphasize the importance of
well-designed incentives in promoting sustainability.

Social incentives proved to be effective in mitigating
local population decline, particularly in the conservation
scenarios. As shown in Fig. 3, the relative population of
locals in a neutral scenario declines rapidly, reaching critical
levels in less than 40 months. However, conservation
scenarios with a 5% increase in incentives significantly
prolong the retention of the local population, underscoring
the importance of social policies to support local producers.
This not only ensures the permanence of local communities,
but also creates conditions for improved natural resource
management and stronger social ties, which are essential for
long-term sustainability.

The analysis of vegetation cover further supports the
effectiveness of these measures. Fig. 4 shows that protection
scenarios have a positive impact on land use, with grassland
areas increasing and natural forests and shrubs declining at a
slower rate compared to scenarios without incentives. This
shows that social incentives not only benefit communities,
but also promote more sustainable land use practices that
contribute to the conservation of biodiversity and the
maintenance of ecological functions. However, the consistent
increase in grassland area across all scenarios raises concerns
about potential over-expansion, which could lead to soil
degradation and biodiversity loss. This highlights the need
for complementary strategies to regulate land use change and
balance grassland expansion with forest and shrub
conservation.

Economic incentives, especially in restoration scenarios,
also have a significant positive impact on the conservation
and restoration of critical ecosystems, such as gallery forests.
These forests, which are essential for hydrological regulation
and biodiversity, are at risk of disappearing in scenarios
without incentives. As shown in Figs. 7 through 10,
restoration scenarios-especially those with a 9% increase-
achieve substantial recovery, with areas reaching up to 0.06
million pixels. This highlights the potential of targeted
economic incentives to protect ecosystems critical to
environmental health and water regulation. At the same time,
restoration scenarios show that natural forest and shrub cover
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declines less drastically compared to neutral conditions,
suggesting that economic incentives can influence local
actors to adopt more sustainable practices. However, the
expansion of grasslands in all scenarios highlights the
importance of balancing incentives to avoid unintended
consequences that could compromise ecosystem integrity.

The dynamics of rice and palm provide further insight
into the effectiveness of these incentives. Both crops show an
initial decline in area in the first 10 months under all
scenarios. However, protection incentives, especially those
that include a 5% increase and water use restrictions that
require crops to use 20% more water, mitigate this trend. For
rice, the 5% protection scenario proves to be the most
favorable, demonstrating the need to tailor incentives to the
specific dynamics of each crop to maximize effectiveness
and minimize negative impacts on the local economy.

When considering the relative population of local
producers, restoration scenarios with a 9% increase in
incentives prove to be the most beneficial, maintaining the
population at a relatively stable level of 253 individuals. This
highlights the importance of combining social and economic
incentives to ensure the sustainability of both human and
environmental systems. Social incentives help stabilize local
populations and reduce pressure on ecosystems, while
economic incentives drive the restoration and conservation of
critical areas such as gallery forests. Together, these
measures create a positive feedback loop that promotes
resilience and long-term sustainability.

The integration of well-designed social and economic
incentives is proving essential to achieving sustainability in
the region. Social incentives stabilize local populations,
promote community resilience, and reduce pressure on
ecosystems. At the same time, economic incentives promote
the restoration and conservation of vital ecosystems. Their
success depends on careful design and implementation to
ensure that they meet the specific needs of the region while
minimizing unintended consequences. Taken together, these
approaches are a powerful tool for promoting sustainable
development and preserving the delicate balance between
human and environmental systems.

5  Conclusions
The integration of social and economic incentives in
environmental management demonstrates significant

potential to promote sustainability by addressing both human
and ecological challenges. Social incentives, focused on
protecting local communities, effectively mitigate the decline
of local populations, as seen in protection scenarios where
their permanence is extended. This not only supports the
socio-economic fabric of the region but also contributes to
more sustainable resource management by reducing pressure
on ecosystems. Furthermore, economic incentives aimed at
restoration, particularly those targeting critical ecosystems
like gallery forests, show substantial benefits for biodiversity
and hydrological regulation. Restoration scenarios,
especially with higher levels of investment, lead to
significant recovery of forested areas, highlighting the
effectiveness of targeted interventions in preserving key
ecological functions.
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The findings also underscore the need for a balanced [13]

approach to incentive design, as unintended consequences,
such as the overexpansion of grasslands, may arise. Tailoring
economic measures to the specific needs of crops, such as
rice and palm, and integrating restrictions on resource use,
ensures greater effectiveness while mitigating adverse effects
on the local economy. The combination of social and
economic incentives proves crucial for achieving long-term
sustainability, as these measures work synergistically to
stabilize local populations, foster sustainable land-use
practices, and conserve vital ecosystems. This study

demonstrates that a strategic, context-sensitive application of [16]

incentives can serve as a powerful tool for addressing the

complex interplay between human and environmental

systems, paving the way for resilient and sustainable

development.
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Abstract

The scientific literature often addresses the Cutting Stock Problem in the furniture industry from the perspective of mathematical modeling
and optimization. However, there has been little research exploring how companies—particularly small ones—adopt software tools that
implement these methods. This study investigates the adoption of cutting optimization software in the Brazilian furniture sector, focusing
on small and medium-sized enterprises (SMEs). A structured survey was conducted with 73 furniture manufacturers across different
company sizes. The questionnaire covered company characteristics, production processes, and software usage. Descriptive statistical
analysis and ANOVA tests were applied to examine the data. Additionally, a market analysis was conduct identify and characterize the
main software tools currently in use. The findings reveal that adoption rates are significantly higher among medium and large companies,
and the most common features of the software tools used in the sector were identified.

Keywords: cutting stock problem; furniture industry; software; small and medium-sized enterprises (SMEs)

Adopcion de software de corte en pequenos fabricantes de muebles:
una encuesta en Brasil

Resumen

El problema del corte de stock en la industria del mueble se aborda frecuentemente en la literatura cientifica desde la perspectiva del modelado
matematico y la optimizacion. Sin embargo, existe poca investigacion sobre como las empresas adoptan las herramientas de software que
implementan estos métodos de solucion. Este trabajo explora este tema y ofrece informacion sobre la adopcion de software de optimizacion en la
industria del mueble, con especial atencion a las pequefias empresas. El objetivo de este trabajo es identificar las caracteristicas y necesidades de las
empresas del mueble en Brasil con respecto al uso de software de optimizacion de corte. Se realizé una encuesta a 73 empresas, lo que permitio
identificar el software utilizado, asi como su prop6sito y caracteristicas. Los resultados indican que la adopcion de herramientas de software por parte
de las grandes y medianas empresas es mucho mayor en comparacion con las pequefias empresas. Los datos recopilados también revelaron las
caracteristicas mas comunes de los softwares utilizados por los fabricantes de muebles.

palabras clave: problema del corte de stock; industria del mueble; software; pequefias y medianas empresas (PYME)

1  Introduction continue in the years to come [1]. In Brazil, most furniture
manufacturers are micro and small enterprises (MSEs),

Over the last five years, the Brazilian furniture sector has which suffer from weak strategic planning and lower
undergone an evolution in production, foreign trade, and technological capabilities when compared to larger
distribution channels, with a growth trend expected to competitors. The country has 46 furniture manufacturing
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clusters spread across 11 states, with a greater concentration
in the Southern and Southeastern regions. Production and
consumption vary from residential, institutional, and office
furniture, to armchairs and mattresses [2]. Micro and small
furniture companies are found throughout the country, with a
large portion of firms characterized as woodworking shops
that produce customized items according to customer
requests [3].

The production process in the furniture sector begins with
cutting boards, wood, or its derivatives into smaller items
needed to manufacture the final product. A fter the items have
been cut, they may undergo a process of thickness adjustment
by bonding additional layers, in order to match the
specifications of the product design. Subsequently, the parts
are glued and then milled, which provides the finishing touch.
After these operations, the items are grouped, drilled, and
assembled. In general, how the cutting patterns are planned
and executed to obtain these smaller items is a significant
challenge and differs from company to company. The cutting
pattern generation and Cutting Stock Problems are complex
mathematical  optimization problems that require
computational assistance to obtain reasonable solutions
within practical time windows [4].

Although there is a vast offering of software tools for the
furniture industry, adopting new technologies in these
organizations is still a significant challenge, especially for
self-employed carpenters and MSEs. [5] argue that the lower
rate of software adoption by smaller companies occurs due to
the traditional culture, lack of training and limited
understanding of the benefits these software tools might
bring to the firm’s operations. The lack of optimization
software causes these companies to continue making
decisions based on empiricism.

Authors such as [6] point out that SMEs face significant
barriers, including limited financial resources, a shortage of
specialized labor, and insufficient technological capabilities.
These challenges are often compounded by improvised
problem-solving approaches. Moreover, the production
technology used by most furniture manufacturers remains
outdated, leading to the inefficient use of solid wood panels.
This waste not only increases production costs but also
generates the need for more effective waste management
strategies [1,7].

According to [8], pressure from customers has a positive
effect on the adoption of technologies in SMEs, rever as
external support from the government and partners, support
from senior management, and technical knowledge of
employees, which reduces resistance to change. The author
also found that lower acquisition costs have a positive
influence on the adoption of new technologies.

Several papers discuss the Cutting Stock Problem in the
furniture industry, including [9-14,15]. However, the existing
literature has a strong focus on mathematical modeling and
solution methods, thus lacking a practical view of the
problem from the standpoint of the development of software
tools and adoption by SMEs.

The contribution of this study is to address this gap by
surveying Brazilian furniture manufacturers to map their
characteristics and needs regarding cutting stock software
and to identify the most commonly used software tools and

their features. The survey covered a sample of 73 companies
of various sizes, including micro, small, medium, and large
organizations.

2 Theoretical foundation

Cutting problems belong to a category of NP-hard
optimization and challenges where the goal is to extract a set
of items from a limited number of larger objects, aiming to
either minimize resource usage or maximize the total value
of the resulting items. The layout of these items—known as
cutting patterns—must ensure that no overlaps occur and
typically must also account for geometric constraints related
to the technical limitations of the cutting equipment [16-17].

Furniture such as tables, chairs, kitchen cabinets, shelves,
wardrobes, among others, are the result of cutting problems
[18]. Thus, a solution to the cutting problem, according to
[19], can be called a cutting plan, which indicates how many
times each provided cutting pattern will be used to meet the
demand for all items. A cutting plan is generated according
to the dimensions of all available objects and considers the
demand for each item.

The one-dimensional cutting problem occurs when only
one direction is essential to the cutting process, such as when
bars and coils must be cut into smaller pieces.

Two-dimensional cuts have two relevant cutting
directions, width and length, like larger regular boards, for
producing smaller items.

Three-dimensional cuts involve greater complexity and
geometric difficulty, such as those encountered in container
loading. In these cases, there are three essential dimensions
to be evaluated: length, width, and height, to pack different
items [20].

The cutting problem can also involve irregular shapes, as
in the case of cutting fabrics in garment factories, circular
shapes, or vary in n dimensions.

Among the various dimensions mentioned, when the
cutting problem is modeled for the furniture segment, it is
common for it to be two-dimensional, as most of the raw
materials available for this industry are rectangular wooden
plates or sheets that vary in two dimensions.

Cutting Stock Problems are distinguished by the
dimensions of their objects and items. There are also other
important distinctions; some formulations consider the
management of usable leftovers [19-20], which are cut
objects that can be reused in future production. Another
aspect in approaching the Cutting Stock Problem is its
integration with other problems, such as the Lot Sizing
Problem [21], which addresses the determination of optimal
lot sizes, minimizing production costs, including setup and
inventory costs, among others [22].

It is also essential to note that there are at least three
characteristics that differentiate items and objects from each
other:

e Format: Two figures can have the same format but vary
in size and/or orientation.

e Size: Two figures can be the same size but vary in shape
and/or orientation.

e Orientation: Two figures may have
orientation but vary in shape and/or size.

the same
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In the works by [23-25], variations in shapes are used for
the same segment.

Concerning the variety of items and objects, according to
[3], these can be: identical (with the same shape, orientation,
and size); weakly heterogeneous (with the same orientation,
varying slightly in size); or strongly heterogeneous (with the
same orientation, varying greatly in size)

The Cutting Stock Problem applied to the furniture
segment has some relevant characteristics used as constraints
when generating cutting patterns. It is common for cuts made
in the cutting patterns to be guillotined, that is, made from
one end to the other. This is due to the restriction of the
cutting machine, which is mostly a disconnecting machine
[16].

A cutting pattern, however, can be non-guillotined or
nesting, meaning it cannot be cut by methods that go from
one end to the other, requiring another type of equipment,
different than a sectioning machine or saw.

The guillotined cutting pattern can also be divided into
stages, determined by the number of times the object must be
rotated by 90° to allow the guillotine cuts to be performed.

The one-stage cutting pattern is when longitudinal
parallel guillotine cuts are produced. The two-stage pattern
occurs when these already-cut strips are positioned one by
one and new parallel transverse cuts are generated on them.
If after the two stages there is no need for additional cutting,
this pattern is called exact; otherwise, it is not exact and is
called a three-stage pattern, up to n stages [17, 23].

A guillotined pattern can also be constrained, when there
is a limit to the number of items to be cut from a given larger
object, or unrestricted, when there is no such limitation.

Another strategy adopted by many industries is to allow
items to be rotated ninety degrees when allocating cutting
patterns. However, this is only allowed when the raw material
to be cut is smooth, without textures, designs, or veins that
could compromise the aesthetics of the cut items and,
consequently, of the assembled product.

When the object is smooth and White, the item to be cut
can be rotated 90° in the cutting pattern. With rotation, the
resulting items have the same aesthetic characteristics. When
the object has texture, the item is not allowed to be rotated in
the cutting pattern. If the rotation happens, the resulting items
will have different characteristics, which can compromise the
product's aesthetics.

3 Research method

This research uses a survey methodology, which involves

collecting data from companies through a structured

questionnaire and performing descriptive and statistical
analyses of the responses to generate quantitative insights
about the target population—in this case, furniture

manufacturers [26].

The study was conducted in six stages, with steps 1
through 5 based on the survey process described by [27]:

1. Context selection: It was established that any Brazilian
company within the furniture segment would be able to
answer the survey questionnaire. The questionnaire was
not limited to MSEs to allow for comparison of their
reality with that of medium and large companies.
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2. Elaboration of the questionnaire: The elaborated
questionnaire contained 20 questions, including
multiple-choice, checkbox and open-ended (discursive).
The questions' dimensions included the respondents'
characteristics, company characteristics (location, size,
products), raw material and process characteristics,
software usability, and satisfaction with the current
cutting process. The survey design followed the
guidelines proposed by [26].

Survey validation: The pilot test was conducted with
the collaboration of 3 volunteers, owners of furniture
companies, were able to assess whether the questions
were clear, understandable and consistent. After testing,
some updates were necessary before proceeding with
data collection.

Data collection: The method used for data collection
involved contacting companies through emails and
social networks, as provided by unions in the segment.
The purpose of the work was shared and the link to
answer the questionnaire was provided, both were
available on Google Forms for 45 days. The sampling
process adopted was non-probabilistic for convenience,
as defined by [28], being a sample extracted from a
source conveniently accessible to the researcher.
According to [29], this type of sampling prioritizes
practical generalization, that is, ensuring that the
knowledge obtained is representative of the population
from which the sample was taken, in order to allow
inferences from an accessible group. However, it is
important to acknowledge that convenience sampling
can introduce bias, as the sample may not fully represent
the broader population, potentially limiting the
generalizability of the findings.

Analysis of the results: To support interpretation,
descriptive statistical techniques were applied using
Excel® and Minitab® software. When appropriate, the
ANOVA test was performed to identify statistically
significant differences in quantitative variables among
companies of different sizes.

Software analysis: In addition to the survey, a market
analysis was conducted to identify available cutting
optimization software. Tools mentioned by respondents and
others found through online searches were analyzed. Only
publicly available software (i.e., easily found on the internet)
were considered. Information sources included manuals,
websites, technical documents, and interviews with vendors.

4.

4  Results and discussions

The results and discussions are divided into two sections:
Section 4.1 presents the survey results, and Section 4.2
highlights the analysis of software tools.

4.1  Survey results

The questionnaire was distributed to approximately 150

companies in the segment, resulting in responses from 73
companies across 12 Brazilian states, as illustrated in Fig. 1.
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Figure 1. Geographic distribution of participating companies.
Source: The authors.

Fig. 1 indicates a greater concentration of participating
companies in the South and Southeast of the country.
Although these regions have the most significant furniture
centers, this result may be a research bias, in which the
sample was random and,conveniently, carried out in the north
of Parana.

Regarding the size, product line, and positions held by the
respondents, Fig. 2 shows the profile of these companies.

According to the classification of company sizes, used by
[30], among the companies that participated in the survey,
57% are micro-companies; 21% medium-sized; 17% small-
sized and 5% large-sized. Concerning location, 48% are in
the Southeast and 31% in the South of the country.

Product line
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Figure 2. Profile of the companies
Source: The authors.

Regarding the product line and characteristics of the
production line represented in Fig. 2, 62% of the companies
are focused on planned furniture and 17% on modular
furniture, which reflects production of micro and small
companies. Among those who answered series production,
62.5% are medium and 37.5% are large companies.
Manufacturers of decorative, rustic, children's furniture,
office furniture, and gaming furniture also participated in the
research.

To plan cuts and achieve good results, it is essential that
the person responsible for the activity has the necessary
knowledge to execute it effectively. Thus, those responsible
for this step in these companies were evaluated and
represented in Fig. 3.

The highlight in Fig. 3 represents the difference between
those responsible for cutting planning in micro and small
companies when compared to medium and large companies.
In medium and large companies, Planning and Production
Control (PCP) sectors and programmers predominate in the
execution of this function.

With regard to micro and small companies, there is a wide
variation between the positions responsible for this activity,
where the owners, carpenters or operators often plan the cut,
representing 46.3% of them. This shows how specific sectors
for programming, planning, and production control can still
be scarce in smaller companies.

For the descriptive analysis of the data, the size of each
company was also related to the characteristics of the objects
and items used, the percentage of losses, and the quality of
the cutting processes. Fig. 4 illustrates the variation in raw
materials according to the company's size.

Fig. 4 shows a higher frequency of weakly heterogeneous
objects. Micro and small companies exhibit greater
variability among themselves in terms of the type of raw
material, as there is no standard for this issue among
companies of this size.

The raw materials used in medium and large companies
are also similar to each other, predominantly weakly
heterogeneous objects.

PCP
Cut Programmer
Carpenter

External Consultant

4

Designer
Other
0 5 10 15 20 25
® Small and Micro ~ mMedium and Large

Figure 3. People responsible for cutting planning
Source: The authors.
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Figure 4. Variation of raw material
Source: The authors.

Fig. 5 lists the variety of demand for items, categorized
by company size.
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Figure 5. Demand for items
Source: The authors.

The demand for items shown in Fig. 5 refers to the daily
quantity of individual parts that need to be produced to make
up the final products. According to the figure, smaller
companies have different behaviors, with a large variation in
the number of items. Approximately 30% of the
microenterprises have demands of less than 50 items, while
small companies predominantly have demands between 50
and 200 items, and may reach a demand greater than 1000
units.

Evaluating the demand of medium-sized companies, it is
noted that they share the size of the demand with smaller
companies but with less variability and predominating
demands of 200 to 1000 items and greater than 1000.

Thus, there are indications that the growth in demand for
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items is accompanied by an increase in the size of companies.
That is, the larger the company, the greater the daily demand
for items to be cut. This is confirmed by examining the
demand for items from large companies, which consistently
exceeds 1000 units.

This demand is not limited to the number of types of items
required, but also to the quantity of units of each type. In
microenterprises, this demand tends to be lower, both in
variety and volume, while in larger companies, the quantity
of items generated daily is significantly higher. This is
because, as the company grows, the complexity of production
increases, requiring a greater variety of parts to meet the
diversification of final products. This increase in the diversity
of items makes the problem of cutting inventory more
challenging, as there are more possible cutting patterns to be
considered, directly impacting the efficiency of material use.
As a result, larger companies invest more in specialized
software to optimize this process, reducing waste and
improving the quality of production planning.

To evaluate whether the percentage of material loss
differs according to the company size, a one-way ANOVA
was performed using Minitab. The analysis compared loss
percentages reported by companies categorized as micro,
small, medium, and large. The results indicated no
statistically significant difference among the groups (p =
0.699), suggesting that company size does not have a
measurable impact on the percentage of material loss in the
sample analyzed.

Although the one-way ANOVA indicated no statistically
significant differences in loss percentage among company
sizes (p = 0.699), the boxplot revealed notable distribution
patterns across the groups (Fig. 6). Micro and small
companies demonstrated higher variability in material loss,
with several outliers observed in the micro category,
suggesting inconsistency in production processes or less
efficient cutting operations. In contrast, medium-sized
companies showed the lowest median loss and a more
compact distribution, indicating greater process stability.
Large companies also demonstrated a relatively low median
loss, though with broader variability. These visual trends
suggest that, despite the lack of statistical significance,
company size may still influence cutting efficiency and
material waste in practical terms.

2000% | e

15,00%

10,00%

loss (%)

5,00%

0,00%

Micro Small Medium Large

Size
Figure 6. Percentage of losses
Source: The authors.
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Figure 7. Use of software tools
Source: The authors.

The use of software tools in the planning and execution
of the cutting plan was also evaluated in the applied
questionnaire (Fig. 7).

In Fig. 7, it is possible to observe that approximately 46%
of micro companies, 69% of small companies, 87% of
medium companies, and one 100% of large companies use
software, which represents 62% of the total. Thus, a
propensity to increase software adoption is noticeable as
company size increases, and the number of "No" responses
regarding software usage decreases accordingly.

A comparison between the boxplot of material loss and the
chart on the use of software tools reveals a potential relationship
between cutting software adoption and process efficiency across
company sizes. As illustrated, microenterprises exhibit both the
lowest adoption rate of software tools (46%) and the highest
variability in material loss, with several outliers, suggesting
inconsistent or inefficient cutting practices. In contrast, medium
and large companies, which report higher adoption rates (87%
and 100%, respectively), show lower median losses and more
compact distributions in the boxplot, indicating greater process
control and reduced waste.

These trends suggest that the use of cutting optimization
software may be associated with lower material losses and
greater operational consistency. Although causality cannot
be confirmed from this observational data, the pattern
whereby microenterprises exhibit both lower levels of
software adoption and higher, more variable material losses
highlights the potential role of technology in improving
production efficiency.

Regarding the difficulties faced by companies, Table 1
shows that most problems stem from a lack of qualified labor
or a person responsible for implementing the cuts, as well as
high material loss and delay in cutting planning. Such
problems may be directly related to the lack of a software tool
or the presence of a tool that is difficult to use, which is often
the case in smaller companies.

Cutting planning carried out without an adequate
software tool or empirically, which is the case of smaller
companies, results in high losses (as shown in Fig. 9) and
excessive times for generating cutting plans, becoming
susceptible to errors and combinations of standards that are
not great. When the lack of tools is combined with the
absence of a qualified employee, the likelihood of mistakes
can be even greater.

Table 1.
Difficulties faced by companies in the furniture segment

Micro and Small Medium and

Difficulty . o Large
Companies (%) Companies (%)
Lack of skilled labor 31.5% 26.3%
1 M 0,

D_emanded items not cut in 27.8% 26.3%
stipulated time
High material loss 22.2% 26.3%
Cut planning is carried out
empirically without prior 18.5% 21%
planning
It takes time to plan cutting 14.8% 530
plans
Tool or Software difficult 929, 10.5%
to use
There is no one responsible 7.4% 539,

for cutting planning
Source: The authors.

The software used by the participating companies is
shown in Fig. 8.
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Figure 8. Software tools
Source: The authors

Among the Information Systems used by the 45
companies, there is a wide variety, which reflects the
availability of software on the market. The software tools
Promob Cut Pro, Corte Certo, and Ardis Cutting Optimizer
appeared more often among the responses, but large
companies did not report their use.

Among the responses, Enterprise Resource Planning
(ERP) and Corel Draw were cited, but such tools, although
used by some companies, do not generate cutting plans
independently. Thus, they were not considered in the
graphical analyses. Such responses indicate that micro and
small companies lack adequate knowledge on this subject.
The Audacis software was also mentioned by one of the
companies that manufactures sofas, but it is used in the
fabric-cutting process and not in wood and derivatives.

To better analyze the behavior of losses by company size
and software usage, a boxplot was generated, as shown in
Fig. 9.
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Figure 9. Losses and use of software according to the size of the company
Source: The authors.

The graphs in Fig. 9 indicate that micro and small
companies that do not use software demonstrate variability
and a greater amplitude in the percentage of losses. They also
present losses greater than 10%. Regarding companies that
use software, 50% of micro and small companies have losses
lower than 8%, while 50% of medium and large companies
have losses lower than 6%.

It is not possible to draw conclusions about the losses of
medium and large companies that do not use software tools
due to the small sample size; although, it is possible to infer
that their losses also increase significantly.

4.2  Analysis of software tools

In order to analyze some software tools available on the
market and used by companies participating in the survey, a
selection was made based on their responses, and an
exploratory search was conducted for commercial Cutting
Stock Problem software usable to the furniture sector.

The characteristics of these software were analyzed and
listed based on information contained in manuals, websites,
and online interviews carried out with suppliers.

Table 2 presents a summary and analysis of these software
tools, based on the characteristics of the cutting problem and
software requirements. The information was obtained from
manuals and observations resulting from using these tools.

The software tools are available in several formats: web-
based, downloadable, or as smartphone applications. Some
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also offer diagrams of the automatically generated section
planes, while others require manual construction.
Additionally, there are cases where the automatically
generated section planes can be manually adjusted.

Some of these software tools offer free versions, which
may have limitations in functionality, paid versions, or
personalized services tailored to customer needs. Cortecloud,
Dinabox, and CutList tools can be used as plugins in
Sketchup. Likewise, Ottimo Perfect Cut, Cut Rite,
Optiplanning (Biesse), and Titanium are available as Promob
plugins.

However, the table presented in Annex 1 provides
attributes that can guide companies in the furniture segment
seeking to acquire software tools.

Information was collected from 19 different software
tools that create cutting plans for the furniture segment. This
table lists commercial software that can help different
companies, especially small ones, to choose and adhere to
information technology for a daily process that can be
repeated countless times and is normally performed
manually.

5  Final considerations

This study offers a practical perspective on the cutting
problem in the furniture sector from the viewpoint of
companies that need to adopt software solutions to address
their issues. This process is important for understanding what
the difficulties and real needs of this segment are and how
companies’ behavior may vary according to their size.

In this context, the survey enabled the identification of
key difficulties faced by furniture manufacturers, including
lack of skilled labor, high material waste, and delays in
planning, which align with the barriers discussed in the
literature. The findings reinforce that outdated production
technologies and empirical planning practices remain
prevalent among small manufacturers, leading to increased
waste and reduced operational performance.

The study supports the understanding that software usage
is associated with lower material losses and greater
consistency in operations. Even though the ANOVA did not
find statistically significant differences, the visual trends
observed suggest that company size—and by extension,
software adoption—can influence cutting efficiency in
practical terms.

Moreover, this work contributes by providing a mapping
of commonly used software tools in the sector and by making
this information accessible to micro and small companies,
which often lack structured processes and guidance in
selecting appropriate technologies. The list of software tools
identified, along with their features, offers practical value for
decision-making regarding digital investments and the
adoption of cutting optimization systems.

The process of selecting a software tool for a company in
the furniture sector is complex in itself, primarily due to the
vast diversity of tools available on the market. The different
applications, characteristics, costs, and acquisition processes
make this task difficult and, in most cases, time-consuming.
When these difficulties are added to the lack of investment,
insufficient employee knoledge, and personal resistance, the
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process of acquiring a tool becomes even more challenging.

Thus, guiding these businesses to choose a tool that
boosts their results becomes essential, once the difficulties
these companies have in obtaining it, permeate from the self-
assessment of their needs to the lack of guidance on where to
find such tools, as well as a lack of direction for these

processes.
Thus, the findings of this research can inform
policymakers, business associations, and technology

providers on how to better support digital transformation
initiatives within small and medium-sized enterprises
(SMEs), particularly in traditional sectors like furniture
manufacturing.

However, this study is limited by the geographic scope of
its sample, which focused predominantly on companies
located in the Southern and Southeastern regions of Brazil.
These areas are historically more industrialized and
technologically developed, which may not fully represent the
national reality. Future research could expand to include
furniture manufacturers from other regions and explore how
regional disparities impact technology adoption and
production efficiency.

As future work, we suggest the development of support
tools to help small manufacturers assess their technological
needs and identify suitable software solutions, considering
the diversity of available tools and the multiple criteria
involved in this decision. Further studies may also investigate
the critical success factors and barriers to software
implementation, as well as the impact of digital tools on
productivity and competitiveness in SMEs.
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Annex 1 —
Software tools for Cutting Stock Problem in the furniture segment
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Number of citations in the survey 9 7 5 2 2 3 1 1 1 1 1 1 2 1 0 0 0 1 0
Data transmission to machine v v v v v v v v
Manual item and plate data entry v v v v v v v v v v v v v v v
It has a library of registered items and plates v v
Imports item and plate data v v v v v v v v v v v v v v
Limit on the amount of input data v
Considers cutting blade thickness v v v v v v v v v
Consider edge tapes v v v v v v v v v v v
Considers holes v v v v
Considers fibers and grooves in the material v v v v v v v v v v v v v v
You can choose whether the item can rotate v v v
Provides number of stages v v v v
Provides number of cuts v v v
Provides item priority v v v
Provides costs v v v v v
Provides cutting time v
Provides solutions chart v v v v v v v v v v v v v v v
Allows manual edits to solution charts N N N v v v v v v
Has use of leftovers v v v v v v v v v
Provides guillotine cutting v v v v v v v v v v v v
Provides nesting cut v v v v v
Allows printing of results v v v v v v v v v v v
Provides labels v v v v v v v v v v
Allows integration with other software v v v v v v v v
Free Acquisition v v v v v v v v
Paid Acquisition v v v v v v * v v v v v v
Available online v v v
Available as software v v v v v v v v v v v v
Available as an app v v v
Personalized service v v v

Note: *Not currently marketed
Source: The authors.
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Abstract

This study analyzes the economic costs associated with climate change and the implementation of preventive measures in the Chancay-
Lambayeque Valley, Peru. Through a cost-benefit analysis, the study quantifies the impact of extreme flood events on agriculture and
hydraulic infrastructure, considering scenarios with and without mitigation measures. The results show that adopting structural and non-
structural strategies significantly reduces economic losses and enhances the resilience of the region's water and productive systems. The
findings emphasize that strengthening investments in resilient infrastructure and adaptation strategies is crucial for the economic and
environmental sustainability of the watershed.

Keywords: climate change; economic costs; cost-benefit analysis; extreme flooding; mitigation measures.

Analisis de costos de cambio climatico y medidas de prevencion en
el valle de Chancay-Lambayeque, Peru

Resumen

El estudio analiza los costos econémicos asociados al cambio climatico y la implementacion de medidas preventivas en el Valle de
Chancay-Lambayeque, Pert. A través de un analisis costo-beneficio, se cuantifica el impacto de eventos de inundaciones extremas sobre
la agricultura y la infraestructura hidraulica, considerando escenarios con y sin medidas de mitigacion. Los resultados evidencian que la
adopcion de estrategias estructurales y no estructurales reduce significativamente las pérdidas econémicas y mejora la resiliencia del
sistema hidrico y productivo de la region. Se concluye que fortalecer la inversion en infraestructura resiliente y estrategias de adaptacion
es clave para la sostenibilidad economica y ambiental de la cuenca.

Palabras clave: cambio climatico; costos econdmicos; analisis costo-beneficio; inundaciones extremas; medidas de mitigacion.

1  Introduction estimating future flows and risks. Extreme floods are on the
rise due to climate change and the increased vulnerability of
Human interventions have decreased the frequency of urban areas [12].
minor floods, but extraordinary floods have increased. The Peru is one of the 10 megadiverse countries in the world,
inclusion of historical data is crucial to improve accuracy in it has the second-largest Amazonian Forest after Brazil, the
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Figure 1. Location of the Chancay-Lambayeque basin.
Source: ANA, 2015.
largest tropical mountain range, 71% of tropical glaciers, 84 of 2  Methodology

the 104 life zones identified on the planet, and 27 of the 32
climates in the world. This diversity is seriously threatened by
climate change and explains much of the country's high
vulnerability [8]. In addition, 21.77% of the population lives in
poverty, while 4.07% experiences extreme poverty [5],
increasing their vulnerability to the effects of climate change due
to their dependence on agriculture.

The Chancay-Lambayeque Valley is undergoing a
process of socioeconomic development with a clear upward
trend, as new public and private investments are improving
the productive, urban, and social services infrastructure,
allowing production to grow and improving the quality of
social services, which has been accompanied by a process of
sustainable economic development. Fig. 1, shows the
location of the Chancay- Lambayeque watershed [1].

Globally, climate change has intensified the frequency
and magnitude of extreme hydrometeorological events,
particularly affecting vulnerable agricultural regions [6]. In
Peru, recurrent floods impact food security and water
infrastructure, generating high socioeconomic costs [7]. In
the Chancay-Lambayeque Valley, millions of dollars in
losses have been recorded due to events such as El Nifio [10].
However, there is little empirical evidence on the economic
effectiveness of long-term mitigation strategies. This study
employs a cost-benefit analysis to assess the effectiveness
and impact of adaptation measures in this context.
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The study employs a cost-benefit analysis model to assess
the economic feasibility of various climate change mitigation
interventions. The methodology includes:

e Evaluation of direct and indirect costs of extreme
weather events in the Chancay-Lambayeque Valley.
Estimate of avoided costs through the implementation of
preventive  measures such as  infrastructure
reinforcement, reforestation, and land use management.
Comparison of scenarios with and without a project,
with 10, 100, and 500-year return periods.
Incorporation of measures of the Integral Plan for flood
control and disaster risk reduction in the Chancay-
Lambayeque River basin [10].

Adaptation of the avoided cost approach based on previous
studies in the Chincha Valley [2] and Ghana [3].

This methodology allows quantifying the economic

impact of climate change and determining the benefits of

adaptation strategies. A cost-benefit analysis was performed
using hydrometeorological data from the National Water

Authority [1] and [10]. Return periods of 10, 100, and 500

years were determined using hydrological modeling based on

historical series [2]. Avoided costs were estimated by
comparing scenarios with and without adaptation measures,
considering damage to crops, infrastructure, and agricultural

production, following the methodology of Azumah [6].
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2.1 Cost-benefit analysis

Risk reduction refers to the implementation of physical
investments aimed at transforming economic assets and/or
the environment in vulnerable areas, to prevent or reduce the
negative impact of disasters associated with climate change.
Examples of risk reduction include strengthening and
adapting infrastructure, integrating risk into initial
investments, building resilient infrastructure, improving
housing, and other measures aimed at strengthening the
response and adaptive capacity of communities.

In public administration, loss sharing refers to a joint and
several agreements among the participants to distribute any
losses incurred if one or more of the participants is unable to
meet their obligations.

2.2 Benefits or costs avoided

The avoided cost approach was implemented using two
types of approaches. The first method was to use
information on the potential loss of assets that would result
in the loss of environmental services provided by natural
resources to estimate the costs that society would face. In
this case, the researcher would estimate the potential
damage to assets if the resources were not restored or
conserved. Determining whether society or resource
owners have invested funds to protect resource features is
a second approach. In this way, expenditures to prevent
the loss of ecosystem services provide an estimate of the
value of those services [9].

The investment project measures aim to protect irrigated
agricultural areas or land, hydraulic infrastructure (intakes
and canals), protective infrastructure (levees and river
defenses), public facilities (roads, bridges, electrical
networks, drinking water supply infrastructure, irrigation
infrastructure, etc.) from possible flooding of the Chancay
Lambayeque River.

These measures help prevent or mitigate both direct and
indirect damages resulting from a discharge with a return
period of up to 500 years. Consequently, the avoided costs or
damages represent the benefits attributed to the project when
compared to the scenario without its implementation.

3 Results and discussion

3.1 Avoided costs

The summary of damages or avoided costs for the
Chancay-Lambayeque Valley is presented at private prices in
the "without" and "with" project situations, the difference or
net benefit of which will be used for the economic evaluation
of each project.

Tables 1, 2, and 3 show a summary of damages in the
Chancay Lambayeque Valley in terms of sectors and types of
damages for the without-project scenario. These damages
will be caused by the extraordinary floods of the Chancay
Lambayeque River, according to the return time and flood
level.
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Table 1.

Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley without Project for TR 10 years (Expressed in thousands of soles at
private prices as of August 2024).

Sector Description Soles
Agriculture Production Lost Flood 41985.43
Erosion of Agricultural Areas 3862.64
Unrealized production 41985.43
Crop replenishment 47306.23
Unrealized production (Hydraulic 29758.10
Inf))
Hydraulic
In}gras tructure Intakes 273.25
Channels 18413.61
Riverine defenses 4263.14
Wells 22949.99
TOTAL 162,778.23

Source: The authors.

Table 2.

Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley without Project for TR 100years (Expressed in thousands of soles at
private prices as of August 2024).

Sector Description Soles
Agriculture Production Lost Flood 68533.60
Erosion of Agricultural Areas 6297.78
Unrealized production 68533.60
Crop replenishment 76993.95
Unrealized production (Hydraulic 5813173
Inf))
S A Intakes 274411
Channels 65906.44
Riverine defenses 8778.81
Wells 77558.85
TOTAL 345,132.71

Source: The authors.

Table 3.

Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley without Project for TR 500years (Expressed in thousands of soles at
private prices as of August 2024).

Sector Description Soles

Agriculture Production Lost Flood 82343.92

Erosion of Agricultural Areas 7599.32

Unrealized production 82343.92

Crop replenishment 92977.05

Unrealized production (Hydraulic 70690.90

Inf))

S A Intakes 13725.71
Channels 177789.26

Riverine defenses 26632.97
Wells 237663.58
TOTAL 210797.81

Source: The authors.

Tables 4, 5, and 6 show a summary of damages in the
Chancay-Lambayeque valley by sector and type of damage
for the situation with the Project, which will be affected by
the extraordinary floods of the Chancay- Lambayeque River,
according to the return period and flood level. The amount of
damages or avoided costs at private prices during the 10-year,
100-year, and 500-year return periods.
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Table 4.
Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley with 10-Year TR Project (Expressed in thousands of soles at private

prices as of August 2024).
Sector Description Soles
Agriculture Production Lost Flood 909.08
Erosion of Agricultural Areas 1889.34
Unrealized production 909.08
Crop replenishment 0.00
Unrealized production (Hydraulic 47.66
Inf))
Hydraulic
In}grastructure Intakes 0.00
Channels 0.00
Riverine defenses 852.64
Wells 852.64
TOTAL 5460.43

Source: The authors.

Table 5.

Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley with Project for TR 100 years (Expressed in thousands of soles at
private prices as of August 2024)

Sector Description Soles
Agriculture Production Lost Flood 1483.90
Erosion of Agricultural Areas 3148.88
Unrealized production 1483.90
Crop replenishment 0.00
Unrealized production (Hydraulic 165.22
Inf))
Hydraulic
In}grastructure Intakes 0.00
Channels 13207.71
Riverine defenses 1755.83
Wells 14963.53
TOTAL 36208.96

Source: The authors.

Table 6.

Summary of Damages to Affected Sectors in the Chancay-Lambayeque
Valley with Project for TR 500 years (Expressed in thousands of soles at
private prices as of August 2024)

Sector Description Soles
Agriculture Production Lost Flood 1781.78
Erosion of Agricultural Areas 3778.67
Unrealized production 1781.78
Crop replenishment 0.00
Unrealized production (Hydraulic 44535
Inf))
Hydraulic
In}grastructure Intakes 0.00
Channels 35558.11
Riverine defenses 9095.12
Wells 44717.98
TOTAL 97158.79

Source: The authors.

The comparison between scenarios with and without
prevention measures shows that the avoided costs are
substantial in all the sectors analyzed. In particular, it was
identified that:

e Losses in the agricultural sector can be reduced by up to
96.64% for a 10-year payback period.
Water infrastructure shows a damage reduction of up to
89.50% over a 100-year return period.
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e In a 500-year return period, damage mitigation reaches
53.90%, demonstrating the effectiveness of the structural
measures implemented.

The implementation of adaptation measures reduced

economic losses by 96.64% for 10-year return events and by

53.90% for 500-year extreme events. These results are

consistent with studies in Chincha [2], where damage

reduction reached 64%. However, in the case of Chancay-

Lambayeque, mitigation effectiveness decreases with larger

magnitude events, suggesting the need to strengthen resilient

infrastructure and financial mechanisms for climate
insurance. Comparison with previous studies in the Chincha

Valley [2] and Ghana [3] demonstrates the effectiveness of

cost-benefit analysis in planning climate adaptation
investments.
3.2 Comparison with previous studies

The results obtained are consistent with previous
research. In the Chincha Valley, flood prevention measures
were able to reduce economic damages by up to 64%,
demonstrating the economic viability of mitigation strategies
[2]. Similarly, in Ghana, the adoption of sustainable
agricultural practices significantly reduced climate impacts
[3].

These findings are consistent with the study by Haer et al.
[4], where cost-benefit analysis was used to identify
economically efficient adaptation strategies. In this sense, the
application of similar approaches in the Chancay-
Lambayeque Valley could optimize investment in water
infrastructure and strengthen agricultural resilience in the
face of extreme climate events.

3.3  Green infrastructure and its role in climate
mitigation

Beyond traditional structural measures, green infrastructure
is emerging as a key strategy for risk reduction in urban areas.
However, its implementation still faces limitations due to the lack
of detailed cost and effectiveness studies. Evaluating its
hydrological performance under different climate scenarios
would allow optimizing resources and fostering more resilient
solutions to mitigate flood impacts [11].

3.4  Implications for risk management and climate
adaptation

The results of this study support the importance of
integrating cost-benefit analysis into investment planning for
climate adaptation. In particular, in the case of the Chancay-
Lambayeque Valley, there is a need to strengthen water
infrastructure and promote sustainable agricultural strategies
to reduce the vulnerability of the productive sector.

In addition, the combination of traditional infrastructure
with innovative approaches, such as green infrastructure,
could provide more sustainable and cost-effective solutions
for climate change mitigation. Therefore, future research
should focus on evaluating their effectiveness in different
climate scenarios, facilitating their incorporation into
territorial planning and public risk management policies.).
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4 Conclusions

This study confirms that climate change mitigation
strategies generate substantial economic benefits in the
Chancay-Lambayeque Valley. The reduction of damages to
water infrastructure and agricultural production highlights
the relevance of investments in adaptation measures. To
strengthen the resilience of the system, it is recommended to
evaluate emerging technologies such as green infrastructure
and to model higher resolution climate change scenarios. In
addition, it is necessary to develop financial mechanisms to
facilitate the implementation of these strategies at the
regional level.

Future studies should refine climate models by
incorporating localized data and improving hydrological
accuracy. Long-term economic assessments of climate
change impacts on water resources, agriculture, and
infrastructure are necessary. The integration of geospatial Al
and remote sensing can enhance monitoring and prediction.
Research should explore cost-effective adaptation strategies,
evaluate policies, and engage stakeholders for effective
decision-making. Additionally, socioeconomic vulnerability
studies and comparative analyses with similar basins can
provide insights into sustainable water resource management
and climate adaptation.

References

[1] Autoridad Nacional del Agua, Plan de Gestion de los Recursos Hidricos
de la cuenca Chancay-Lambayeque. Lima, Perti: Autoridad Nacional del
Agua, 2015.

[2] Armas, A.S., Valencia, Z., Rendén, E., y Vilchez G., "Beneficio
econdmico de las medidas de prevencion para inundaciones en el valle
de chincha, mitigacion y sustentabilidad," Zenodo, Art. 8866, 2021.
DOI: https://doi.org/10.5281/zenodo.5108866.

[3] Azumah, S.B., Adzawla, W., Osman, A., y Anani, P.Y., "Cost-benefit
analysis of on-farm climate change adaptation strategies in ghana,"
Ghana Journal of Geography, 12(1), pp. 29-46, Art. 2, 2020. DOL:
https://doi.org/10.4314/gjg.v12il.2.

[4] Haer, T., Botzen, W.J.W., van-Roomen, V., Connor, H., Zavala-
Hidalgo J., Eilander D.M., and Ward P.J., Coastal and river flood risk
analyses for guiding economically optimal flood adaptation policies: a
country-scale study for Mexico, Philosophical Transactions of the Royal
Society A,  376(2121), art. 20170329, 2018. DOLI:
https://doi.org/10.1098/rsta.2017.0329

[5] Instituto Nacional de Estadistica e Informatica, Encuesta Nacional de
Hogares, INEI, [en linea] 2025. Disponible en:
https://m.inei.gob.pe/prensa/noticias/pobreza-monetaria-afecto-al-217-
de-la-poblacion-del-pais-durante-el-ano-2017-10711/.

[6] Parry, M.L., Canziani, O.F., Palutikof, J.P., van-der-Linden, P.J., y
Hanson, C.E., IPCC, Resumen para responsables de politicas, en
Cambio Climatico 2007: Impactos y Vulnerabilidad. Cambridge
University Press,Cambridge, Reino Unido, 2007.

[7] Loyola, R., y Orihuela, C., El costo econdmico del cambio climatico en
la agricultura peruana: el caso de la regiéon Piura y Lambayeque.
Consorcio de Investigacion Economica y Social-CIES, [en linea]. 2011.
Disponible en: www.cies.org.pe.

[8] Ministerio del Ambiente, El Pera y el Cambio climatico. Segunda
comunicacion nacional del Pert a la convencién marco de las naciones
unidas sobre cambio climatico 2010. MINAM, Lima, Pert, 2010.

[9] Osorio-Munera, J.D., Valoracion econdémica de costos ambientales:
marco conceptual y métodos de estimacion, Semestre Econdmico,
7(13), pp- 160-192, 2004. Disponible en:
https://revistas.udem.edu.co/index.php/economico/article/view/1141.

[10]Proyecto especial Olmos Tinajones, elaboracion del plan integral para
el control de inundaciones y movimientos de masa de la cuenca del rio

80

Chancay-Lambayeque. Gobierno Regional de Lambayeque, 2020.

[11]Reu-Junqueira, J., Serrao-Neumann S., and White, 1., Developing and
testing a cost-effectiveness analysis to prioritize green infrastructure
alternatives for climate change adaptation, Water and Environment
Joumal, 37(2), pp. 242-255, art. 12832, 2022. DOL
https://doi.org/10.1111/wej.12832.

[12]Zhong, Y., Ballesteros-Canovas, J.A., Favillier, A., Corona, C.,
Zenhdusern, G., Mufioz-Torrero-Manchado, A., Guillet, S., Giacona, F.,
Eckert, N., Qie, J., Tscherrig, G., and Stoffel, M., Historical flood
reconstruction in a torrential alpine catchment and its implication for
flood hazard assessments. Journal of Hydrology, 629, art. 130547, 2024.
DOI: https://doi.org/10.1016/j.jhydrol.2023.130547.

Armas-Blancas, A.S., received the BSc. Eng. in Agricultural Engineering
in 1990, from the National Agrarian University La Molina, Lima, Peru. MSc.
in Management of Renewable Natural Resources and Environment in 1997,
from the University of Los Andes, Mérida, Venezuela, and PhD. candidate
in Environmental Sciences at the National University of San Marcos, Lima,
Peru, since 2023. He has experience as a specialist in safety, occupational
health, and environmental management in hydraulic infrastructure,
sanitation, roads, and electrical transmission projects. He currently serves as
the Environment and Safety Manager at JANO INGENIEROS SAC and is
an associate professor at the National University of San Marcos in the
Professional School of Environmental Engineering, as well as a professor at
the National Technological University of Lima South.

ORCID: 0000-0003-0168-3467

Iglesias-Leén, S. del P., is a BSc. Eng. in Geographic Engineer from the
National University of San Marcos (UNMSM), MSc. in Environmental
Management and Assessment from Oxford Brookes University in England,
and a PhD. from the Atlantic International University. She was Director of
the Postgraduate Unit of the Faculty of Geological, Mining, Metallurgical,
Civil and Environmental Geography Engineering - UNMSM (2013-2016)
and Dean of said faculty (2016-2020). She currently works as an Advisor to
the General Office of Cooperation and International Relations (OGCRI-
UNMSM) and is CO of the Consulting Firm Environmental Specialists
S.A.C.

ORCID: 0000-0003-4616-8178

Rendén-Schneir, E., is a Bsc. in economist with 30 years of professional
experience, MSc. in Planning and Agrarian Policy in the Post-graduate
Course in Agrarian Development (CPDA) in Rio de Janeiro - Brazil. He
holds a PhD in Economics specializing in natural resource management from
UNAM in Mexico and has worked for more than 10 years as an expert in
water resource management, agrarian planning and projects, and
environmental and risk management in the Ministry of Agriculture of Peru.
Currently, he works as a senior lecturer at the Universidad Nacional Mayor
de San Marcos, where he has been Director of the Professional School of
Environmental Engineering and has a post-doctorate at KU Leuven in
Belgium in Bioeconomy and a post-doctorate in Social Geography from the
University of Caen in France. He has been a visiting professor at the
University of Pittsburgh - United States, Gent in Belgium, Rennes in France,
and at the University of Nitra in Slovakia.

ORCID: 0000-0002-9413-2308

Vilchez-Ochoa, G., is a Bsc. Eng. in Agricultural Engineer, professor at the
National Technological University of Lima Sur, Sp.in Environment and
Sustainable Development, develops work in Water Resources and
Environmental Impact Studies. Currently a teacher and researcher.

ORCID: 0000-0002-3792-0092

Herrera-Espinoza, J., MSc. Eng. in Administration and Agricultural
Engineering from the National Agrarian University La Molina is CEO of the
company Ozoneh; general manager of Jano Ingenieros SAC, regular
professor at the UNTELS University of the courses: Treatment of Drinking
and Residual Water, and Environmental Conflicts and Social Responsibility;
at the Autonomous University of Peru of Hydraulic Engineering, and
Installations and Energy Efficiency; leader in Research in technology for
water treatment. He has held management positions in public and private
companies. He has a diploma in Investment Systems; and Management
Systems.


https://doi.org/10.1111/wej.12832

Armas-Blancas et al / Revista DYNA, (92)238, pp. 76-81, July - September, 2025.

ORCID: 0000-0002-2571-1699

Ramos-Alarcon, L.M., is a Biologist by profession from the National
University of San Luis Gonzaga. She is a Sp. in biodiversity and
environmental issues. She currently works as a professor at the National
University of San Luis Gonzaga in Ica.

ORCID: 0000-0002-7568-0421

Capuiiay-Sosa J.L., is a BSc. Eng. in Geological Engineer, with a MSc. in
Geological Engineering from the University of Durham, Great Britain, with
doctoral studies in Environment and Sustainable Development; university
professor at UNMSM in Geology and Environment topics.

ORCID code: 0000-0002-5944-7662

Blancas-Amaya H.F., with a professional degree in Biological Sciences
from the Universidad Nacional Mayor de San Marcos, MSc. in Entomology
and Environmental Management, and a PhD in Environment and Sustainable
Development. I am a teacher and researcher at the Faculty of Sciences,
National University of Education EGV.

ORCID: 0000-0002-2274-0937

Daga-Lopez, R.A., is a BSc. Eng. in Geographic Engineer from the
Universidad Nacional Mayor de San Marcos and MSc. in Geoinformation
Sciences and Earth Observation. He currently works as a professor in the
Environmental Engineering program at the Universidad Nacional
Tecnolégica de Lima Sur (UNTELS). His experience and specialization are
oriented towards the use of geomatics and remote sensing tools for
environmental management, climate change, and land use planning.
ORCID: 0000-0002-3105-1594

81



C

NIVERSIDAD

ACIONAL

E COLOMBIA

DYNA

http://dyna.medellin.unal.edu.co/

o

Analysis of the infrastructure works on accessibility using graph
theory: case study “la Linea” tunnel

David Fernando Lopez-Patifio & Juan Pablo Londofio-Linares
Facultad de Ingenieria, Universidad de La Salle, Bogotd, Colombia. davidflopez06@unisalle.edu.co, julondono@lasalle.edu.co
Received: April 8", 2025. Received in revised form: July 4%, 2025. Accepted: July 18", 2025.

Abstract

The importance of roads in the Colombian economy is undeniable, as they condition the transport of goods, this is why a method is proposed
to quantify the impact of new projects, creating an additional tool for the decision makers. In this case was analyzed the impact of “la
Linea” tunnel on the departments of Quindio and Tolima, calculating accessibility indexes in two states, before and after the construction
of the tunnel, this analysis was complemented with the calculation of indirect costs based on operational and costs per user time. The
analysis showed that the construction of the tunnel represented an improvement of the accessibility on Quindio by 5,13% and null on
Tolima due to the project’s unidirectional nature, nevertheless it was obtained $932.913.194 COP (=USD 229.141 for 2024) in daily
savings.

Keywords: road network; graph theory; road user cost.

Analisis del impacto de obras de infraestructura sobre accesibilidad
mediante teoria de grafos: estudio de caso tunel de la Linea

Resumen

Es innegable la importancia de las vias en la economia colombiana, condicionando el transporte de mercancias, es por esto que se plantea
una metodologia para cuantificar el impacto que ejercen proyectos nuevos sobre la accesibilidad regional, creando asi una herramienta
adicional para los tomadores de decisiones. Para este caso se analizé el impacto de la obra del Tunel de la Linea sobre los departamentos
de Quindio y Tolima, calculando indices de accesibilidad en dos estados, antes y después de su construccion; este analisis se complemento
con el calculo de costos indirectos en funcion de los derivados por operacion y por tiempo de usuarios. El analisis mostr6 que la construccion
del tunel representé una mejora de la accesibilidad en Quindio del 5,13% y nula en el Tolima debido a que el proyecto tiene una sola
direccion de trafico, sin embargo, se obtuvieron $932.913.194 COP (=USD 229.141 para 2024) de ahorro diario.

Palabras clave: red vial; teoria de grafos; costo de usuario.

goods and merchandise or the movement of passengers,
Binswanger et al. [3] points out three important factors

1. Introduction

According to data of Consejo Privado de Competitividad
[1], 79% of the country’s cargo was transported using the
road network, highlighting the importance of the terrestrial
road network in Colombia.

Ospina [2] states that “[the primary road network] is basic
to the country’s integration and competitiveness (due to it
joins the production areas with the consumption ones)
because of this, the road infrastructure determines
significantly regional markets, letting the transportation of

regarding the influence of the roads in the economic

development:

1. The development of the road infrastructure has a
significant impact on the opportunities of
commercialization and the costs of transaction.

2. Markets provide higher incomes for producers and
reduce the price risks.

3. Better profit margins for the producers implies a better
credit access, which gives greater facilities for
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investment for banks and financial institutions.

This impact that begins at the economic transcends to other
territorial dimensions Chica [4] concludes that “a better access
to roads generates positive externalities, pointing in the way of
being an approximation of the state presence and governance”
also point out that “the interventions in tertiary roads have
positives effects in the diminution of the intensity of armed
conflict” which represents a positive effect in a dimension
apparently unrelated as the armed conflict, this is why the
knowledge and the management of road projects are crucial for
the economic and social development of a territory.

From the arguments of Binswanger et al. [3], is built a
methodology to measure the impact of infrastructure projects
on regional accessibility and express it as an economic value
casily comparable, looking for facilitate the decision-
maker’s tasks during the management of projects.

1.1 Study case

As an example of the proposed methodological
application, it was analyzed “La Linea” tunnel, a very
important project in Colombia with a cost of 1 billon
Colombian pesos (=USD 245 million for 2024) and
inaugurated in 2020, “La Linea” tunnel has 8.65 km long and
crosses the central mountain range joining the municipalities
of Cajamarca (Tolima department) and Calarca (Quindio
department), according to Pardo [5] for BBC,

The ambition for the project was to open a
commercial gate to Asia for a country of an
enormous export potential, it would prevent
part of the accidents that daily occurs caused by
going up to the mountain’s peak and it would
save time, a lot of time, to the Colombians who
travel by land to the west part of the country [5
para. 5]

This implies a reduction in travel time and a higher ease
for transportation of cargo between the port of Buenaventura
and the capital, Bogota. It is necessary to clarify that the
tunnel is a unidirectional road, with two lanes, through the
tunnel circulate the vehicles in the direction Calarca-
Cajamarca. In the opposite direction (Cajamarca-Calarca.)
the vehicles travel through the old road, also with two lanes.

In economic terms and according with INVIAS [6] data,
“La Linea” tunnel generates an annual saving estimated of §
250.000 million COP (=USD 61,4 million), equal to $
684.931.507 COP per day ($955.928.877 COP for 2024
~USD 234.794), while Universidad Nacional [7], publishes
a number of $ 150.639 million COP per year (=USD 37
million), equal to $ 373.542.465 COP per day ($ 521.336.844
COP for 2024 =USD 128.050)

For the research it was observed the economic impact of
the project on the departments of Quindio and Tolima, these
are the affected direct zones by the project and where the
corridor is located.

1.2 Graph theory

The applied methodology is part of the graph theory,
understanding a graph in function of the stated by Wilson [8]
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as a set of nodes (also called vertices) and arcs, thus the graph
theory results in the study of the interaction between nodes,
and how they form networks, for this purpose two basic
terms are defined:

1. According to Garrido the connectivity, that “determines
the grade of reciprocal communication between vertices,
and it is the grade of integration or interconnection that
a network has for its internal functioning” [ 9. p. 85],
thus it can be understood as the node’s capacity to form
links with another node.

The accessibility, which “allows to analyze the
network’s spatial organization, this causes that the nodes
form a hierarchy in function of the facility of access
from each one of them to the rest of the nodes in the
graph” [9. p. 85]. This represents the measure of the
facility to reach a specific node from another one inside
the same network.
The distinction of these two concepts results crucial
because it allows the calculation of indexes that will
represent  different network’s  characteristics, the
connectivity indexes are in function of the number of links
(roads) and nodes from a network, thus its nature is more
general, on the other hand the accessibility indexes are in
function not only of the number of links but also of the
position of the nodes, thus it can be obtained general
measures for the entire network and also specific measures
for each node.

In this context, it has been developed researches that
involves graph theory in the measuring of the vulnerability
of road networks for example Haldar et al. [10], who applies
graph theory methods (shimbel index and connectivity
indexes) in a tool for urban planning, mapping urban
accessibility values and of movement from a city point to its
center, reaching a map that zones the peri-urban area in
scales of accessibility and connectivity in function of the
movement and travel time, highlighting critical areas for
intervention.

In Colombia the research of Coérdoba [11] stands out, he
build a comparation between two states of the road network
of the municipalities Leiva, Policarpa, Los Andes,
Barbacoas, Roberto Payan, Olaya Herrera y Tumaco in the
department Narifio, and compares the efficiency using graph
theory, the first state in the original conditions pre-
intervention and the second state with the improvement of
the road surface, finding that the interventions enhanced the
accessibility in veredal zones between 36 and 38%, showing
the relevance of impact measurements for improvement and
construction and highlighting the importance of tertiary
roads in territorial development especially in rural areas.

Another research of impact measurement is made by E.
Garcia & Escobar, [12], including this time economic
variables, calculating a global accessibility index for the
Armenia’s valorization-funded plan for infrastructure, that
includes the construction and rehabilitation of urban roads,
calculating a percentage of improvement in travel times and
analyzing the beneficiary population. These researches
despite their different contexts and scopes, all have in
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Figure 1. Methodological structure
Source: Own elaboration

common the recognition of the importance of road
accessibility in economic indexes and territorial productive
efficiency and the use of graph theory as a diagnostic tool for
accessibility, searching in a long term its application in
territorial management.

2. Materials and methods

The proposed methodology is structured in three basic
processes and it is summarized in the Fig. 1.
1. Graph analysis of the initial conditions (before the
construction of the “La Linea” tunnel)
2. Graph analysis of the final conditions (after the
construction of “La Linea” tunnel)
3. Impactanalysis and calculation of the generated savings.

2.1 Graph analysis

2.1.1  Census area filter

Due to the graph analysis uses vertices or unique points
as an input, rather than polygons, is required to transform the
urban areas polygons into unique points, for this the concept
of census area is applied, defined by DANE as “the area
delimitated by the census perimeter of the municipal seats
and populated centers” [13. p. 21] transformed into vertices
finding their geometric center.
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Because of the need to obtain a coherent network (a
network with fully connected nodes) and due to the smallest
census areas use, unidentified or ambiguously categorized
roads, a census areas filter was implemented based on the
population, because of this were only considered
municipalities categorized as fifth category and above,
according to the categorization of the Law 1551 of 2012
[14], this means municipalities with populations exceeding
10.000 inhabitants

2.2 Road network filter

As noted, graphs are composed by nodes and arcs, the
nodes in this case are equal to census areas, and the arcs to
the road corridors, due to the presence in the National
Geostatical Framework (Marco Geoestadistico Nacional)
(MGN) [15] of ambiguous roads classifications, with unclear
characteristics and where cannot be guaranteed that these
accesses are suitable for populated centers connectivity, the
roads; the same as the census areas; are filtered too,
considering only those categorized as first, second or third
order, according to the Resolution 1530 of 2017 [16].

Finally, a planar graph (non-intersecting arcs)
obtained, which also is coherent (a network with fully
connected nodes) as illustrated in the Fig. 2, for the study
area.
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s

A)
Figure 3. Road network of analysis: A) Before the intervention; B) After the
intervention
Source: Own elaboration

B)

Additionally, in Fig. 3 is presented the detail of the road
network at the initial and final conditions, pre and post
incorporation of the “La Linea” tunnel.

2.3 Connectivity and cohesion metrics

As mentioned, connectivity metrics are general network
measures that depend on the total number of nodes and arcs,
and its calculation helps to establish the graph’s general
conditions, however, the analysis post intervention of
connectivity metrics is not relevant, because the only change
between initial and final conditions is a single link.

It is important to say that connectivity metrics were
calculated taking 619 nodes, including intersections of the
roads and census areas, it is necessary to include in this case
the intersections because they are an indicator of the network
complexity. The connectivity metrics are presented below.
2.3.1  Kansky connectivity index ()

This connectivity index was introduced by Kansky [17]
and represents the relation between the number of arcs (a)
and the number of nodes (n). “Transportation networks with
complicated structure will have high value of f,whereas
networks with a simple structure will have low values” [17.
p. 102]. It is defined by eq. (1).

B

(1

“For planar graphs, however, the scale is from 0 to an
upper limit of 3.0.” [17. p. 102].
2.3.2  Gamma index (ymax (%))

The gamma index was developed by Garrison & Marble
[18] and it is defined as “a ratio between the edges and

vertices of a given transportation network” [19. p. 104]. The
eq. (2) shows the value of gamma index for planar graphs:

85

Ymax% = *100

a
3x(n—2) )

2.3.3  Cyclomatic number (W)

The cyclomatic number was first introduced by Berge
[20], and represent the number of circuits that exists in a
graph. Insaurralde & Cardozo defined a circuit as “each one
of the multiple ways that exist to travel from a node to itself,
without passing the same arc twice” [21. p. 8]. For coherent
networks, the expression of the cyclomatic number is shown
in the eq. (3).

u=a—m-1) (3)

2.34  Complexity or Alpha index (o)

The complexity or Alpha index expressed in the eq. (6)
was developed by Garrison & Marble [18] and can be defined
as

We may interpret this formula as a ratio
between the observed number of circuits and the
maximum number of circuits (...) For
completely interconnected networks the a index
will be equal to one (the upper limit). For
networks with a decreasing number of edges,
the a index will approach zero (the lower limit)
[17. p. 100].

u

a=m*100

“)

2.4 Accessibility and centrality metrics

For accessibility measures only were taken into account
30 nodes, the number of census areas, due to they represent
the possible origins and destinations of the vehicles traveling
through the departmental roads, from this an accessibility
matrix is generated that contains the traveling distances from
and to each one of the network’s nodes.

2.4.1  Associated Konig Number (KON)

It was proposed by Konig [22] and represent the distance
needed to travel from a node till the furthest node, through
the shortest path, it is extracted from the accessibility matrix,
being the maximum value of each row, higher values indicate
less accessible nodes.

2.42  Shimbel number (Shim) and dispersion index (G
index)

Both indexes were proposed by Shimbel [23], and they
are obtained from the accessibility matrix. To find the
accessibility index also known as Shimbel number, the
distances of each row in the accessibility matrix are
summarized, obtaining a different value for each one of the



Loépez-Patifio & Londofio-Linares / Revista DYNA, (92)238, pp. 82-92, July - September, 2025.

network’s nodes, a higher value indicates a less accessible
node, and vice versa. The Maximum Shimbel number (Shim
max) represents the most inaccessible node of the entire
network, while the Minimum Shimbel number (Shim min)
the most accessible.

The G index or dispersion index is obtained summarizing
all the shimbel from the matrix, higher values indicate a less
accessible network.

We can characterize the measure of dispersion
as an index expressing an over-all property of
the network whereas the index of accessibility is
a measure indicating the spatial relation
between a given element of the structure and the
remainder of the network [17. p. 116]

243  Average Accessibility Index (IAM)

The Average Accessibility Index (IAM) is calculated
using the eq. (5), according to Mufioz et al.

It determines an average value of the network’s
accessibility from the ratio between the G index
and the total number of existing nodes. This
network’s mean can be used to compare
different graphs, or for analyses inside a single
graph, each node’s accessibility (Shimbel
number) respect to the mean (G index),; those
indexes above the mean are the less accessible
[24. p. 78].

IAM = 5)

2.4.4  Mean centrality (C)

The mean centrality is the ratio between each node’s
Shimbel number and the total number of nodes minus one,
this value represents each element’s topological position, a
higher value indicates a less central node and a lower value
indicates a central node. Its expression is shown in the eq. (6)

C_Shimi
Tn-1

(6)

2.4.5  Impact analysis

Once obtained the results for the two network’s states, a
comparison was conducted using eight accessibility indexes,
as mentioned the analysis of the connectivity metrics was
made only for the initial conditions. The calculated
accessibility indexes were G index, Average Accessibility
Index (IAM), Maximum Shimbel number (Shim max),
Minimum Shimbel number (Shim min), Maximum
Associated Konig Number (KON max), Minimum
Associated Konig Number (KON min), Average path length,
Maximum Mean centrality (Cmax), Minimum Mean
centrality (Cmin)
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Table 1.
Inputs for the savings calculation
Input Unit Source
Average wage $COP/h/user  Decree 1572 of 2024 [27]
. Calculated from ALOS PALSAR
*
Climb+ Descent m*km L1.5.,2015 [28]
Horizontal Deorees*km Calculated from Road
Curvature & Information System [29]
Average speed km/h Law 1239 of 2008 [30] and
INVIAS [6]
Average Daily L .
Trafic (TPD) veh/day Historical traffic Series (TPD)

[31]
Operating cost $COP/km/veh Vehicle operating costs [32]

Source: Own elaboration

The impact is calculated using the eq. (7) and represents
the relative percentage change:

% of impact

7
_ Indexlnitial condition — IndexFinal condition +100 ( )

Indexlnitial condition

2.5 Economic analysis

The final step is the saving calculation generated by the
tunnel construction, based on the methodology developed by
Dos Santos et al. [25, 26], who initially describes indirect
losses, but in this investigation, it had a conceptual difference
from the original. This calculation is made for the initial
condition, using only the old road (OR) and the final
condition, using in one direction the old road (OR) and in the
opposite direction the road with the tunnel (RWT), for this
calculation are used the eq (8) and the eq (9)

RUC =VoOC+VOT ®)

ARUC = RUC;¢ — RUCk, )

VOC= Vehicle operating cost

VOT= Value of time

RUC= Road User Cost

ARUC= Saving due to the incorporation of the project

Initially, for the calculation of the RUC, the inputs related
in the Table 1 are required.

Finally, the calculation is performed factor by factor applying
certain modifications to the formulas presented by Dos Santos et
al. [25, 26], due to it can be reach more exactitude using the real
number of vehicles from the TPD reported by INVIAS [31]
instead of using a proportion for each type of vehicle.

2.5.1  VOC-vehicle operating cost

For the calculation of the Vehicle operating cost, is used
the eq. (10). The value of the Distance is obtained from the
accessibility analysis.
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VOC = Distance * Z(Operating cost; * TPD;) (10)

To appropriately determine the road operating cost, are
calculated the curvature factors of the road. INVIAS [32]
stablishes a classification of the road alignment using the
value of Climb+Descent and the Horizontal Curvature.

The value of Climb+ Descent is calculated using the eq
(11) while the value of Horizontal Curvature is calculated
using the eq (12).

21Zi1 — 7l

Climb + Descent =
Ly

)

%0
T, (12)

Horizontal Curvature

z= Elevation for every segment

Lt= Total length of the road

0;= Angle between two segments of the road

These two factors are calculated for the old road and for the
road with the tunnel. For the old road, the elevation information
is extracted from the Alaska Satellite Facility Service, for the
road with the tunnel are considered the INVIAS et al., 2021 [33]
requirements for tunnel slopes, specifically for tunnels with a
length superior to 3.000 m with a maximum slope of 3%.

Using these values, the road alignment can be classified
in one of the next types: 1) Flat and straight, 2) Undulating
and straight, 3) Gently curved and undulating, 4)
Mountainous, 5) Curved and slightly undulating and 6)
Steep. The terrain for the old road was classified as Steep,
and for the road with the tunnel as Mountainous.

To obtain the Vehicle Operating Cost, the information
related to the vehicle operating costs on paved roads ($/km)
for hdm IV (December 2016) [32] was used as an input, this
information is based on market prices but does not
correspond to the date of analysis, so it is needed to perform
an inflation adjustment, using the eq. ((13), where the IPC
values were obtained from Ministerio del Trabajo [34]:

Costringr = CoStinitiar * (1 + IPCinitial year)

* (1 + IPCinitial year+1)
(13)
* ... (1 + IPCrina year)

The result for 2024 prices, good pavement and a mountainous
and steep road alignment are presented in the Table 2

Table 2.
Vehicle operating costs (2024 prices)

Type of road alignment

Type of vehicle
Mountainous Steep
Cars $1.957,98 $ 1.984,30
Buses $3.994,94 $4.526,38
Trucks $5.951,27 $6.999,36

Source: Own elaboration
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2.5.2  VOT-Value of time

The users’ time value is calculated using the eq. (14) the
average wage per hour was § 5.416,00 corresponding to the
minimum salary per hour for the 2024.

VOT = Distance * Z(Average wage;

* Average number of users;

(14)
* Average speed; * TPD;)

The average number of users per vehicle for cars
corresponds to the average use capacity of the most common
car models, for the busses the data is based on the data from
the vehicle operating costs [32], while for trucks it is
assumed that the only user is the driver.

At this point is necessary to stablish that exists an
increase in the average speed of the vehicles, which may
travel faster in the final conditions because there are two
lanes in the old road and two lanes in the road with the tunnel,
INVIAS 2020 [6] stablish an increase in the speed from 18
km/h to 60 km/h for cars, and using a proportionality based
on the Law 1239 of 2008 [30], from 12 km/h to 40 km/h for
trucks.

3. Results
3.1 Connectivity metrics

Initially, connectivity metrics are calculated as presented
in the Table 3, to assess the general graph conditions in the
initial conditions and metrics related to its complexity, the
analysis was performed using a graph with 619 nodes (census
areas and intersections) and 650 arcs (road links)

The obtained value of f was 1,05, which means that the
number of nodes and arcs are similar, characteristic of a low
complexity network.

For the ymax (%) the result was of 35,12% which is
equivalent to 32 circuits correspondent to the p index,
significantly lower than the ideal of 100%, that can be reach
with the inclusion of 1201 additional arcs, which would give
an ideal index of road network linkage

Table 3.
Connectivity metrics
Index Result
1,05
ymax (%) 35,12%
n 32
o 2,61%

Source: Own elaboration
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Table 4.
Accessibility metrics and percentage of impact
Accessibility Pre- Post- Difference % of
Index Intervention Intervention impact
G Index 122980353 121416953 1563401 1,27%
IAM 4099345 4047232 52113 1,27%
Shim min 2780196 2780196 0 0,00%
(Ibagué)
Shim max 6828342 6828342 0 0,00%
(Planadas)
KON min 171447 171447 0 0,00%
(Espinal)
KON max 335293 335293 0 0,00%
(Fresno)
Cmin 0
(Ibagué) 95869 95869 0 0,00%
Cmax o
(Planadas) 235460 235460 0 0,00%

Source: Own elaboration

Additionally, the value of o was 2.61%, a relatively low
value, which means that the road network in Tolima and
Quindio is highly dependent on specific critical links,
characteristic of a fragile network. Notably the Cajamarca-
Calarcda Road, stands out as a vital connection, this
emphasizes the strategic importance of “La Linea” tunnel, as
it is the only direct access between these two departments.

3.2 Accessibility metrics

In the Table 4 are presented the accessibility metrics for the
network analysis, which includes the maximum and minimum
Shimbel and Konig numbers and C index, with the comparison
between the two scenarios with and without the project, as well
as the difference and the percentage of impact obtained for each
calculation.

The project improved the IAM, this indicates that with the
tunnel is easier to access from any network’s point to another one
in an average of 1,27%, this value corresponds to the change of
distance travel, approximately 9.7 km, between the 23 Tolima’s
nodes and the 7 Quindio’s nodes,

The G Index improved as well, indicating that it is easier to
travel to the remotest parts of the network or at least to the
Quindio region, due to the direction of the tunnel.

For the maximum and minimum values of the Shimbel
number there were no change, this occurs because of the
unidirectional operation of the tunnel, the old road Cajamarca-
Calarca direction (East-West), has no distance change, and the
points that represents maximum (Ibagué¢) and minimum
(Planadas) accessibility are part of Tolima (East side), region that
obtained no benefit in the distance factor because of the tunnel.

The same situation happens to the Mean centrality (C), as the
minimum and maximum values correspond to the same census
areas.

The Koning number did not changed, due to the longest route
(San Sebastian de Mariquita- Planadas) is made from north to
south, not from east to west, because of this the tunnel has no
relevance in this indicator.

The results for the Shimbel number were spatialized using
the Inverse Distance Weighted (IDW) interpolation method,
which assigns greater weight to areas closer to each point, IDW

is used pre and post the intervention, the results are shown in the
Fig. 4 and Fig. 5, respectively.

The most inaccessible node of the road network is Planadas,
Tolima, point that obtained the higher Shimbel number, in the
same way the municipality Fresno, also in Tolima, obtained the
highest K6ning number, which indicates that is a low accessible
node, for the network analysis.

On the other hand, the best indexes were obtained for the
municipalities of Ibagué in the case of the Shimbel number, and
Espinal for the Kéning number.
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Figure 4. Accessibility map before construction of the tunnel
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Figure 5. Accessibility map after construction of the tunnel
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Table 5. Table 7.
Percentage of impact for the Shimbel number for each node Inputs by type of vehicle for initial conditions (2024 prices)
o,

Departament Municipality Census area inf)pgz " Ty})e Average nﬁr‘;fll)‘:fif TPD Operating cost
Quindio Calarca Calarca 5,66% vel(:icle (Sl(l)rflih) users (users (veh/day)  ($COP/km/veh)
Quindio Armenia Armenia 5,47% /veh)
Quindio Montenegro Montenegro 5,16% Car 18 3 3.252 $1.984
Quindio Circasia Circasia 5,09% Bus 18 28 2.140 $4.526
Quindio La Tebaida La Tebaida 4,98% Truck 12 1 2.326 $6.999
Quindio Quimbaya Quimbaya 4,88% Source: Own elaboration
Quindio Filandia Filandia 4,63%
Tolima Ibagué Ibagué 0,00%
Tolima Espinal El espinal 0,00% Table 8.
Tolima Guamo Guamo 0,00% Inputs by type of vehicle for final conditions (2024 prices)
Tolima Rovira Rovira 0,00% Average Operating cost
Tolima Saldafia Saldafia 0.00% Typeof Average number of TPD (vehday)  (sCOP/Km/veh)
Tolima Flandes Flandes 0,00% vehicle speed users
Tolima Cajamarca Cajamarca 0,00% (km/h) (users OR  RWT OR RWT
Tolima Venadillo Venadillo 0,00% Iveh)
Tolima Purificacion Purificacion 0,00% Car 60 3 1606 1.646  $1.984  $1958
Tolima Coyaima Coyaima 0.00% Bus 60 28 1.041 1.099 $4.526 $3.995
Tolima Lérida Lérida 0.00% Truck 40 : 1 1.121  1.205  $6.999 $5.951
Tolima Ortega Ortega 0.00% Source: Own elaboration
Tolima Melgar Melgar 0,00%
Tolima Natagaima Natagaima 0,00%
Tolima San Antonio San Antonio 0,00% The analysis confirms a reduction of 22,21% in the travel
Tolima Armero Guayabal 0,00% distance in the direction Calarca-Cajamarca (West-East), but
Tolima Libano Libano 0,00% the distance keeps being the same in the opposite direction.
Tolima Chaparral Chaparral 0,00%
Tolima i::rlf;t:;s tinde i;:riﬂz;s tidn de 0,00% 3.3 Economic analysis
Tolima Ataco Ataco 0,00%
Tolima Honda Honda 0,00% As mentioned, the terrain for the old road was classified
Tolima Fresno Fresno 0,00% as Steep, and for the road with the tunnel as Mountainous.
Tolima Planadas Planadas 0,00% Based on this, the inputs by type of vehicle are presented in

Source: Own elaboration

The Table 5 presents the changes for the accessibility
expressed in percentages for each census area.

Comparing the graphs in the initial and final states, the
results clearly demonstrate the greater influence of the
project on the department of Quindio, where can be noticed
an average accessibility improvement of 5,13% compare
with a null improvement in the department of Tolima, caused
by the unidirectionality of the tunnel, this characteristic of
the project reduces notably the impact on the east side of the
network.

Also due to the longest routes are from north to south
without crossing the tunnel, this also reduces the importance
in Tolima.Despite this, in Quindio (West Side) accessibility
improves for all the census areas, with all of them showing
an improvement, higher in the closest zones to the project.

The Table 6 presents results of the analysis for the direct
route from Calarca to Cajamarca.

Table 6.
Results Calarca-Cajamarca route
Parameter Result
Old Route (OR) distance (m) 43.730
Road With Tunnel (RWT) distance (m) 34.019
Difference (m) 9.711
% of impact 22,21%

Source: Own elaboration

the Table 7 for the initial conditions and in the Table 8 for
the final conditions considering the old road (OR) for the
East-West direction and the road with tunnel (RWT) for the
West-East direction.

3.3.1 VOC-vehicle operating cost

The Table 9 presents the results for the Vehicle Operating
Cost expressed in function of the distance which is variable
to every route.

Largest vehicles require more operating costs, making the
truck sector the most benefited from the project because the
savings for this item, the daily savings were of
$124.881.937/day (=USD 30.673) equivalent to an
improvement of 17,54% for the operation costs. Cars and
busses also show significant reductions in operating costs of
11,76% and 16,09% respectively.

Table 9.
VOC-vehicle operating cost (2024 prices)
Total VOC Total VOC
Type of Initial Final Difference % of
vehicle Conditions Conditions ($COP /day) impact
($COP/day) ($COP /day)
Car $282.197.186 $249.003.887 $33.193.299  11,76%
Bus $423.525.285 $355.369.933 $68.155352  16,09%
Truck  $711.875.634 $ 586.993.697 $124.881.937 17,54%
TOTAL $1.417.598.104 $1.191.367.517 _ $226.230.587 15,96%

Source: Own elaboration
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Table 10.
VOT-Value of time (2024 prices)
Total VOT Total VOT
Type of Initial Final Difference % of
vehicle Conditions Conditions ($COP /day)  impact
($COP /day)  ($COP /day)

Car $128.372.523  §$34.183.005 $94.189.518 73,37%
Bus $788.301.288  $209.525.023 $578.776.265 73,42%
Truck  $45.903.241 $12.186.417 $33.716.824 73,45%
TOTAL $962.577.053  $255.894.446  $706.682.607 73,42%

Source: Own elaboration

Table 11.

RUC-Road User Costs (2024 prices)

RUC Initial RUC Final . o
tz]ll:iecloe f conditions Conditions (;)(l:fglr,?;:) in:npgi "
($COP /dia) ($COP /dia)

Car $410.569.709 $283.186.892  $127.382.816 31,03%
Bus $1.211.826.574 $564.894.957  $646.931.617 53,38%
Truck  $757.778.875 $599.180.114  $158.598.761 20,93%
TOTAL $2.380.175.157  $1.447.261.963  $932.913.194 39,20%

Source: Own elaboration

3.3.2 VOT-Value of time

The results for the value of time are presented in the Table 10.

Because of the higher number of users from busses this
sector is the most benefited, but in proportion all sector
presents significant reduction in the Value of time, an
improvement higher to 73% equivalent to $706.682.607
(=USD 173.574) in total.

3.3.3 Road User Costs (RUC)

The final RUC for the initial and final conditions is
present in the Table 11:

The results show an economic impact of 39.20% for the
vehicles in general equivalent to a daily saving of
$932.913.194 (=USD 229.141), after the intervention.

The proportion of the saving by item is shown in the Fig. 6.

The majority of savings (75,75%) were obtained from the
time of the users, while 24,25% corresponds to the saving
due to the value of the operation costs.

The Fig. 7 shows the savings by each type of vehicle.

M Savings VOC
($/day)

B Savings VOT
(S/day)

Figure 6. Saving by item
Source: Own elaboration
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$ 646,931,617
69%

Figure 7. Saving by each type of vehicle
Source: Own elaboration

The bus sector is the most benefited, with a 69,35% of all
the savings, followed by a 17,00% for trucks and last 13,65%
for cars.

4. Discussion

The analysis highlights a particularity, due to the
country’s geography, the network has a low redundancy in
corridors connecting the west with the east, as a result the
majority of efforts are focused in projects that facilitated this
crossing, which is not large in euclidean distance, but
represents great challenges caused by the mountainous
terrain, this has conditioned historically the Colombia’s
economic and productive development.

The impact analysis resulted in a clear diagnosis which
can be compared with multiples states and projects, being the
economic analysis a key point, allowing to measure the
influence of the infrastructure projects, the resulting data in
$/day is an ideal number to quantifying benefits. On the other
hand, the impact analysis revealed that the relevance of the
project diminishes with the distance from the implementation
location, Calarca and Armenia the nearest census areas from
the project get a higher impact in comparison with census
areas as Filandia, Quimbaya and La Tebaida.

Due to the unidirectional characteristic of the project, in
terms of graph analysis, Tolima received no impact by the
“La Linea” tunnel project, accessibility indexes did not
change at all. In comparison the department of Quindio
received an average improvement of 5.13%, this value is
obtained from the sum of the travel distance improvements
from each node of Quindio to any census area of the network,
it is clear then that projects like a second tunnel in the
opposite direction would be a key factor to improve the
accessibility to Tolima and to the East part of the country.

Regardless the null impact on the Tolima’s accessibility
the economic analysis revealed substantial benefits of road
investments that applies for the entire users of the road,
reaching § 932.913.194 COP/day (=USD 229.141 for 2024)
of saving with the construction of “La Linea” tunnel, this
represents a justification for the execution of the project and
highlight its importance.

The changes in the slope of the road alignment have a
significant economic impact especially on the truck sector,
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which could represent significant reductions in the cost of
goods transport and a possible reduction in overall prices, but
the largest savings were found in the value of time, mainly
due to the great reduction in time travel and the improvement
in average speed representing an improvement higher to
73%.

5. Conclusion

“La Linea” tunnel caused no improvement in the
accessibility of Tolima but was relevant to Quindio’s
accessibility, this result is a reason to say that the project is
relevant and represents an economic benefit for the entire
region, the daily savings were $ 932.913.194 COP/day
(=USD 229.141 for 2024), causing significant savings in
operational costs particularly because of the slope changes
and largest savings in the time of the users increasing average
speed and reducing time travel.

The calculated daily savings follow the same order of
magnitude as calculated by INVIAS [6] of $§ 684.931.507
COP per day ($955.928.877 COP for 2024 ~USD 234.794)
and by Universidad Nacional [7] of $ 373.542.465 COP per
day ($ 521.336.844 COP for 2024 =USD 128.050), closer to
the report of INVIAS [6] than the Universidad Nacional [7]
calculation.

The methodology combined GIS with graph theory
techniques, and resulted adequate and very useful, because it
quantified the possible saving to the users of the regional
roads, which is easily comparable with other sources and
quantify the relevance of the project in the region.

Additionally, the methodology is systematic and follows
a logical sequence of sub-processes, which is applicable to
multiple scales and allows the comparison of projects and
investment for road infrastructure projects.
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Abstract

This paper offers a comprehensive analysis of the crack propagation behavior of a specific type of Nodular Cast Iron (NCI) and its
correlation with microstructural morphology. To estimate da/dN vs K curves, crack propagation tests were conducted utilizing Compact
Test Specimens (CTS). Additionally, Scanning Electron Microscopy Analysis was employed to characterize the microstructure
morphology on the surfaces of the fractured specimens, with specific attention to the size and distribution of graphite nodules within the
ferritic matrix. The findings of the study suggest that the position from which the CTS is extracted is contingent upon the graphite
distribution, which could have a noteworthy impact on the crack propagation behavior of the investigated NCI alloy.

Keywords: nodular cast iron; fracture mechanics; scanning electron microscopy; micrographic analysis

Influencia de la microestructura en el comportamiento de
propagacion de grietas en fundicion nodular

Resumen

Este articulo ofrece un analisis exhaustivo del comportamiento de propagacion de grietas de un tipo especifico de fundicion nodular (NCI)
y su correlacion con la morfologia microestructural. Para estimar las curvas da/dN vs K, se realizaron pruebas de propagacion de grietas
utilizando muestras de prueba compactas (CTS). Ademas, se emple6 andlisis de microscopia electronica de barrido para caracterizar la
morfologia de la microestructura en las superficies de las muestras fracturadas, con atencion especifica al tamafio y la distribucion de los
nddulos de grafito dentro de la matriz ferritica. Los hallazgos del estudio sugieren que la posicion desde la cual se extrae el CTS depende
de la distribucion del grafito, lo que podria tener un impacto notable en el comportamiento de propagacion de grietas de la aleacion NCI
investigada.

Palabras claves: fundicion nodular; mecanismos de fractura; microscopia electronica de barrido; analisis micrografico.

1948, NCI is characterized as a ternary Fe-C-Si alloy with
proportions typically ranging from 3.5% to 3.9% for carbon

1. Introduction

Nodular Cast Iron (NCI) finds widespread usage in various
engineering applications owing to its favorable combination of
mechanical properties, including good fatigue strength, high
machinability, and ductility. The chemical composition,
particularly the presence of nickel, copper, and molybdenum,
endows this material with desirable mechanical properties
suited for diverse industrial applications. Initially introduced in

and 1.8% to 2.8% for silicon [1]. Some authors also refer to
NCI as Ductile Cast Iron (DCI) due to its ductile behavior [2-
5], or alternatively as Spheroidal Graphite Cast Iron (SGI) [6-
9] due to the manner in which the graphite nucleates. The main
microstructural feature of NCI is the formation of spheroidal
graphite, commonly referred to as nodules, which directly
influences the physical properties of the material. NCI is
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typically characterized by a high strength-to-weight ratio,
excellent fatigue strength, high machinability, and distinctive
ductile behavior, making it widely utilized in the
manufacturing of various mechanical components such as
manifolds, crankshafts, wheels, and gears [2,10]. These
attractive characteristics are attributed to several parameters
that significantly affect the mechanical properties, including
the influence of manganese and copper. These elements
stabilize pearlite, facilitate graphite formation, enhance
strength, and improve the material's ability to withstand cyclic
loads [8]. A wealth of studies has delved into the behavior of
NCI, encompassing diverse topics such as: the dispersion of
NCI's mechanical properties and their implications [11],
analyses of matrix phase composition in fracture mechanics
[12,13], the impact of graphite morphology on mechanical
properties [8], micromechanical failures under impact, static,
and fatigue stress [14], as well as investigations into fracture
under dynamic loading [8], among other notable studies.
According to [15], NCI can exhibit various structures
including ferritic, pearlitic, austenitic, or intermediate
structures, which depend on the chemical composition of the
matrix and the applied heat treatment. NCI typically features
spheroidal graphite embedded in a ferritic-pearlitic, pearlitic,
or ferritic matrix, with each matrix phase composition
impacting the material's behavior differently [12,16]. In
addition to the significance of the cast iron matrix phase,
certain characteristics of graphite nodules are equally
important and extensively studied. Parameters such as the size,
roundness, shape, and distribution of graphite nodules can
significantly influence the performance of NCI, particularly
under dynamic loading conditions [17-19]. A thorough
understanding of the mechanisms involved in the
spheroidization of graphite has been the subject of study for
many researchers [20-22]. According to these studies, graphite
nodule flotation is caused by excessive growth of certain
nodules, which absorb carbon directly from the liquid. Due to
their lower density, graphite nodules tend to float to the
surface, a phenomenon that is more pronounced in thick
sections or under slow cooling rates, resulting in inferior
mechanical properties. Various articles have reported graphite
flotation through metallographic analysis ([6] and [23,24]). In
the field of fracture mechanics for nodular irons, previous
studies were conducted under the assumption that graphite
nodules had a negligible effect on the fracture mechanism.
Many works in fracture mechanics were carried out on nodular
cast iron, where graphite nodules were considered to have an
almost negligible effect on the fracture mechanism [25-27], as
the material was viewed as porous due to the low resistance of
graphite. However, recent research has focused on analyzing
the influence of these graphite nodules [28]. Studies have
investigated failure micromechanisms in nodular cast iron
under various loading conditions, including cyclic loading
generating fatigue and the crack propagation process [29].
According to [30], the resistance of nodular cast iron to
propagation and fatigue cracking is strongly influenced by the
matrix, graphite morphological particles, and load conditions.

The same authors show in their work the influence of
factors such as the stress ratio (R), the detachment of the
graphite nodules, the cleavage of the ferritic shield. Other
authors such as [31], highlight the importance of graphite

94

nodules and the microstructure depending on the NCI matrix.
For example, considering a tensile stress condition, the
possible influence on the graphite nodules will depend on the
type of matrix it is part of, if the matrix is completely ferritic
there will be little influence of the nucleation processes and
secondary crack growth inside the nodules. The
microstructure influence on fatigue crack propagation NCI
with different volume fractions of ferrite and pearlite for a set
of samples have been also considered [32] following the
ASTM E647 standard with load ratio R equals to 0.1, 0.5 and
0.75. NCI fatigue crack propagation resistance is strongly
affected by the graphite nodulization and by the phase
distribution (taking an important role for higher R or AK)
within the microstructures. The fatigue crack propagation
micromechanics in a ferritic NCI was done by means of
scamming electron microscope (SEM) and digital
microscope (DM) observations by [33] to observe the
graphite influence over ferritic matrix during the fracture
process, and he found that for low values of AK and R the
material did not behave in relation to homogeneous material
and suggested that for high values of AK or R a representative
plastic zone could be generated.

According to the authors the fatigue crack propagation
inside the graphite nodules was affected by the presence of a
mechanical property gradient inside the graphite nodules.
The mechanical gradient presented with the graphite perhaps
resulted from the nodule solidification and growth
mechanisms. It is also important to mention that in this work
some considerations regarding the parameter K were
underlined based on the experimental results. The fatigue
crack propagation resistance for a ferritic NCI with
degenerate nodules and compared the material behavior
obtained to commercial ferritic NCIs were investigated by
[34,35]. For this case the Pari’s modelwas used [35]. In that
work, the morphology and the reasons that can degenerate the
graphite nodules were listed, such as, the presence of
carbides, chunky graphite due to excess of rare earth
additions, exploded graphite resulting from the excess of rare
earth presence, compacted graphite due to low residual
magnesium and/or rare earth, Graphite flotation, which
potential causes can be high carbon equivalent, excess of
pouring temperature, slow cooling rate in thicker sections or
an insufficient inoculation, among others. Based on the
analysis performed, the authors concluded that the presence
of degenerated graphite influenced the crack propagation
micromechanics but didn’t affect the mechanical properties
with respect to the resistance.

The main goal of this work is to give continuity of a
comprehensive numerical and experimental characterization
of nodular cast iron performed on the same batch of samples
previously studied in [36,37] and [11]. In this sense the
efforts turn to determine the material behavior when
submitted to fatigue crack growth. The present batch of NCI
presents in its morphology nearly spherical inclusions of
graphite embedded in a homogeneous ferritic matrix.
Depending on the graphite distribution as well as their
morphology, the crack growth rate can be influenced
significantly and additional tests (micrographic analyses and
scanning electron microscopy equipped with energy-
dispersive X-ray (SEM-EDX) analysis) are used in the
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fractured specimens to support the discussions. This paper is
organized as follows. Section 2 introduces the methodology
employed for manufacturing of the fracture specimens, the
procedure for performing the fracture tests, the Scanning
Electron Microscopy analysis and the micrographic analysis.
The experimental results obtained from fracture tests and the
evaluations of the microstructures aspect are presented in
section 3. Finally, the conclusions are presented and
discussed in section 4.

2. Materials and methods

2.1 Specimens

Specimens were fabricated from a 50 X 50 X 300 mm
nodular cast iron block without undergoing heat treatment.
Fig.1(a) illustrates the orientations of each type of specimen,
while Fig.1 (b) depicts the dimensions according to ASTM
E647 standards. Although the microstructure of NCI lacks
patterns akin to those found in laminated metals, certain
specimens were extracted in alternative orientations to assess
fracture toughness concerning graphite nodule distribution.
As noted by [21], during the cooling process, graphite, being
less dense, tends to migrate towards the upper surface.
Consequently, there arose a necessity to analyze the influence
of crack propagation in volume elements exhibiting
variations in nodular density. Moreover, it is essential to
highlight that production in cast condition is influenced by
the cooling rate within the mold and the wall thicknesses of
the cast part. Hence, the tests will be conducted with
consideration given to the position of each sample within the
NCI block.

CTS #1A CTS #4A

Gz iz

/ Higher
A1 graphite

ion due to
cooling

S
N
R
S
P
CTS #1B]

SR

CTS #2A,

(2)

(b)
Figure 1. Details of the specimens: (a) block removal location (b) Specimen
geometry.
Source: Own elaboration
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2.2 Tensile

Due to the foundry process, nodular cast irons exhibit a wide
range of mechanical properties. Various factors influence the
mechanical properties of NCI, including cooling rate, chemical
composition, graphite morphology, and their distribution,
among others. For conducting the tests, the INSTRON 8801
universal testing machine was utilized. To furnish additional
insights into the NCI under investigation, stress-strain
relationships were determined through tensile testing.

2.3 Fatigue crack growth rate testing

For the fracture test, an MTS 810 machine was utilized,
where seven CTS (ASTM) specimens with a thickness of
12mm were tested. The load ratio was set to R= Pmin/Pmax
= 0.1, maintaining a constant load amplitude, and a sinusoidal
loading waveform was applied with a frequency of 30 Hz
throughout the test. The da/dN curve data were acquired and
recorded for each specimen. To monitor crack growth, an
MTS model 632.02 strain gauge was positioned at the
opening of the specimen. Following the pre-crack
propagation of the CTS, fatigue crack propagation tests were
conducted to obtain the K¢ and Ky, values of the da/dN
versus AK curve for the NCI. Therefore, K¢ values from the
literature for NCI were employed. The tests adhered to
ASTM E647 standard recommendations for crack growth
with controlled K. The test procedures included constant load
amplitude tests with increasing K and decreasing K tests,
aiming to obtain stages I, I, and III for the NCI.

2.3.1.  Test with constant load amplitude and increasing K

To conduct this test, ASTM E647 standard recommends
maintaining a rising K to obtain a suitable crack growth rate
for measuring the Paris curve parameters. The crack growth
rate should exceed 10~> mm/cycle, as lower rates may pose
challenges regarding fatigue pre-crack considerations. It is
advised to maintain a constant load amplitude (AP) and fixed
stress ratio (R) and frequency (w) throughout the test.
Therefore, for three (CTS #1A, CTS #2A, CTS #3A, and
CTS #4A, CTS #1B) of the four CTSs used for the crack
propagation tests with increasing K, the same values of AP =
7.94kN were applied for each parameter, with an initial AK
of approximately 12 MPaym. CTS #2A was the only case
where a smaller load (AP = 6.55 kN) was utilized.

2.3.2. Decreasing K test

During this type of test, the loading amplitude decreases
until reaching a negative gradient of K. The aim of such tests
is to determine the value of AKy,. To achieve this, it is
necessary to define a K4, from which point AK is decreased
until a value is reached where crack growth becomes
negligible. For the calculation of AKy,, a linear regression of
the logarithm of da/dN versus the logarithm of AK is applied
using at least five equally spaced points on the curve between
107° and 10~"mm/cycle. The parameters for the decreasing
K tests used for the three CTSs tested are o (Hz) =30 Hz, R
=0.1 and AK 5 = 15.
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2.4 Scanning Electron Microscopy (SEM) and chemical
composition

For the morphology analysis, a microscopy procedure
was conducted on the samples resulting from the mechanical
fracture test. The equipment used was a JEOL JSM 6610
Scanning Electron Microscope with a 30 kV acceleration
voltage, 3nm resolution, and up to 300k X magnification
capability with an EDS X-ray microanalysis system. The
samples were analyzed under vacuum without prior chemical
treatment, and the images were captured at 400X
magnification in both the ductile fracture zone and the brittle
fracture zone for two specimens previously selected. As the
ductile/brittle transition zone was not precisely defined
during the fracture tests, the images of each CTS were taken
at stages II and III of the respective da/dN versus AK curves.

2.5 Micrographic analysis

A micrographic analysis was conducted to characterize
the morphology and distribution of graphite nodules on the
samples, utilizing an optical microscope with 40X
magnification equipped with a 5-megapixel camera. The
aspect ratio, roundness, and nodularity were measured and
classified according to ISO 16112:2006 standard values of
roundness. This procedure was performed on both the brittle
and ductile fracture regions of each specimen. Additionally,
another investigation was undertaken to determine the
existence of a transition in the morphology and distribution
of graphite nodules due to the cooling process. The transition
zone between brittle and ductile fracture was identified
through visual inspection aided by microscopic analysis.

3. Experimental results
3.1 Tensile tests

Tensile tests were conducted, and the stress versus strain
curve is depicted in Fig. 2. Mechanical properties, including
yield stress(oy ), ultimate stress, Young's modulus(E), and
Poisson's ratio (v), were obtained from the experimental
curve and are reported in Table 1. These values represent the
average of four tests. They were compared with values
reported in the literature (Warda, 1990; Burditt, 1992) as
referenced by [38].

500
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Figure 2. Stress-strain behavior of NCI determined from a tensile test.
Source: Own elaboration
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Table 1.
Experimental results from the tensile test.

Tensile test

Yield stress Ultimate tensile stress 6, Young’s modulus E
602 [MPa] [MPa] [GPa]
325 437 171

Source: Own elaboration

Figure 3. Comparison of da/dN vs AK curves (CTS #1A, #2A, #3A and #1B).
Source: Own elaboration

3.2 Crescent K crack growth tests

As mentioned in section 2.3.1, "Investigation of crack
propagation behavior in nodular cast iron based on its
microstructure,”" in this part of the tests, a constant loading
range with increasing K was applied to each of the four CTSs
tested (CTS #1A, #2A, #3A, and #1B). Utilizing the "MTS
Fatigue Crack Growth Test Ware" software of the MTS 810
machine, parameter values of the da/dN versus AK curves
for each CTS, especially for stages II and III of the curves,
were obtained. All curves obtained in this part of the tests are
depicted in Fig.3.

Sample CTS #1A exhibits a curve that differs from the
others obtained in this type of test due to its slope and higher
crack propagation rate. Despite being part of the same batch
as CTS #2A, #3A, and #1B samples, it's important to note
that its direction and position in the original block differ (see
Fig.1 a). Therefore, there's a possibility that the influence of
graphite distribution in the crack direction may be more
pronounced in CTS #1A than in the others. This could
explain why the CTS #lA sample exhibited conditions
conducive to greater crack growth acceleration with fewer
cycles performed. With the CTS #2A specimen, the curve
behavior was tested by decreasing the applied load by
approximately 20%, from 7.94kN to 6.55kN, in order to
provide a longer representation of the da/dN curve and a
greater number of cycles. Despite the load decrease while
maintaining the loading ratio (R) at 0.1, the curve's behavior
remained largely unchanged compared to the others. A very
similar behavior for the curves obtained in CTS samples #2A,
#3A, and #1B can be observed. There is no significant
dispersion in the points forming the curves or a large
variation in their tendency, indicating that factors such as
graphite nodules distribution did not significantly influence
crack propagation acceleration or change in crack direction.
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Table 2.
Results of increasing K tests.

CTS Ny a, AK. Cx10°” m
CTC#1 456783 27,76 28,58 190,6 4,76
CTS#2A 288647 35,47 34,32 0,7994 6,27
CTS#3A 824411 34,47 35,87 6,259 5,52
CTS#1B 809397 32,78 35,89 4,609 5,73

Source: Own elaboration

Some slightly scattered points regarding CTS #2A and
#1B may be observed due to possible clip gauge
displacements when the MTS 810 machine starts
executing the cycles during the tests (see Fig. 4).
Additionally, the similarity between the curves obtained
for CTS #3A and CTS #1B is notable, forming practically
one single curve. By checking Figure 1la, it can be seen
that both specimens were taken from the bottom of the
block but at opposite positions. From ecach generated
curve, parameters related to stages II and III were
calculated, allowing for the determination of critical stress
intensity factor differential (AK¢), crack length (a.), and
constants of the Paris equation (C and m), as well as
fatigue life calculation (N¢ — cycles) for each CTS. Table
2 presents the results of the evaluated parameters a.(mm),
AK.(MPa\m), C (lmm/cycle/MPa\/ﬁm) and m, for each
curve.

The parameters a., AK., C and m for samples CTS #2A,
#3A, and #1B are very close to each other, with the values
of C and m being closest to those reported in the literature.
It is worth noting that the values for C and m parameters
are characteristic of each material, and for the evaluated
NCI, there is no clearly defined range. Therefore, the
analysis of these parameters, in this case, is primarily
based on the proximity of the results, which are
satisfactorily consistent. The results of CTS #1A deviate
significantly from most of the results obtained with the
other specimens, as mentioned in the explanation of Fig.
la. According to Table 4, sample CTS #1A exhibits a
much smaller number of final cycles (N¢) compared to the
other samples, resulting in smaller values of a, and AK,.
However, similar to the other samples, the value for AK,
is very close to the value of AK;¢ of 30 MPayvm indicated
by the DIN EN 1563 standard for an NCI GGG-40.
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Figure 4. da/dN vs AK curve for CTS #4A, #2B and #3B.
Source: Own elaboration
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3.3 Decreasing K crack growth tests for stages Il and II1

For this part of the tests, the procedure outlined in section 2.3.2,
"Decreasing K test," was followed. The tests were conducted on
three specimens, namely CTS #4A, #2B, and #3B. Utilizing the
"MTS Fatigue Crack Growth Test Ware" software of the MTS 810
machine, parameter values of da/dN versus AK curves for each
CTS at Stage [ were obtained, as depicted in Fig.5.

In Fig. 4, it can be observed that the curve for the CTS #4A
sample exhibits a steeper slope compared to those of the CTS
#2B and #3B samples. In this scenario, it is probable that a similar
phenomenon to that observed in the CTS #1 A sample during the
increasing K tests occurred, where despite having the same
loading conditions as the other samples, there is a potential
difference in the distribution of graphite nodules concerning the
direction of crack growth. Such compositional disparity renders
the behavior of the specimen more fragile than others, resulting
in increased crack growth and a substantial decrease in K to a very
small AK;;, compared to other values obtained. The curves for
the CTS #2B and #3B samples exhibit similar slopes and very
close crack propagation rates. Conversely, the curve obtained for
the CTS #4 A sample indicates a lower crack propagation rate and
a larger AKyy, closer to the values found in the literature. These
curves depict the anticipated behavior for a GGG-40 NCI with a
more homogeneous distribution of graphite nodules and a
structure characterized by a ferritic-pearlitic matrix. By
comparing the three curves (CTS #4A, #2B, and #3B) shown in
Fig. 5, the behavior of crack growth rates for each sample in Stage
I can be observed more clearly. The results obtained for
parameters such as the stress intensity factor threshold (AKyy,),
corresponding to Stage I of the da/dN versus AK curve, are
presented in Table 3.

The results presented in Table 3 confirm the observations
from Fig. 4. The discrepancy in cycle numbers can be attributed
to the control method employed in the test, where each test was
conducted until minimal or almost zero crack size variation was
detected. Notably, crack propagation stabilized more rapidly in
the CTS #3B sample. The crack sizes (a) were very similar for
the CTS #2B and CTS #3B samples, indicating a closely
matched behavior in terms of crack growth rates and
corresponding AKyy, values. This aligns with values suggested
in the literature by some authors such as [39,40]. However, in
the case of CTS #4A, a larger crack size (a) and a significantly
smaller AKy;, compared to the others are observed. Although this
AKy, value is not drastically different from values reported by
authors such as [41]. By examining the graphs obtained (Fig. 4
and Fig. 5), it was possible to combine and compare the different
curves to observe the complete curve with all stages (I, I, and
[I) and obtain more comprehensive information about the
general behavior of the material, as evaluated according to the
parameters defined for each test. Fig. 6 presents the graphs
obtained after comparing the da/dN versus AK curves for stages
I, 11, and III of each specimen.

Table 3.
Results of decreasing K tests.
CTS N/ (Ciclos) a (mm) AK,, (MPa\m)
CTS #4A 9.229.601 26,37 4,35
CTS #2B 11.669.033 17,21 10,03
CTS #3B 3.807.131 17,37 11,68

Source: Own elaboration
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Figure 5. Comparison of complete da/dN vs AK curves.
Source: Own elaboration

Figure 6. da/dN vs AK curve for CTS #2A, #3A, #1B, #2B and #3B.
Source: Own elaboration

From Fig.5, two sets of curves are discernible. The first
set combines results from increasing K tests for specimens
CTS #2A, #3A, #1B, and decreasing K for CTS #2B and #3B,
exhibiting similar trends. These curves are presented in more
detail in Fig. 6. The second set includes results for specimens
CTS #lA (rising K) and CTS #4A (decreasing K),
demonstrating a different tendency and slope compared to
most of the CTS tested. This set is further discussed with the
assistance of Fig. 8. Fig 7, displays curves with AK values
consistent with theoretical values found in the literature
(Section 2.2.2), where there is an average value of AKy, =
10,85 MPavm and an average value of AK,=
34,24 MPayvm. These curves best depict the expected
behavior for the chosen NCI in the tests' development.

On the other hand, the curve shown in Fig. 8 displays AK
values that are not entirely characteristic of NCI. While the
value of AK, = 28,58 MPav/m falls within parameters found

in the literature, the value of AK, = 4,35 MPavm is
excessively low and does not align with characteristic values
of the tested material. This suggests increased brittleness in a
material that typically exhibits slightly more ductile behavior
regarding crack growth, indicating a potential influence of
graphite nodules specifically on these samples in accelerating
crack propagation.
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Figure 7. da/dN vs AK curve for CTS #1 A, #4A.
Source: Own elaboration

Table 4.

The chemical composition of NCI (wt. %).

C Mg Si P S Cr Mn Ni Cu Fe
36 008 252 006 002 007 041 031 0.06 92.87

Source: Own elaboration

3.4 Results and discussion of SEM analysis

The chemical compounds were measured by SEM-EDX
equipment (JEOL JSM 6610 SEM-EDX, Musashino, Tokyo,
Japan) and the results are presented in Table 4.

The present chemical composition aligns with the
percentages reported by other authors [14,34,42]. The most
significant elements (Fe, Si, and C), measured using SEM-
EDX equipment, also demonstrate good agreement with the
information provided by the casting company from which the
samples were procured. In the casting process, additional
elements such as silicon and magnesium are essential for
modifying the solidification mechanism, while chromium
contributes to enhancing tensile strength. According to [21],
silicon stabilizes graphite, and magnesium facilitates nodule
formation. The morphology and distribution of graphite
nodules in nodular cast irons largely determine the
mechanical response of the composite microstructures. The
high carbon content is responsible for nodular graphite
formation, with any remaining carbon contributing to the
formation of lamellar perlite during nucleation. The
difference observed in the da/dN versus AK curve for CTS
#1A compared to the others prompted SEM analysis to
investigate the morphology of graphite nodules and fracture
appearance. The CTS #1A sample, sourced from the top of
the NCI block, exhibited a more pronounced influence of
graphite nodules on crack propagation, as indicated by the
corresponding curve in Fig. 6. During the cooling process,
graphite tends to float and nucleate near the top of the block,
explaining the steeper slope and higher crack growth rate
observed in the da/dN versus AK curve, which significantly
differs from the other curves. Fig. 8 illustrates the regions
where SEM images were captured. In this instance, images
were taken at positions correlated with Stages II and III of the
da/dN versus AK curves for CTS #1A and CTS #2A to
facilitate comparison.
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Figure 8. Scheme presenting the position where the images were taken by
using SEM.
Source: Own elaboration
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(b)
Figure 9. Sample CTS # 1A, a) fracture as stage Il and b) fracture at stage II1.
Source: Own elaboration
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34.1 Sample CTS# 1A

Comparing the images obtained in Stage II (Fig. 9 a) and
Stage III (Fig. 9 b) for CTS #1A at x400 magnification, both
ductile and brittle fracture mechanisms are observable. In Fig 9a),
intercrystalline cleavage with the presence of coalescence is
evident. Microvoids, resulting from plastic deformation induced
by cyclic loading (microplasticity), are generally observed,
highlighting ductile fracture characteristics. According to [7],

portions of the matrix, particularly those surrounding graphite
inclusions, undergo plastic deformation during ductile fracture.
In contrast, Stage III (Fig 9b) displays transgranular cleavage,
with the absence of coalescence and graphite nodules
maintaining their complete shape. Transgranular cleavage
fracture entails rapid crack propagation along specific
crystallographic planes [43]. These planes typically exhibit the
lowest packing density, requiring fewer bond breakages and
greater spacing between planes. For many engineering metals,
especially ferritic-pearlitic steels, cleavage represents the
predominant mechanism of brittle failure, aligning well with the
findings presented herein.
342  Sample CTS #2A

The morphology of the CTS #2A sample is depicted in
Fig. 10. In Fig. 10 a), intergranular cleavage marks and some
incomplete graphite nodules are visible, likely resulting from
wear during the crack propagation process. This image also
shows a significant presence of microvoids, indicating
coalescence. The presence of coalescences is attributed to the
ferritic-pearlitic composition of the microstructure, which
facilitates intercrystalline cleavage and the formation of
microvoids near the graphite nodules. Fig. 10.b) illustrates
the flat surface (brittle fracture) where transgranular fracture
mechanisms are evident. In this case, transgranular cleavage
occurs, accompanied by nodules approximately SOum in size,
and there is an absence of the coalescence process.

Su i
10pm UNB Mec 39/
D SEM

L

(b)
Figurel0. Sample CTS #2A: a) ductile fracture zone. b) brittle fracture zone.
Source: Own elaborationMicrographic Analysis
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A micrographic analysis was conducted to characterize
the morphology and distribution of graphite nodules on the
samples. This analysis utilized an optical microscope with
40x magnification equipped with a 5-megapixel camera. The
aspect ratio (AR) was determined using Equation (1).

major axis
i Kl (1)
minor axis
The roundness (Rd) is given by equation (2),
Rd = 4 2
- ﬂL%n ( )

Where A is the area of the graphite and L, is the Max
feret of the graphite feature. The nodularity (Nd) is
determined according to equation (3).

Nd = (Z Anodular + 0'5 ZAintermed> % 100 (3)

YA

According to the ISO 16112:2006 standard, graphite
nodules are classified based on their Rd. Nodules with Rd
below 0.525 are categorized as graphite compacted, those
falling within the range of 0.525 to 0.625 are classified as
intermediate, and nodules with Rd values exceeding 0.625
are considered nodular. The results of the micrographic
analysis are summarized in Table 5.

According to Table 5, CTS #1A exhibited a significantly
higher fraction of graphite compared to the remaining
samples. Additionally, it is evident that CTS #1A also had a
lower quantity of nodules per unit of area, particularly
noticeable in the ductile zone. This phenomenon can be
attributed to the timing of nucleation and growth of graphite
nodules. As noted by [21], magnesium acts as nuclei for
graphite, initiating and facilitating its growth into spheroids.
Nodules typically begin nucleating at around 1130°C, and the
cooling rate during solidification controls their growth size.
Higher cooling rates tend to result in smaller graphite growth
compared to lower cooling rates. In the case of CTS #1A, the
cooling rate may have accelerated graphite growth compared
to the other CTS samples (CTS #2A, CTS #3A, and CTS
#1B). Considering that all CTS samples originate from the
same batch, it is reasonable to associate the position of each
CTS within the block with irregularities in grain growth. The
sensitivity of cooling speed during graphite nucleation in the

Table 5.
Experimental results obtained from the micrographics analysis.

CTS# Zone qd %drea Nod.size AR Rd Nd

1A 31,40 2498 63,66 1,479 0,726 85,48
2A I 20,40 13,35 57,72 1,525 0,714 79,34
3A 43,60 9,29 32,94 1,779 0,727 90,96
1B 38,00 9,82 36,28 1,495 0,728 85,56
1A 20,00 23,84 77,92 1,648 0,673 89,24
2A I 42,60 13,60 40,33 1,564 0,705 85,89
3A 30,80 8,35 37,15 1,602 0,703 88,86
1B 4420 8735 31,01 1,597 0,697 83,09

Source: Own elaboration

NCI manufacturing process is underscored by the
findings presented here. Additionally, apart from graphite
solidification, several factors contribute to poor aspect ratios
and nodularity observed in the graphite nodules of CTS #1A.
These factors may include low residual magnesium,
ineffective post-inoculation due to silicon excess, presence of
high levels of tramp elements, or carbonaceous residues
leading to the deterioration of spheroidal graphite. Numerous
studies have indicated that nodularity reductions, even within
ferritic, pearlitic, or ferritic-pearlitic matrices, result in
decreased tensile and impact properties. The mechanical
properties are inversely proportional to nodularity levels,
with decreasing nodularity correlating with reduced fatigue
strength and affecting crack propagation. Finally, the present
findings align well with the work of [24], where they asserted
that an increase in non-spheroidal graphite content in
pearlitic or ferritic steel leads to a progressive decrease in
fatigue limit.

4. Final conclusions

Due to their appealing properties, nodular cast irons
(NCIs) are widely employed in various components across
industries such as automotive, aerospace, and energy. The
present study aims to deepen the understanding of a specific
batch of NCI by incorporating fatigue crack growth
investigations into a series of previously conducted tests and
studies. This research endeavors to explore potential
correlations between crack propagation behavior and
microstructural morphology, particularly focusing on the
NCI alloy GGG40. Preliminary conclusions drawn from the
crack propagation tests and microstructural analysis are
outlined herein. The microstructural examination confirms
the typical morphology observed in NCI alloys, characterized
by graphite spheroids or nodules dispersed within a ferritic
matrix. The distribution and size of these graphite nodules in
the NCI microstructure align with the mechanical properties
observed in the tested samples. It is widely acknowledged
that NCI materials exhibit a broad range of mechanical
properties, attributed to the distribution and morphology of
graphite nodules. Notably, even specimens sourced from the
same NCI block demonstrate discernible differences in crack
propagation properties, highlighting the significant influence
of graphite nodule distribution. Specimens extracted from the
top of the NCI block exhibited higher crack propagation
rates. For comprehensive analysis, the fractured specimens
were categorized into brittle and ductile regions on their
surfaces. Subsequent SEM analysis was conducted on each
region to examine fracture patterns and morphology. In
specimens originating from the top of the NCI block, the
influence of nodular graphite was observed, attributed to the
flotation mechanism. Micrographic analysis was employed
to determine the size, roundness, shape, and distribution of
graphite nodules. Previous research has indicated that
graphite nodule flotation occurs due to excessive growth of
certain nodules, which absorb carbon directly from the liquid
phase. Due to their lower density, these graphite nodules tend
to migrate towards the surface. This phenomenon likely
explains the variation in fracture behavior observed based on
the specimen's position within the NCI block. Further

100



Anflor et al / Revista DYNA, (92)238, pp. 93-102, July - September, 2025.

investigation is warranted to validate these preliminary
findings and advance understanding of fatigue and fracture
behavior in the specific NCI alloy examined in this study.
Specifically, exploring the influence of stress ratio (R), the
presence of overloads in variable amplitude loading histories,
and delving into more detailed fracture mechanisms would
be fruitful avenues for future research.
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Abstract

A few studies used full-embedded steel sections in composite beams to reduce their cross sections. This paper presents the behavior of
normal and high-strength composite beams having various heights of full-embedded steel sections. The stirrups and compression
reinforcement details of the beams were the same. The finite element method was adopted in the 3D nonlinear analysis of the presented
study. Full-scale composite models were investigated and tested under four-point bending. The load-deflection behavior including the
elastic and post-cracking stages was monitored in this paper. Furthermore, the stress distribution of embedded steel sections, crack patterns,
and modes of failure of the composite beams were investigated and studied. The results showed that the implemented analytical models
were accurate, in which the error percentage was only 1.3%. The high-strength concrete composite beams showed more strength and ductile
failure than those with normal strength. Also, the full-embedded steel sections have fully or partially yielded.

Keywords: concrete; composite beam; reinforcement; crack; finite elements.

Rendimiento estructural de vigas compuestas mediante modelado
avanzado para analisis no lineal

Resumen

Algunos estudios utilizaron secciones de acero completamente embebidas en vigas compuestas para reducir sus secciones transversales.
Este articulo presenta el comportamiento de vigas compuestas normales y de alta resistencia con varias alturas de secciones de acero
completamente embebidas. Los detalles de los estribos y el refuerzo de compresion de las vigas fueron los mismos. El método de elementos
finitos se adoptd en el andlisis no lineal 3D del estudio presentado. Se investigaron y probaron modelos compuestos a escala real bajo
flexion en cuatro puntos. En este articulo se monitore6 el comportamiento de carga-deflexion, incluyendo las etapas elasticas y post-
fisuracion. Ademas, se investigo y estudio la distribucion de tensiones de las secciones de acero embebidas, los patrones de fisuracion y
los modos de fallo de las vigas compuestas. Los resultados mostraron que los modelos analiticos implementados fueron precisos, en los
que el porcentaje de error fue de solo 1.3%. Las vigas compuestas de hormigén de alta resistencia mostraron mayor resistencia y fallo
ductil que aquellas con resistencia normal. Ademas, las secciones de acero completamente embebidas han cedido total o parcialmente.

Palabras clave: hormigon; viga compuesta; reforzamiento; grieta; elementos finitos.

1. Introduction efficient structural elements. Key to the efficacy of composite

reinforced concrete beams is their ability to distribute loads

Composite reinforced concrete beams represent a pivotal
advancement in structural engineering, offering enhanced
strength, durability, and versatility in construction practices.
This innovative approach integrates the benefits of both
concrete and reinforcing materials to create robust and

effectively, harnessing the tensile strength of reinforcing
materials to complement the compressive strength of
concrete. This synergy enhances structural integrity,
mitigates the onset of cracks, and minimizes the propagation
of failure mechanisms, thereby ensuring prolonged service
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life and reduced maintenance costs. Moreover, composite
reinforced concrete beams facilitate the realization of
ambitious architectural visions, enabling the construction of
slender and lightweight structural elements characterized by
intricate geometries and striking aesthetics.

The performance of beams reinforced with encased
sections relies on the bond strength between the section and
the concrete. This bond ensures the stability and overall
performance of the beam under various loading conditions.
The bond allows for the effective transfer of loads between
the two materials. A strong bond ensures that the forces
acting on the beam are efficiently transmitted from the
concrete to the reinforcing steel and vice versa [1-4]. Proper
bonding also helps control cracking within the concrete,
distributing the stresses effectively, and minimizing the
formation and propagation of cracks [5-6]. Furthermore,
adequate bond strength contributes to the long-term
durability of the reinforced beam [7-8]. It helps prevent
debonding, which can lead to structural failure over time due
to corrosion, fatigue, or other environmental factors.
Engineers may employ mechanical bonding techniques to
ensure the integrity and strength of reinforced concrete
structures. On the other hand, the behavior of reinforced
concrete beams is experimentally monitored at only specific
locations due to restrictions in the cost of testing equipment
and accessories; therefore, enormous researchers have used
Finite Element Modeling (FEM) in their investigations.

Finite Element Methods (FEM) plays a crucial role in
analyzing the behavior of composite beams. FEM enables
engineers to model complex interactions between different
materials, accurately predicting the structural response of
composite beams under various loads and conditions. This
methodology allows for detailed analysis and optimization of
composite beam designs, contributing to the development of
more efficient and reliable structural systems in engineering
practice. Buyukozturk (1977) [9] stands out as among the
ecarliest researchers to pioneer a methodology aimed at
incorporating the influence of reinforcements into the finite
element analysis of concrete structures. Subsequently,
multiple mathematical models, such as those proposed by
Bergan and Holand in 1979 [10] and Vecchio in 1989 [11],
were further developed to encompass the simulation of
material characteristics and interactive behaviors, which
serve as the origins of nonlinearities within concrete
structures for Finite Element Method (FEM) analysis.
Through the expansion of these methodologies, additional
strategies incorporating considerations for the influences of
plastic stiffness degradation were assessed in nonlinear finite
element analysis, as explored by Oller et al. in 1990 [12].
Thereafter, several researchers used the simulations in beams
investigation, for instance, Damian et al. (2001) [13],
Wolanski (2004) [14], Hoque (2006) [15], Saifullah et al.
(2011) [16], Gilbert (2012) [17], El-Mogy et al. (2013) [18],
Peng and Liu (2013) [19], Tsavdaridis et al. (2013) [20],
Satasivam and Bai (2014) [21].

Investigations into the behavior of structural elements
demand a trustworthy finite element model. It is imperative
to possess an in-depth comprehension of the appropriate
elements for precise modeling, thereby guaranteeing the
accuracy of response estimation. Determining an appropriate

finite element model capable of accurately predicting and
computing the exact responses of reinforced concrete
members is highly challenging due to the complexity
inherent in their behavior and nature. Various factors
influence the analysis outcomes of an RC member, including
yielding strain, reinforcement material's hardening effects,
concrete's crack and crush behavior, material properties,
section specifications, and the type of loading applied to the
member. In recent years, various scholars have introduced
numerous models and methodologies concerning the
numerical analysis of reinforced concrete beams, for
example, Hazelwood et al. (2015) [22], Qu et al. (2016) [23],
and Tong et al. (2017) [24].

This study emphasizes finite element analysis modeling
as a dependable and user-friendly approach for conducting
nonlinear analysis on composite beams using normal-
strength concrete (NSC) and high-strength concrete (HSC).
The specimens were modeled and analyzed as full-scale
composite beams by using ANSYS software package.

2. Research significance

The use of composite beams is a way to reduce the cross
sections and increase the ultimate strength of the structure.
Most previous studies used composite beams with externally
connected sections, while only a few of them used encased
sections due to the difficulty of implementation. Therefore,
this study focused on concrete beams with fully embedded
sections. In addition, according to previous studies, there is
complexity and difficulty in modeling the plastic behavior of
reinforced concrete using the finite element method; so, this
study was intended to cover this gap as well.

3. Modeling and analysis of composite beams

The modeling process typically consumes about 40-60%
of the total solution time. It holds significant importance in
finite element analysis, as unexpected errors may arise during
the solution phase due to improper modeling. Considerable
reductions in solution time and computer memory
requirements can be achieved by appropriately idealizing the
structure's geometry.

Ten stages were conducted to model the investigated
composite beams. The first stage involved selecting the
analysis type, where structural analysis was utilized in this
study. The second stage entailed selecting the element type
for each material used in the beams. The third stage involved
specifying the real constants of the materials, wherein the
cross-section of steel bars was defined. The fourth stage
entailed assigning the material properties of the element
types, and defining the linearity and nonlinearity of materials.
The fifth stage encompassed modeling the geometry of the
beam. The sixth stage involved meshing, dividing the
geometry into specific elements. The seventh stage entailed
applying the loads and boundary conditions. In the current
study, the loads were applied as displacement, and the
boundary conditions comprised hinges and roller supports.
The eighth stage involved identifying the options for
nonlinear analysis. Static analysis, geometry nonlinear,
displacement solution control, and the Newton-Raphson
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method were employed in this step. The ninth stage was the
solution. The last stage involved viewing the solution results,
which included load-deflection behavior, cracks, and
stresses.

4. Types of elements used in the reinforced concrete
modeling

In finite element analysis, the selection of appropriate
element types is a significant criterion. Table 1 displays the
types of elements used in reinforced concrete modeling. The
concrete was modeled using the SOLID65 element, designed
especially for concrete. The treatment of nonlinear material
properties is considered the most significant characteristic of
this element. The SOLID65 element can be cracked in
tension in three orthogonal directions, crush in compression,
deform plastically, and exhibit creep behavior. The steel bars
were modeled using the LINK180 element, capable of
elasticity, accommodating large strains, deflections,
plasticity, rotations, and creep. The steel sections were
modeled using the SOLID185 element, which features stress
stiffening, large strain and deflection capabilities, and

plasticity.
The elements utilized in the modeling process necessitate
fundamental information concerning their properties,

referred to as real constants. In the case of the SOLID65
element, the real constant for the crushed stiffness factor
(CSTIF) was employed either through a cracked face or for a
crushed element. For the LINK180 element, the cross-
sectional area of the reinforcing bars was defined as a real
constant. Notably, the real constant of the SOLIDI185
element did not require definition.

5. Material properties
5.1 Concrete

The material properties play a significant role in structural
modeling. Developing concrete behavior in finite element
modeling is considered a challenging task. In this study,
linear (elastic) and multi-linear (plastic) isotropic material
properties were used in the SOLID65 element to model
concrete behavior. The modulus of elasticity of concrete (E.)
and Poisson’s ratio (v) were defined in the linear isotropic
material properties. The modulus of elasticity of concrete (E.)
was calculated from eq. (1), and Poisson’s ratio (v) was
assumed to be equal to 0.2 for all the models.

E, = 4700ﬁ(MPa) 1)
Table 1.
Types of elements used in the reinforced concrete models.
No. Modelled Material Element Type
1 Concrete SOLID65
2 Steel bars, stirrups LINK180
3 Steel sections, loaded steel pieces and studs SOLID185

Source: The authors.

In the nonlinear part, compressive uniaxial stress-strain
behavior for concrete was defined. For normal-strength
concrete, the stress-strain behavior was adopted based on the
model proposed by Desayi and Krishnan (1964) [25], as
shown in egs. (2 and 3), along with eq. (4) proposed by Gere
and Timoshenko (1997) [26].

f = E e
1t @
_2f.
£ = &)
fe
Ee=7 )

where:
fc = stress at any strain (¢),
€ = strain at the ultimate compressive strength of

concrete ().

For high strength concrete, the stress-strain behavior was
adopted based on the model proposed by Thorenfeldt (1987)
[27], as shown below:

fe=1((ec/x)? 9 +y =D 1y fe (/%) ®)
where:
y = (0.0588 f;) + 0.8 (6)
x = [y/(y = DI /E] (7
E, = 3320 (/f. +2.0784)  (N/mm2 ) (8)
(1 ,when (g./x) <1
9= {(0.0161 £ +0.67 ,when (e/x)>1 )

The tension behavior of concrete was simulated using a
linear-elastic model prior to cracking. The uniaxial tensile
cracking stress was defined depending on the modulus of
rupture (f), as shown in eq. (10).

fr=0.7\/2'

(10)

5.2 Reinforcement

Steel is a homogeneous material assumed to transfer axial
force only. This behavior is assumed to be identical in
compression and tension. Steel reinforcement can be modeled as
either a bilinear isotropic hardening plasticity material or a
multilinear isotropic hardening plasticity material. The von Mises
yield criterion is used in both models.

In modeling the bilinear isotropic hardening plasticity
material, the modulus of elasticity of steel and Poisson's ratio
were assumed to be equal to 200,000 MPa and 0.3,
respectively. The strain hardening modulus (ET) was utilized
to prevent convergence problems during the solution. In
modeling the multilinear isotropic hardening plasticity
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material, the uniaxial stress-strain behavior of steel
reinforcement was defined. In the current study, compression
reinforcement and stirrups were modeled using bilinear
isotropic hardening plasticity materials, while tension
reinforcement was modeled using multilinear isotropic
hardening plasticity material.

6. Modeling and mesh generation

In the current study, the concrete and reinforcement were
modeled as volumes, which were then meshed by dividing
the model into finite elements. To select the best mesh, four
full-scale beams (without reinforcement) were modeled in
this study; the number of elements ranged between 6180 and
15720 elements. Fig. 1 shows the relationship between the
failure load and the number of elements of the models.

The few elements may lead to inaccurate results, while an
excessive number of elements requires significant time for the
solution and a large memory area, potentially leading to
convergence problems before failure. Therefore, selecting the

30 . Selecied elements'

number 13520
<Y 15720
25 |
10824 A
20 |
Ts |
Q
S 6180
10 }
5 T
0 L L L L J
5000 10000 15000 20000 25000 30000

Number of elements

Figure 1. Mesh of concrete model.
Source: The authors.

Concrete

Compression reinforcement

Stirrups

Loaded steel
pieces

Steel sections

Figure 2. Models’ details of a Specimen.
Source: The authors

ideal number of elements leads to reliable and accurate results. In
the current study, the model with 13520 elements was selected.
Details of a tested model are presented in Fig. 2.

7. Application of boundary conditions and loads

The beams’ bending test of this study was performed
using a 4-point bending setup in accordance of ASTM
C78/C78M. Simply supports (hinge and roller) were used as
boundary conditions for the models in the current study. In
the hinge support, the nodes were constrained in x and y-
directions. In the roller support, the nodes were constrained
in y-directions. Both the supports were constrained in the z-
direction to prevent the motion in the z-direction. The
boundary conditions were applied across the centerline of the
loaded pieces (on the bottom nodes). Fig. 3 shows the
boundary conditions used in the models.

Displacement loading

Hinge support

v

!

(Constrained in x. y. and z-direction) I

Roller support
m <
™~

(Constrained in y. and z-direction)

Figure 3. Boundary conditions and displacement application.
Source: The authors.

Load

------ Force loading

Displacement loading

A 4

Deflection

Figure 4. Methods of loads’ application.
Source: The authors
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Concrete compressive

Height ofsteel sections

Beams ID strength (MPa) (mm)
BI1-C-35 35

B2-C-42 42

B3-C-55 55 100
B4-C-70 70

B5-S-HI1 50
B6-S-H2 4 75
B7-S-H3 100
B8-S-H4 131

Source: The authors.

The load can be applied by using the force or the
displacement. In the case of application of the force, the force
is applied on the nodes; every node takes a specific amount
of the force. In the case of the application of the
displacement, the couple DOFs (coupled degrees of freedom)
option was used. Here, the top centreline nodes of loaded
pieces were coupled in one node by using the couple DOFs
option, and then a displacement was applied to this node.

Fig. 4 shows the difference between the use of force and
displacement loading as was investigated in the current study.
It can be clearly seen that the application of displacement is
more accurate and reflect the actual behavior of models; thus,
it was adopted in the investigations of this study.

8. Test matrix

Eight full-scale models were adopted to investigate the
structural behavior of composite beams. The models were
designed with the dimensions of 0.2 m width x 0.3 m height
x 4 m length. The stirrups and compression reinforcement
details of the beams were the same. The main reinforcement
comprised two steel sections (with rectangular cross-
sections) placed at a 90-degree angle; the thickness of the
steel sections was 0.1 m, and their yield strength was 370
MPa. To enhance the cohesion between the reinforcement
and concrete, the steel sections were provided with twenty
steel rods equally spaced along the sections.

The test matrix was divided into two groups. The first
group included four models designed with a specific concrete
compressive strength for each beam, covering the normal and
high-strength ranges. The second group included four models
designed with a specific cross-section size of embedded
reinforced sections for each beam. Table 2 illustrates the test
matrix of this study.

9. Results and discussion
9.1 Behaviour of composite beams having NSC and HSC

The results include the load-deflection behavior, ultimate
loads, deflection along the span, and crack patterns of the
tested full-scale models. The composite beams exhibited
different ultimate loads depending on the type of concrete
strength (NSC or HSC). In general, and for all the beams, the
ultimate loads increased with the increase in compressive

T B1-C-35
B2-C-42
200 : = = =.B3-C-55
A
F/:'Tﬁ = B4-C-70
F - ’-..E I‘- x
= K LT
= 3 Tt ., i
£ 100 4 Tt T
3 ;
50 /
o
0 50 100 150 200

Midspan deflection (mm)

(a)

(®)

Figure 5. Behaviour of composite beams: (a) load-midspan deflection, (b)
deflection along the span.
Source: The authors

strength, as shown in Fig. 5-a. The ultimate load increased by 22%
when the concrete changed from NSC (35 MPa) to HSC (70 MPa).
HSC exhibited lower linear elastic behavior than NSC. The
concrete crush occurred before a 40 mm deflection for the beam
with NSC and before a 50 mm deflection for the beam with HSC.
Fig. 5-b shows the deflection along the modeled beams, with
maximum deflections at the middle and minimum deflections at
the ends. According to Fig. 5-a, the ductility of the tested beams
enhanced when the concrete switched from NSC to HSC;
however, Fig. 5-b did not present a clear enhancement trend.

During the modeling stage, it's important to consider factors
such as material properties, loading conditions, boundary
conditions, and structural analysis methods to predict and interpret
crack patterns accurately. ANSY'S program is capable of recording
cracks at each loading substep. Fig. 6 shows the crack pattems of
NSC and HSC beams at failure loads. Flexural cracks were caused
by bending stresses in the beam and were observed along the
bottom of the beam's cross-section in the vicinity of the neutral
axis. Additionally, crushing cracks occurred due to high
compressive forces, resulting in localized crushing or spalling of
the concrete. The failure mode of all beams was flexure.
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stresses of steel sections with heights of 50 mm, 75 mm, 100
mm, and 131 mm were 378 kN, 373 kN, 378 kN, and 385 kN,
respectively. It can also be noticed that the maximum stresses
were concentrated at the mid-span of steel plates for all the
beams. Thus, the failure modes of all beams were flexure.

EH
R

AFE
d b bbb b bk

FiglireG. Cracks patterns for the modelled beams at failure. W e T g gy VPRI e B30TV adsian Ty gy
Source: The authors

a- (Beam B5-S-H1)

9.2 Behavior of composite beams having different heights
of steel sections

Fig. 7 illustrates the midspan deflection of composite
beams under load. Among the beams, Beam BS5-S-Hl
exhibited the lowest ultimate load compared to the others.
There was only a slight difference in ultimate loads between
Beams B6-S-H2, B7-S-H3, and B8-S-H4. Specifically, the
ultimate load of Beam B5-S-H1 differed from that of Beam
B6-S-H2 by 22%. From the analysis, it can be concluded that L T S T L I
increasing the height of steel sections from 50 mm to 75 mm
resulted in a 28% increase in the load-carrying capacity. b- (Beam B6-S-H2)

Moreover, the load-carrying capacity was marginally
improved when the height of steel sections increased by 57%.

The results also showed that the steel sections have fully
or partially yielded depending on the height of the steel
section. Fig. 8 depicts the state of yielding for different =
heights of steel sections of beams. According to Fig. 8-a, the
steel sections with a height of 50 mm have fully yielded.
However, the steel sections with heights of 75-131 mm have

partially yielded, as shown in Fig. 8-(b-d). The maximum i
-351.77% -189.65% -27.%012 13 %717
~270.717 -108.553 53.509 5 377.77%
200
c- (Beam B7-S-H3)
150
%_ 100
=
[
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A
]
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Midspan deflection (mm)
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Figure 7. Load-midspan deflection curve of models of Group B. Figure 8. Stresses of steel plates with the height of: (a) 50 mm (Beam B5-S-
Source: The authors H1); (b) 75 mm (Beam B6-S-H2); (¢) 100 mm (Beam B7-S-H3); (d) 131.25

mm (Beam B8-S-H4).
Source: The authors
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10. Conclusions

This research conducts nonlinear finite element analysis

on NSC and HSC composite beams employing diverse steel
sections. The examination of these composite beams was
performed under four-point loading conditions. From the
findings of this investigation, the following conclusions can
be drawn:

1.

There was a good agreement between the tested beams
and finite element models, the difference in ultimate load
was 1.3% or less. Also, the structural behavior obtained
by the finite element modeling, represented by the load-
deflection curves, showed good similarity with the
experimentally tested beams.

The ductility of tested beams increased when the concrete
compressive strength increased. Also, the ultimate load
increased by 22% when the concrete compressive
strength increased from 35 MPa to 70 MPa.

The steel sections have fully or partially yielded
depending on the height of the steel section; the
maximum stresses were concentrated at the bottom mid-
span of steel sections for all the beams.

The use of steel sections with the heights of 50 mm to 75
mm increased the load-carrying capacity by
approximately 28%, approximately. However, the use of
steel sections with heights of 75 mm to 131 mm did not
significantly improve the load-carrying capacity of
beams.

The best-performimg tested beam was B4-C-70 in terms
of ductility, strength and general structural behaviour.
The finite element models accurately predicted that the
beams failed in flexure according to the appearance of
cracks.
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Abstract

This study focuses on the development and evaluation of flexible electrodes designed for the electrostimulation of the lumbosacral region
of the spinal cord. The research encompasses the design and fabrication phases of three distinct prototypes, as well as the assessment of
their electrical properties. The electrodes were physically fabricated using a structure composed of PET/ITO sheets and silver ink, after
conducting specific tests with different solutes to optimize the composition of the conductive ink. A systematic classification of the
prototypes was carried out based on specific manufacturing parameters, followed by an analysis of their electrical conductivity under
different configurations. The study includes a characterization of the potential and electric field behavior generated, both in the isolated
electrode and at the electrode-spinal cord interface. This research aims to contribute to the field of neurostimulation by developing more
efficient and safer flexible electrodes for medical applications.

Keywords: flexible electrode; channels; electro-stimulation; current; spinal cord; spin-coating; conduction.

Electrodo flexible para electroestimulacion medular

Resumen

Este estudio se centra en el desarrollo y evaluacion de electrodos flexibles disefiados para la electroestimulacion de la region lumbosacra de
la médula espinal. La investigacion abarca desde la fase de disefio y fabricacion de tres prototipos distintos, hasta la evaluacion de sus
propiedades eléctricas. Los electrodos fueron fabricados fisicamente utilizando una estructura compuesta por laminas de PET/ITO y tinta
de plata, realizando previamente pruebas especificas con diferentes solutos para optimizar la composicion de la tinta conductora. Se realiza
una clasificacion sistematica de los prototipos basada en parametros especificos de fabricacion, seguida de un analisis de su conductividad
eléctrica bajo diferentes configuraciones. El estudio incluye una caracterizacion del comportamiento del potencial y campo eléctricos
generados, tanto en el electrodo de manera aislada como en la interfaz electrodo-médula. Esta investigacion busca contribuir al campo de la
neuroestimulacién mediante el desarrollo de electrodos flexibles mas eficientes y seguros para aplicaciones médicas.

Palabras clave: electrodo flexible; canales; electroestimulacion; corriente; médula espinal; spin-coating; conduccion.

1. Introducién ocasionado por traumatismos (caidas y accidentes de trafico),

0 por causas no traumaticas (por ejemplo, tumores o

La lesion medular es una afeccion que provoca trastornos
en la movilidad, la sensibilidad o las funciones autonomas del
cuerpo. Tiene diversas repercusiones psicoldgicas y sociales
tanto para la persona afectada como para su familia [1].
Como resultado, genera importantes procesos de
discapacidad en la vida de quienes la padecen. De acuerdo
con las estadisticas de la organizacion Mundial de la salud,
se estima que alrededor de 250.000 y 500.000 personas se
ven afectadas anualmente por una lesiéon en la médula

enfermedades degenerativas) [2].

Aunque para Colombia no se cuenta con estadisticas
detalladas de la incidencia de esta enfermedad, se reporta que
el conflicto armado colombiano y los accidentes de transito
son las principales causas de lesiones medulares [3].

Para el tratamiento de este tipo de patologia se han
investigado diferentes soluciones como terapias fisicas,
hidroterapias, electroestimulacion medulary el uso de células
madre. Sin embargo, se ha evidenciado que la terapia fisica y
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la hidroterapia ademds de ser costosas y extensas, no
brindan una recuperacion completa al paciente, si no que se
emplea como un tratamiento a largo plazo para el manejo
del dolor [4,5]. Por otra parte, el uso de células madre se
emplea para la regeneracion neuronal y ha dado resultados
prometedores, en cuanto a la diferenciacion de las células
en neuronas y astrocitos mejorando la funcién motora de las
extremidades inferiores [6,7]. Aun asi, estos estudios no han
sido probados in vivo en sujetos humanos.

Dentro de estas propuestas la mas destacada en los
ultimos afios ha sido la estimulacion medular. Esta técnica
consiste en aplicar corrientes eléctricas a través de
electrodos, que pueden colocarse sobre la piel o implantarse
quirdrgicamente cerca de la médula espinal. Esta ha
demostrado tener los mejores resultados en comparacion a
los métodos mencionados anteriormente debido a que
promueve la creaciéon de nuevas raices nerviosas,
posibilitando la recuperacion de la funcion de la marcha sin
necesidad de tener el estimulo activado y asi dotando de
autonomia a la persona afectada [8]. La rehabilitacion a
través de electroestimulacion presenta altos costos, debido
a que se emplean materiales como el oro [9] y se desarrollan
estudios especializados lo cual no lo hace accesible para
todas las personas; Por lo tanto, se hace necesario la
implementacion de estrategias mas eficientes y economicas
que permitan generar una recuperacion accesible para toda
la comunidad y rapida para todas las personas que presentan
este tipo de patologia, en paises que no cuentan con los
recursos necesarios, principalmente en Colombia. Es por
esto que este estudio busca disefiar un electrodo implantable
que dé alcance a las raices nerviosas involucradas en los
movimientos de miembros inferiores, para recuperar en el
paciente movimientos como la marcha, manufacturado con
materiales que permitan un precio mas accesible.

Ante tal pretension, este estudio se enfoca en el disefio
y la fabricaciéon de prototipos de electrodos flexibles
destinados a la estimulacion medular teniendo en cuenta la
anatomia de la médula espinal. En primera instancia, se
lleva a cabo la clasificacion de los prototipos desarrollados,
evaluando su cumplimiento con parametros clave
establecidos  durante la etapa de fabricacion.
Posteriormente, se realiza una caracterizacion detallada de
la conductividad eléctrica en los canales de cada electrodo,
con el propdsito de asegurar un desempefio eficiente y
consistente bajo condiciones operativas. Finalmente, se
efectia un analisis del comportamiento del potencial
eléctrico y del campo generado, considerando tanto el
electrodo de manera aislada como su interacciéon con el
tejido medular, a través del software Comsol multiphysics.
Estas etapas integradas buscan garantizar la viabilidad
técnica y funcional del dispositivo, promoviendo soluciones
tecnologicamente avanzadas y accesibles que contribuyan a
la rehabilitacion motora de pacientes con lesion medular.

2. Metodologia

La metodologia de la investigacion se segmenta en tres
partes fundamentales. Primero se proponen diversas
geometrias de electrodo basada en la literatura existente,
esto con el fin que los contactos que se disefiaron en el

electrodo faciliten o logren activar las regiones necesarias en
la médula espinal; luego se presenta la manufactura del
electrodo, donde se evaliian los materiales y métodos que se
seleccionaron para asegurar la eficacia del disefio
seleccionado y por tltimo se

realiza un estudio del campo eléctrico y potencia
producida por el disefio del electrodo. Esto facilitara la
evaluacion de la efectividad y mejorar el rendimiento.

2.1 Pardametros de diserio del electrodo

Para realizar las propuestas de electrodos que se
desarrollan, es importante conocer anatomicamente la region
de la médula que se busca estimular; La médula espinal, es el
centro principal de los movimientos reflejos y funciona como
la via de comunicacién del encéfalo con los odrganos
sensoriales y motores del cuerpo humano. Sin embargo, es
necesario tener en cuenta que la médula espinal se encuentra
protegida por diferentes capas como la piamadre, aracnoides,
y duramadre; siendo esta ultima en donde realmente se
situaria el electrodo. Ahora bien, la médula espinal es un
cordon de tejido nervioso con aspecto cilindrico situado al
interior de la columna vertebral con una longitud media de
40-50cm y didmetro aproximado de 1-2cm, que puede variar
dependiendo del sexo de la persona [10]. Asi mismo, esta
compuesta por nervios y raices espinales de calibre
aproximado de 0.5mm, en donde cada nervio esta
conformado por dos grupos de raices espinales denominadas
anteriores y posteriores, es decir, las raices motoras
emergentes de la médula espinal y las raices sensitivas
aferentes.

Cada par de nervios espinales se designan y enumeran
segun la region y nivel donde emergen de la columna
vertebral. Para el desarrollo del electrodo se define como
region primordial de estudio aquella comprendida entre L1-
S2, debido a que en esta seccion se encuentran contenidos los
nervios espinales encargados de la estimulacion de los
musculos responsables de la marcha, entre los cuales se
incluyen las iliopsoas, vasto lateral recto femoral, tibial
anterior, semitendinoso, gastrocnemio, extensor largo comun
de los dedos, soleos, biceps femoral y gluteo mayor. En la
Tabla 1 se puede ver la relacion del nervio espinal seglin el
musculo.

Tabla 1.
Relacion entre nervios espinales y musculos para estimulacion.
Region medular Muisculo inervado

Iliopsoas L1-L3
Vasto Lateral y Recto Femoral L2-14
Tibial Anterior L3-L4
Semitendinoso L4-S1
Gastrocnemio L5-S1
Extensor Larco comun de los dedos L5-S1
Soleo S1-S2
Biceps Femoral S1-S2
Gluteo Mayor S1-S2

Fuente: Elaboracion propia [8].
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A partir de esto, se define que por pierna es necesario la
activacion de minimo 7 nervios espinales para poder lograr
la marcha, es decir, la paleta o matriz a realizar debe contener
al menos 14 electrodos. Una matriz que contenga 8
electrodos también puede ser capaz de lograr 4 movimientos
minimos para la marcha humana que implican flexioén de
cadera, extension de rodilla, flexion y extension del
tobillo.[8]

Basandose en los antecedentes anatomicos y de la
literatura, se realizaron cuatro disefios de paletas electrodo
por medio del Software SolidWorks, con el fin de determinar
el mejor diseflo en base a la activacion muscular necesaria
para la marcha humana; todos los disefios con el tamafio
estandar establecido de 2x6cm. Adicionalmente estos se
disefian a través de la variacion de parametros como cantidad
de electrodos, musculos a estimular y tamafio de canales.

2.2 Manufactura del prototipo

La fabricacion del electrodo cuenta con un analisis de
materiales donde se busca que las propiedades de los
materiales cuenten con buena conduccion, resistencia,
flexibilidad y biocompatibilidad. Ademas de tomar en cuenta
caracteristicas como materiales de facil acceso y bajo costo,
se seleccionan los materiales principales de fabricacion;
primero se encuentra al PET/ ITO que es el sustrato y la tinta
de plata para él recubrimiento de los canales y contactos del
electrodo. [11]

El PET/ITO esta compuesto por PET “polietileno
tereftalato” es un plastico utilizado comtiinmente en envases
y botellas debido a su densidad mas baja que la de un plastico
normal. En diversos estudios evaltan el comportamiento al
agregar un recubrimiento de ITO [8], el ITO es “6xido de
indio y estafio”. Esta modificacion en el material permite que
sea altamente biocompatible, conductor, resistente y flexible.

La tinta de plata es altamente conductiva, utilizada en
construcciones de circuitos flexibles. No es toxica. Ademas,
esta basada en soluciones de agua, que aseguran su
biocompatibilidad, como ha sido estudiada y comprobada en
diversos estudios [12], por lo que es apta para la manufactura
del electrodo.

2.2.1  Proceso de fabricacion

Se evalta la lamina de PET/ITO buscando la capa
conductora. Para ello se mide la resistencia sobre ambas caras
del PET/ITO con ayuda de un multimetro FLUKE. La cara de
la lamina que marca 0  es la capa no conductora y la capa
que arroja una resistencia mayor a 1,074 K Q se marca para
reconocer la capa del PET/ITO es conductora. Se prepara la
solucién para el ataque quimico; este proceso permite que la
cara conductora de PET/ITO se adece, debido a que modifica
la superficie de la lamina de forma controlada para poder
realizar el recubrimiento de los canales y la adherencia sea
mayor en la respectiva configuracion de canales. Segun la
guia de laboratorio “Aplicacion de litografia y Spin Coating
para elaboracion de electrodos interdigitado basados en
ITO/PET con contactos de plata, utilizados en los MEMS”
[11], se determinan las cantidades de los quimicos empleados
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en el ataque quimico. Se mezclan 13,47 g de agua
desionizada, 0,33 g de NHO3 y 8,19 g de HCl (concentracion
por peso), se realiza la solucion de los diferentes quimicos en
un beaker que previamente se lava y seca para evitar agentes
externos que afecten el ataque quimico. Se emplea una placa de
Petri y se vierte la solucion del ataque quimico para sumergir la
lamina de PET/ITO, la duracion del ataque quimico es de 2.10
minutos; tiempo que se determina en la guia de laboratorio

[11]. En la Fig. 1 se explica el proceso por medio de un
diagrama de flujo.

Terminado el ataque quimico se introduce la lamina de
PET/ITO en un beaker con 30 ml de agua destilada, proceso que
se realiza dos veces; el proposito es eliminar los residuos de la
solucion del ataque quimico. Se emplea una plancha de secado
DLAB para secar la lamina y realizar ahora el proceso de
recubrimiento de canales por medio de Spin Coating. Antes de
realizar dicho proceso se prepara la tinta de plata, es decir, se
mezcla con un solvente para lograr una consistencia optima para
crear la pelicula en el electrodo, es mezcla se compone de 0.5
gramos de pasta de plata y se diluye en 1 ml de acetona. El Spin
Coating permitira generar una pelicula delgada y uniforme sobre
la lamina por medio de centrifugacion; con este método se genera
el recubrimiento en los canales del electrodo; se emplea el EZ4
Spin Coater y se configura con los pardmetros expuestos en la
Fig. 2, se fija el electrodo en el porta sustratos con cinta dobles
faz con el fin de que al realizar la centrifugacion este no se
desacomode; se configura los parametros de rotacion en el menu
y paralelamente se prepara la plancha DLAB a 120 °C.

Se sitiia por medio de un gotero la solucion de tinta de
plata sobre el sustrato, se cierra la tapa y se inicia la rotacion.
Se debe contabilizar aproximadamente 10 segundos y se
adiciona una segunda gota. Una vez finaliza el tiempo de
rotacion programado, se retira el sustrato y se lleva a la

plancha DLAB durante 3 minutos para secar y adherir el
recubrimiento de tinta de plata.
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2.2.2  Evaluacion de solventes

Se compara tres tipos de solventes para determinar cual de
ellos presenta un mejor comportamiento al desarrollar el
recubrimiento en los canales del electrodo. En la primera prueba
de solvente, se toman 0.5 g de pasta de plata y se diluyen en 1
ml de acetona. Esta solucién se prepara, se observa su
consistencia y comportamiento durante el proceso de Spin
Coating; para la segunda prueba, se toman 0.5 g de plata y se
diluyen en una solucién compuesta por 1 ml de acetona al 95%
y 5% de acetato de butilo. Esta mezcla de solventes ofrece una
viscosidad diferente y, por lo tanto, un rendimiento distinto
durante el proceso de recubrimiento. En la tercera prueba, se
elabora la solucion con 1 ml de acetona al 97 %y 3 % de acetato
de butilo, en la que se diluyen 0.5 g de plata. Este proceso de
evaluacion de diferentes soluciones diluyentes tiene como
objetivo determinar cual de los diferentes solventes proporciona
la mejor consistencia y comportamiento de la tinta de plata
durante el proceso de Spin Coating. La viscosidad adecuada de
la tinta es crucial para obtener un recubrimiento uniforme y de
alta calidad sobre los contactos del electrodo.

2.3 Modelo de elementos finitos del campo eléctrico y
potencia del electrodo

Se desarrolla una simulacion en COMSOL con el fin de
observar el campo eléctrico y la potencia que se genera en el
electrodo. Se configura un estudio estacionario para modelar
el flujo de corriente eléctrica, el campo generado y la
distribucion del potencial eléctrico.

La primera fase de esta metodologia consistid en cargar
el disefio del electrodo de 8 canales en COMSOL
Multiphysics en formato STL para su analisis. El disefio,
previamente elaborado en SolidWorks, se exportd en este
formato debido a su compatibilidad con el simulador.

Tras cargar correctamente el disefio del electrodo en
COMSOL, se asignaron las propiedades fisicas y eléctricas
de los materiales correspondientes a cada componente del
modelo: la base de PET/ITO y los canales de tinta de plata
(Ag). El material PET/ITO fue seleccionado debido a sus

F igure{ 3. Asignacién de Propiedades de los Materiales al Electrodo.
Fuente: Elaboracion propia.

propiedades intrinsecas, como su flexibilidad, biocompatibilidad
y resistencia mecanica. Este material presenta una conductividad
eléctrica extremadamente baja, de 1x10-18 S/m (Siemens
metro), y una resistividad de 1x10°16 Q-m (Ohmio metro), lo
que lo hace adecuado como sustrato dieléctrico. Por otro lado, los
canales del electrodo fueron fabricados con tinta de plata (Ag),
un material que destaca por su alta conductividad eléctrica de
6.30x10"7 S/m y una resistividad de 1.6x10-8 Q-m, lo que
garantiza una eficiente transmision eléctrica. En la Fig. 3 se
ilustra la asignacion de los materiales al modelo del electrodo en
COMSOL Multiphysics.

Tras la asignacion de las propiedades de los materiales, se
realiz6 un analisis de convergencia empleando un mallado de
la geometria compuesto por elementos tetraédricos, lo cual es
fundamental para garantizar la precision de las simulaciones.
El mallado seleccionado consté de 33,394 elementos,
distribuidos en 8,042 vértices, 14,245 triangulos, 2,967
elementos de arista y 242 elementos de vértice.

Las estadisticas del dominio reflejan la calidad del
mallado:

e Calidad minima del elemento: 0.04149

e Calidad media del elemento: 0.5396

e Ratio de volumen del elemento: 4.03x10—4

e Volumen total de la malla: 1.455%10—6 m2

Este nivel de detalle nos asegura que el modelo cuenta
con una resolucion optima para llevar a cabo simulaciones
precisas en el andlisis de electroestimulacion.

2.3.1  Condiciones de contorno

Para continuar con el analisis del electrodo, se definieron los
puntos principales del contacto eléctrico, en el médulo de
corriente eléctrica; Se establecieron los dos puntos de contacto
eléctrico, es decir el terminal positivo y tierra que representara el
terminal negativo. Estos contactos se variaron tres veces ast:

Primera configuracion: Terminal positivo, ubicado en el
canal superior izquierdo del electrodo y tierra, ubicada en el
canal inferior izquierdo del electrodo.

Segunda configuracion: Terminal positivo, ubicado en el
canal superior izquierdo del electrodo y tierra, ubicada en el
canal inferior derecho del electrodo.
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Figura 4. Seleccion de contactos eléctricos, a. Terminal positiva y b. tierra.
Fuente: Elaboracion propia.

Se asigna una corriente de entrada de 40 mA [13], Esta
corriente es suficiente para activar eficazmente las fibras
nerviosas, teniendo en cuenta las caracteristicas de la senal
de estimulacion. En la Fig. 4 se muestran los contactos de los
electrodos.

232 Modelo de Elementos finitos del campo eléctrico y
potencia del electrodo sobre la médula espinal

Se realiza un modelo en 3D que simula la médula espinal
y un electrodo con los contactos de la segunda configuracion
que se mencion anteriormente sobre los contactos eléctricos.
De esta forma se busco observar como se transfiere el campo
eléctrico del electrodo a la medula.

El procedimiento realizado fue similar al descrito
anteriormente, con la inclusion de las condiciones especificas
de la médula y el electrodo. Para modelar con precision los
efectos del potencial eléctrico en la zona de interés, se
asignaron valores especificos a las propiedades eléctricas de
ambos componentes. En el caso de la médula espinal, se
emplearon pardmetros como una permitividad relativa de
5,000, una conductividad eléctrica de 0.1 S/m y una
permeabilidad relativa de aproximadamente 1, de acuerdo
con los datos reportados en estudios previos sobre tejidos
nerviosos [14]. La configuracion del modelo de la médula
espinal se presenta en la Fig. 5.
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Figura 5. Modelo de la médula espinal con electrodo en el analisis de campo
eléctrico.
Fuente: Elaboracion propia.
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Figura 6. Configuracion contactos eléctricos, Tinta Ag.
Fuente: Elaboracion propia.

Por otro lado, el electrodo se modeld utilizando el
material “Silver (in vacuum)” disponible en la biblioteca de
materiales de COMSOL Multiphysics, que asigna una
conductividad eléctrica de S/m y una permeabilidad relativa
de 1, y una permitividad relativa de 1. Estos valores fueron
corroborados con literatura previa sobre las propiedades de la
plata en estado sélido, permitiendo validar su uso como
aproximacion para la tinta de plata curada utilizada en el
disefio experimental, en la Fig. 6 al igual que para la médula
se muestra la configuracion de los contactos de tinta de plata.

La integracion de estas propiedades en las simulaciones
permitio observar el potencial eléctrico generado por los canales
del electrodo y su interaccion con el tejido circundante, lo que
facilit6 el analisis de la efectividad de la estimulacion medular.

3. Resultados

A continuacion, se exponen los resultados obtenidos en
las distintas fases del desarrollo del estudio, incluyendo el
disefio y la fabricacion de los prototipos, asi como los
hallazgos derivados de la simulacion del campo eléctrico y la
potencia generada por el electrodo.

3.1 Diseiio
LaFig. 7 presenta los resultados correspondientes a los cuatro

disefios de electrodos desarrollados, destacando las variaciones
en la distribucion de los canales en cada uno de ellos.

05 O

| ﬁm[

Figura 7. Prototipos de electrodos. a. electrodo 8 canales, b electrodo 8
canales, ¢ electrodo 16 canales y d electrodo de 10 canales. De izquierda a
derecha respectivamente.

Fuente: Elaboracion propia.
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Figura 8. a. Electrodo de 8 canales. b. Electrodo de 10 canales.
Fuente: Elaboracion propia.

Para elegir cual fue el electrodo que favorezca mejores
condiciones de manufactura se plasmaron los 4 disefios en
lamina adhesiva de vinilo por medio de una técnica de corte
laser la cual permite tener una alta precision en el corte de los
canales y contactos. Los disefios que lograron plasmarse sin
comprometer la integridad de los canales fueron los modelos
B y D, como se muestra en la Fig. 7. En contraste, los
modelos A y C presentaron dificultades debido a la
separacion entre canales, inferior a 1 mm, lo que provocd
rupturas en la lamina adhesiva de vinilo durante el proceso.

3.2 Manufactura

Como se desarrolla en la metodologia, la litografia por
ataque quimico y el Spin Coating se obtienen 2 resultados
(Electrodos), el primer electrodo que se realiza consta de 8
canales unidos de manera paralela, con cuatro en la seccién
derecha y cuatro en la seccion izquierda; el segundo electrodo
que se realiza consta de 10 canales unidos de manera paralela,
con cuatro en la seccion derecha, cinco en la seccion
izquierda y uno en el centro. En la Fig. 8 se presentan los
electrodos fabricados.

Cada contacto y canal de los electrodos que se fabricaron,
se observaron en un estereoscopio como se muestra en la Fig.
9. Con este analisis visual se descarta el segundo electrodo
fabricado de 10 canales, debido a que el electrodo no presenta
las condiciones minimas para su aprobacion. Es decir, que los
canales y contactos del electrodo presentan varias
irregularidades en el recubrimiento de canal como, por
ejemplo, no es uniforme y presenta grietas. Se determina que
las irregularidades ocasionan que el funcionamiento del
electrodo no sea optimo debido a que los canales del
electrodo no presentan continuidad a lo largo de los mismos.
Asi mismo se aprecia que la mayoria de los canales y
contactos del segundo electrodo no salieron completos.

Se descarta el electrodo de 10 canales por la dificultad de
generar los canales a través de este método de fabricacion. Se
realiza la prueba de impedancia en el electrodo de 8 canales,
con ayuda del multimetro digital, tomando 6 medidas para
cada canal. En los resultados que se presentan en la tabla 2,
se aprecia en las filas el canal que se estudia y en las
columnas la repeticion de cada medida. A partir de estos
resultados se observa que a mayor distancia del canal mayor

Figura 9. Analisis con estereoscopio. Resultado 8 canales. b. Resultado 10
canales.
Fuente: Elaboracion propia.

Tabla 2.
Datos De Impedancia Electrodo.
Canal #1 #2 #3 #4 #5 #6
1 0 0 0 0 0 0
2 59.7 574 56.2 55.7 56.5 55.5
3 40.1 41.6 40.7 41.2 42.6 432
4 825 81.3 82.5 82.3 83.3 83.1
5 81.1 80.2 80.1 814 80.2 799
6 41.8 41.6 413 41.5 432 41.9
7 632 63.6 62.7 61.8 63.6 63.8
8 1542 1545 1535 152 153 151.7

Fuente: Elaboracion propia.

Tabla 3.

Analisis De Repetibilidad y Reproducibilidad Medidas de los electrodos.
Canal 1 2 3 4 5 6 7 8
Media 0 5635 414 828 802 417 634 15325
Promedio 0.00 156 1.16 076 0.61 068 075 1.14

Fuente: Elaboracion propia.

resistencia va a presentar frente a la estimulacion, es decir,
que existe una relacion directamente proporcional entre la
distancia del contacto del canal con el valor de la resistencia.
Por lo tanto, el contacto del canal de menor distancia presenta
una resistencia de 0 Q y el de maxima e 83.3 Q.

Con el resultado resistivo de los 8 canales se realiza un
analisis estadistico de repetibilidad y reproducibilidad para
calcular asi el error absoluto de las mediciones, anexado en
la tabla 3. El error absoluto ayuda a determinar la precision
de las medidas tomadas; ya que un error absoluto de “0” seria
una prediccion perfecta; pero en este caso se tiene un error
absoluto maximo de 2,56 % en los canales 2 y 3 del electrodo,
indicando una imprecision en la toma de medidas causada por
varios factores como mayor recubriendo en ambos canales,
presencia de grieta o superficie irregular en el canal o error
humano al realizar la medicion de resistencia.

Asi como se describe en la metodologia, aunque se
realizaron cambios en los solventes utilizados durante la
fabricacion de los electrodos, no fue posible completar el
proceso para llevar a cabo el analisis de resistividad. Por esta
razon, se citan resultados previos como referencia, dejando esta
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etapa abierta para futuras evaluaciones. Cabe destacar que la
proporcion de 1 ml de acetona al 95 % y 5 % de acetato de butilo
mostrd la mejor adherencia al sustrato PET/ITO y gener6 una
superficie uniforme sin irregularidades visibles. Este
comportamiento sugiere que dicha proporcion podria ofrecer un
desempeiio resistivo dptimo en pruebas posteriores.

3.3 Modelo de elementos finitos del campo eléctrico y
potencia del electrodo

La simulacion realizada en COMSOL muestra en la Fig. 10
la distribucion del campo eléctrico generado por el electrodo con
contactos eléctricos ubicados en la parte superior izquierda e
inferior izquierda. La imagen revela que el campo eléctrico
alcanza su mayor intensidad en el contacto eléctrico propuesto,
lo que indica una estimulacion focalizada en esa region,
dirigiéndose con mayor precision hacia las raices nerviosas.

Las areas representadas con colores frios, como azul,
verde o morado muestran un gradiente suave en la
transmision del campo eléctrico. Esto es beneficioso, ya que
en las regiones donde no se busca estimular, se minimiza el
riesgo de generar efectos adversos en tejidos sensibles.

Ademas del andlisis de campo eléctrico, en la Fig. 11 se
presenta el comportamiento que tiene el potencial eléctrico el
electrodo. Se observa una variacion del potencial en el
electrodo donde las zonas rojas presentan el mayor valor de
potencial eléctrico con un valor de 4.75 x10-6 V; esto
corrobora que la potencia de entrada del electrodo fue de 0.04
A esto genera un gradiente que va a dar lugar al campo
eléctrico como se vio en la Fig. 11.

El campo electromagnético en la configuracion de
contactos eléctricos cruzados que se observan en la Fig. 12
permite determinar que el gradiente de potencial que se
concentra de altas a bajas potencias presenta un camino
diagonal. Al generar este cruce de contactos se altera la
trayectoria del campo eléctrico y esto representa una
desviacion significativa ya que la mayoria de las veces los
campos tienden a ser verticales u horizontales. Existe la
posibilidad que ese cambio de trayecto permita estimular
terminales nerviosas dificiles de acceder o con mayor
probabilidad que se sobre estimulen o no se logren estimular
las fibras nerviosas deseadas.
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Figura 10. Distribucion de campo eléctrico en electrodo con contactos
eléctricos en la parte izquierda.
Fuente: Elaboracion propia.
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Figura 11. Distribucion de potencial eléctrico en electrodo con contactos
eléctricos en parte izquierda.
Fuente: Elaboracion propia.
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Figura 12. Distribucién de campo eléctrico en electrodo con contactos
eléctricos cruzados.
Fuente: Elaboracion propia.

La configuracion cruzada de los contactos eléctricos,
como se observa en la Fig. 13, puede generar un flujo de
potencial eléctrico que recorre una mayor longitud a lo largo
del electrodo, desplazandose de esquina a esquina. Esta
distancia adicional podria incrementar la resistencia del
sistema, ya que, en comparacion con las configuraciones
previas de contactos eléctricos, la linea directa entre los
puntos de estimulacion es mas extensa. Este desplazamiento
podria dar lugar a areas de baja estimulacion debido a la
mayor distancia entre los contactos.
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Figura 13. Distribucién de potencial eléctrico en electrodo con contactos
eléctricos en contactos cruzados.
Elaboracion propia.
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Figura 14. Dominio rectangular de Ele
espinal Potencial eléctrico y campo eléctrico.
Fuente: Elaboracion propia.

trodo-médula

Los resultados obtenidos de las simulaciones revelan una
distribucion del potencial eléctrico y del campo eléctrico
generados por los electrodos de estimulacion en la médula
espinal (Fig. 14). En el primer grafico, que muestra el
potencial eléctrico, se observa un gradiente definido, con una
mayor concentracion en las cercanias de los electrodos. Este
comportamiento es crucial para asegurar que la estimulacion
se enfoque en areas especificas de la médula espinal.

En el segundo grafico, que representa el campo eléctrico,
se destacan variaciones en la intensidad de la estimulacion a
lo largo de la médula espinal. Las zonas cercanas a los
electrodos presentan una mayor intensidad (coloreadas en
tonos rojos y morados), lo que indica que el campo eléctrico
es lo suficientemente fuerte como para generar una
estimulacion eficaz. Estos resultados demuestran que el
disefio del electrodo favorece la estimulacion selectiva de las
fibras nerviosas, optimizando la eficiencia del tratamiento y
minimizando los efectos adversos.

4. Discusion

En este trabajo se presenta el disefio, fabricacion y evaluacion
de electrodos para estimulacion de la médula espinal. Durante el
proceso de fabricacion de los electrodos se identificd la necesidad
de incorporar una seccion adicional en la parte inferior del
electrodo para permitir la conexion con el electro estimulador, lo
que requirid una modificacion del modelo original. Con este
modelo se manufacturan con éxito 2 modelos de electrodos.
Durante la fabricacion se identifica una oportunidad de mejora en
el recubrimiento y uniformidad de la tinta de plata sobre los
canales con el fin de que dichos electrodos tengan un mejor
comportamiento; por esta razon se evallan soluciones de
solventes diferentes a la acetona para la disolucion de la tinta de
plata. La razon radica en que al realizar el proceso de spin Coating
la densidad de la disolucion era muy variada debido a que la
acetona se evapora en tiempos cortos: en el orden de los
segundos, debido a su presién de vapor; es por esto que se
continua trabajando actualmente en una solucion de acetona y
acetato de butilo en proporciones variadas y lograr un solvente
que permita disolver la tinta de plata con una densidad uniforme
y genere mayor tiempo para terminar el proceso de fabricacion.

Las medidas de resistencia del electrodo de 8 canales se
realizan bajo los mismos parametros de superficie, lugar,
temperatura, distancia de medida (de la parte mas posterior a mas
inferior del canal) y tiempo (como en todos los estudios
analizados). Sin embargo, el primer canal no arroja una medida,
ya que en la construccion se genera un error en la fabricacion y

se parte a la mitad el canal, por lo que la medida sobre este es
imposible de realizar. Pese a esto, los otros 7 canales si generan
una medida satisfactoria y estable, en la que se observa que la
distancia de los canales era directamente proporcional a la
resistencia presentada en el electrodo.

A partir de las medidas que se adquieren de resistencia, se
realiza una prueba de repetibilidad y reproducibilidad para
demostrar y garantizar que los resultados medidos 6 veces
logran dar un valor similar y que esto no afecte las futuras
pruebas a las que se sometera el electrodo. Es asi como el
comportamiento estadistico de las medidas arroja un error
absoluto menor al 3%, valor aceptable ya que, comparandolo
con resultados de la literatura estudiada, los valores oscilan en
un rango entre un 2% — 5%.

Los resultados obtenidos a través de las simulaciones en
COMSOL destacan la efectividad del disefio del electrodo para
lograr una estimulacion focalizada y controlada en la médula
espinal, concentrando la mayor intensidad del campo eléctrico en
las zonas cercanas a los contactos eléctricos. Esta distribucion
permite una estimulacion eficiente de las fibras nerviosas,
minimizando el riesgo de efectos adversos en tejidos circundantes.
En contraste, la configuracion con contactos cruzados genera una
trayectoria diagonal del campo eléctrico, lo que podria permitir
acceder a fibras dificiles de estimular, pero también introduce un
aumento en la resistencia y zonas de baja estimulacion. Estos
hallazgos indican que la configuracion lineal de los contactos es la
mas eficiente para este proposito, y aunque la configuracion
cruzada puede ser til en investigaciones adicionales, no representa
la opcidn Optima para la estimulacion de las fibras nerviosas.

5. Conclusion

El desarrollo y evaluacion de electrodos flexibles para la
electroestimulacion de la region lumbosacra de la médula
espinal presentado en este trabajo demuestra un avance
significativo en la busqueda de soluciones eficientes y
accesibles en el campo de la neuroestimulacion. A través de
un enfoque integrado que incluyé el disefio, la fabricacion
fisica de cuatro prototipos y su evaluacion eléctrica, se logrd
optimizar tanto la composicion de la tinta de plata como los
parametros de fabricacion mediante pruebas experimentales
y simulaciones. Los resultados evidencian que los electrodos
fabricados ofrecen una distribucién uniforme del campo
eléctrico y un comportamiento adecuado del potencial
eléctrico en la interfaz electrodo-médula, lo que valida su
potencial para aplicaciones médicas. Este estudio no solo
proporciona una base solida para futuros desarrollos en
neuroestimulacion, sino que también resalta la importancia
de combinar simulaciones y pruebas experimentales para
mejorar la eficacia y seguridad de las tecnologias biomédicas.
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Abstract

This paper presents a characterization and description of the technical development that residential and industrial electrical installations
underwent in Colombia at the beginning of the 20th century. The analysis focuses on the city of Manizales — Caldas, given its prominence
in the region due to the coffee trade and its role as a commercial hub within the country. Through the examination of historical documents,
it was possible to reconstruct the context of the development and expansion of generation plants and transmission and distribution networks,
meeting the energy demand driven by the region's commercial growth. Among these elements, the article illustrates the evolution of
installation technology, as well as safety and maintenance aspects that, by the end of the century, led to the proposal and approval of laws
that merged the experience of foreign professionals with the adaptation of knowledge to the local environment.

Keywords: electrical installations; residential and industrial installations; engineering history; urban history.

Caracterizacion tecnologica de la generacion y distribucion de energia
eléctrica en Colombia en los inicios del siglo XX: caso Manizales

Resumen

Este articulo muestra una caracterizacién y descripcion del desarrollo técnico que tuvieron las instalaciones eléctricas residenciales e
industriales en Colombia al inicio del siglo XX. El analisis se centra en la ciudad de Manizales — Caldas dado su protagonismo en la region
por el comercio del café y por constituir un punto de relacion comercial dentro del pais. A partir del analisis de documentos histéricos, fue
posible reconstruir el contexto en que se desarrollo la instalacién y expansion de plantas de generacion y redes de transmision y distribucion,
respondiendo a la demanda de energia impuesta por el crecimiento comercial de la region. Dentro de estos elementos, se muestra la
evolucion que tuvo la tecnologia de las instalaciones, asi como aspectos de seguridad y mantenimiento que llevaron a consolidar, al final
del mismo siglo, la propuesta y aprobacion de leyes que conjugaban la experiencia de profesionales extranjeros y la adaptacion del
conocimiento al medio local.

Palabras clave: Instalaciones eléctricas; instalaciones residenciales e industriales; historia de la ingenieria; historia urbana.

1. Introduccion en principios de orden, higiene, estética y progreso que

devino en la construccion de sistemas industrializados, por

Los tltimos afios del siglo XIX y las primeras décadas del medio de los cuales se buscaba alcanzar eficiencia, rapidez,
siglo XX se caracterizaron por la conformacion de una seguridad y comodidad en las ciudades.

sociedad cientifica en el pais que introdujo el pensamiento Esta transicion desde procesos artesanales que usaban

positivista, generando una transformacion cultural cimentada métodos tradicionales hacia la introduccion de técnicas
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avanzadas que se basaban en la estandarizacion de los
procedimientos, fue posible gracias a los planes estatales que
buscaban invertir en la modernizacion de las ciudades
mediante la construccion de obras de saneamiento e
infraestructura, con el fin de alcanzar el mejoramiento de las
condiciones de vida de los habitantes, el desarrollo del
comercio y la internacionalizacion de los mercados [1].

En esta tendencia modernizadora, la implementacioén de
servicios publicos fue la obra de mayor impacto en las
principales ciudades colombianas, pues por medio de las
redes se garantizaba la regularizacion, modernizaciéon y
ampliacion de las estructuras urbanas. Tanto para acueductos
y alcantarillados como para la generacion y distribucion de
energia eléctrica, se aprovecharon los adelantos de la técnica
para producir escenarios seguros y eficientes que llevaban a
resolver las problematicas higienistas inherentes al
crecimiento y la densificacion. Sin embargo, aunque las redes
de agua garantizaban la habitabilidad de los espacios, fue la
llegada de la energia eléctrica la que mayores expectativas de
transformacion cultural suscitdé [2], pues condujo a la
utilizacion de dispositivos que permitieron alcanzar en muy
corto tiempo la sistematizacion y automatizacion de procesos,
convirtiéndose en un privilegio que representaba bienestar,
confort y salud para quienes tenian acceso a ella [3].

En este sentido, la implementacion de la energia eléctrica
en los primeros aflos del siglo XX fue mas un espectaculo que
una realidad doméstica [2] ya que su llegada introdujo modas
y practicas culturales que desencadenaron la aparicion de
escenarios para el ocio, la recreacion y la cultura, permitiendo
extender a la noche las actividades urbanas y dinamizar las
calles mediante la aparicion de lamparas, avisos luminosos y
la decoracion de las vitrinas en los almacenes [1].

Sin embargo, la literatura sobre el tema es escasa y no
brinda un panorama nacional sobre las caracteristicas de la
implementacion y extension de las redes en el pais. Algunos
trabajos historiograficos han abordado la importancia de la
luz eléctrica en Colombia desde la historia econdmica y
empresarial [4]. De la vela al apagon. 100 arios del servicio
eléctrico en Colombia [5]; Una aproximacion a la logica
espacial del surgimiento y desarrollo del sector eléctrico en
Colombia [6]; La electrificacion en Colombia [7]; Historia
de la energia en Colombia 1537-1930 [8], proponen un
marco de analisis desde lo econdmico, la ldégica del
determinismo tecnoldgico y el impacto social de las redes
eléctricas. Asi mismo, otros trabajos como Desarrollo y
crisis del sector eléctrico colombiano 1890-1993 [9] dejan
entrever los altibajos del sector en la industria nacional. Otras
investigaciones se centran en la implementacion de energia
eléctrica en Bogota y Medellin por ser las ciudades pioneras
en servicios publicos a nivel nacional, mientras que el
registro de redes de suministro de electricidad en ciudades
como Manizales, no se ha desarrollado a profundidad a pesar
de la trascendentalidad de estas instalaciones en la region
cafetera, tema que pretende abordar este trabajo desde la
consulta del Archivo Histérico de Manizales.

Asi, pudimos encontrar que en los tltimos afios del siglo
XIX y primeros del siglo XX las ciudades se iluminaron
mediante la instalacion de plantas generadoras de electricidad
que en su mayoria obedecian a empresas privadas. En
Bogota, la primera empresa se denomind Bogotd Electric
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Light Co, propiedad de los hermanos Ospina de Medellin y
la familia Carrizosa de Bogota que entré en funcionamiento
en 1890 con aproximadamente 100 ldamparas de arco [8]. Por
su parte, Medellin constituydo en 1895 la Compaiiia
Antioquena de Instalaciones Eléctricas con un capital mixto
entre el municipio, el departamento y particulares y entré en
servicio en 1897 con 150 lamparas de arco para espacios
publicos, 3.000 ldmparas domésticas y una planta generadora
de AC a 2.3kV alimentada por aguas de la quebrada Santa
Helena [7]. Otras ciudades continuaron iluminandose:
Barranquilla en 1892, Cartagena en 1893, Manizales en 1905
y posteriormente Cali en 1910 [7], siendo uno de los casos
mas representativos la ciudad de Manizales que para ese
momento no alcanzaba los 25.000 habitantes.

Manizales se destaco en las postrimerias del siglo XIX
por ser la ciudad intermedia entre las rutas comerciales que
unian Bogotd, Medellin y Cali, y asi mismo, por tener
comunicacion directa con los puertos de Barranquilla y
Buenaventura, lo cual le daba acceso tanto al comercio
nacional como internacional. Ademas de su posicion
geografica, el poder econdmico relacionado con el comercio
del café, le valid6 la implementaciéon de procesos de
tecnificacion avanzados para la época, lo que devino en un
rapido perfeccionamiento de los sistemas para la
comercializacion y transporte del grano, y por consiguiente,
en la aparicion de todo tipo de entidades que facilitaban las
negociaciones. Varias empresas extranjeras abrieron
sucursales en la ciudad, como el Banco de Londres y América
del Sur que tenia oficinas en Bogota, Medellin, Barranquilla
y Cali pero debido a la importancia de las negociaciones de
exportacion de café, abrio en 1925 una oficina en Manizales
[10]; o el Banco Mercantil Americano que tenia oficinas en
la ciudad desde 1921 y que al ser filial de la Compaiiia
Mercantil de Ultramar, favorecié la comercializacion de
todo tipo de mercancias en la ciudad. Asi mismo, aparecieron
otras infraestructuras como trilladoras, tostadoras,
empaquetadoras y fabricas que gracias al crecimiento de la
industria cafetera favorecieron el desarrollo de la ciudad.

En este sentido es importante analizar el caso de
Manizales desde la construccion de redes de servicios y
especificamente de las de energia eléctrica, ya que
condujeron a la implementacion de avances significativos
como: sistemas de transporte como el cable aéreo y el
ferrocarril, intercambio comercial con importantes casas
extranjeras que le dieron acceso a materiales y maquinarias
de ultima tecnologia, y asesoramiento de profesionales
extranjeros que instalaron de manera técnica y cientifica el
sistema, sentando las bases para el desarrollo urbano, social
y econdmico de la ciudad, implementando en muy corto
tiempo un servicio de vanguardia que se desarrolld hasta
producir una de las hidroeléctricas mas representativas del
centro del pais.

Este articulo pretende exponer las caracteristicas técnicas
para la creacion y evolucion de la Empresa Municipal de
Energia, puesta en funcionamiento en 1916 segtin estandares
de calidad internacionales, bajo la direccién de ingenieros
extranjeros y con materiales importados desde la casa
General Electric de Nueva York, con el fin de caracterizar la
tecnologia implementada, las caracteristicas del servicio, las
falencias de funcionamiento y seguridad, la evolucion de la
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empresa hasta la constitucion de la Central Hidroeléctrica de
Caldas, y el impacto generado por la llegada de la luz a la
ciudad en los primeros afios del siglo XX.

2. Metodologia

Este trabajo aborda las obras realizadas para la puesta en
funcionamiento de la Empresa Municipal de Energia
Eléctrica en la ciudad de Manizales a través del analisis del
saber aplicado desde la ingenieria, lo que permitid
establecer las condiciones particulares para la creacion,
desarrollo y servicio ofrecido por la empresa.

La caracterizacion de esta investigacion cualitativa se
basa fundamentalmente en la consulta, registro y analisis de
fuentes documentales que reposan en el Archivo Historico
de Manizales, las cuales estdn constituidas principalmente
por actas, Acuerdos del Concejo Municipal, contratos y
correspondencia entre los afios 1907 y 1944. De estos se
extrajo la informacion técnica, se rastred la toma de
decisiones y la cronologia de los eventos que llevaron a la
evolucién de la empresa hasta la consolidacion a mediados
del siglo XX de la Central Hidroeléctrica de Caldas -
CHEC. Desafortunadamente dentro de los archivos no se
encontrd informacion grafica relacionada con planos de las
obras, fotografias o imagenes que permitieran ilustrar este
articulo, a pesar de que todos los documentos consultados
referian la entrega de material grafico relativo a los
proyectos realizados. Las imagenes presentadas en el texto
corresponden a fuentes secundarias.

Se consultaron también archivos de prensa en el
periodico La Patria y La voz de Caldas con el fin de resaltar
el impacto urbano, social y econémico de las redes de
energia eléctrica y su representatividad en la construccion
de infraestructura para el crecimiento y desarrollo de la
ciudad. Asi mismo, se indagaron fuentes secundarias que
llevaron a la construcciéon del pensamiento positivista y
progresista de los primeros afios del siglo XX, el cual
enmarco la incorporacion de avances técnicos para la
realizacion de obras puiblicas como factor de modernizacion
en Colombia, y asi mismo, permitieron identificar los
ideales civilizatorios de la elite local para la transformacion
de la estructura urbana.

3. Evolucién de la generacion y distribucion de energia
eléctrica 1900 — 1930

3.1 La primera planta eléctrica

Lallegada de la energia eléctrica a la ciudad de Manizales
en 1907 se dio de la mano de la compaiiia llamada Crédito
Antioquerio, empresa que realizd el montaje y puesta en
operacion de la primera unidad de generacion de energia
eléctrica para iluminar el espacio publico y proporcionar
la instalacion de las primeras ldmparas de uso residencial.
Las condiciones para la puesta en funcionamiento del
nuevo sistema de generacion de energia incluian declarar
la empresa de utilidad publica para hacer viable la
expropiaciéon de terrenos, servidumbres y acequias;
legislar sobre la propiedad privada para permitir el uso de
paredes y tejados para la fijacion de cables; y normatizar

el espacio publico para la instalacion de postes y
transformadores en las calles que hasta el momento no
existian (ver Fig. 1). Ya que se trataba de una planta de
generacion hidraulica, las llamadas acequias o canales de
suministro de agua para la produccion de la energia,
debian ser entregadas por el municipio.

Esta transformacion cultural que suponia dejar atrés
las lamparas de petroleo para acoger el servicio prestado
por la empresa, impuso a los usuarios la obligatoriedad de
pagar por el servicio y acoger las directrices técnicas para
el funcionamiento de las redes, lo que signific6é una nueva
legislacion urbana para normatizar las instalaciones. El
uso principal de la energia eléctrica fue el de alumbrado
publico que se prestaba entre las seis de la tarde y las
cinco de la mafiana, para lo cual, el Crédito Antioquerio
realiz6 la instalacion de 200 focos de luz incandescente.
El contrato también contemplaba la instalacion de las
primeras 50 lamparas de uso residencial, la alimentacion
de motores y la generacion de calor, lo que promovio el
desarrollo de fabricas y la llegada de los primeros
electrodomésticos a la ciudad. Las tarifas incluian un
costo por instalacion de $15 COP para usuarios
residenciales y de $12 COP para el municipio, y una
mensualidad por consumo de acuerdo con una capacidad
instalada entre 4 y 16 bujias (Tabla 1), siendo una bujia
al parecer la intensidad de luz equivalente a la de una
vela.

El contrato firmado entre el municipio y la empresa
privada para proporcionar luz, fuerza y calor por 30 afios,
implic6 de parte del municipio, otorgar la exencion del pago
de derechos de aduana para la importacion de maquinaria y
materiales requeridos en el montaje del sistema, ceder el uso

St S CALLE 23 CRA 21 Y 22 1900 : ot 7 = E
Figura 1. Aspecto de las calles antes de la instalacion de redes eléctricas
(1900).

Fuente: Tomada de [11].

Tabla 1.
Tarifas de la compaiiia Crédito Antioquefio, 1908.
Tarifa mensual (COP)

Usuario Servicio 4B 3 Bj 10 Bj 16 Bj

Residencial Lamparas 0,30 0,40 0,50 0,60

Municipio 0,50
Bj: Bujias.

Fuente: Elaboracion propia
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de aguas publicas para la generacion de energia y evitar la
instalacion de otras plantas productoras de energia eléctrica
en la ciudad [12]. Sin embargo, hacia 1910 la calidad del
alumbrado ofrecido por la empresa se deterioro debido a las
frecuentes y prolongadas interrupciones, a la demora de la
compaiiia para hacer reparaciones y a la obligatoriedad del
pago por parte de los usuarios aunque no recibieran el
servicio. Esta situacion, sumada a las altas tarifas impuestas
por la empresa Crédito Antioqueiio, llevéd a que en 1913 el
municipio rescindiera el contrato y se iniciara el montaje de
su propia planta para la produccion de energia eléctrica en la
ciudad.

3.2 Empresa Municipal de Energia Eléctrica

A partir del fracaso anterior y mediante el Acuerdo N° 60
de 1915 del Concejo Municipal se dispuso la construccion de
una planta eléctrica para Manizales, no solo para devolver a
la ciudad la iluminacion perdida, sino por la necesidad de
adelantar dos proyectos urbanos que dependian de la
generacion de energia eléctrica. El primer proyecto tenia que
ver con el suministro de agua, ya que las partes altas de la
ciudad requerian la instalacion de bombas para garantizar la
distribucion de agua potable; y, un segundo proyecto
relacionado con la puesta en funcionamiento de trenes
eléctricos que facilitarian el movimiento de las cargas y
agilizarian los procesos de comercializacion de productos
agricolas como el café [13].

El proyecto para esta nueva planta estaba planteado para
ser una hidroeléctrica que se abastecia con aguas del rio
Chinchina. Su operacion se realizaria a través de la nueva
Empresa Municipal de Energia Eléctrica, contaria con un
presupuesto de $40.000 COP para su construccion y estaria
dirigida por una Junta Auténoma, la cual, ademas de los
compromisos legales y administrativos, debia fijar las tarifas
a pagar por concepto de alumbrado, fuerza, calor e
instalaciones, y definir la distribucion de las lamparas que el
municipio ubicaria en los lugares publicos [14].

El contrato firmado por Gabriel Sanin Villa en
representacion de la Casa Cock de Medellin para la
realizacion del proyecto, requeria por parte de la compaiiia la
elaboracion de un plano del acueducto, otro del edificio para
el montaje de la planta eléctrica con una capacidad de hasta
10.000 kW, y un plano de distribucion de luz y fuerza en la
ciudad. Debia también entregar el presupuesto para el
montaje inmediato de 250 kW, las especificaciones de la
maquinaria que debia comprarse en Estados Unidos, la
rasante del acueducto en por lo menos diez mojones y los
disefios de toma y desarenadores en la bocatoma. Este
contrato debia estar ejecutado en un plazo de sesenta dias
[15].

Una vez finalizado el proyecto por Sanin Villa, la Junta
de la Empresa de Energia Eléctrica firmo6 un contrato con el
sefior John H. Wisner, ciudadano norteamericano
representante de la casa Wesselhoft & Wisner domiciliada en
Nueva York, Bogotd y Barranquilla, para la realizacion de las
obras conducentes a montar la planta eléctrica y suministrar
la maquinaria y equipos requeridos, los cuales debian ser
especificamente fabricados por General Electric & Co.,
puestos en Puerto Colombia (Barranquilla) en un plazo
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maximo de ocho meses, exentos de derechos de aduana y
asegurados contra todo riesgo hasta su llegada a Manizales
[16].

Dada la casi completa inexistencia de materiales de alta
calidad en el mercado nacional, la importacion de estos
materiales fue de grandes proporciones. Ademas de la turbina
y el generador de 250 kW, de sus accesorios de medida,
control y de protecciéon, la importacion incluyd para el
montaje de la red los transformadores de distribucion con
potencias entre 15 a 3 kW refrigerados en aceite, los
conductores a utilizar, aisladores triple falda para una tension
nominal de 25kV en humedo y 60kV en seco, sus soportes y
herrajes. Para las instalaciones residenciales se importaron
todos los materiales, desde los conductores, tuberias y los
soportes aislantes, hasta accesorios para las acometidas y una
gran cantidad de luminarias de diferentes bujias junto con sus
respectivos  portalamparas. Para las  instalaciones
industriales, se importaron también las bombas de agua junto
con sus accesorios de instalacion, medida, control y
proteccion.

Las labores de mantenimiento fueron tenidas en cuenta a
partir de la importacion de aceites de reserva para
transformadores y maquinas rotativas, equipos de medicion
y soldadura portatiles, y elementos hoy tan comunes como
alicates, martillos y limas, entre muchos otros.
Desafortunadamente, en los documentos consultados no
existe informacion acerca del tipo de generador utilizado y de
la tension nominal del sistema. Sin embargo, por los datos
recolectados lo mas probable es que se haya tratado de un
generador AC y de un sistema de distribucién trifasico en el
cual las cargas de iluminacion y de traccion eran del mismo
tipo.

3.3 El montaje de la planta de energia

En la misma fecha y con el sefior John H. Wisner, se firmo
otro contrato para la construccion del edificio en donde se
instalarian la turbina, el generador -o dinamo como era
llamado en su momento- y los tableros de la planta de
produccion de energia eléctrica. Este edificio seria de
caracteristicas sencillas, construido en mamposteria, cubierto
con teja de barro, con ventanas sin vidrios y bases para el
montaje de los equipos realizadas con cemento Portland.
Debajo del edificio se construyeron los canales para el paso
de la tuberia y los desagiies, y al interior, se instalaron todos
los equipos, tuberias y pararrayos de manera técnicamente
adecuada o cientifica, como era conocida en su momento, al
igual que el término pararrayos que actualmente se refiere a
un descargador de sobretensiones.

El montaje de las redes de distribucion o canalizaciones
de transmision desde la planta hasta Manizales estaba
conformado por tres hilos de alambre desnudo, soportados
por postes de madera apropiada para la humedad, con una
altura de 4 metros (libres) carbonizados en su base,
dispuestos a una distancia de 40 metros entre si y con
aisladores para alta tension (prueba himeda 10kV, prueba en
seco 35kV) que se aseguraban mediante soportes de hierro
galvanizado. En estos mismos postes, se disponia de un
circuito metalico de dos alambres para uso telefonico,
provisto de protectores para evitar el peligro que representaba
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su cercania con las lineas de alta tension. Los materiales para
la instalacion de la planta eléctrica ascendieron a un valor de
$30.884 oro americano y los necesarios para la construccion
del edificio a $13.308 oro americano [16].

Todos los permisos para el paso de la red de distribucion
y la colocacion de postes debian ser tramitados por la Junta
con los duefios de los terrenos, mientras que el contratista se
comprometia a realizar todos los trabajos de acarreo, montaje
e instalacion de la planta hasta entregarla funcionando
correctamente, con excepcion de la acequia que debia ser
construida por el municipio para suministrar el agua
necesaria para la generacion de energia eléctrica. Los
materiales llegaban a Puerto Colombia (Barranquilla)
procedentes de Nueva York (EEUU), se embarcaban en
vapores que navegaban por el rio Magdalena hasta el puerto
de La Dorada (Caldas), desde donde eran transportados por
el ferrocarril hasta Mariquita (Tolima) y embalados
finalmente en el cable aéreo, que comunicaba desde 1922,
con Manizales (Caldas). El tramite para conseguir la
exencion del pago de derechos fluviales estaba a cargo de la
Junta, mientras que para el transporte hasta Manizales, la
compaiia The Dorada Extension Railway Limited otorgd un
descuento del 25% en el valor de los fletes en el trayecto de
La Dorada hasta la ciudad [17].

Adicionalmente, el sefior Wisner se comprometia a dejar
un encargado y capacitar a los empleados del municipio que
estarian al frente del manejo de la planta, ademas de entregar
toda la obra en el menor tiempo posible, o al menos sin
exceder el plazo maximo de 16 meses. Con el fin de disminuir
este tiempo, la Junta ofrecio a la compaifiia un pago de $10
COP por cada dia de anticipo para la entrega de la obra
terminada [16]. Finalmente, la unidad hidroeléctrica estuvo
terminada en 1918, produciendo suficiente energia trifasica
para alimentar ldmparas, planchas, calentadores y motores en
la ciudad [18].

3.4 Expansion de la cobertura

El incremento de servicios que requerian energia eléctrica
y el aumento de solicitudes para instalaciones residenciales e
industriales llevé al montaje en la ciudad de otras tres plantas
de energia eléctrica: Empresa Eléctrica de Manizales (1925)
sucesora del pleito con la compaiiia Crédito Antioquefio de
1905; Planta Eléctrica de Sancancio (1926), creada para
alimentar la fabrica de Hilados y Tejidos de Caldas (Ver Fig.
2); y, Planta Eléctrica de Guacaica (1927) que proveia 1.000
kW para movilizar el cable aéreo hacia el norte del
departamento y el Chocod.

Para el afio 1922 mediante el Acuerdo N°67 se definié una
legislacion precisa sobre los recorridos de las redes de
distribucion en la ciudad o canalizaciones, la cual buscaba
imponer respeto por las instalaciones realizadas por cada
compaiia presente en la ciudad. En este sentido, el gerente
de la Empresa Eléctrica de Manizales sugirio dividir la
ciudad en tres sectores para que cada empresa estuviera a
cargo de sus redes y del suministro y cobro de la energia
eléctrica correspondientes a cada sector, y no se generaran
inconvenientes con la mezcla de instalaciones. Sin embargo,
esta medida resultaba inconveniente para la Empresa
Municipal de Energia, pues para la época, tenia una gran

1PL anTe
Figura 2. Instalacion de la planta eléctrica de Sancancio.
Fuente: Tomada de [20]

extension de redes de distribucion por toda la ciudad y
restringir la prestacion de su servicio a un solo sector le
generaria grandes pérdidas, por lo que esta medida no llegd a
implementarse [19].

Otras disposiciones para controlar la competencia de las
tres compaiiias en la prestacion del servicio se direccionaban
a: la exigencia de realizar de manera técnicamente adecuada
o cientifica las instalaciones bajo la asesoria técnica de un
profesional, sin afectar las de las otras compaiiias, unificar las
tarifas y crear una caja de tesoreria en cada compailia para la
implementacion del pago por el servicio con el fin de registrar
todas las entradas de dinero. Igualmente, se debia
incrementar la vigilancia en la ciudad para controlar el fraude
en las instalaciones, lo que se habia hecho comun y
provocaba accidentes frecuentes y deterioro de las redes [21].

3.5 Legislacion para la seguridad de las redes

Apenas con algunos afios de operacion de estas redes
eléctricas, Manizales sufrié en 1925 y 1926 dos incendios
que destruyeron el centro de la ciudad, por lo que la
normativa se orientd a tratar de disminuir los riesgos y
cumplir con las exigencias de las compaiiias aseguradoras, ya
que se sefialaban las instalaciones eléctricas -mal realizadas-
como causales de las conflagraciones. Para la renovacion de
las polizas de seguro con la empresa Liverpool & Globe
London, la Empresa Municipal de Energia debié asumir
ademas del incremento en las ratas de seguro, condiciones
precisas para prevenir la destruccion por un nuevo incendio.
En este sentido se solicitaba: realizar instalaciones eléctricas
con materiales de buena calidad (Fig. 3) y bajo supervision
profesional; prohibir al interior de las viviendas y locales la
utilizacion de aparatos de combustién a base de petroleo y
gasolina; utilizar para las construcciones materiales
incombustibles como el concreto; procurar la ampliacion o
ensanche de las calles; y eliminar los aleros de los edificios.
Ademas, era necesario instalar un sistema contra incendios,
para lo cual, se negociaron hidrantes con
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",

Acaba de llegar.

Pantallas estilos ultramodernos para_ uegocms.
Pantallas y ldmparas muy bofiitas para‘la casa.
Material para toda clase de mstalac:one§ eléctricas,
Bombillos de 2 y media a 1000 bujias.© = *

Ferreterfa Elec

Portalamparas (socket) para prueba de

bobillas $2,00/mes
Traslado de una lampara de un local a $1.50
otro ’
Traslado de una lampara en el mismo
o $1,00
edificio
Planchas y calentadores uso doméstico
de hasta 550 watios $4,00/mes
Planchas y calentadores uso doméstico $4,00 + 0,50 amperio/mes

de mas de 550 watios
Planchas y calentadores industriales

$1,00 amperio/mes

Motores de un caballo de fuerza $4,00/mes
‘ ' YELEFONO 2.2.0 y 7-3.8. Motores (pago los primeros dias del mes) $3,50/caballo
VISITENOS! ~ LE CONVIENE! Motores de 6:00 de la tarde a 12:00 de la $7.00/caballo
IELETIII IR J noche ’
Figura 3. Comercializacion de productos para instalaciones eléctricas. Motores de 6:00 de la tarde a 12:00 de la $6.00/caballo

Fuente: Tomada del Periodico La Voz de Caldas, 12 de abril de 1931.

compaiiias como Bopp & Reuther de Waldhoff de Alemania por
valor de US$45 cada aparato [22].

Otra situacion sobre la seguridad de las redes se dio en mayo
de 1929 cuando se present6 una queja al comandante del Cuerpo
Oficial de Bomberos relativa a las bajas condiciones de seguridad
que presentaba la subestacion de la Empresa Eléctrica de
Manizales. Las caracteristicas del edificio donde se encontraba
instalada la subestacion no eran adecuadas, ya que estaba
construido con paredes de recallosa, piso de madera y vigas de
madera expuestas. Los pararrayos se encontraban en el interior
del edificio. Las lineas de alta tension estaban instaladas sobre
postes de madera y los brazos salientes no estaban
suficientemente alejados de los tejados. Debido a los materiales
usados y a la presencia de dispositivos dentro del edificio que
presentaban riesgo de explosion, se solicitaba trasladar la
subestacion a un edificio construido con concreto u otro material
incombustible, reemplazar los postes por estructuras metalicas y
elevar sus brazos 50 centimetros por encima de los aleros; asi
mismo cambiar los alambres por calibre #6 B.S. (#6 Brown and
Sharpe —B.S., 0 AWG) y ubicar los soportes entre 24 y 30 metros
de distancia. Para fortalecer estas medidas de seguridad, se
determiné desde este momento que la linea de mayor tension
siempre debia ir ubicada en la parte mas alta y las secundarias
minimo un metro por debajo de estas [23], disposiciones que se
conservan en las instalaciones actuales.

3.6 Elvalor de la energia

Desde el punto de vista tarifario, mediante el Acuerdo
N°72 de 1927 se establecid un estandar inicial de cobro por
parte de la Empresa Municipal de Energia, a partir del
establecimiento del limitador de corriente para el alumbrado,
que determind varias categorias para la prestacion del
servicio (Tabla 2).

Tabla 2.
Tarifas de la Empresa Municipal de Energia, 1927.
Concepto Valor dispositivo (COP)

Alumbrado watio nocturno $0,02
Alumbrado diurno y nocturno $0,02 +25%
Aluplbrado avisos luminosos y vitrinas $0.01
watio nocturno ’
Alumbrado exterior (focos al frente del $0.01

edificio) watio nocturno

noche (pago primeros dias el mes)

Fuente: Elaboracion propia.

Todas las cuentas por concepto de luz y calefaccion
tenian un descuento del 25% del valor total si se pagaban
durante los diez primeros dias del mes. Se prestaba el servicio
de arrendamiento de lamparas, las cuales debian ser de
minimo 30 W y de al menos 60 W para negocios. El valor del
traslado de las lamparas estaba calculado para la zona central
de la ciudad y por fuera de este perimetro tendria un
incremento de $0,50 COP por cada lampara. Este mismo
recargo se estipulaba para el traslado a edificios construidos
en concreto. La instalacion de lamparas solo podria ser
solicitada por los propietarios del edificio. El consumo
minimo liquidado para el servicio de motores seria de 1 H.P.

El servicio se suspendia si no se realizaba el pago en los
primeros dias del mes siguiente al cobro y no se admitia la
ausencia de los habitantes como excusa para no realizar el
pago por el servicio. La reconexion del servicio tenia un valor
de $0,50 COP [24]. Todo lo cual llevé a un incremento en la
oferta de productos para realizar instalaciones seguras,
eficientes y estéticas dentro de los edificios (Ver Fig. 4).

,‘si' Vd. emplea siempre
‘lamparas Osram-[.
Con limparas Osram-[) -
en .todas, partes,
la corniente eléctrica
le dard el;mifiximo de luz.

Figura 4. Aviso publicitario para incrementar la comercializacién de
lamparas.
Fuente: Tomada del periddico La Patria, 4 de agosto de 1940.
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Tabla 3.
Tarifas de la Empresa Municipal de Energia, 1928.
Servicio Tarifa Cobro minimo
(COP)
Alumbrado particular $0,30 kWh $4,00 COP
Teatros (iluminacidn) $0,30 kWh
Planchas y calentadores $0,15 kWh $2,00 COP/plancha

Motores 5:00 am - 5:00
pm
Motores 12:00 m - 5:00
pm
*: Durante los 10 primeros dias del mes o $6,00 COP/H.P. pasado este plazo.
Fuente: Elaboracion propia

$5,00 COP/H.P.*

50% mas sobre la tarifa

Otras disposiciones importantes se dieron en 1928 cuando
se empez6 a realizar el cobro de la energia por medio de
contadores de energia instalados en los lugares de consumo,
promoviendo el uso racional de esta. Una de las medidas mas
importantes fue restringir el uso de motores industriales entre
las 5:00 de la tarde y las 12:00 de la noche para beneficiar el
alumbrado. También se reglamenté el acceso a los
contadores, los cuales, estarian sellados y tunicamente
podrian ser manejados por los técnicos de la empresa,
ocasionando la rotura de los sellos una penalizacion con la
suspension del servicio. Todos los usuarios debian pagar por
los materiales y la instalacion de los contadores y el
suministro se cobraria a $0,15 COP/kWh. Igualmente, las
industrias que tuvieran un consumo superior a 7 H.P. debian
asumir el costo del transformador, asi como el valor de los
materiales y su instalacion [25]. Las tarifas se diferenciarian
tal como se muestra en la Tabla 3.

3.7 La ampliacion de la Empresa Municipal de Energia

Con el fin de realizar la construccion del tranvia
municipal, en enero de 1928 se dictaron las disposiciones
para la ampliacion o para la época, el ensanche de la Empresa
Municipal de Energia bajo la direccion de los ingenieros
electricistas de la secretaria de obras publicas, para lo cual,
se cred el cargo de interventor del municipio a cargo de:
verificar el desarrollo de las obras, licitaciones, contratos,
compra y calidad de materiales y maquinarias, asi como el
transporte y negociaciones relacionadas con la colocacion de
postes y alambrados; vigilar la calidad de las obras; inspeccionar
los trabajos y proponer soluciones técnicas [26]. La importacion
de los materiales para el ensanche de la planta eléctrica se haria
por medio de licitacion, asegurando que el proveedor cumpliera
con las especificaciones de calidad requeridas. El municipio
solamente asumiria los costos de los materiales importados, ya
que tanto los materiales nacionales como el costo de la mano de
obra debia ser asumido por el contratista.

De esta manera, se aprobd el ensanche de la planta
eléctrica para aumentar la capacidad existente de 700 kW a
10.000 kW, lo cual permitiria poner en funcionamiento el
tranvia (1.200 kW); abaratar las tarifas de iluminacion y
fuerza; generar un excedente que permitiria cubrir la
demanda futura; y atender las necesidades de algunos de los
municipios cercanos. La propuesta buscaba implementar un
sistema progresivo, en el cual, se irian montando unidades de
2.000 kW hasta completar los 10.000 kW [27].

La firma de Medellin Tulio Ospina & Co. fue la
encargada de realizar los estudios para la ampliacion de la
planta eléctrica. Para esta época, Medellin habia ganado
protagonismo en el sector eléctrico debido a que habia
implementado un modelo de propiedad y direccion de las
empresas de energia del Estado a través del poder municipal
[8]. EI contratista hizo entrega el 4 de junio de 1928 de un
plano general de la obra, un plano de la acequia, un plano de
la bocatoma, un plano de la tuberia, tanques y edificios y las
siguientes recomendaciones: sobre la bocatoma y el
desarenadero decidieron no realizar modificaciones porque
ya estaba adelantada su construccion, asi que se acogerian a
las especificaciones que presentaba [28].

La acequia fue calculada para una capacidad de 2.200
litros/segundo con una pendiente promedio de 1/1.000. La
tuberia debia recorrer 170 metros de longitud y una caida de
78 metros para lo cual se proponia un diametro de 35y 1/4”
de espesor. La instalacion completa estaria conformada por
dos unidades generadores de 850 H.P cada una compuestas
por la siguiente maquinaria:

e 2 turbinas tipo Pelton de 850 H.P. cada una para trabajar
a 260 rpm, completas con sus cubiertas, valvulas,
boquillas, reguladores automaticos de aceite a presion,
chumaceras de lubricacion automatica y acoplamiento
adecuado para los generadores.

e 2 generadores trifasicos de corriente alterna de 710 KVA
cada uno para trabajar a 260 rpm y 4kV a 60 Hz, con sus
respectivos excitadores.

e 2 tableros de distribucion completos con sus aparatos de
medida, voltimetros, amperimetros, interruptor
automatico con tanque de aceite y clavijas de conexion.

Todos estos aparatos lo mismo que sus mecanismos de
operacion deberan venir montados en placas de pizarra con
aislamiento para 4kV, con transformador de corriente y
potencial para medicion. El peso aproximado de todo el
equipo fue de 63.000 libras.

e 4 equipos de pararrayos de pelicula de 6xido especial
para 5kV, equipos estos de alta proteccion, completos
con sus bobinas de reaccion y soportes de pararrayos. El
peso de estos cuatro equipos es de 1.300 libras.

Las lineas de transmision de estas nuevas plantas debian
ir soportadas por postes metalicos clavados en el suelo y
provistos de una cruceta metalica de 2 metros de ancho
ubicada a una altura de 8 metros sobre el piso. La cruceta
debia tener seis aisladores para 10kV situados a una distancia
de 38 centimetros entre ellos. El circuito de tres cables estaria
conformado en toda su extension por alambres de aluminio
#00 B.S. (2/0 Brown and Sharpe — B.S., o AWG), mientras
el otro circuito estaria conformado en su parte inicial de 800
metros de cable de cobre #4 B.S. y de este punto en adelante
por cables de aluminio #00 B.S. La tnica reforma que se
exigia para la linea de transmision de energia generada por
las dos unidades de 710 kVA era reemplazar los 800 metros
de alambre de cobre #4 B.S. por alambre de aluminio #00 B.S
y de esta manera cada uno de los circuitos serviria para
transportar la energia de cada uno de los generadores. En caso
de dafio de uno de los generadores de 710 kVA Ila linea se
utilizaria para transportar la energia producida por los dos
generadores existentes de 350 kVA. El valor de todos estos
equipos y su montaje era de $99.319 COP y el valor del kVA
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equivalia a $69,94 COP [28]. En julio de 1929 se firmo otro
contrato con Gregorio Mejia Ruiz para realizar los estudios
definitivos a partir del proyecto de Tulio Ospina, elevando el
presupuesto a $144.870 COP [29].

La licitacion para la compra de los materiales se abrio el
2 de septiembre de 1929 y se recibieron propuestas hasta el
12 de diciembre de 1929. Los dos generadores de corriente
alterna solicitados debian ser fabricados por la casa General
Electric  Co. o Westinghouse Electric Co. Los
transformadores debian ser de refrigeracion por aceite y
sistema de radiadores, cada uno con capacidad de 1.000
KVA, el voltaje primario de 4kV y el secundario de 15kV, la
tension nominal del sistema. Los motores hidraulicos que se
solicitaban debian ser del sistema Pelton [30].

Durante la década de 1930 se continuaron desarrollando
mejoras y ampliaciones a la planta generadora como el
contrato con Helmer Hallberg, subdito sueco y gerente de la
Compaiiia Sudamericana SKF, que gand la licitacion por un
valor de 6.400 libras esterlinas para la compra de un equipo
hidroeléctrico [31]; el contrato con SKF para el suministro de
la nueva unidad eléctrica para la planta municipal [32] y la
renovacion del contrato con Eolo A. Faulin, sabdito italiano,
para la prestacion de servicios profesionales [33], entre otras
negociaciones. Finalmente, en 1939 el municipio adquirio la
Empresa Eléctrica de Sancancio y arrendd la planta
hidroeléctrica de Guacaica al ferrocarril de Caldas,
adquiriendo el monopolio para la generacion y distribucion de
energia eléctrica en la ciudad, lo que devino en el surgimiento
de la Central Hidroeléctrica de Caldas - CHEC en 1943 [34].

4. Conclusiones

La llegada de la electricidad permitié ampliar la vida
urbana hacia diversos horarios y actividades que fomentaron
la aparicion de oficios, servicios, industrias e infraestructuras
que implicaron una culturizacion de los ciudadanos en dos
sentidos. De una parte, pudieron disfrutar de la luz en horas
nocturnas y con ello, tener acceso a innovadores artefactos
que llegaban desde el extranjero para brindar bienestar y
comodidad en las actividades cotidianas; y de otra, debieron
adaptarse al cumplimiento de normativas que regulaban la
prestacion y el pago por el servicio, asi como a la
modificacion del paisaje urbano con la instalacion de todo
tipo de artefactos que permitian el funcionamiento de las
redes de energia eléctrica en la ciudad.

La necesidad de avanzar en la legislacion, normatividad
y en los aspectos tarifarios del consumo de energia eléctrica
en la ciudad dio inicio a una serie de cambio constante en las
regulaciones que permitieron afrontar problematicas
puntuales inherentes a la instalacion o prestacion del servicio,
pero que no respondian a disposiciones regladas por
estamentos especializados para formular un marco de
actuacion eficiente y seguro como el propuesto hasta los
inicios del siglo XXI con el RETIE [35] que surge
tardiamente como una medida para reglamentar las
instalaciones, incluir normas de seguridad al sistema,
garantizar un servicio adecuado y promover la disminucién
de accidentes de origen eléctrico.

Las altas especificaciones de los materiales importados,
la estandarizacion de los procesos, el disefio de las redes

dirigido por expertos y la capacitacion de técnicos locales
para el mantenimiento y operacién del sistema, fueron
elementos que desde la llegada de la energia eléctrica a la
ciudad marcaron el camino para avanzar hacia una industria
de vanguardia que desde mediados del siglo XX consiguio
suministrar energia a cinco municipios del departamento de
Caldas y convirti6 a Manizales en escenario del Congreso
Nacional de Electrificacion en 1955 [36].

Finalmente, el desarrollo de la generacion, transporte y
distribucion de energia eléctrica en Manizales y en Colombia
sigui6 un proceso similar al de muchas otras areas
tecnologicas. Desde la adopcion inicial de técnicas y
estrategias extranjeras por la ausencia de conocimiento local,
a la generacion progresiva de conocimiento y adaptacion a
las condiciones y experiencias locales representadas
fundamentalmente en la creacion de normas y reglamentos
técnicos que fueron perfeccionandose hasta la actualidad.
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