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Foreword

https://doi.org/10.26439/ciic2025.8663

The Civil Engineering Program at the University of Lima presents the proceedings of
the 1st International Congress of Civil Engineering (CIIC 2025), held on May 28-30,
2025. This volume brings together seven peer-reviewed papers selected for publi-
cation from the congress. The contributions included here address a range of topics
that are central to contemporary civil engineering, including seismic and structural
performance, sustainable construction materials, infrastructure monitoring, and
the application of digital and data-driven methods to inspection, assessment, and
decision-making.

The congress also included keynote lectures by distinguished specialists from
Peru and abroad, whose participation contributed to the broader academic exchange
fostered by the event. While those lectures were an important part of the congress
program, the present volume is devoted exclusively to the scientific papers accepted
for publication.

The papers published in these proceedings reflect the thematic breadth of the
congress and the diversity of current research interests in the field. They cover seismic
and structural engineering, sustainable construction, transportation infrastructure,
and emerging technologies applied to civil engineering. Presented in a hybrid format,
the congress brought together researchers and professionals from Peru, Chile, and
Colombia, creating a space for the discussion of shared challenges and current lines
of inquiry across the region.
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made CIIC 2025 a valuable forum for academic exchange within the civil engineering
community.
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ABSTRACT. Brick is the predominant material
used in dwelling construction in Peru; however,
it is used inadequately, without proper techni-
cal supervision, resulting in informal buildings.
These informal constructions are highly vulne-
rable, and when combined with Peru’s high
seismic hazard, they pose a serious risk of signi-
ficant human loss during major seismic events.
Among these, confined walls made of tubular
bricks—also known as confined tubular mason-
ry walls—are the most vulnerable; nevertheless,
they are the most common structural walls in
informal construction due to their low cost. The
vulnerability of confined tubular masonry walls
can be reduced through appropriate reinforce-
ment techniques. In this context, a numerical
model was calibrated to estimate the capacity
of unreinforced and reinforced confined tubular
masonry walls with electrowelded wire mesh.
The model incorporates the longitudinal and
transverse steel of the confining columns, axial
load, masonry prism compressive strength, and
electrowelded wire mesh. It follows a bilinear
behavior and was calibrated using the multiple
linear regression method and test results from
the National University of Engineering (UNI)
and the Pontifical Catholic University of Peru
(PUCP). The model achieved a coefficient of
multiple determination (R?) of 0.88 for resistance

and 0.42 for drift, with corresponding standard
errors (SEs) of 0.033 and 0.00073, respectively.

KEYWORDS: Confined tubular masonry walls, tubular
brick, electrowelded wire mesh. THEMATIC AXES:
Seismic and structural engineering.

I. INTRODUCTION

In Peru, masonry walls are mainly built using four
types of bricks or masonry units: solid industrial
bricks, solid handmade bricks, industrial hollow
bricks, and tubular bricks. The last three types are
subject to restrictions for use as structural walls
in highly seismic areas. Specifically, the Peruvian
Masonry Standard (NTE-E.070) prohibits the use
of industrial hollow bricks and tubular bricks,
and in the case of solid handmade bricks, it only
allows their use in buildings with a maximum of
two stories located in the country’s most seismic
areas[1]. The regulatory restrictions are frequently
disregarded by property owners or builders. As a
result, dwellings constructed with these three
types of bricks are commonly found along Peru’s
coast and highlands, leading to informal construc-
tions that are highly vulnerable to both major and
moderate seismic events.

Institute of
55.8% of

According to the National
Statistics and Informatics (INEI),
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dwellings in Peru use brick or concrete block
as the predominant construction material [2].
Moreover, a study by the Group for the Analysis
of Development (GRADE) concluded that seven
out of ten dwellings in the country are informal
constructions [3]. The president of the Peruvian
Chamber of Construction (CAPECO) has like-
wise indicated that 70% of dwellings in Lima
are informal constructions and that an even
higher percentage is observed in other regions
of the country [4]. In that regard, a study by the
Peruvian-Japanese Center for Seismic Research
and Disaster Mitigation (CISMID) reported that
83% of dwellings in emerging areas of Lima are
informal constructions. These structures fail to
comply with the displacement limits established
by the Seismic Resistant Design Standard (NTE-
E.030) and the resistance requirements of the
Masonry Standard (NTE-E.070), as their walls are
made with inadequate bricks [5].

Among the different wall types, those build
with tubular bricks—referred to as confined
tubular masonry walls—exhibit the lowest load-
bearing capacity. However, they are the most
widely used in informal construction due to their
low cost. Several research have therefore been
conducted to demonstrate both the poor perfor-
mance of confined tubular masonry walls under
vertical and horizontal loads and the improved
behavior achieved when these walls are reinforced
with electrowelded wire mesh. The reinforcement
technique using electrowelded wire mesh has
been studied under different connection configu-
rations between the mesh and the wall, including
walls with the mesh connected to the masonry
[6], to the masonry and the vertical confinement
elements [7], [8], and to the masonry and all the
confinement elements [9], [10].

Peru lies within a region where 80% of the
world’s earthquake occur, making it one of
the most seismically active countries on the
planet [11]. In addition, the predominant use of
masonry units or bricks in dwellings—often the
result of informal construction practices—further
increases seismic vulnerability, as these struc-
tures typically employ deficient construction
techniques and poor-quality materials, such as
the use of tubular bricks instead of solid indus-
trial ones. Hence, it is essential to develop a model

for both unreinforced and reinforced confined
tubular masonry walls to assess their seismic
performance.

Three specific objectives were considered to
meet the general objective of developing a numer-
ical model for confined tubular masonry walls. The
first is to collect capacity curves for both unrein-
forced and reinforced confined tubular masonry
walls; the second is to transform these capacity
curves into bilinear curves; and the third is to
calibrate a numerical model using an appropriate
statistical regression method. In this study, the
dependent variable is the numerical model and
the independent variable is the regression method.
Finally, the research hypothesis proposes that the
multiple linear regression method is appropriate
to determine the capacity of both unreinforced
and reinforced confined tubular masonry walls
with electrowelded wire mesh.

II. BACKGROUND

The background is organized into three sections.
The first section presents experimental studies on
unreinforced confined tubular masonry walls. The
second section discusses experimental studies
on reinforced confined tubular masonry walls
strengthened with electrowelded wire mesh. This
section is further divided into three subsections,
which differentiate the types of mesh-to-wall
connection and the reinforcement applied on one
versus both sides of the wall. The third section
reviews three studies that focus on model calibra-
tion for confined masonry walls using statistical
regression methods and laboratory wall test
results.

A. Unreinforced Confined Tubular Masonry Walls

In the design of reinforced concrete structures
and metal structures, it is common to adopt
foreign design standards. However, this approach
is not appropriate for masonry structures, since
construction procedures and materials differ
markedly from those used in other countries [12].
Accordingly, this section presents national research
on unreinforced confined tubular masonry walls.
These studies were conducted in the laboratories
of the National University of Engineering (UNI)
and the Pontifical Catholic University of Peru
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TABLE I
UNREINFORCED CONFINED TUBULAR MASONRY WALLS

Author Wall Reinforcement — Du

(MPa) 0
Salinas & Lazares (2008) 1 NR 0.55 0.0049
Salinas & Lazares (2008) 2 NR 0.54 0.0057
Araoz & Velezmoro (2012) 3 NR 0.53 0.0051
Zavala et al. (2014) 4 NR 0.44 0.0025
Diaz et al. (2017) 5 NR 0.50 0.0050
Diaz et al. (2020) 6 NR 0.46 0.0015
Minimum - - 0.44 0.0015
Average - - 0.50 0.0041
Maximum - - 0.55 0.0057

(PUCP). Table I shows the maximum capacity
achieved by each unreinforced wall (NR) in terms
of shear stress and drift. The reported shear stress
corresponds to the maximum observed value, and
the drift corresponds to the ultimate stress or 80%
of the maximum observed stress, since beyond
this point the wall becomes unstable [13].

Salinas and Lazares [14] were the first to
study confined tubular masonry, motivated by the
extensive use of tubular brick in the main walls
of dwellings in Lima. Their study aimed to under-
stand the behavior of confined tubular masonry
walls. Notably, it is the only work that considered
walls constructed with both industrial and hand-
made tubular bricks. Subsequent studies have
focused exclusively on walls made of industrial
tubular bricks. The findings indicated that the
walls built with industrial tubular bricks were
more resistant than those with handmade tubular
bricks, but exhibited lower displacement capacity.

Araoz and Velezmoro [6], Zavala et al. [15],
Diaz et al. [9], and Diaz et al. [10] also studied
confined tubular masonry with the same objec-
tive and rationale. They additionally analyzed a
series of masonry prisms, which presented a key
mechanism between the mortar and the tubular
brick that significantly increased the diagonal
tensile strength. In this context, it was observed
that the capacity of walls made of tubular brick is
reduced by vertical loads than by horizontal ones.
While key mechanisms provide good resistance

to horizontal loads, the horizontal tubules of
the brick make the wall fragile under vertical
loads. Consequently, walls tested under exces-
sive vertical loads showed reduced resistance and
displacement capacities.

In Table I, the minimum and maximum resis-
tance values are close to the average. However,
in the case of drifts, the minimum value differs
considerably from the average. This difference
occurs because the ultimate drift is restricted to
the point corresponding to 80% of the maximum
resistance; if this restriction were ignored, the
result would be closer to the average. In Wall 6
test, the wall reached a drift greater than 0.0040,
but this value was not considered because the
resistance fell below 80% of the maximum. It is
worth mentioning that the minimum and average
drift values are close to those recommended by
Zavala et al. [5], who proposed using a design
drift of 0.0017 and an ultimate drift of 0.0037 for
confined tubular masonry walls. Moreover, Fig. 1
shows bilinear models of the capacity curves of
unreinforced walls listed in the previous table,
based on the American Society of Civil Engineers/
Structural Engineering Institute (ASCE/SEI) 41-13
methodology [13].

B. Reinforced Confined Tubular Masonry Walls

Similar to the previous section on unreinforced
confined tubular masonry walls, this section
presents national research on confined tubular



| Congreso Internacional de Ingenieria Civil

060 ‘
|
0.50 B m
/ ‘ =
} @
! ——&-— Wall-1-2008 é
i —e— Wall2-2008 ¢
| ——— Wall 3-2012
| ——a&—— Wall 4-2014
Wall 5-2017
| Wall 6 - 2020
| — — — NTE-E.030
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Drift
Fig. 1. Bilinear models of capacity curves for unreinforced confined
tubular masonry walls.
TABLE II
REINFORCED CONFINED TUBULAR MASONRY WALLS
B max Dult
Author Wall Reinforcement
(MPa) O
Araoz & Velezmoro (2012) 7 R-M-2 0.69 0.0074
Mamani (2015) 8 R-MC-2 0.90 0.0073
Mamani (2015) 9 R-MC-2 1.03 0.0077
Diaz et al. (2017) 10 R-MCB-2 0.84 0.0053
Diaz et al. (2020) 11 R-MCB-1 0.70 0.0026
Diaz et al. (2020) 12 R-MCB-2 0.98 0.0098
SENCICO (2021) 13 R-MC-1 0.77 0.0032
SENCICO (2021) 14 R-MC-1 0.69 0.0065
Minimum - - 0.69 0.0026
Average - - 0.83 0.0062
Maximum - - 1.08 0.0098

masonry walls reinforced with electrowelded
wire mesh. These studies were conducted in the
laboratories of PUCP and UNI. Table II shows
the maximum capacity reached by each rein-
forced wall in terms of shear stress and drift. The
reported shear stress corresponds to the maximum
observed value, and the drift corresponds to the
ultimate stress or 80% of the maximum observed
stress, since the wall becomes unstable beyond
this threshold [13].

The reinforcement code R-M-2 denotes a rein-
forced wall (R) with mesh connected to masonry

(M); R-MC-2 corresponds to a reinforced wall (R)
with mesh connected to masonry (M) and the
confinement columns (C); and R-MCB-2 refers
to a reinforced wall (R) with mesh connected to
masonry (M) and to all confinement elements
(CB) on both sides (2). On the other hand, R-MC-1
corresponds to a reinforced wall (R) with mesh
connected to masonry (M) and the confinement
columns (C); and R-MCB-1 refers to a reinforced
wall (R) with mesh connected to masonry (M) and
to all confinement elements (CB) on one side (1).
Reinforcements applied on both sides of the walls
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represent the interior walls, while those applied
on one side represent the exterior walls, which
are only accessible from one side due to the neigh-
boring buildings.

Araoz and Velezmoro [6] were the first to
study confined tubular masonry walls reinforced
with electrowelded wire mesh to prevent the
collapse of confined tubular masonry dwellings.
Their research aimed to improve the perfor-
mance or behavior of these walls, which are
highly vulnerable without reinforcement. It is
important to note that in their study, the mesh
was connected only to the masonry, since it was
only intended to increase resistance. Mamani [7],
Diaz et al. [9], Diaz et al. [10], and SENCICO [8]
also studied confined tubular masonry walls
strengthened with electrowelded wire mesh with
the objective of improving their behavior. These
studies demonstrated that the type of mesh
connection and the number of reinforced sides
have a significant influence on the capacity of the
reinforced walls, producing a notable change in
the resistance and deformation capacity.

The following paragraphs describe the perfor-
mance of the reinforced walls according to the
type of mesh connection.

Reinforced confined tubular masonry with
mesh connected to masonry (R-M-2). This
connection type produces a slight increase in the
resistance of confined tubular masonry walls.
Table I shows a minimum resistance of 0.44 MPa
for unreinforced walls, while Table II shows that
Wall 7, reinforced on both sides, reached a resis-
tance of 0.69 MPa, representing a modest 57%
increase. No studies have been conducted with
the mesh connected only to the masonry on one
side of the wall.

Reinforced confined tubular masonry with
mesh connected to masonry and confinement
columns (R-MC-2, R-MC-1). This connection type
produces a significant increase in the resistance of
confined tubular masonry walls. Table I shows a
minimum resistance of 0.44 MPa for unreinforced
walls, while Table II shows that Wall 8, reinforced
on both sides, reached a resistance of 0.90 MPa,
representing a substantial 105% increase. In
the case of reinforcement on one side, Wall 14
reached a resistance of 0.69 MPa, corresponding
to a 57% increase.

Reinforced confined tubular masonry with
mesh connected to masonry and all confinement
elements (R-MCB-2, R-MCB-1). This connection
type leads to a significant improvement in both
the resistance and drift capacity of confined
tubular masonry walls. Table I shows a minimum
resistance of 0.44 MPa and a minimum drift of
0.0015 for unreinforced walls, while Table II shows
that Wall 10, reinforced on both sides, reached
a resistance of 0.84 MPa and a drift of 0.0053,
corresponding to increases of 91% and 253%,
respectively. In the case of one-sided reinforce-
ment on one side, Wall 11 achieved a resistance
of 0.70 MPa and a drift of 0.0026, resulting in
increases of 60% and 73%, respectively.

Finally, it is important to note that the
comparison between unreinforced and reinforced
walls is only referential, as they were tested
under different conditions; i.e., they differ in
the amount of steel in the confinement columns,
masonry resistance, axial load, and the amount
of mesh used. Accordingly, when reinforced walls
on both sides are tested under similar conditions,
those mesh connected to both the masonry and
all confinement elements are expected to exhibit
the greatest resistance and deformation capacity,
while those with mesh connected only to the
masonry should show the least. However, this
trend is not reflected in the results presented in
Table 1I, where Walls 7, 8, and 9 demonstrate
greater deformation capacity than Wall 10. The
average drift value is close to that recommended
by Diaz [16], who recommends considering a drift
of 0.0050 for walls reinforced with electrowelded
wire mesh. Fig. 2 shows bilinear models of the
capacity curves for the reinforced walls listed in
the previous table.

C. Calibrated Masonry Models

For model calibration using statistical regres-
sion methods, it is first necessary to identify
the dependent and independent variables. In
this case, the dependent variables are already
defined as the shear resistance and deformation
of confined tubular masonry walls. Therefore, it
remains to identify the independent variables and
the appropriate regression method to adequately
estimate the resistance and deformation of these
walls. In this regard, three studies are presented
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below, each proposing models to determine wall
capacity based on specific independent variables.

Sugano et al. [17] calibrated a confined
masonry model using multiple linear regres-
sion. The model's maximum resistance (t_ ) is
expressed as a function of the amount of longi-
tudinal and transverse steel reinforcement in the
confinement columns (P[.csy, P .o, ), the axialload
(c,), and the compressive strength of the masonry
prism (F ). The maximum drift (A ) is expressed
as a function of the wall (h/l), as evidenced in
Equations (1) and (2).

Cardenas et al. [18] also calibrated a confined
masonry model using multiple linear regression. The
model’s ultimate resistance (t ) is based on the wall
aspect ratio (h/), the amount of longitudinal steel
resistance in the confinement columns (Pt.G)), the
axial load (c,), and the compressive strength of the
masonry prism (F ), as evidenced in Equation (3).
The ultimate drift (A ) was not calibrated.

Diaz et al. [19] also calibrated a confined
masonry model using multiple linear regression.
However, this study was more comprehensive,
since it calibrated the cracking, yielding, maximum,
and ultimate resistance. The model’s resistance
(t,,) is based on the amount of longitudinal and
transverse steel resistance in the confinement
columns (P[.Gy, Pwe.owe), the axial load (60), and the
compressive strength of the masonry prism (F ),
as evidenced in Equation (4). The corresponding
drifts of the model (A) are fixed values for each
resistance state.

Overall, the capacity of confined masonry walls
is mainly a function on the wall aspect ratio, the
amount of longitudinal and transversal steel rein-
forcement in the confinement columns, the axial
load, and the compressive strength of the masonry
prism. Moreover, multiple linear regression is an
appropriate statistical method for determining the
capacity of confined masonry walls.
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III. METHODOLOGY

The research aims to create a model capable of
determining the capacity of unreinforced and
reinforced tubular masonry walls strengthened
with electrowelded wire mesh. To achieve this,
the independent variables must first be iden-
tified to form the dimensionless parameters.
Subsequently, the most appropriate regression
method is selected to perform the calibration
of the confined tubular masonry wall model.
The background information presented above is
essential for identifying the independent vari-
ables and appropriate dimensionless parameters,
as well as for selecting the most suitable regres-
sion method for model calibration.

A. Dependent and Independent Variables

The dependent variables in this study are the
resistance and deformation capacity, as the
objective is to determine the capacity of confined
tubular masonry walls. The independent vari-
ables were previously identified by the authors
cited in the background section. Accordingly, in
Equations (5) and (6), the dependent variables
are expressed as functions of the indepen-
dent variables—i.e., the strength and drift as a
function of the amount of longitudinal (Pt = A
/ t1) and transverse (P, = A/ ts) steel of the
columns; the yield resistance of the longitudinal
(o) and transverse (Gwy) steel of the columns, the
axial load (00); the compressive strength of the
masonry prism (Fm); and the wall height (h) and
effective length (I = 0.9L). Here, As is the area of
the longitudinal steel of the columns, Awe is the
area of the transversal steel of columns, t is the
wall thickness, s is the spacing of the transversal
steel of columns, and L is the wall length.

B. Dimensionless Parameters

The dimensionless parameters were also iden-
tified by the authors cited in the background
section. In Equations (7) and (8), the dimension-
less parameters are formed from the independent
variables described above. It is worth noting that
new dimensionless parameters can be formed
using the Buckingham 7t theorem.

T = f(Pr, 0y, Pue, Oy, 0, Ey b 1) (5)

A= f(Py0y, Pye,0yy, 0y, By b 1) (6)

L—f(Pt*gy Pye * Oyy 9o ﬁ) )
Fim Fm ' Fm  Fpll
A= Pt*oy Pwe*Gwy o9 h
T TR ) ®
m m m

Y=PBotB1*x1+Brx X3+ Bz X3+ ... +Bp* Xy (9)

C. Regression Methods

The models were calibrated using various regres-
sion methods, such as simple linear regression,
simple nonlinear regression, multiple linear
regression, multiple nonlinear regression, and
polynomial regression. Among these, the simple
linear regression method is the least complex since
it relates a dependent variable to an independent
variable (two variables) in a linear way. Conversely,
the multiple nonlinear regression method is the
most complex since it relates a dependent variable
to several independent variables (more than two
variables) in a nonlinear way [20].

Given that more than two independent vari-
ables were defined in the previous section, only
the multiple linear regression, multiple nonlinear
regression, and polynomial regression methods
are applicable. In addition, the reviewed litera-
ture indicates that the multiple linear regression
method provides an adequate representation of
masonry walls. Consequently, this method was
selected for the present calibration. The equations
used to determine the regression parameters (B,
B,, B,, and B,), the standard error (SE), the coef-
ficient of multiple determination (R?), and the
multiple correlation coefficient (R) are presented
below. Equation (9) shows the expression of the
multiple linear regression method. Here, y is the
independent variable; x (x, x,, x,, ..+x ) are the
independent variables; . (8, B,, B,, ... B,) are the
regression parameters; and m is the number of
independent variables.
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V1= BotB1 ¥x11+ P2 ¥ X2+ .o+ B ¥ X1m
Y2 = Pot B1 ¥Xo1 + Py ¥XooF ..+ B ¥ Xom

Yn = .80+ﬁ1 *Xn1 +BZ *Xn2+---+ﬁm*xnm

(10)

=1 : sz * B:l = {A}nx1 = [Bloxm * {X} mxa

N X11 X12 X1m Bo
Y2 X21  X22
Yn Xn1 Xn2 7 Xpm am

= [B]T *{A}x1 = [BIT * [Blpym * {X} mx1

Regression parameters (B). The regression
parameters can be determined using the least
squares method or, alternatively, through a matrix
approach, as shown in Equation (10). Here, y is
the independent variable; x, (x,, x,, x,, .., x, ) are the
independent variables; §, (8, B,, B, ... B,) are the
regression parameters; m is the number of inde-
pendent variables; n is the number of equations;
{A} is the vector of dependent variable values; {B}
is the matrix of independent variable values; and
{X} is the vector of the coefficients.

SE. The SE measures the dispersion, i.e., the
variation between the calculated and experimental
results [20]. In Equation (11), y represents the
experimental values, y* are calculated values, e is
the error between the experimental and calculated
value, n is the number of groups in the sample, and
p is the number of estimated parameters.

R? and R. R? represents the proportion of the
total variation of the dependent variable that
depends on the other variables involved in the
regression equation [20]. This coefficient changes
between zero and unity, with values closer to unity
indicating a good fit. Here, Se is the SE, Sy* is the
variance of the dependent variable, y is the mean
of the independent variable, y* is the calculated
values, and n is the number of groups in the sample.
R*and R can be determined using Equation 12.

Table III presents all the samples used in
the model calibration, expressed in megapascals
(MPa). Cross-validation was not applied due to the
limited number of samples. Likewise, regulariza-
tion was not implemented to exclude irrelevant
independent variables, as the independent vari-
ables identified in the research by Sugano et al.

Se — /L‘W: [Ze? (11
n—p n-p

o S-9)?

e -

R =1- o LT SO 12)
n-1

[17] and Diaz et al. [19]—already validated in
previous research—were considered.

IV. RESULTS AND DISCUSSION

The proposed model is bilinear, and only the
point where the ascending and horizontal lines
intersect is calibrated—i.e., only the yield point is
calibrated. The ultimate point maintains the same
resistance, while the drift is a fixed value obtained
from the studies presented in the background
section. This section is organized into three parts.
The first presents the results and discussion of
the dimensionless parameters considered in the
calibration of the unreinforced and reinforced
confined tubular masonry wall model. The second
focuses on the yield resistance calibration, and
the third discusses the yield drift calibration.

A. Dimensionless Parameters of Confined Tubular
Masonry Walls

The dimensionless parameters used to determine
the capacity of unreinforced confined masonry
walls are the same as those proposed by Sugano
etal. [17] and Diaz et al. [19]. However, to consider
the reinforcement, an additional dimensionless
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TABLE III
SAMPLES FOR CALIBRATION OF THE NUMERICAL MODEL
Wall Author F., P.s, P e Suy S, ePs,
1 Salinas & Lazares (2008) 2167 0.821 0.917 0.405 0.000
2 Salinas & Lazares (2008) 3.256 0.821 0917 0.405 0.000
3 Araoz & Velezmoro (2012) 2.354 0.826 1.048 0.000 0.000
4 Zavala et al. (2014) 3.027 0.820 0.879 0.681 0.000
5 Diaz et al. (2017) 2.200 0.492 0.839 0.750 0.000
6 Diaz et al. (2020) 3.600 0.826 0.839 0.700 0.000
7 Araoz & Velezmoro (2012) 2.354 0.568 0.721 0.000 0.029
8 Mamani (2015) 2.648 0.568 0.721 0.259 0.074
9 Mamani (2015) 2.648 0.568 0.721 0.377 0.074
10 Diaz et al. (2017) 2.200 0.349 0.595 0.530 0.086
11 Diaz et al. (2020) 3.600 0.649 0.659 0.550 0.036
12 Diaz et al. (2020) 3.600 0.534 0.543 0.450 0.059
13 SENCICO (2021) 3.600 0.586 0.595 0.350 0.038
14 SENCICO (2021) 3.600 0.586 0.595 0.350 0.038
parameter must be introduced to represent the T Pix0y Pyex0ywy oo exPproyp
electrowelded wire mesh. Accordingly, a new a - ( Fm ' Fm a ’ Fm ) a3

parameter is incorporated, similar to that used
for the steel of the confinement columns, but Az Pex0y PyexOwy oo €xPpxoyp
including an additional variable representing the =f ( Fm ' Fp a' ) (14)
type of connection of the electrowelded wire mesh
to the wall. This variable represents the efficiency
factor e of the mesh, which reflects whether the
mesh is connected only to the masonry, to both
the masonry and the confinement columns, or to
the masonry and all the confinement elements. B. Calibration of Yield Resistance
Equations (13) and (14) present the relationships
between the dependent and independent variables
for unreinforced and reinforced confined tubular
masonry walls with electrowelded wire mesh.

m

and e is equal to 0.45 when the mesh is connected
only to the masonry (e = 0.45).

The bilinear model was calibrated using 14 tests
conducted at UNI and PUCP. Six tests correspond
to unreinforced walls and eight to reinforced
tubular masonry walls confined with electrow-
elded wire mesh featuring different connection
types between the mesh and the wall. The behavior
curves of the 14 walls were converted to bilinear
using the methodology proposed by ASCE/SEI
41-13 [13]. Furthermore, the statistical method
of multiple linear regression was employed to
calibrate this model, since it is widely used to
calibrate the confined masonry wall models, as
evidenced in the literature reviewed.

According to Diaz [21], the resistance of
walls in which the mesh is connected only to the
masonry is reduced to 45%, while that of the walls
where the mesh is connected to the masonry and
confinement columns is reduced to 65%, compared
to walls where the mesh is connected to both the
masonry and all confinement elements. Thus,
the efficiency factor e is defined as follows: e is
equal to unity when the mesh is connected to the
masonry and all confinement elements (e = 1.00); Table IV presents the dependent dimen-
e is equal to 0.65 when the mesh is connected to sionless parameter and the four independent
the masonry and confinement columns (e = 0.65); dimensionless parameters used for model
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TABLE IV
DEPENDENT AND INDEPENDENT DIMENSIONLESS PARAMETERS FOR CALIBRATION - RESISTANCE

Author t/F, (Pes/F PLs/F s/FL (ePs,/F )Y
Salinas & Lazares (2008) 0.227 0.507 0.423 0.187 0.000
Salinas & Lazares (2008) 0.144 0.381 0.282 0.124 0.000
Araoz & Velezmoro (2012) 0.202 0.480 0.445 0.000 0.000
Zavala et al. (2014) 0.190 0.351 0.381 0.341 0.000
Diaz et al. (2017) 0.111 0.357 0.233 0.194 0.000
Diaz et al. (2020) 0.127 0.401 0.290 0.225 0.000
Araoz & Velezmoro (2012) 0.265 0.370 0.306 0.000 0.232
Mamani (2015) 0.288 0.340 0.272 0.098 0.414
Mamani (2015) 0.386 0.340 0.272 0.142 0.414
Diaz et al. (2017) 0.337 0.276 0.271 0.241 0.526
Diaz et al. (2020) 0.163 0.301 0.183 0.153 0.201
Diaz et al. (2020) 0.248 0.263 0.151 0.125 0.284
SENCICO (2021) 0.162 0.281 0.165 0.097 0.210
SENCICO (2021) 0.163 0.281 0.165 0.097 0.210

;—i == 0.049 + 0.206 * (Pf;—m"y)o'7 +0.370 % (”WEFT"WY) +0.029 * (:—m) +0.483 * (”;%)07 (15)

calibration. The first and last independent dimen- TABLE V
sionless parameters were raised to a number
equal to 0.7, which improved the fit between

CALIBRATION RESULTS - RESISTANCE

the calculated and experimental values. Table V Regression o . q
summarizes the regression parameters, SE, R? and parameters

R obtained for the yield resistance model of unre- b, -0.049

inforced and reinforced confined tubular masonry b, 0206

walls with electrowelded wire mesh. Finally, b, 0370 SE 003336 R* 088351 R 093995
Equation (15) presents the calibrated model for b, 0029

calculating the yield resistance, incorporating b 0483

4

the regression parameters and the dimension-
less parameters that represent the longitudinal
and transverse steel of the confinement columns,
the axial load, the compressive strength of the
masonry prism, and the electrowelded wire mesh.

the contribution of the electrowelded wire mesh
to the wall resistance. In the equation, the factor
e refers to the mesh efficiency, P, to the ratio
(P,=A,/tS), and g, to the yield resistance of the
electrowelded wire mesh. A, represents the steel
area of the mesh, t the wall thickness, and S the
mesh spacing.

Table V shows that R? is close to unity, indi-
cating a strong fit between the observed and
predicted values, in accordance with the confined
masonry models proposed by Sugano et al. [17],

Cardenas et al. [18], and Diaz et al. [19].

. . . . C. Calibration of Yield Drift
The dimensionless parameters in Equation

(15) are consistent with those used in previous This section presents the results of the yield drift
studies, except for the last one that represents calibration for the unreinforced and reinforced
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TABLE VI
DEPENDENT AND INDEPENDENT DIMENSIONLESS PARAMETERS FOR CALIBRATION - DRIFT

D,
Author L RS R PSR s/F. (€S, R
(109)

Salinas & Lazares (2008) 0.659 0.507 0.423 0.187 0.000
Salinas & Lazares (2008) 0.848 0.381 0.282 0.124 0.000
Araoz & Velezmoro (2012) 0.589 0.480 0.445 0.000 0.000
Zavala et al. (2014) 0.373 0.351 0.381 0.341 0.000
Diaz et al. (2017) 0.729 0.357 0.233 0.194 0.000
Diaz et al. (2020) 0.431 0.401 0.290 0.225 0.000
Araoz & Velezmoro (2012) 1.287 0.370 0.306 0.000 0.232
Mamani (2015) 1.340 0.340 0.272 0.098 0.414
Mamani (2015) 3.405 0.340 0.272 0.142 0.414

Diaz et al. (2017) 0.800 0.276 0.271 0.241 0.526
Diaz et al. (2020) 0.811 0.301 0.183 0.153 0.201
Diaz et al. (2020) 1.990 0.263 0.151 0.125 0.284
SENCICO (2021) 0.692 0.281 0.165 0.097 0.210
SENCICO (2021) 1.294 0.281 0.165 0.097 0.210

A,=|- 0454 +6.087+ (”;—"":’X)O'7 ~3.984x (PW“-’Fim"W) ~0510% (;L;) +3.183 *("’2’%)07] £1073 (16)

confined tubular masonry wall model. Table VI
lists the dependent and independent parameters
used for calibration through the multiple linear
regression method.

Table VII shows that R? is not close to unity,
indicating that the fit between experimental and
calculated values is not strong. However, it is
considered an acceptable value, since it is closer
to unity than those reported by other authors.
Sugano et al. [17] obtained values of R = 0.4300
and R*= 0.1849, both of which are very far from
unity. It is important to note that the fit was not
satisfactory because a large number of indepen-
dent variables were considered, while only a
limited number of samples or experimental data
were available for model calibration. In addi-
tion, the confined walls constructed with tubular
bricks exhibited erratic behavior under vertical
loads, since they suddenly collapsed under signif-
icant vertical loads without developing their full
deformation capacity.

Equation (16) presents the model used to deter-
mine the yield drift. The dimensionless parameters
are the same as those used in the yield resistance
model; only the regression parameters change.

Accordingly, Fig. 3 illustrates the bilinear
model, which is constructed based on three points.
The first point corresponds to the origin, which
is not determined; the second is the yield point,
determined with Equations (15) and (16); and the
third is the last point, constructed using Equation
(15) for resistance and drift recommendations by
Zavala et al. [5] and Diaz [16], i.e., a drift of 0.0037
for unreinforced walls and 0.0050 for walls rein-
forced with electrowelded wire mesh.

The numerical model applies to confined
tubular masonry walls with characteristics similar
to those of the walls used in the calibration process.
The applicable range is as follows: 2.16 < F < 3.60;
0.34<Poc, <383054<P o, <10500<0,<
0.75; and 0.00 < eP o, < 0.09. The range of
values can be verified in Table III.
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Unreinforced wall:
A, =0.0037

Reinforced wall:
A, =0.0050

Y
>

Fig. 3.

V. CONCLUSIONS

The multiple linear regression method proved suit-
able for calibrating confined tubular masonry wall
models unreinforced and reinforced with electrow-
elded wire mesh. The resistance and drift of these
walls depend on the longitudinal and transverse
steel reinforcement in the confinement columns, the
axial load, the compressive strength of the masonry
prism, and the amount of the electrowelded wire
mesh. The efficiency variable accounts for the type
of connection used for the electrowelded wire mesh
in the confined tubular masonry wall, which has a
significant impact on the wall capacity. This study
and its numerical model are limited by the fact
that only isolated single-panel walls with aspect
ratios close to unity were analyzed, and cross-val-
idation was not applied due to the small sample
size. Therefore, it is recommended future tests to be
conducted on confined tubular masonry walls with
multiple panels and aspect ratios different from
unity to obtain a bilinear model with a wider and
more reliable application range.
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ABSTRACT. Concrete is the most widely used
construction material worldwide, and its produc-
tion consumes more than two million tons of
fresh water annually—a resource that accou-
nts for only 3% of the planet’s available water,
compared to 97% of seawater. Furthermore, 75%
of freshwater consumption occurs in areas expe-
riencing extreme water scarcity. In Peru, the
distribution of water resources is unequal due to
the geographic location of water sources relati-
ve to population centers, with the coastal region
being the most affected since it has the lowest
water availability and the highest concentration
of inhabitants. This research evaluated, through
laboratory testing, the mechanical properties of
fresh and hardened concrete mixed with seawa-
ter, as a 100% replacement of potable water, and
incorporating 30% to 50% blast furnace slag (BFS)
and 5% to 15% metakaolin (MK) across eight
sample types that varied these three compo-
nents. The mixture containing seawater, 40%
BFS, and 10% MK showed lower workability and
reduced compressive strength at 28 days; howe-
ver, it most closely resembled the control sample,
suggesting its potential for future applications.

KEYWORDS: Concrete, seawater, blast furnace slag,
metakaolin, mechanical properties.

THEMATIC AXES: Axis 6: Sustainable construction

I. INTRODUCTION

In the construction sector, concrete is the most
widely used material worldwide, and its produc-
tion consumes more than two million tons of fresh
water every year, representing 9% of industrial water
use. Moreover, three-quarters of the fresh water
employed in concrete manufacturing is extracted
from areas experiencing extreme water scarcity.
This situation highlights the urgent need to seek
alternatives to the use of fresh or potable water
in concrete production and curing, particularly in
regions facing severe water stress, where potable
water should be reserved for human consumption
[1]. Although approximately three-quarters of the
planet is covered with water, only 3% is suitable
for human consumption, while the remaining 97%
consists of seawater. In this scenario, the continuous
growth of the global population has increased water
demand, which—compounded by environmental
pollution and poor resource management—fails to
meet the needs of many cities around the world.
Water stress is expected to become particularly
critical by 2025 [2]. The most critical case occurs
along the Peruvian coast, where approximately 63%
of the country’s population resides but only 1.7%
of the national water resources are available. This
uneven distribution is the result of the geographic
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location of water sources and the concentration of
the population on the coast, creating high demand
in regions with insufficient resources to meet it [3].
Despite scientific evidence supports the concept
that seawater is not suitable for reinforced concrete,
several ancient structures were successfully built
using concrete mixed with seawater— for example,
the ancient Roman port of Baiae, in Italy, which
dates back 2000 years [4]. This suggests the poten-
tial applications of seawater for producing durable
concrete. However, its use is largely restricted due
to its high chloride content, which promotes corro-
sion in steel reinforcement. This problem can be
mitigated by using seawater in plain (unreinforced)
concrete applications or by employing non-corrosive
materials such as fiber-reinforced polymer (FRP)
bars to reinforce structures. FRP bars offer advan-
tages such as light weight and corrosion resistance,
but their high cost hinders their widespread use in
the market [5].The use of supplementary cementi-
tious materials (SCMs) to partially replace Portland
cement also reduces CO, emissions associated with
concrete manufacturing. Thus, advancing the use of
SCMs represents a significant contribution to envi-
ronmental protection. [6]

Based on these issues, the following research
question arises: Can concrete mixed with
seawater, adding BFS and MK, achieve proper-
ties comparable to concrete mixed with potable
water?

II. METHODOLOGY

This research follows an experimental design with
a quantitative approach, based on the collection
and analysis of numerical data obtained from
tests conducted in the Materials Laboratory at the
University of Lima. The objective was to evaluate
the mechanical and physical properties of fresh
and hardened concrete using seawater and incor-
porating BFS and MK. The experimental design
allows for the intentional manipulation of inde-
pendent variables in a controlled environment to
analyze their impact on the dependent variables.
[7] In this case, the effect of seawater on concrete
was analyzed by varying the proportions of BFS
and MK as partial replacements for cement. The
variables evaluated are presented in Table I.

TABLE I
DEPENDENT AND INDEPENDENT VARIABLES

Dependent Variables Test

Slump
Mechanical properties Compressive strength
of concrete

Tensile strength

Independent Variables Ranges Studied (%)

Cement 35-100
BFS 30-50
MK 5-15

Type of mixing water Potable water or seawater

To carry out this study, information related
to the research topic was first gathered from
academic sources and indexed journals to estab-
lish the theoretical framework and the scope of
the research. Then, the materials required for the
experimental phase—such as aggregates, binders,
and seawater—were obtained and characterized
through laboratory tests to determine particle size
distribution, moisture content, specific gravity,
among other relevant factors. Subsequently, the
concrete mixtures for the samples considered in
the study were prepared, and their physical and
mechanical properties were evaluated. Finally, the
results were analyzed and interpreted to answer
the research question.

The experimental design included eight
sample types, divided into two main groups:
those prepared with potable water and those with
seawater. Each sample had a different compo-
sition since the proportions of the cementitious
materials—Portland cement, BFS, and MK—and
the type of mixing water varied. BFS was incor-
porated at proportions ranging from 30% to 50%,
and MK from 5% to 15%, following previous
studies such as those by Pereira Silva [8] and Li
[9]. In both cases, these percentages are regarded
as optimal, since higher contents of BFS and MK
tend to reduce cement properties and compres-
sive strength, while lower percentages render
their effects almost negligible [8], [10], [11], [12],
[13], [14], [15], [16], [17]. A detailed presentation
of these samples is shown in Table II.



Evaluation of the Mechanical and Physical Properties of Concrete / A. Marquez, B. Palacios, J. Rengifo

TABLE II Curva granulométrica (%)
COMPOSITION OF THE SAMPLE TYPES 12000%
i 10000%
Sample '\\fv';'t';? Ce(ﬂ/”;}”t BFS(%) MK (%)

: 80.00%

P1 Potable 100 - -
P2 Potable 65 30 5 60.00%
P3 Potable 50 40 10 4000%

P4 Potable 35 50 15
2000%

M1 Seawater 100 - -
M2 Seawater 65 30 5 000%

100,00 1000 1.00 010
M3 Seawater 50 40 10
M4 Seawater 35 50 15 —@— Agregadogrueso —o— Agregadofino

Fig. 1. Granulometry of the aggregates.

To designate each sample type, acronyms
were used to indicate their composition. The first TABLE II1
four samples correspond to those prepared with
potable water, labeled “P,” and numbered from 1
to 4 according to the proportions of the cemen-
titious materials. Similarly, the last four samples Fine Aggregate (500 gr)
were prepared with seawater, labeled “M,” and

GRANULOMETRY OF THE AGGREGATES

Coarse Aggregate (10 kg)

Sieve Retained Sieve (in) Retained
numbered from 1 to 4 following the same criterion. Weight (g) Weight (g)
No. 4 45.5 2 0
A. Materials No. 8 852 % 0
Aggregates. The fine aggregate used was coarse No. 16 70.6 1 2.181
sand, with a specific gravity of 2.09, a water No. 30 68.0 % 6.357
absorption of 1.47%, and a fineness modulus of No. 50 848 W 144
2.85.. On the other hand, tl}e coarse‘aggrege?te No. 100 1.0 38 0
consisted of crushed stone, with a specific gravity ) )
. . . . Residue 747 Residue 0.024
of 1.70 and a maximum nominal size of 1 in.
Total 499.8 Total 10.0017
Table I1I presents the retained weights for each
sieve, the residue, and the total weight obtained
for both the fine and coarse aggregates, ensuring
that the test error remained less than or equal to
0.3%, as specified in the NTP 400.012 standard TABLE IV
[18], thereby validating the results. Additionally, CHARACTERIZATION OF SEAWATER
Fig. 1 shows the comparison of aggregate sizes,
where the curve was generated by plotting sieve Properties Measured Value
opening size on the X-axis against the passing Conductivity 5471 mS/om
percentage on the Y-axis.
pH 7.61
Seawater. To characterize the extracted Turbidity 031 NTU
seawater, tests were conducted in the Dissolved oxygen 966 mg/L

Environmental Laboratory at the University of
Lima, including measurements of conductivity,
pH, turbidity, and dissolved oxygen. The results
obtained are presented in Table IV.
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BFS. Laboratory tests were performed to deter-
mine the physical properties of BFS, which showed
a density of 2.56 g/cm?, a water absorption of 3.82%,
and a porosity of 20.5%, as summarized in Table V.

To determine the chemical composition of
BFS, an X-ray fluorescence (XRF) spectrometry test
was carried out. This analysis allowed the quanti-
fication of the elements in the sample, yielding a
calcium oxide (CaO) concentration of 43.41% and
a silicon dioxide (SiO,) concentration of 24.02%,
among other compounds, as detailed in Table VI.

MK. MK was obtained by calcinating kaolin
in a muffle furnace at 700 °C. To verify the effec-
tive formation of MK, Fourier-transform infrared
(FTIR) spectroscopy was performed on both
kaolin and MK samples. Before calcination, kaolin
exhibits characteristic FTIR bands in the regions
of 3695-3620 cm™, associated with O-H bonds
of structural water; 1030-1000 cm™ from Si-O
vibrations; and 540-500 cm™ from Al-O vibra-
tions. After calcination, kaolin loses water and
transforms into an amorphous structure (MK).
The disappearance of O-H bands and the presence
of new bands or changes in Si-O and Al-O vibra-
tions confirm the dihydroxylation of kaolin and its
conversion into MK [19]. The test results and the
confirmation of the transformation process from
kaolin to MK are shown in Fig. 2 and Fig. 3.

B. Mix Design

The samples were prepared following the ACI
211.1 (2014) method for concrete with a strength
of 210 kg/cm? (21 MPa). Considering a slump
range between 25 and 100 mm, a water-to-ce-
ment ratio of 0.45, a maximum nominal coarse
aggregate size of 1 in., and a fineness modulus of
2.85 for the fine aggregate, the resulting cemen-
titious material content was 423.88 kg per 1 m?3,
with corresponding variations in the proportions
of the cementitious materials. Additionally, a plas-
ticizer admixture, Sikament-290N, with a density
of 1.20 g/cm® was used in a dosage of 1% of the
cementitious material by weight. The mixes were
prepared in 40 L batches according to the spec-
ified mix design, with the proportions of each
material adjusted for that batch size.

UNIVERSIDAD Carrera de Ingenieria Civil-Laboratorio de
DE LIMA Ingeniera Ambiental

Gasini —1"

4000 3750 3%00 50 3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Fig. 2. FTIR spectrum of the Kaolin sample.

TABLE V
PHYSICAL PROPERTIES OF BFS

Properties Value
Density (g/cm?) 2.56
Absorption (%) 3.82

Porosity (%) 20.50

Carrera de Ingenieria Civil-Laboratorio de
Ingeniera Ambiental

% UNIVERSIDAD
% DE LIMA

Gaois

w00 wee w00 wse | o | o | 209 230 e w0 10 w00 750

Fig. 3. FTIR spectrum of the MK sample.

TABLE VI
CHEMICAL COMPOSITION OF BFS

Component (%)
Ca0 43.41
Sio, 24.02
ALO, 18.61
MgO 10.84
Fe,04 2.67
SO, 0.32

Tio, 0.13
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TABLE VII
MIX DESIGN
Cementitious Materials (kg) Aggregates (kg) Water—
Sample Water (L) ) )
Cement BFS MK Fine Coarse Cement Ratio
P1 423.88 - - 190.75 501.66 718.25 0.45
P2 275.52 127.16 21.19 190.75 501.66 718.25 0.45
P3 211.94 169.55 42.39 190.75 501.66 718.25 0.45
P4 148.36 211.94 6358  190.75 501.66 718.25 0.45
M1 423.88 - 0.00 190.75 501.66 718.25 0.45
M2 275.52 127.16 21.19 190.75 501.66 718.25 0.45
M3 211.94 169.55 42.39 190.75 501.66 718.25 0.45
M4 148.36 211.94 63.58 190.75 501.66 718.25 0.45

Note. The table presents the weights of cementitious materials (in kg), water (in L),
aggregates (in kg), and the water-cement ratio for each sample type.

TABLE VIII
PROPERTIES TO BE EVALUATED

Property Standard

Description

Fresh State

Slump NTP 339.035:2015

This test involves filling a mold with fresh concrete,
removing it, and measuring the distance between
the mold and the settled concrete.

Hardened State

Compressive strength NTP 339.034:2015

This test consists of applying a gradually increasing
load to a cylindrical concrete sample until it frac-
tures, thus determining its capacity to withstand
compressive forces.

Tensile strength NTP 339.084:2017

This test measures the concrete’s ability to resist
tensile forces by applying a load until it breaks.

Note. Adapted from Instituto Nacional de Calidad [20], [21], [22].

The tests used to evaluate the properties of
concrete were carried out in the laboratories at the
University of Lima, assessing both the fresh and
hardened states. The slump, compressive strength,
and tensile strength tests were conducted in the
Civil Engineering Materials Laboratory.

III. RESULTS AND DISCUSSION

A. Fresh-State Properties

Slump. The slump values obtained from the
test for each mix type are shown in Table IX.

As shown in Fig. 4, an increase in the
percentage of BFS and MK in the mixes leads to
higher workability. Furthermore, it is observed
that seawater mixes—regardless of the percentage
of cementitious materials used—show 44% lower
workability compared to potable-water mixes.
Initially, this reduced workability could make
them more difficult to handle on site, particu-
larly for pumping operations. However, as the BFS
and MK content increases, workability becomes
more suitable—by up to 20% in potable-water
mixes and 85% in seawater mixes. The optimal
slump depends on the specific application of the
concrete. In this study, a range between 3 and 5
inches was considered appropriate.
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TABLE IX
SLUMP TEST RESULTS

Sample Slump (in)
P1 6.25
P2 6.75
P3 7.25
P4 7.50
M1 3.50
M2 4.50
M3 6.00
M4 6.50

B. Hardened-State Properties

Compressive strength. The compressive strength
values at 7, 14, and 28 days, along with a summary
for each mix type, are presented in Table X.

In Fig. 5, the compressive strength of the eight
mix types is compared at 7, 14, and 28 days. It
can be observed that analogous potable-water
and seawater mixes with equivalent percentages
of BFS and MK show similar results. In all four
cases, the seawater mixes display higher strength
at early ages; however, over time, their strength
increases only slightly and ultimately becomes
lower than that of potable-water mixes. The target
design strength is 21 MPa.

On the other hand, despite the differences
in several factors among the studies cited in
Table XI—such as the water-cement ratio, curing
days, percentage of cementitious materials used,
and the fact that either BFS or MK was employed
individually—it is still possible to make certain
comparisons. Initially, it can be observed that
the compressive strength results obtained in this
research are 72% lower for seawater mixes and
74% lower for potable-water mixes compared with
those reported in the referenced studies. This
difference may be explained by various factors,
such as human error during mix preparation,
curing conditions, or the fact that, in previous
studies, the cementitious materials were used
separately, whereas in this research they were
used in combination.

800

Workability

7.00

6.00
500
4.00

Inches

300
200
1.00
0.00

Samples

upl
P2
uP3
mP4
M1
M2
M3
M4

Fig. 4. Slump values in inches for each mix type.

SUMMARY OF COMPRESSIVE STRENGTH

TABLE X

(MPA) FOR EACH MiIX TYPE

Sample Compressive Strength (MPa)
7 Days 14 Days 28 Days
P1 31.01 38.75 4518
P2 21.14 24.46 30.92
P3 14.37 17.93 20.52
P4 7.64 9.56 11.60
M1 37.67 39.94 43.25
M2 2417 27.51 30.85
M3 16.31 18.85 19.80
M4 8.69 10.22 11.79

5000

Compressive strength

4500

3500

3000

2500

MPa

2000

1500

1000

500

000

Fig. 5.
type at

10 15 20 25
Days

Pl P2 —P3 P4 =Ml =M -—M3 - M

Compressive strength (MPa) of each mix

7, 14, and 28 days.
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TABLE XI
COMPARISON OF RESULTS REPORTED BY OTHER AUTHORS

Cementitious Strength

Author Water—Cement Ratio Material (%) (MPa) Days
Authors Using BFS as a Cementitious Material
0.30 30 49.8
Lizarazo Marriaga and Claisse 50 46.7
120
(2011)[11] 30 653
0.50 50 55.6
035 50 34.97
Li et al. (2000) [13] 60 32.26 28
70 26.37
0.42 30 449
50 44.6
Lee et al. (2006) [17] 0.87 30 56.3
50 57.1 8
0.32 30 64.3
50 66.7
0.27 30 72.6
50 76.2
Authors Using MK as a Cementitious Material
0.55 5 48.28
10 51.91
Asghari et al. (2023)
15 54.53
(ol 28
0.40 5 42.6
i 439
15 459
59.2
” » 10
Mejia de Gutiérrez 0.40 54.0 28
et al. (2009) [12] : 514
32.0
5 61.32
Lietal. (2015) [15] 0.45 28
69.95
5 57.23
Lietal (2015) [9] 0.45 28
69.49

Tensile strength. Table XII presents the mixes. An exception is the control seawater mix,

tensile strength values for each mix type. which shows the highest tensile strength. In all

other cases, seawater mixes display lower tensile

In Fig. 6, it can be observed that both groups of strength than their potable-water counterparts.

mixes exhibita decreasing trend in tensile strength ~ The optimal tensile strength is approximately 10%

as the percentage of BFS and MK increases—up to of the compressive strength; in this study, this
53% for potable-water mixes and 61% for seawater corresponds to about 2.1 MPa.
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TABLE XII

SUMMARY OF TENSILE STRENGTH (MPA)
FOR EACH MIX TYPE

Sample Tensile Strength (MPa)
P1 2.66
P2 2.62
P3 1.73
P4 1.24
M1 3.14
M2 2.23
M3 1.25
M4 1.22

IV. CONCLUSIONS

The use of seawater reduced workability by 44%
compared to the mix prepared with potable water,
due to the accelerated hydration process caused
by the salts present in seawater. However, the
addition of BFS and MK increased workability
by up to 20% in potable-water mixes and 85% in
seawater mixes. Seawater improved compressive
strength at early ages (7 and 14 days) compared
to potable-water mixes; however, this trend
decreased at later ages. The addition of higher
percentages of BFS and MK led to reductions in
compressive strength of up to 72% for seawater
mixes and 74% for potable-water mixes. The effect
of seawater on tensile strength resulted in an
18% increase compared to potable-water mixes.
Nevertheless, at higher percentages of BFS and
MK addition, tensile strength decreased by up to
53% for potable-water mixes and 61% for seawater
mixes. Although the mixes containing BFS and
MK (P2 and M2) showed lower compressive and
tensile strength values compared to the control
samples (P1 and M1), they still met the mechan-
ical and physical properties for which they were
designed. These results demonstrate that the use
of supplementary cementitious materials and
seawater is feasible under appropriate design
criteria, without compromising the required struc-
tural performance.

Recommendations and Acknowledgements

« It is recommended to further evaluate
the effects of seawater combined with

Tensile strength

28 days

mPl mP2 mP3 mP4 mMl mM2 mM3 mM4
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ABSTRACT. The aim of this study was to imple-
ment a vibration-based approach for non-invasive
dynamic weighing of a deteriorated prestressed
concrete bridge. The research is set within the
current context of road infrastructure, which is
increasingly impacted by the frequent passage
of overloaded vehicles. The proposed method-
ology relies on the structural vibration response
recorded by a monitoring system composed
of accelerometers and strain gauges mounted
directly on the bridge girders. While commercial
Bridge Weigh-In-Motion (B-WIM) systems have
demonstrated high accuracy in estimating Gross
Vehicle Weight (GVW), their implementation is
often constrained by the ideal structural condi-
tions required for proper operation. Moreover,
these systems rely primarily on strain measure-
ments, which require more complex and costly
instrumentation, particularly in long-span bridg-
es. In contrast, the proposed methodology is
based on vibration measurements, which can be
obtained using more portable equipment that
cover larger areas with fewer sensors. Through
numerical simulations and experimental vali-
dation, the method achieved high accuracy in

estimating both GVW (with errors below 5%) and
axle weights (with errors below 10%). The results
demonstrate that this methodology is an efficient
tool for roadway load monitoring, contributing to
the reduction of structural risks and the improve-
ment of road infrastructure management.

KEYWORDS: Bridges, numerical model, structural
health monitoring, technology, vehicle load, weigh in
motion (WIM)

THEMATIC AXES: Seismic and structural engineering

I. INTRODUCTION

Bridges are key components of road infrastruc-
ture networks, playing a critical role in regional
connectivity and economic development.
Ensuring their proper operation is essential, as
they must withstand vehicular loads without
compromising structural integrity or the safety
of users. Accurately identifying these loads is
crucial, as underestimating them can result in
severe structural damage or even catastrophic
failure. The collapse of a bridge results not only
in the loss of human life but also in substantial
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economic consequences, including traffic disrup-
tions, commercial losses, logistical delays, and
high reconstruction costs. In the communities
affected, the impact extends to reduced mobility
and tourism, further amplifying the long-term
economic burden.

Globally, multiple bridge collapses caused
by overloading and structural deficiencies have
underscored the importance of effective load
control. For example, the Morandi Bridge in Genoa,
Italy (2018), and the Nanfang’ao Bridge in Taiwan
(2019) collapsed under heavy vehicular loads,
resulting in significant fatalities and infrastruc-
ture losses [1], [2]. In Colombia, approximately
20 bridges have collapsed over the past decade,
including recent cases such as the El Alambrado
bridge (2023), the road bridge over the Charte
River in Yopal, and the Guayepo bridge in 2016
[3]. These failures are largely attributed to over-
loading and deterioration, which have seriously
impacted mobility and road safety [4]. A study
conducted by the National University of Colombia
reported over 13 bridge failures in 2023 alone,
nearly 24.4% of which involved road bridges, with
overloading identified as a major contributing
factor [S]. Similarly, a 2011 study had already
identified overload as a contributing factor in 7%
of bridge failures [6].

The growing need for effective strategies to
manage and monitor vehicular loads is justified
by critical factors. These include road safety, given
the risks posed by overloading, infrastructure
preservation, as excessive loads reduce structural
lifespan and increase maintenance costs, and
regulatory compliance, which requires reliable
tools to enforce legal weight limits. For example,
an overload of just one metric ton (1 t) applied to
a single axle can increase pavement damage by
up to 92% [7]. In this context, collecting data such
as GVW, axle loads, and axle spacing has become
essential not only for safety assessments but also
for fatigue analysis and load-carrying capacity
evaluations.

Conventional load identification methods,
such as static weigh stations, offer high accuracy
but are costly, land-intensive, and often avoided
[8], [9]. Their implementation is often impractical
in urban or high-traffic areas. As an alternative,
Weigh-In-Motion (WIM) systems enable dynamic

estimation of vehicle weights without requiring
vehicles to stop. These systems, however, still
present certain limitations, including the need for
pavement modifications, potential traffic disrup-
tions, and the risk of introducing noise or bias into
the data [9], [10]. An advanced alternative to WIM
is the B-WIM system, which uses the bridge as a
weighing scale to estimate axle loads. To achieve
this goal, these systems aim to optimize the fit
between a finite element model and the struc-
ture’s experimental response [11], [12], [13]. Based
on the methodology proposed by Fred Moses in
1979 [14], B-WIM technology has evolved through
modal analysis techniques and dynamic system
modeling. Research efforts, including those by S.
Law and Chan et al., introduced time-domain iden-
tification methods and addressed the dynamic
effects of vehicle passage, thereby enhancing the
accuracy of axle weight identification [15], [16],
[17]. In Europe, the WAVE project significantly
advanced the field by eliminating the need for
pavement sensors [18]. More recently Yang Yu
enhanced estimation accuracy by incorporating
influence surfaces that account for a vehicle’s
transverse position on the bridge [19]. B-WIM
systems have now been implemented in more than
20 countries for traffic analysis, overload detec-
tion, and infrastructure planning [20], [21].

Despite their benefits, traditional B-WIM
systems rely heavily on ideal structural condi-
tions, limiting their applicability on deteriorated
bridges. Structural defects, surface roughness,
and approach geometry generate signal noise
and present significant challenges for modeling
accuracy [12].  Additionally, conventional
B-WIM approaches typically are based on strain
responses, which require the installation of strain
gauges—sensors that are highly sensitive and
must be positioned precisely so that vehicle axles
pass directly over them to enable precise weight
identification. Such an approach often requires
a large number of sensors, thereby increasing
system complexity and cost. By comparison, a
vibration-based method provides enhanced prac-
ticality, as accelerometers can monitor broader
areas with fewer devices, facilitating implementa-
tion on longer-span bridges. This work addresses
these limitations by proposing a noninvasive,
vibration-based B-WIM methodology applied to
a deteriorated prestressed concrete bridge located
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in Cali, Colombia. By integrating structural moni-
toring data from accelerometers and strain gauges
with numerical model calibration, the system
estimates vehicle speed, axle loads, and GVW.
This method is validated under real conditions
and provides a practical solution for bridge load
monitoring without traffic disruption or invasive
interventions. The hypothesis is that, even in
deteriorated structures, accurate dynamic weight
estimations can be achieved through calibrated
modeling and response monitoring, thereby
contributing to safer and more sustainable infra-
structure management.

II. METHODOLOGY

In the process of estimating vehicular loads
on bridges, vehicle identification is essential,
requiring information such as speed, number of
axles, and axle spacing. The accuracy of these
data has a significant impact on the precision of
the weight estimates [22]. For a vehicle weight
estimation to be considered reliable, a complete
identification of the vehicle is required, with a
margin of error of less than 10% [23].

Vehicle identification was carried out using
structural vibrations measured through the peak-
to-peak method. A band-pass filter between 22
and 60 Hz was applied to the acceleration records
to remove low- and high-frequency components.
The frequency range limits were defined based
on the dynamic properties of the structure, which
were obtained through the Stochastic Subspace
Identification (SSI) technique. The 22 Hz value
corresponds to the highest frequency among the
predominant modes identified experimentally
as shown in Table I, while 60 Hz was set as the
upper limit as frequencies above this threshold
contribute minimally, as shown in the accel-
eration signal spectrum in Fig. 1. This filtering
process effectively isolated the signal compo-
nents generated by the passage of vehicle axles.
Vehicle speed was calculated based on the time
delay between the signal peaks corresponding to
the vehicle’s entry and exit from the bridge [23].
Using this speed and the time intervals between
the peaks produced by each axle, the axle spacing
may be accurately calculated.

TABLE I
IDENTIFIED OPERATIONAL FREQUENCIES

Mode Frequency (Hz)

1 5.90
6.21
7.80
11.55
14.83
16.44
21.90

~N o o o howWwoN

Note: Data extracted from [22].
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Fig. 1. Acceleration spectrum.

For load identification, based on Moses’ algo-
rithm, the static weight of each axle is determined
by solving (1). In this equation, A represents the
weight per axle, and the sum of these axle weights
yields the GVW.

M=Fx*A 1

The terms of the equation are defined through
the following expressions.

F=[Fy]=3F11S: (k- C)IS; (k- C) (2)
M= [M]=3[_1MIS;(k-C) 3

¢, =2 @
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Where IS; (k -C;) represents the ordinate of
the influence surface, constructed from a numer-
ical model of the structure, at the position of the
i-th axle at time instant k; D; corresponds to the
distance between the first axle and the i-th axle;
f is the sampling frequency of the acquisition
system, and v is the constant speed of the vehicle.

The influence surface was generated using the
method proposed by O’Brien et al. [24], in which the
model’s response to a truck load of known weight is
expressed by (5). To reduce calculation errors, (6) is
used to compare the measured response with the
theoretical response.

M, = Z?]:l AilS; (k- Cy) (5)

E =YK (M} -MD)? 6)

The general process for estimating vehicle
weight is illustrated in Fig. 2, which considers
three key factors: vehicle parameters, influence
surface, and global bridge response. In this work,
the global response is obtained by analyzing
strain signals recorded by strain gauges installed
on the beams at the bridge midspan, where the
maximum response occurs during vehicle passage.
These signals are compared with the influence
surface obtained from the responses of the cali-
brated numerical bridge model, which accurately
represents the structural behavior of the bridge.
Using this information, together with vehicle
identification, the dynamic weighing algorithm is
applied to estimate the axle loads and GVW.

III. INSTRUMENTED BRIDGE

This study focuses on an instrumented
bridge in Cali, Colombia, which exhibits signifi-
cant deterioration in its riding surface and steep
longitudinal gradient. The structure’s permanent
instrumentation enabled continuous structural
monitoring without disrupting traffic flow. The
structure is located on the 16th Street, between
Avenues 102 and 103, and serves north-south

traffic. Based on the information provided by local
residents, the bridge was estimated to have been
built in 1999. The structure consists of a deck
with prefabricated concrete slabs, with two traffic
lanes, an exclusive bicycle lane, and a pedestrian
sidewalk. The superstructure consists of a system
of seven prestressed concrete I-beams and two
intermediate braces, as shown in Fig. 3.

A. Monitoring System and Data Transmission

The permanent monitoring instrumentation
installed on the bridge consists of five triaxial
accelerometers and 24 strain gauges (12 for
strain measurement and 12 for temperature
compensation). These sensors enable the contin-
uous recording of vibrations and deformations,
respectively. The Waleker SMA-551 accelerome-
ters have a nominal sensitivity of 1000 mV/g, can
measure acceleration ranges of +2 g and +4 g,
and feature a dynamic range greater than 90 dB
within a frequency range of 0-250 Hz, as shown
in Fig. 4(a). PL-90-11-2LJQTA strain gauges were
selected for the concrete strain measurements.
These sensors have a strain limit of 2% (20,000
x 108 pe) and use a two-wire connection for
power supply and data transmission. The strain
gauges were bonded to the bridge surface and
protected from environmental factors using
three layers of protective coating, as shown in
Fig. 4(b). The data acquisition and power system
for the strain gauges consists of two LORD
V-Link-200 nodes, each with eight channels—
four configured for differential measurements
and four for single-ended measurements. These
nodes are equipped with an anti-aliasing filter
and an 18-bit analog-to-digital conversion board
as shown in Fig. 4(c).

The data collected by the accelerometers and
strain gauges are transmitted via a gateway using
UTP cables, which converge at an 8-port indus-
trial switch, centralizing all information. From
this switch, data are transmitted via a UTP cable
to a computer located at the local police station,
where they are stored and analyzed. The sensor
distribution layout is shown in Fig. 5.
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Global Axle Speed
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algorithm Gross vehicle

weight

Fig. 2. B-WIM identification diagram.

Fig. 3. Reference bridge located at 16th Street with 102-103 Avenue, Ciudad Jardin,
as documented in [25].

€)) (b) (©

Fig. 4. Instrumentation equipment: (a) Accelerometer, (b) PL-90-11-2LJQTA strain gauge,
(c) Acquisition system.



| Congreso Internacional de Ingenieria Civil

® Accelerometer
X Strain gauge
gCOMx12: compensation

strain gauges (12)

LOCATIONS:

alll-1: Third measurement
point with an accelerometer
~ Quantity 1.

gVlII-2: Eighth measurement
point with strain gauges

- Quantity 2.

Police station

6.5 55

1.02 15

| _
! g
®all-1 | ‘ X\x‘ngII>2‘ ‘ “
I [ :
I =] )
®al=1 P VI-3 ®alv—1 Iy
i I | 4 ()
I =t ] &
= gl-1 | ‘ *ET V-2 ‘ ‘ =gll-1 ol
C<TgIIT-1 Qav-1
= & = 0
L <= gCOMx12 — Cmp =
z 1 T @
) |
I
iAccelerometer®
i Strain gauge =<

V- |gIV1

i Attachq’-dd}?%
| | |
| |
| |
i i
‘ !
\
l
t
\

|
|
\
\
l
15 | 15 [
T

Fig. 5.

as documented in [22].

Table II presents a summary of the equipment installed.

TABLE 11

INSTRUMENTED EQUIPMENT

Instrumentation: (a) Plan view and (b) Elevation View (section A-A),

Equipment

Function

Location

Accelerometers

Triaxial measurement devices, designed to
measure structural vibrations.

Installed on the web of the girders, near
the bridge entrance, the exit, and at
mid-span.

Equipment

Function

Location

Strain gauges

LORD V-LINK200 Node

Gateway LORD WSDA-2000

Computer

Sensors for measuring concrete strain.

Powers the strain gauges and supports
the connection of up to eight channels. It
includes an anti-aliasing filter and an 18-bit
analog-to-digital (A/D) converter.

Centralizes the information transmitted by
the node.

Used to store and process the signals.

Installed on the bottom flange at mid-
span, with additional sensors placed on
the slab for temperature compensation.

Installed in the acquisition cabinet locat-
ed on one of the cross braces.

Installed in the acquisition cabinet locat-
ed on one of the cross braces.

Located at the police station.
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Fig. 6. Numerical model in SAP2000 software.

IV. RESULTS AND ANALYSIS

A. Numerical Simulations

The methodology was evaluated through simu-
lations conducted on a numerical model of the
structure, developed using the finite element soft-
ware SAP2000 and based on the geometric survey,
as shown in Fig. 6. The model was constructed
using thin-shell elements to represent the beams,
diaphragms, and slabs. Springs were assigned at
the nodes corresponding to the bottom flange to
simulate the behavior of neoprene bearings [22].
Additionally, beam deterioration was incorpo-
rated by modeling the cracks identified through
visual inspection. The length, thickness, and loca-
tion of each crack were recorded, and the affected
areas were partially removed in the model to
represent them accurately. Prestressing cables
were also included in the model to account for
their structural effects. The cross bracings were
represented by a distributed load equivalent to
their self-weight, without considering their contri-
bution to the overall stiffness.

Due to the lack of detailed information on
material characterization, the material prop-
erties were treated as adjustable parameters
during model calibration, based on the results
of experimental modal identification [22] and
field-measured displacements. Eq. (7) and (8)
show the objective functions used for these cali-
brations, respectively.

fnei—fngi
F =g, [t

+ X021 1= MAC(@ei, 9ai) (7)

De—Dgq
De

®

D X,

Where fnej and fng; are the i-th experimental
and analytical frequencies, respectively, and MAC
is a statistical measure that evaluates the agree-
ment between two mode shapes, specifically, the
shapes of the experimental modes (¢,;) and those
of the analytical modes (¢g;), expressing their
similarity on a scale from O to 1, where 1 indicates
perfect correlation, and values near O indicate
little or no similarity. The equation used for its
calculation is presented in (9).

MAC;,, = —2avad’ ©)
Pei Pei®q; Pai
To calibrate the dynamic properties, variables
such as material characteristics, elastic modulus,
self-weight, and the vertical stiffness of the
supports were considered. The results of the cali-
bration are summarized in Table III.

TABLE III
CALIBRATION RESULTS

Mode Frequency difference (%) MAC
1 4.66 0.97

2 1.22 0.86

3 1.75 0.92

4 1.10 0.84

5 18.0 0.85
Average 535 0.89

Lopez, D. Millan, M. Marin, J. Marulanda, P. Thomson
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Fig. 7. Displacement adjustment at the midspan of the beams.

Longitudinal position [m]

2 4.5 7
Transverse position [m]

Fig. 8.

The static adjustment was performed by
varying the prestressing force in the beams,
resulting in the configuration shown in Fig. 7.

To construct the bridge’s influence surface,
numerical simulations were conducted with a
vehicle crossing at a speed of 1 m/s along different
transverse positions. From these simulations,
influence lines (ILs) were generated based on the
strain response at the center of the bridge. These
lines were then aligned to obtain the influence
surfaces corresponding to each beam. Fig. 8 shows
the influence surfaces corresponding to Beam 2
and Beam 3, respectively.

Using the calibrated model, various load
scenarios were simulated for a two-axle vehicle
with a GVW of 170 kN, distributed as 40 kN on axle
1 and 130 kN on axle 2. The simulations considered

Longitudinal position [m]

x107°
25

IN]

o

2 4.5 7
Transverse position [m]

Influence surface of B2 and B3.

the vehicle crossing Beam 2, then Beam 4, and
finally Beam 5, at speeds of 5 m/s and 15 m/s.

The vehicle parameters were identified using
the previously described peak-to-peak method.
Using the influence surface as a reference, the
axle loads for each load scenario were estimated.
Tables IV and V provide a summary of the main
simulated scenarios. The results demonstrate that
vehicle speed can be estimated with considerable
accuracy using the proposed method. This level of
precision is crucial, as errors in speed estimation
directly affect the accuracy of load identification:
the greater the error in estimated speed, the larger
the deviation in the calculated load. Additionally,
it was observed that axle-based load identification
canyield higher percentage errors compared to the
GVW, particularly at higher speeds. Nevertheless,
the estimation of GVW was highly accurate.
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TABLE IV
SPEED IDENTIFICATION FROM NUMERICAL SIMULATIONS

Scenario Speed (m/s) Identified speed (m/s) Identification difference (%)
1 4.99 0.20
5 494 1.20
4.90 2.00
Scenario Speed (m/s) Identified speed (m/s) Identification difference (%)
1 14.50 3.33
15 14.62 2.53
15.03 0.20
TABLE V

LOAD IDENTIFICATION FROM NUMERICAL SIMULATIONS

Scenario  Speed (m/s) Identified weight (kN) Identification difference (%)
Axle 1 Axle 2 GVW Axle 1 Axle 2 GVW

1 4.99 39.80 130.03 169.83 0.50 0.02 0.10

2 4.94 43.70 125.40 169.10 9.25 3.54 0.53

3 4.90 44.60 124.90 169.50 11.50 3.92 0.29

1 14.50 36.00 137.40 173.40 10.00 5.69 2.00

2 14.62 45.00 126.37 171.37 12.50 2.79 0.81

3 16.03 37.05 133.06 170.11 7.37 2.35 0.06

B. Controlled Load Tests

Controlled load tests were conducted to eval-
uate the loads. Prior to their execution, a load
testing protocol was designed, taking into account
the location of the structure within the city and
traffic conditions. The number of configurations
and tests to be performed was determined by
considering static, dynamic, and service tests.

In this test, the structure was subjected to
a 17.39-t truck with the load distributed across
the two axles. A sampling frequency of 32 Hz
was used for the strain recordings, and 250 Hz
for the acceleration measurements. Three oper-
ational load tests were performed to assess the
bridge’s response to this type of demand and the
frequency at which it is subjected to such loads.

During the dynamic load tests, the fully
loaded dump truck traveled along each lane. The
tests were conducted during periods selected to
minimize traffic disruption as shown in Fig. 9.

C. Identification of vehicle parameters

Acceleration signals showed in Fig. 10 revealed
distinct peaks corresponding to axle crossings.
The time delay between these peaks, combined
with the known travel distance (19 m), yielded
an accurate estimation of vehicle speed. Similarly,
the interval between the first and second axle
peaks provided the axle spacing.

The vehicle was identified with a speed of
1.93 m/s and an axle spacing of 4.44 m, which
are very close to the actual values of 1.9 m/s and
4.47 m. This demonstrates that the technique
accurately identifies these parameters.
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TABLE VI
LOAD TEST IDENTIFICATION

Speed Axle spacing  Axle T weight  Axle 2 weight GVW

(m/s) (kN) (kN)
(m/s) (kN)
Actual 1.90 4.47 3.94 13.12 17.06
Identified 1.93 4.44 4.20 1210 16.30
Difference [%] 1.60 0.70 6.60 7.80 4.50

Fig. 9. Vehicle used in the load tests, as documented in [22].

D. Load determination

The vehicle weight was estimated from the
global strain response of the bridge, recorded
at a frequency of 32 Hz using strain gauges and
processed with the algorithm proposed by Yu et al.
[19], as shown in Fig. 11. The axle weight esti-
mation is performed using the influence surface
corresponding to the vehicle’s transverse posi-
tion, identified based on the beam exhibiting the
maximum response. First, the axle weights are
calculated using (5), and then the GVW is deter-
mined using (1).

The results presented in Table VI show once
again that the percentage differences are higher for
individual axle weights than for the GVW. However,
these values were very close to the actual values.

V. CONCLUSIONS

One of the main challenges of B-WIM method-
ologies is their application in real traffic scenarios,

where multiple vehicles travel simultaneously
over the structure. This situation generates
overlapping signals preventing the accurate iden-
tification of the target vehicle. For this reason, in
this study, validation was only possible through
a single controlled load test. Nevertheless, the
results support the conclusion that the applied
methodology is viable. Future work will focus
on automating the process through tools such as
image processing to improve the system’s accu-
racy and efficiency under more complex and
dynamic conditions.

A two-phase adjustment of the structure’s
numerical model was proposed. The first phase
was based exclusively on modal information,
while the second incorporated the results of
a static load test. This approach enabled the
achievement of reliable results. It is important
to highlight that the accuracy of load estimation
depends directly on the load-response relation-
ship, using a properly tuned model.
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Fig. 10. Vehicle identification in acceleration signals.

The numerical results confirm that in the
process of determining weights, the accuracy of
the initial data related to vehicle identification is
crucial. In this regard, the vibration sensors used
in this process have proven to be portable and
accurate devices that, through the peak detec-
tion technique employed, enable the estimation
of speed and axle spacing with an error margin
below 5%.

The results obtained with the proposed
methodology demonstrate that vehicular load
estimation can be effectively achieved through
a vibration- and strain-based system that relies
on unit deformations. As a noninvasive and
more practical method than commonly used
approaches, it simplifies the measurement and
implementation process, making it an acces-
sible and efficient alternative for vehicular load
estimation.

The application of this methodology to a
bridge that does not meet the ideal conditions
typically required by B-WIM methodologies, due
to its rough deck surface and steep approach
slope, presents a significant challenge. However,
satisfactory results were obtained, providing a
valuable contribution to the field of study.
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ABSTRACT: Noise pollution is a major envi-
ronmental and public health issue in urban
areas, leading to the extensive use of acoustic
barriers in transportation and infrastructure
projects. Traditionally, these barriers have relied
on synthetic materials with high acoustic effi-
ciency but considerable environmental impact.
This study presents a systematic review of 65
scientific publications published between 2015
and 2024, examining the acoustic performance,
environmental impact, durability, and technical
feasibility of materials used in acoustic barriers.
The review compares conventional synthetic
materials with natural, recycled, and hybrid
alternatives, using indicators such as noise atten-
uation metrics, sound absorption coefficients, and
life cycle assessment results. The findings show
that natural and recycled materials can achieve
competitive acoustic performance in specif-
ic frequency ranges and application contexts,
particularly in wurban and moderate-noise
environments, while offering clear sustainabil-
ity advantages. However, limitations persist in
low-frequency attenuation, long-term durability,
and large-scale implementation under real oper-
ating conditions. Hybrid materials emerge as a
promising compromise between acoustic efficien-
cy and environmental performance, although cost
and technological barriers currently restrict wide-
spread adoption. The study underscores the need
for long-term field validation, standardized eval-
uation methods, and cost-effective production

processes to support the integration of sustain-
able acoustic barriers in urban infrastructure.

KEYWORDS: sustainable acoustic barriers, sound
absorption, recycled materials, environmental impact,
comparative analysis, civil engineering

I. INTRODUCTION

Noise pollution has become an increasingly
complex environmental problem in urban and
industrial settings and is considered by the World
Health Organization (WHO) to be the second most
significant environmental risk to human health,
affecting more than 30 % of the global popula-
tion [1]. This phenomenon, primarily driven by
vehicular traffic and industrial activity, has direct
consequences for public health, including an
increased incidence of cardiovascular diseases,
sleep disturbances, and cognitive deficits [2].
Despite the recognized importance of addressing
noise pollution, effective mitigation remains a
challenge, particularly in areas with elevated
noise levels that require sustainable and techni-
cally effective solutions.

Acoustic barriers—structures designed to
minimize noise propagation—are among the
most widely used strategies for controlling envi-
ronmental noise. Traditionally manufactured
from materials such as concrete, metal, and
polycarbonate, these barriers exhibit significant
limitations associated with their environmental
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impact during production and their reduced
effectiveness in low- and mid-frequency ranges,
particularly in dense urban environments [3],
[4]). In response to these limitations, the scien-
tific community has increasingly focused on the
development of alternative materials capable of
providing comparable or superior acoustic perfor-
mance while reducing without the environmental
impacts associated with conventional materials.

Over the past decade, alternative materials
such as coconut fiber, straw, and various recycled
composites have emerged as promising options,
demonstrating not only favorable acoustic prop-
erties but also a reduced environmental footprint.
For example, [5] and [6] reported that hybrid
composites and natural fibers can achieve high
noise reduction coefficients (NRC values of up to
0.8) along with effective sound attenuation perfor-
mance. Similarly, other recycled materials, such as
straw-cement composites, have shown reduced
environmental impact together with satisfactory
noise attenuation performance [7], [8]). However,
much of the existing literature has focused
on isolated material evaluations conducted
under controlled laboratory conditions, leaving
important questions unanswered regarding the
real-world performance of these materials in
urban infrastructure contexts, their long-term
durability, and their practical applicability.

Despite these advances, significant gaps
remain in the literature in terms of direct compar-
isons of acoustic and environmental performance
of different material types (natural, recycled,
synthetic, and hybrid). To date, no systematic
review has integrated the methodologies used
to evaluate the acoustic efficiency, sustainability,
and durability of noise barriers in real-world
urban scenarios. The diversity and heterogeneity
of previous studies make it difficult to establish
reliable technical standards to guide material
selection in sustainable infrastructure projects
[9], [10].

This study is grounded in the premise that,
although natural and recycled materials often
exhibit lower performance at low frequencies
when compared with advanced synthetic mate-
rials, they offer substantial advantages in terms
of sustainability, cost, and long-term feasibility.
The main objective of this study is to conduct a

systematic review comparing the acoustic and
environmental performance of materials used in
noise barriers, addressing existing gaps through
the analysis of key methodologies for assessing
acoustic efficiency (NRC and noise reduction),
environmental impact (LCA), structural durability,
and technical evaluation criteria.

Finally, this research proposes an analytical
regulatory and environmental framework that
may guide informed material selection, contrib-
uting to the development of more sustainable
urban infrastructure that is effective in noise
mitigation.

II. METHODOLOGY

This study employs a systematic review of
the literature on sustainable acoustic barriers,
focusing on peer-reviewed publications in English
and Spanish retrieved from databases such as
Scopus, Web of Science, and Google Scholar.
The search included key terms such as “acoustic
wall,” “sustainable sound insulation,” “absorbing
material,” “natural fiber for sound insulation,”
and “recyclable acoustic panel,” and was limited
to studies published between 2015 and 2024, a
period reflecting the growing interest in archi-
tectural solutions that integrate sustainability,
acoustic performance, and structural feasibility.

The selection criteria included experimental
studies, case studies, and reviews that analyzing
natural, recycled, hybrid, and synthetic mate-
rials used in acoustic barriers, with evaluations
of parameters such as sound absorption (NRC),
sound level reduction (dB), sustainability assessed
through life cycle analysis (LCA), and material or
structural durability. Excluded from consider-
ation were documents not specifically addressing
acoustic barriers, those focused solely on regu-
lation or design without quantitative analysis,
studies based exclusively on simulations without
experimental validation, publications in other
languages other than English or Spanish, and
works those without full-text access.

From an initial total of 896 identified records,
245 were removed due to duplication. Of the
remaining 651 records, 142 articles were selected
for title and abstract screening and subsequent
full-text assessment, resulting in the inclusion
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Fig. 1: Classification of materials used in acoustic barriers according to their origin: natural (plant- and
animal-based), recycled, synthetic, and hybrid. Specific examples for each category are shown.

of 65 studies in the systematic review and the
exclusion of 77 that did not meet the established
criteria. The selected studies were organized
according to material type (natural, recycled,
synthetic, hybrid), evaluation method (laboratory
tests, field trials and simulation-supported anal-
yses), analyzed acoustic variables (NRC and sound
level reduction in dB), and environmental and
technical impacts in urban settings.

III. RESULTS

A. Materials used in acoustic barriers

Various materials used in noise barriers were
identified and analyzed in terms of their noise
reduction performance, application context, and
ecological impact.

In the reviewed literature, the informa-
tion is organized according to the origin of the
materials, distinguishing among natural fibers,
recycled materials, synthetic products, and
hybrid composites, which allows a systematic
comparison of their acoustic and environmental
behavior. In particular, the studies emphasize the
acoustic performance of plant- and animal-based
fibers, carbon- and polymer-based materials, and
composite solutions combining organic and recy-
cled components.

To ensure comparability among the different
investigations, the analysis considers common

acoustic parameters reported in the literature,
mainly the sound absorption coefficient and the
Noise Reduction Coefficient (NRC), evaluated over
standardized frequency bands typically ranging
from 125 Hz to 4000 Hz, which are representative
of traffic and urban noise spectra. When available,
sound levels are interpreted using equivalent
continuous sound pressure levels expressed in
dB(A), which account for the human auditory
response. For the purpose of interpretation, low
acoustic performance is associated with NRC
values below 0.30, medium performance between
0.30 and 0.60, and high performance above 0.60,
providing a reference scale for comparing mate-
rials reported in different studies.

Historically, the most widely used materials
for sound absorption include glass wool, mineral
wool, and synthetic polymers [11]. However,
these materials present significant environmental
limitations, as they are not biodegradable and
generate pollution at the end of their life cycle
[12]. In addition, energy-intensive manufacturing
processes contribute to a high carbon footprint
[7], and the use of certain toxic compounds in
their production has been banned in some coun-
tries [13]. Accordingly, while synthetic materials
continue to predominate due to their high acoustic
efficiency, an increasing number of studies report
the use of natural and recycled materials. Figure 1
presents the classification of acoustic barriers
according to the material type considered in the
reviewed studies.
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Fig. 2. Conventional aluminum noise barrier (elevated railway application) [3].

Acoustic barriers are engineering structures
installed along transportation infrastructures
such as highways and railways to mitigate the
propagation of traffic noise toward surrounding
urban areas. Their performance depends not only
on the acoustic properties of the materials used,
but also on geometric factors such as height, loca-
tion, and surrounding morphology. Conventional
barriers are commonly manufactured using
metals, concrete, polymers, or composite panels,
which offer effective noise attenuation but may
present environmental and spatial limitations in
dense urban contexts.

The practical implementation of acoustic
barriers in complex urban geometries presents
significant design challenges. Figure 2 illustrates
a typical application of an aluminum barrier on an
elevated railway line, this configuration provides a
measurable reduction of 5-12 dB.

However, due to height limits (2.2-5.1 m), its
effectiveness decreases near high-rise buildings,
reducing its performance in densely populated
urban areas or close to tall structures, with nega-
tive impacts [3]. These systems are effective for
noise attenuation, but since they must adapt to
local topography and spatial limitations, there are
challenges to their application in certain environ-
ments, which calls for consideration of alternative
solutions.

Fig. 3. Coconut fiber in wooden wall [14].

Within the reviewed studies, natural materials
emerge as viable alternatives for acoustic barriers,
as they combine effective noise attenuation with
reduced environmental impact. Among these
materials, coconut fiber stands out as a partic-
ularly promising option. As shown in Figure 3,
coconut fiber-based materials have been applied
to enhance acoustic performance in contexts
where both sustainability and noise mitigation
are key considerations [14]. These materials
have demonstrated particular effectiveness in
absorbing low- and mid-frequency sound, making
them suitable for applications where reduction
of railway traffic noise is critical. Moreover, as a
renewable resource, coconut fiber reinforces its
potential as an environmentally favorable alterna-
tive to conventional synthetic materials.
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Fig. 4.

The use of coconut fiber has been associated
not only with enhanced acoustic performance
but also with improved economic and sustain-
ability indicators. Several studies report that
coconut fiber, particularly when combined with
other natural materials, enhances the effective-
ness of sound barriers, resulting in greater noise
attenuation compared to conventional synthetic
solutions. For instance, laboratory tests have
demonstrated that acoustic barrier walls incor-
poration coconut fibers achieve higher levels of
noise reduction than commonly used synthetic
products such as polyurethane and polyethylene
panels [12].

Coconut fibers can be effectively combined
with other materials to form composite acoustic
panels with improved performance, as shown
in Figure 4 [12]. These composite panels, which
incorporate natural fiber waste such as cotton,
coconut, and sugarcane, are reinforced with epoxy
resin to enhance acoustic performance. The sound
absorption coefficient increases with the fiber
content, with coconut fiber exhibiting the highest
absorption values among the materials analyzed.
At 1600 Hz, the absorption coefficient ranges
from 0.081 to 0.183, depending on the type and
content of fibers used.

In contrast to natural fibers, carbon fibers
demonstrate excellent thermal stability, with-
standing temperatures of up to 300 °C. Although
their sound absorption capacity is moderate,
carbon fibers provide strong noise-damping
performance, making them more suitable for
use as acoustic barriers than as sound-absorbing

Coconut

Sugarcane

Shows the microscopic details of cotton, coconut, and sugarcane fibers [12].

materials. Experimental tests indicate that
composite materials incorporating carbon fibers
achieve higher levels of noise reduction than
conventional synthetic products. By comparison,
earth and concrete barriers used on Spanish high-
ways typically achieve attenuation levels ranging
from 6.53 to 7.79 dB(A). However, continuous
maintenance is required to prevent performance
degradation over time [4]. Nevertheless, despite
the continued dominance of synthetic mate-
rials due to their high acoustic efficiency, their
environmental limitations have contributed
to the growing interest in natural and recycled
alternatives.

As shown in Figure 5, panels made from recy-
cled materials such as straw-cement composites,
also demonstrate high acoustic efficiency. These
materials not only meet established acoustic
performance requirements but also contribute to
sustainability by reducing the demand for virgin
natural resources. Rice husk composite (RHC)
achieves a noise reduction index of 5-6 dB, while
the treated wood composite (TWC) reaches values
of 8-9 dB and performs effectively within the
target frequency range (315-3150 Hz). In partic-
ular, rice husk-based materials have been used to
manufacture acoustic panels with strong perfor-
mance at the tested frequencies, exhibiting noise
attenuation levels comparable to conventional
materials such as concrete or metal [8].

In addition, studies such as Amarilla et al.
(2021) report that construction and demolition
waste (CDW) blocks achieve noise reductions of
11-14 dB, demonstrating that recycled materials



| Congreso Internacional de Ingenieria Civil

Fig. 5.
(c) Recycled rubber [8].

can be competitive in urban environments. By
comparison, as shown in Figure 6, displays finished
composite panels incorporating cotton, coconut,
and sugarcane fibers, illustrating the scalable
product form that can be deployed in construc-
tion, this panels fiber exhibit high sound
absorption, largely due to their porous structure
and their ability to dissipate sound waves. As a
result, these materials have been implemented in
various urban applications, including the protec-
tion of residential areas adjacent to high-traffic
roads. For example, [12] report that coconut fiber
reinforced with epoxy resin achieves absorption
coefficients of 0.183 at mid frequencies (1600 Hz).
In addition, as illustrated in Figure 7, crucially,
shows the standardized laboratory samples made
from similar natural fiber composites, [10] show
that composites incorporating natural fibers such
as ramie and flax outperform synthetics materials
at high frequencies, with absorption coefficients
exceeding 0.6 above 800 Hz.

Hybrid materials combining natural and
synthetic fibers have also demonstrated prom-
ising performance in the reviewed studies. These
materials offer a balanced combination of prop-
erties that enhance both acoustic efficiency and
sustainability. Combinations of materials such as
cotton, sugarcane, and coconut have been shown
to improve acoustic performance while providing
a more environmentally favorable alternative to
traditional synthetic panels.

By contrast, synthetic panels remain relevant
due to their durability and sound absorption effi-
ciency. These materials offer advantages such
as resistance to extreme environmental condi-
tions and high performance at low frequencies;

Shows the materials used in the composites. (a) Rice husk. (b) Treated wood.

: .'._...
Composite Composite  composite
Fig. 6. Composite panels with cotton, sugarcane,

and coconut [12].

however, their ecological footprints and produc-
tion costs are often higher than those of natural
and recycled alternatives. Nevertheless, their
versatility and reliable performance across a wide
range of conditions make them particularly suit-
able for projects in which long-term durability and
consistent acoustic efficiency are essential.

B. Acoustic Performance and Sustainability in Noise
Barriers

Natural materials such as wool and coconut
fibers have shown favorable results in terms of
noise reduction, particularly within mid- and
high-frequency ranges. These materials are
primarily applied in urban infrastructure and in
acoustic panels for transportation and construc-
tion projects, where acoustic efficiency is a critical
requirement. Their overall acoustic performance
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o O

Fig. 7. Acoustic samples of composites with natural fibers [10].

is generally high (NRC coefficient of 0.7 to 0.8),
however, their effectiveness tends to decrease
at low frequencies, where sound attenuation
remains a challenge. Coconut fiber, in particular,
has a low carbon footprint and is a renewable
resource, making it suitable for sustainable proj-
ects; however, limitations related to durability and
acoustic effectiveness at low frequencies have been
reported. These trends are illustrated in Figure 8.

By contrast, recycled materials such as straw-ce-
ment composites and recycled tire-based systems
exhibit high sound absorption performance, with
reported NRC values exceeding 0.9 in some cases.
These materials have been applied primarily in high-
ways and industrial sites in countries such as India,
Colombia, and Spain, where high noise exposure
and material availability favor their use. The use
of recycled materials not only reduces the demand
for virgin natural resources but also contributes to
circular economy principles. However, while their
sound absorption performance is competitive,
these materials may require additional processing
to ensure long-term durability and resistance to
extreme weather conditions.

Synthetic materials such as 3D-printed
foams and hybrid foams have demonstrated high
acoustic efficiency across a wide frequency range,
as demonstrated in applications for road infra-
structure or elevated railway lines. These materials
exhibit very high sound absorption performance,
with NRC values of up to 0.99; however, their high
environmental impact and elevated production
costs represent significant drawbacks. They are
therefore suitable for scenarios requiring precise
acoustic performance and enhanced durability,
such as industrial environments or high-traffic

Comparison of Noise Reduction Coefficient (NRC) for Different
Sound-Absorbing Materials

0.8
07
06
05
0.4
03
02
0.1

o

Nanocellulosas-  Hybrid foams ~ Natural fibers Cement-based
based materials

Noise Reduction Coefficient INRC

Concrete
composites

Materials

Fig. 8.
barriers.

Sound absorption coefficient of acoustic

areas; nevertheless, they are not the most ecolog-
ical or cost-effective options.

Finally, hybrid materials combining natural
and synthetic fibers are emerging as a viable
option, with reported NRC values of up to 0.94 in
certain applications. These materials integrate the
high acoustic efficiency characteristic of synthetic
materials with the improved sustainability associ-
ated with natural fibers. However, higher costs and
the complexity of their manufacturing processes
may limit their widespread adoption.

Figure 9 indicates that Inorganic Polymeric
Foams (IPF) exhibit the highest acoustic perfor-
mance among the materials analyzed, achieving
approximately 100 dB, significantly outperforming
other material categories. This exceptional sound
attenuation makes them particularly suitable for
applications in areas with high noise exposure, such
as industrial zones, high-traffic roads, and airport
runways, where effective noise control is critical.
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Fiber composite materials also demonstrate
high levels of noise attenuation, around 80 dB,
making them suitable for use in urban infrastruc-
ture and industrial environments. These materials
are particularly suitable for applications in which
sound absorption plays a key role in improving
acoustic quality, such as in commercial buildings
or residential areas located near major highways.

Hybrid foams provide intermediate levels of
acoustic performance, approximately 2 dB, posi-
tioning them between high-performance synthetic
materials and natural or recycled alternatives.
Although they do not reach the performance levels of
high-end synthetic materials, they represent a viable
alternative for projects that seek to balance sustain-
ability and acoustic performance, such as green
infrastructure or urban development initiatives.

Finally, microperforated panels (~14 dB) and
earth berms (~10 dB) exhibit moderate levels of
noise attenuation. These materials are suitable
for agricultural projects or areas with lower traffic
intensity, where overall noise levels are relatively
low. Despite their limited noise attenuation
capacity, they represent a cost-effective and easily
deployable option in areas with less demanding
acoustic control requirements.

C. Noise Reduction of Acoustic Barriers

Table 1 compares different types of acoustic
barriers used in various parts of the world,
detailing the materials employed, reported noise
mitigation performance (expressed in decibels),
and the types of infrastructure in which they have
been applied.

Figure 10 indicates that acoustic barriers
based on construction and demolition waste
(CDW) are among the most expensive options
reported, with costs reaching up to USD 1,150
per unit, depending on the configuraton [2]. This
type of barrier is primarily used in urban road
infrastructure environments, where structural
and regulatory requirements are particularly
tringent. Despite being based on recycled mate-
rial, its relatively high cost can be attributed to
the additional processing, pressing, and technical
adaptation steps required to meet structural and
regulatory standards.

Metallic Barriers
Concrete Barriers

Earth Berms

Hybrid Foams
Microperforated Panels
Fibrous Composites.

IPF Foams

Type of Barrier

Nanocellulose Foams
Biodegradable Panels
Recycled Concrete Barriers

Vegetal Barriers

Noise Reduction (dB)

Fig. 9. Efficiency of different types of acoustic
barriers.

Estimated Cost (USD)

3D Foams memmm
Urban Ecological Infrastructure
Hybrid Foams
Nanopart. rice husk
Recycled Concrete
3DPLA
Bagasse + recycled foam
Palm Fibers
Barriers
Metals/concrete
Rock Wool + plastics
Recycled
Coconut Fiber

Expanded Cork Panels
CDW Residues

o

200 400 600 800 1000 1200 1200 1400

Fig. 10. Comparison of materials based on the
investment required for acoustic barriers..

At first glance, it may appear counterintuitive
that a waste-based material is among the most
expensive options. However, the cost depends not
only on the origin of the raw input but also on
the conversion processes required to meet struc-
tural and acoustic performance requirements.
First, CDW must be carefully classified and sepa-
rated, as not all waste fractions are suitable for
reuse. These materials must then undergo tech-
nical processes such as crushing, stabilization, or
agglomeration with resins in order to form struc-
turally sound and durable volumes or panels. In
addition, their application requires laboratory
testing to verify both their sound insulation
capacity and structural performance, implying
additional investment in certification and quality
assessment procedures.



TABLE I
COMPARISON OF ISSUES AMONG STUDIES

Sustainable Materials for Acoustic Barriers in Urban Infrastructure / E. Tirado, H. Delgado

) Noise Infrastructure and Place N
Author Material Reduction (dB) of Application Cost Estimation
?rca%ftécrt’;?igilsa;?jr Natural fibers are more
Yangy Li (2012) Palm fibers 7.00-8.02 portation a economical and offer
construction interiors. .
. ecological advantages
Malaysia
. Metal and .
tal(20gy  Concielebarters, 653779 ianwars) Spain " scuare meter
’ and earth berms ghways). sp q
Rendon Rice husk Urban fagades USD 2060 per
etal. (2022) nanoparticles 0.94 (concrete, resin, mortar, square meter
’ P etc.). Colombia q
Rastogi 3D-printed foams Architecture alnd transporta- USD 108.64 per
etal. (2024) 6.30 t|on_ app |_cat|ons. sample
’ United Kingdom
Amarilla Construction and Total cost:
etal. (2021) demolition waste 11-14 Urban roadside barriers USD 50-100
(cow)
Villa Wooden walls for USD 100-300
etal. (2019) Coconut fiber 050013 buildings. Colombia per cubic meter
Zhang Urban ecological 10.00 Urban ecological Low cost (eco-friendly,
etal. (2024) infrastructure ’ infrastructure (UEI) recyclable)
Liao . Potential for building Low cost (eco-friendly,
etal. (2023) Hybrid foams 0.99 envelopes. Quzhou, China recyclable)
USD 25-75 per panel
Sailesh 3D-printed biode- +10.00 us-:—r?Stazirrflsez\;ilgsttiie (estimated based
etal. (2021) gradable PLA ’ ¢ pe ) on PLA prices and
India ot
3D-printing costs)
— 3
Sharma Expanded cork 30,00 Sustainable buildings, US(Del SEnjeSdOcp;Lm
etal. (2023) panels ’ interior walls. Portugal P

estimate)

Moreover, the weight and geometry of these
materials require complex logistical arrangements
during transport and installation, which further
increase their relative cost. Furthermore, many
CDW-based solutions remain at the experimental
or pilot-project stage, meaning that their produc-
tion is not yet fully standardized or implemented
at an industrial scale. This lack of standardization
contributes to higher costs, a pattern commonly
observed in emerging construction technologies.

Other materials also exhibit relatively high
costs, including expanded cork panels used in
sustainable buildings in Portugal, aluminum
applied in railway systems in Singapore, and
coconut-based components. All of these solu-
tions exceed USD 250 per unit of measurement,

depending on configuration and application,
reflecting a trend toward technically robust but
more specialized solutions.

By contrast, cheaper and more environmen-
tally friendly alternatives, such as palm fiber,
rice husk nanoparticles, or biodegradable poly-
mers like polylactic acid (PLA), have generally
been tested only on a limited basis. This is partly
because these materials tend to exhibit lower
structural resistance to adverse conditions such
as weather exposure or vandalism, which limits
their suitability for use in public spaces. In addi-
tion, there is a degree of uncertainty and limited
technical familiarity among designers and regu-
latory authorities regarding their long-term
performance.
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Fig. 11. Sample of super-stable foams reinforced with Cellulose

Nanofibers (CNF) [9].

Finally, countries in which more expensive
acoustic barrier materials are reported—such
as Spain, Portugal, Singapore, or Brazil—tend to
operate within regulatory frameworks character-
ized by stricter technical requirements and higher
investment capacity. These conditions support
prioritization criteria related to durability, struc-
tural performance, and technical standardization,
which helps explain the preference for higher-cost
acoustic barrier solutions.

D. Criteria for the Implementation of Acoustic Barriers

Recent advances in the design of acoustic
barriers reflect the need to balance technical effi-
ciency, sustainability, and economic feasibility, as
summarized in Table 2. In the context of noise
mitigation, studies such as [15] report that peri-
odic structures incorporated into Helmholtz
resonant cavities can achieve noise attenuation of
up to 16 dB at specific frequency ranges (400-890
Hz). However, their effectiveness depends on
factors such as barrier height and spatial configu-
ration, and their action is limited to partial noise
attenuation rather than complete noise elimina-
tion, as summarized in Table 2. With respect to
materials [9], as illustrated in Figure 11, show that
nanocellulose-based composites and hydrophobic
particle systems can achieve high sound absorp-
tion when used in hybrid foam configurations,
while maintaining a relatively low environmental
impact. By contrast, conventional synthetic mate-
rials continue to generate waste streams that are
difficult to recycle.

This observation is consistent with the advan-
tages of recycled variants, such as end-of-life tire
(ELT)-based systems, listed in Table 2, despite
their shorter lifespan. In terms of costs, Table 2
indicates that innovative designs, such as the
system developed by [16], require substantial
initial investment; however, optimized mainte-
nance strategies —such as the use of digital filters
based on Gauss-Legendre quadrature—can signifi-
cantly reduce operating costs. Finally, design
flexibility enables the integration of micro-per-
forated panels or vegetation-based systems [15]);
however, their implementation in dense urban
environments remains a challenging, as indi-
cated in Table 2. Taken together, these findings
emphasize the need to adapt acoustic solutions
to specific contextual conditions and to prioritize
sustainable materials and multifunctional struc-
tural designs.

IV. DISCUSSION OF RESULTS

This study provides an integrative overview of
materials used in acoustic barriers, with particular
emphasis on acoustic performance, durability,
and structural resistance. The results are consis-
tent with previous findings supporting the
effectiveness of natural and recycled materials in
enhancing acoustic performance, in line with [8],
who report favorable results for rice husk cement,
while noting that its performance depends on
structural configuration. However, despite their
potential, these materials exhibit limitations in
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TABLE II

COMPARATIVE TABLE OF ADVANTAGES AND DISADVANTAGES OF ACOUSTIC BARRIERS

Category

Advantages

Disadvantages

Noise reduction

-They mitigate noise impact in urban and
industrial areas.

-They improve quality of life by reducing noise
pollution.

-They enable compliance with environmen-
tal regulations on noise levels.

- Effectiveness depends on the material, height,
and location.

-They do not completely eliminate noise; they only
attenuate it.

-Some barriers may cause sound reflection in-
stead of absorption.

Materials used

-Wide range of options: natural, recycled,
synthetic, and hybrid materials.

-Biodegradable and recycled materials
reduce environmental impact.

-Advanced polymers and hybrid foams
provide high acoustic absorption.

-Synthetic materials have a high environmental
impact.

-Some recycled materials exhibit lower durability.

-Natural materials may degrade over time if not
properly treated.

Costs and eco-
nomic feasibility

-Low-cost options exist, such as earth
berms and recycled-material barriers.

-Different materials can be combined to
optimize cost and efficiency.

-Long-term cost reduction through the use
of sustainable materials.

-The initial investment can be high for advanced
barriers and innovative designs.

-Some barriers require constant maintenance,
increasing operational costs.

-Advanced materials can have high production
costs.

Durability and
maintenance

-Materials such as concrete and polymers
offer high mechanical resistance.

-Some recycled barriers, such as those
made from ELT (end-of-life tires), show
good mechanical stability.

-Hybrid designs combine structural resis-
tance with acoustic absorption.

-Metal barriers require frequent maintenance to
prevent

-Barriers made from biodegradable materials may
deteriorate due to moisture.

-Some structures may lose efficiency over time.

Environmental
impact

-Natural and recycled material barriers
reduce the carbon footprint.

-Innovative designs optimize material use
without compromising sustainability.

-The use of recycled materials promotes the
circular economy and reduces waste.

-Synthetic materials such as plastics and poly-
mers generate waste that is difficult to recycle.

-The production of concrete and metals has high
CO, emissions.

-Some recycled solutions require additional pro-
cesses that may generate secondary pollution.

Design flexibility

-They can be designed with different
heights, inclinations, and shapes to opti-
mize performance.

-They can be integrated with vegetation to
improve aesthetics and acoustic absorp-
tion.

-Portable and adaptable solutions can be
developed for different environments.

-Some barriers require large areas to be effective.

-Implementation in densely urbanized areas can
be challenging.

-Certain configurations may alter the urban land-
scape.

low frequency noise attenuation, which is critical
for industrial applications and high-traffic envi-
ronments. This observation is consistent with the
findings of [15], who report similar low-frequency
constraints in periodic structural systems.

A key gap identified in the literature is that
many studies, including those reviewed here, focus

on controlled laboratory conditions without vali-
dation under real-world or long-term operational
conditions. As noted by [9], hybrid materials—
despite their low environmental impact—lack
comprehensive studies based on real-world appli-
cations, representing a methodological limitation
that hinders their broader practical adoption. This
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lack of data on durability and real-world behavior
under extreme environmental conditions intro-
duces uncertainty and limits the robustness of
current knowledge.

The analysis also reveals a gap between the
technical potential of hybrid materials and their
commercial feasibility. High production costs
and technological barriers, as emphasized by
[17], represent significant obstacles to large-scale
adoption, thereby limiting the contribution of
these materials to urban noise mitigation and the
broader promotion of sustainable infrastructure.

Therefore, enhancing environmental perfor-
mance and reducing costs are critical challenges
that must be addressed for natural, recycled,
and hybrid materials to become viable alterna-
tives to traditional synthetic solutions, thereby
contributing to a lower ecological footprint and
improved urban quality of life [12], [10]. In partic-
ular, there is a need to develop technologies and
production processes that enhance the structural
performance of these materials under real-world
conditions while reducing costs, in order to
facilitate their integration into urban acoustic
infrastructures that must meet stringent tech-
nical, environmental, and economic standards.

By contrast, variations in acoustic performance
are observed in certain recycled materials, such
as recycled cardboard, which—despite achieving
limited noise reduction (approximately 7-8 dB)—
do not reach the performance levels required for
high-noise environments. This reduced effective-
ness is likely related to insufficient structural
rigidity and limited performance at low frequen-
cies, which are critical in industrial applications.
This observation highlights the need for further
analysis of material structure and specific physical
properties in order to optimize acoustic perfor-
mance across in different application contexts.

Finally, this study contributes to existing
knowledge by integrating acoustic, environ-
mental, and durability analyses, and suggests that
hybrid materials combining natural and synthetic
fibers represent a viable pathway for optimizing
acoustic  efficiency without compromising
durability. However, the adoption of emerging
innovations such as nanotechnology and addi-
tive manufacturing (3D printing) still requires
overcoming significant economic and technical

challenges in order to achieve a substantial impact
on urban infrastructure [17].

In summary, the discussion indicates that
although progress in sustainable acoustic
materials has been significant, important meth-
odological and technological gaps remain, along
with limitations related to environmental perfor-
mance and cost. Future research should therefore
focus on long-term testing, field validation, and
economic and technical optimization to enable
efficient and sustainable practical application.

V. CONCLUSION

The analysis conducted in this study on
acoustic barriers demonstrates that it is essen-
tial to select materials considering not only their
acoustic efficiency, but also their environmental
impact and economic feasibility, in accordance
with the established objectives. Natural materials,
such as coconut fiber and sheep wool, as well
as recycled materials, such as rice husk cement
and recycled plastics, were identified, achieving
significant noise reductions ranging from 5 to 14
dB [2],[2], [8] and NRC coefficients between 0.13
and 0.94 [12], [10], confirming their potential as
sustainable alternatives.

The initial hypothesis that these materials
could match or surpass synthetic materials in
acoustic efficiency and durability is partially
confirmed. Although competitive, they face
significant challenges related to durability and
resistance to adverse environmental factors,
which limit their practical and large-scale applica-
tion [1], [4].

The systematic review method applied was
validated for integrating acoustic, environmental,
and economic aspects, allowing the identification
of significant gaps in the literature, particularly
the lack of long-term evaluations under real-world
conditions, which reduces the robustness of the
available knowledge and confidence in its prac-
tical application.

Furthermore, synthetic materials such as
hybrid foams and advanced polymers, with
NRC coefficients close to 0.99 [5], exhibit high
acoustic performance; however, their high cost
and environmental footprint position them as less
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sustainable options. Hybrid materials combine
properties from both approaches, achieving an
NRC coefficient of approximately 0.94, but require
optimization of production processes to reduce
costs and facilitate their adoption [17].

The identified limitations, such as the lack
of real-world testing, insufficient durability, and
economic barriers, highlight the need for future
research focused on field validation, technology
optimization, and cost reduction, as well as on the
development of materials with improved low-fre-
quency performance and greater environmental
resistance.

Finally, this research reaffirms the importance
of continuing to develop sustainable acoustic
solutions through a multidisciplinary approach
that includes materials science, environmental
engineering, and circular economy principles.
The integration of natural and recycled materials
into acoustic barriers not only improves acoustic
efficiency but also significantly contributes to
the sustainability of urban infrastructure and is
essential for the future of cities.
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ABSTRACT. The objective of this research is
to develop an efficient and broadly applica-
ble data-driven model capable of determining
the stress-strain curve of confined concrete.
Therefore, experimental data of 115 specimens
of reinforced concrete columns with square and
circular cross-sections were collected from previ-
ous investigations in which uniaxial compression
tests were performed. Using this data, Random
Forest (RF), Adaptive Boosting (AdaBoost), and
Extreme Gradient Boosting (XGBoost) models
were evaluated to define the most accurate model.
Subsequently, the final selected model (based on
XGBoost) was optimized, achieving R?> values
of 0.97 for the peak stress of confined concrete
(fco), 0.93 for the axial strain at peak confined
stress (g¢¢), and 0.81 and 0.73 for the axial strains
at which stress drops to 85 % (ess) and 50 % (eso),
respectively, when evaluated with the testing
data. In addition, the SHapley Additive exPlana-
tions (SHAP) technique was used to explain and
determine the importance of different param-
eters in the outcome of the predictive model
Based on the predictions of the XGBoost model,
a proposed stress-strain curve was formulated.
Finally, a comparison of f, &, and the stress-
strain curve was performed taking into account
the experimental results, the previous models,
and the proposed model. The comparison results
indicate that the proposed model shows a closer
agreement with the experimental data.

Index Terms Confined concrete, ensemble models,
machine learning (ML), stress-strain curve.

Thematic Axes Construction processes and new

technologies.

Nomenclature

ac

at
AC
b
be
cc

fg

d

Cross-sectional area of the confined
concrete core.

Total cross-sectional area.

Area between curves.

Dimension of column cross-section.
Dimension of core cross-section.
Concrete cover thickness.

Configuration of transverse
reinforcement.

Diameter of longitudinal
reinforcement.

Diameter of transverse
reinforcement.

Percentage of predictions within
+x% of the experimental value.

Elastic modulus of the concrete.

Axial strain at which stress drops to
50% of fc.

Axial strain at which stress drops to
85% of fc.

Axial strain at peak confined stress.
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fe Compressive strength of unconfined
concrete.

fec Peak stress of confined concrete.

f1 Yield stress of the longitudinal steel.

ft Yield strength of the transverse
steel.

FD Fréchet distance.

MARD  Mean absolute relative deviation.

R? Coefficient of determination.

RMSE Root mean square error.

e Volumetric ratio of the longitudinal
steel in the cross-section.

Ps Volumetric ratio of the transverse
steel in the concrete core.

N Distance between perimeter longitu-
dinal reinforcements.

St Spacing of transverse reinforce-
ments (equivalent to s).

I. INTRODUCTION

COLUMNS are prone to sustaining inelastic defor-
mations during earthquakes. As a mitigation
measure, transverse reinforcement is provided in
these structural elements to confine the concrete
core, thereby enhancing its inelastic deformation
capacity without any reduction in strength.

Given the benefits of confinement, numerous
investigations have focused on analyzing the stress-
strain curve of confined concrete [1], [2], and [3],
to gain a deeper understanding of the material’s
structural behavior. However, the main limitation
is that these studies propose models that are only
moderately useful for very specific specimens, i.e.,
their range of application is reduced.

The objective of this research is to develop
an efficient and general data-driven model to
determine the stress-strain curve of confined
concrete using ensemble machine learning (ML)
techniques. In contrast to mechanical models, the
proposed model is applicable to a wider range of
cases, reduces error propagation resulting from
model assumptions, and provides more infor-
mation about the stress-strain curve using fewer
input data. The development of the model is

based on ML, which requires a training process
using ensemble models within the framework of
supervised learning. The structure of this paper
is divided into four sections: model implementa-
tion and results, explainability of the final model,
proposal of the stress-strain curve, and compar-
ison with previous models.

II. BACKGROUND

A. Confined Concrete

The confinement of the specimens is achieved
by incorporating transverse reinforcement. This
type of confinement is referred to as passive as
it becomes effective only when the transverse
deformations become significant due to progres-
sive internal cracking. The characteristics of the
transverse steel vary according to the shape of
the specimen. For circular cross-sections, spiral
or circular reinforcement is used, whereas for
quadrangular cross-sections, quadrangular rein-
forcement is used. The benefits of confinement
include an increase in maximum stress and
improved ductility of the elements [4]. The latter
benefit is of great importance for seismic design
as greater ductility enables structural elements to
withstand higher seismic demands.

B. Ensemble ML Techniques

Predicting the stress-strain curve of reinforced
concrete constitutes a regression problem within
the category of supervised ML algorithms. Among
these supervised algorithms are weak learners and
ensemble methods, the latter combining multiple
weak learners to enhance the accuracy and effi-
ciency of the predictions [5]. For this problem,
three ensemble models were selected, Random
Forest (RF), Adaptive Boosting (AdaBoost), and
Extreme Gradient Boosting (XGBoost).

The RF model is based on the bagging method,
which employs simple parallel algorithms. In this
approach, decision trees are trained concurrently,
and the models final prediction is obtained as
the arithmetic mean of the individual submodel
outputs [6]. In addition, the AdaBoost and
XGBoost models are based on the boosting
method, using simple serial algorithms. These
models generate new predictors that iteratively
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correct the errors of their predecessors. However,
the models differ in that AdaBoost adjusts the
weights at each iteration, giving greater emphasis
to erroneous predictions [7], whereas XGBoost
adjusts the new predictor to the residual errors
made by the previous predictor [8].

C. Performance Metrics

To evaluate the predictions of the outputs,
coefficient of determination (R?), root mean
square error (RMSE), mean absolute relative
deviation (MARD), and Dyy metrics were imple-
mented. This last metric represents the fraction of
the dataset for which the relative difference does
not exceed a predefined threshold; in this study,
a threshold of 10 % was considered [9], [10]. The
mathematical expressions for said metrics are
shown below:

Where yj is the value predicted by the model,
yj is the real value, y is the average value of the
samples, N is the number of samples, countif is a
function that counts the number of data points that
satisfy the condition in brackets, and abs is a func-
tion that takes the absolute value of its argument.

In addition, two metrics were used to compare
the proposed and previous models against the
experimental curve: the Area between Curves
(AC), which estimates the total area between
curves using quadrilaterals, and Fréchet Distance
(FD), which quantifies the minimum continuous
distance required to traverse both curves [10].

Framework for the development and evaluation of a predictive model.
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III. METHODOLOGY

In this research, a framework for developing
and evaluating a predictive model is proposed, as
illustrated in Fig. 1. The process began with the
collection of the data set from previous investi-
gations in which uniaxial compression tests were
performed. This was followed by feature selec-
tion, a pre-training stage, and the splitting of the
data set into training and testing. Subsequently,
hyperparameter  optimization and K-fold
cross-validation (CV) were carried out to select the
best performing model. Once the final model was
obtained, its predictive explainability was eval-
uated, and a stress-strain curve was formulated
based on its outputs. Finally, a comparison was
made with previous models.
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Fig. 2 Details of the specimens collected. (a)
Circular Section. (b) Square Section.

Fig. 3  Configuration of transverse steel (cfg).

TABLE I
STATISTICAL INFORMATION OF INPUT FEATURES FROM THE DATA SET

Input 1 Input 2 Input 3 Input 4 Input 5 Input 6
fe a/a, di/si psfilfe pfilfe St

Mean 78.4 0.82 1234.38 16.22 10.6 69.7

STD 33.83 0.08 624.08 14.31 6.21 40.97
Min. 18.5 0.72 0 1.26 0 20
Max. 129.17 0.96 3062.4 79.88 27.65 300

IV. MODEL IMPLEMENTATION AND
RESULTS

A. Dataset and Selection of Features

The dataset had a total of 115 specimens. The
data were extracted from [2], [3], [11], [12], [13],
and [14], where they performed uniaxial compres-
sion tests on confined concrete specimens. This
data set included specimens of normal and high-
strength concrete and of square and circular
cross-sections, as shown in Fig. 2.

Based on the information collected and the
typical design parameters, the final features of the
proposed model were defined: six inputs and four
outputs. Table I and Table II show statistical infor-
mation of the features.

It should be noted that in addition to the
aforementioned inputs, the categorical variable
input cfg, representing the configuration of the
transverse reinforcement, was considered. Within
the selected dataset, eight types of cfg were
included, as shown in Fig. 3.

B. Model Training and Selection

As part of the pre-training stage, the output
variables were transformed into logarithmic space
to improve data distribution. Feature scaling was
also applied to reduce the dispersion of input
values. The dataset was randomly partitioned,
allocating 70 % for training and 30 % for testing.
During the training stage, the three ensemble
models—RF, AdaBoost, and XGBoost—were tuned.
To prevent overfitting, the K-fold CV technique
with five folds was used.

Table III summarizes the performance
metrics for each output. Considering all metrics,
it is evident that the XGBoost model achieves
better results for outputs f and gs, whereas RF
performs best for €s. In the case of output &,
similar results are obtained. In such a way, the
RF and XGBoost models present similar global
optimal behavior, the latter being slightly better.
For the final choice, the XGBoost model was
chosen because, in addition to the aforementioned
advantages, its greater complexity enables it to
handle unbalanced data and categorical variables.
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TABLE II
STATISTICAL INFORMATION OF OUTPUT FEATURES FROM THE DATA SET

output T (fee) Output 2 (&) Output 3 (ggs) Output 4 (€s0)
Mean 84.11 0.0051 0.0091 0.0165
STD 31.48 0.0038 0.0077 0.0119
Min. 22.28 0.0025 0.0031 0.0031
Max 150 0.0281 0.0564 0.0603
TABLE III
RESULTS OF CROSS-VALIDATION (CV)
Output Metrics RF AdaBoost XGBoost
R? 0.93 0.92 0.92
D109 71.25 68.75 76.25
fe MARD 0.071 0.076 0.072
RMSE 8.2186 8.8122 8.6559
R? 0.51 05 0.47
D10% 35 23.75 23.75
fec MARD 0.25 0.269 0.239
RMSE 0.0022 0.0022 0.0021
R? 0.6 0.33 0.57
D10% 38.75 23.75 43.75
fes MARD 0.209 0.293 0.21
RMSE 0.0038 0.0044 0.0036
R? 0.73 0.64 0.61
D10% 23.75 175 18.75
£s0 MARD 0.314 0.385 0.309
RMSE 0.0056 0.0065 0.0056

C. Optimization and Validation of the Final Model The optimized model was used to generate
predictions for both the training and testing data.

To optimize the hyperparameters of the The graphical results are presented in Fig. 4, and

XGBoost model, the K-fold CV search technique
was used. The grid search was conducted using
K = 5 for CV. The optimized parameters were:
learning_rate[0.1,0.15,0.2,0.25,0.3], max_depth
[2, 3, 4, 5, 6, 7, 8], n_estimators [20, 30, 40, 50,
60, 70, 80, 90, 100, 110, 120]. The results show
that the combination of hyperparameters that
optimize the predictions is given when learning
rate = 0.2, max_depth = 5, n_estimators = 50.

the corresponding metrics are summarized in
Table IV. Considering the testing data as unseen
by the model, the performance metrics decreased
in the following order: f¢., €, €ss, and €. In
terms of R? all four outputs exceeded 0.7, with
values of 0.97 for f ¢, 0.93 for €., 0.81 for &, and
0.73 for €. Thus, the optimized model demon-
strates a satisfactory level of predictive accuracy
when applied to unseen data.
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Fig. 4 XGBoost model prediction for training and testing data.

TABLE IV
METRICS OF THE XGBOOST MODEL FOR TRAINING AND TESTING DATA

Data Metrics

Training R? 1 1 1 1
D70% 100 98.75 97.50 98.75
MARD 0.005 0.016 0.015 0.014
RMSE 0.7534 0.0001 0.0003 0.0005

Testing R? 0.97 0.93 0.81 0.73
D10% 82.86 37.14 31.43 28.57
MARD 0.054 0.158 0.229 0.224
RMSE 4.5349 0.0009 0.0028 0.0055

V. EXPLAINABILITY OF THE FINAL MODEL

The SHapley Additive exPlanations (SHAP)
algorithm was used as the primary approach
to explain the model. This algorithm is based
on game theory to interpret the behavior of ML
models [15]. The final model was explained using
two complementary approaches: first, through the
SHAP Summary Plot, SHAP Dependence Plot, and

SHAP Interaction Values; and second, through the
SHAP Force Plot.

A. Global Explainability

For the global explanation, the SHAP Summary
Plot was used as it integrates both the importance
of the input features and their corresponding
effects on the model outputs. The results are
presented in Fig. 5.
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For the output f, it is observed that f and
psft/fc have the greatest impact, whereas for €
the inputs with the greatest impact are pgft/f,
and pcfi/fc. In both cases, the mentioned inputs
have a positive effect on the outputs.

In the case of the outputs €gs and Es, it is
observed that the inputs psfi/f; and cfg have
greater impact and a positive effect. It should be
emphasized that in the case of input cfg the trend
does not refer to a numerical value but to the
types of cross-sectional configurations shown in
Fig. 3. In addition, it is observed that inputs such
as ac / a¢ and s¢ have a negative effect since as their
values increase the outputs decrease.

Additionally, SHAP Dependence Plot and
Interaction Values were employed to relate the
output parameters f. and €. to the transverse
strengthening index psf¢/fc and the interaction
values. A clear interaction between s and pgft/f
was evidenced, as shown in Fig. 6.

Based on these results, it is inferred that as the
values of psft/f increase they cause greater impact
on f¢c and €. In that sense, it is confirmed that
psft/fc has a greater impact on €, with an approxi-
mate maximum SHAP value of 1.5, while for f the
approximate maximum SHAP value is 0.1.

Feature value

Feature value
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Regarding the interaction, it is evident that as
psft/fc decreases, the value of s; increases. In such
a way, it is determined that the transverse rein-
forcement ratio is influenced by the transverse
reinforcement spacing since as the transverse
reinforcement spacing increases the amount
of transverse reinforcement in the specimen
decreases.

B. Local Explainability

For the local explanation, the SHAP Force Plots
were applied for the testing data specimens CS23
and CS16, as shown in Fig. 7 and Fig. 8, respectively.
In this manner, we intend to analyze individually
the behavior of the inputs over the outputs.

For the output f, it is observed that higher
values of f. is high there is a positive impact,
whereas lower values produce a negative impact.
In both cases, for € it is observed that p:fi/f,
impacts positively, which evidences the impor-
tance of longitudinal reinforcement at the peak
point. Finally, in the case of the remaining outputs,
the importance of transverse reinforcement is
confirmed, as indicated by the positive impact of
psft/fc and the negative impact of s;.
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VI. PROPOSAL OF STRESS-STRAIN CURVE

Based on the outputs of the XGBoost model, a
two-branch stress-strain curve was proposed.

A. Ascending Branch

For the ascending branch, the coordinates of
the curve peak (€.¢ and f.) of the XGBoost model,
and the slopes at the beginning (elastic modulus E)
and end (zero) of this section were considered. It
should be noted that the formulation of Mander (5)
was used to calculate E.

E. =5000,/fcMPa (5)

Previous models indicate that a parabolic func-
tion adequately fits the experimental ascending

curve. However, the Fafitis and Shah (6) approach
was adopted for this proposal because it allows
the use of all the available information and is not
limited to only three data.

fC = Clé'cn + Czsc + C3 (6)

Thus, the formulation (7) was obtained for the
ascending branch of the curve.

1/¢ n-1
perefi ()] @
Where:

ECECC

n=———— (8
Ecgcc - fcc

~N

(6]
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TABLE V

COMPARISON OF THE MODELS FOR THE OUTPUTS fcc AND E¢¢

Output Metrics Mander Hoshikuma Razvi XGBoost

R? 0.19 0.68 0.77 0.99

D10% 23.75 425 4875 96.25

fec MARD 0.187 0.126 0.1 0.019
RMSE 21.8265 13.8337 11.6435 27134

R? 0.54 0.16 0.32 0.93

D10% 27.5 20 20 81.25

Ecc MARD 0.224 0.233 0.204 0.064
RMSE 0.0012 0.0016 0.0014 0.0005

B. Falling Branch

For the falling branch, the coordinates of the
curve peak (€. and f¢) predicted by the XGBoost
model, along with two points corresponding to
85% and 50% of f.. were considered. Like the
Hoshikuma model, the downward portion of the
curve was idealized as a linear function (9).

y—y1=mx—x) ©)

However, this proposal differs in that an
average slope (m¢) was calculated between the
slope from the peak point to the point at 85% of
fec (mp), and the peak point and the point at 50%
of f¢c (mp). Thus, (10) was obtained for the down-
ward portion of the curve.

fe=mc(ec —ecc) + fec (10)

VII. COMPARISON WITH PREVIOUS
MODELS

In this section, two types of comparison were
conducted between the experimental results,
the previous models, and the proposed XGBoost
model. The types of comparison were specific
values f and €, and the stress-strain curve. It
should be noted that among the previous models,
Razvis model was excluded from this latter
comparison because its approach to the curve is
identical to that of Mander.

A. Comparison of f¢c and E¢c

To ensure a fair comparison, only specimens
within the application range of the previous models
by Mander, Hoshikuma, and Razvi were considered.
Additionally, specimens exhibiting atypical behavior,
particularly those with unusually high strain values,
were excluded. As a result, the comparison was
carried out using 80 specimens, as shown in Fig. 9
and Fig. 10. It should be noted that the vertical axis
represents the experimental results from previous
investigations, while the horizontal axis shows the
predictions from both the mechanical models and
the proposed model. The corresponding perfor-
mance metrics are presented in Table V.

In general, the results of f are evidently more
accurate than the results of €, across all models.
Within the mechanical models, it is observed
that predictions of f.. by Razvi show better accu-
racy; while predictions of € by Mander provide
a better fit. In the case of the XGBoost model,
the predictions exhibit superior performance
compared to all other models, with R* and D%
values greater than 0.9 and 80, respectively.

Regarding Fig. 10, it should be noted that the
mechanical models exhibit increasing dispersion as
the strain level rises. This is due to mathematical
simplifications and idealizations that do not accu-
rately represent the actual behavior of confined
concrete at high-strain levels. In contrast, the
proposed model shows reduced dispersion, which
is attributed to the inclusion of a sufficient number
of high-strain specimens in the training dataset.
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B. Comparison of Stress-Strain Curve

For the curve comparison, four specimens,
included in the testing dataset, were consid-
ered. Among the evaluated models, Mander’s
model employs a single expression, whereas
Hoshikuma’s model and the proposed model use
two expressions to represent the complete stress-
strain curve. The results of the curve modeling are
shown in Fig. 11. For an accurate interpretation of
the curves, the AC and FD metrics were used. The
corresponding results are shown in Table VI.

Among the previous models, it is evident that
Hoshikuma’s model provides a closer approxi-
mation to the experimental curve for specimens
SF1P3Y3, CS12, and SS3; whereas Mander’s model
performs better for specimen CC21, as Hoshikuma’s
approach overestimates the peak-point coordi-
nates. For the proposed model, a strong graphical
agreement with the experimental curve is observed
when compared with the previous models, as
evidenced by the low AC and FD values obtained
for all four specimens.

The major differences between the models
originate in the descending branch of the curve,
where Mander’s model exhibits a notably shallow

0.000 0.002 0.004

Strain

0.006 0.008

Comparison of the stress-strain curve models.

slope compared to the experimental data, whereas
Hoshikuma’s model and the proposed model
display behavior more closely aligned with the
actual response. This behavior is attributed to the
fact that Mander’s model defines the descending
branch without incorporating any reference
points from that portion of the curve. Although
both the Hoshikuma model and the proposed
model define a linear function for the descending
branch, the proposed model offers an advantage
because its slope is derived from two points on
the descending portion by averaging the corre-
sponding local slopes.

VIII.  CONCLUSIONS

This research proposed the development of an
ML model to predict f¢, €¢, s and €sp of the
stress-strain curve, and subsequently to model
the entire curve using (7) and (10). To develop
the model, a total of 115 confined concrete
specimens were collected and used to train the
RF, AdaBoost, and XGBoost models. Based on
the CV results, XGBoost was selected as the
final model. Subsequently, the final model was
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TABLE VI

STRESS-STRAIN CURVE COMPARISON METRICS

Specimen  Metrics Mander Hoshikuma Proposal XGBoost
SF1P3Y3 FD 13.94 4.51 6.78
AC 0.11 0.06 0.05
CS12 FD 22.2 17 8.71
AC 0.2 0.15 0.08
SS3 FD 9.8 4.29 2.52
AC 0.06 0.05 0.02
CC21 FD 18.39 31.26 4.85
AC 0.09 0.14 0.09

optimized by grid search. In addition, SHAP was
used to provide both global and local explana-
tions of the final model. Considering the outputs
of the final XGBoost model, a stress-strain curve
was proposed. Finally, the predictions from the
proposed and the previous models were compared
against experimental data.

To begin with, the pre-training stage plays
a critical role in obtaining results. Therefore, it
is recommended to transform the outputs into
logarithmic space, which improves the distri-
bution of the collected information, and apply
feature scaling, which reduces the dispersion
of the inputs. As shown in the CV results, the
XGBoost model performs better than the RF and
AdaBoost models.

During the optimization process, the following
hyperparameters were selected: learning rate =
0.2, max_depth = 5, n_estimators = 50. The predic-
tions with the optimized model from the testing
data demonstrate favorable results. In terms of R?,
all four outputs exceeded 0.7, with values of 0.97
for f ¢, 0.93 for €, 0.81 for &, and 0.73 for Es.

In the model explanation, it is evident that
the output f is highly influenced by f, and €
is highly influenced by psft/fc and pcfi/f¢. In the
case of &;s and €, the parameters pgft/f and cfg
have greater impact. Unlike all parameters, ac/at
and s¢ have an opposite effect since as their values
increase, the outputs have a negative impact.
Furthermore, it is observed that when psfi/f,
decreases, the value of s¢ increases.

Additionally, the XGBoost model achieves
better performance than the previous models for
fec and €. Also, in the curve comparison, it is
observed that the proposed model shows a high
degree of similarity to the experimental curve
compared to the other models as it provides a
more accurate prediction of the peak point and of
the curve’s slope or decay rate.

Furthermore, the developed model has a
broad range of applications. Its predictions are
applicable to both normal and high strength
concrete specimens, whether square or circular
in shape, and can accommodate up to eight varia-
tions in transverse reinforcement configurations.
It is important to note that the input values for
the specimens must fall within the minimum
and maximum limits of the dataset, as shown in
Table I.

Regarding the dataset, it was collected from
previous research. However, having experimental
data generated specifically for this study would
have been advantageous, as it would not only
have increased the available data volume but also
influenced the selection of the model inputs and
outputs.

Finally, future research should focus on
integrating hybrid approaches that combine
data-driven models with physical constraints,
which could improve both the interpretability
and reliability of the model for structural design
applications.
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ABSTRACT—Pavement Management Systems
integrate advanced decision-making tools for
road management. This research address-
es the automated approach for analyzing the
light detection and ranging (LiDAR) data for
road management. The proposed framework
integrates machine learning techniques with
advanced data-processing methodologies to esti-
mate the International Roughness Index (IRI)
using mobile LiDAR measurements. The data
were obtained from the publicly available Lille2
and IQmulus point-cloud datasets, captured using
the L3D2 mobile mapping systems. Automatic
extraction of the rolling surface was performed
on these datasets, enabling the subsequent
automated generation of pavement profiles. In
addition, the layout of edges, axes and profiles
was automated. These alignments provided the
corresponding Z-coordinates required for IRI
computation, enabling faster and more accurate
calculations. For both clouds, the differences
observed in the global IRI values calculated from
averaged reference profiles are small-ranging
from 0.15 to 0.29 m/km for Lille2 and from 0.03
to 0.04 m/km for IQmulus. In contrast, the differ-
ences between these values and the IRI obtained
from profiles generated using the simple meth-
od are substantially larger, ranging from 8.98 to
11.59 m/km for Lille2 and from 0.47 to 0.65 m/
km for IQmulus. The results of this work will not
only contribute to academic development in this

field, but also to the practical implementation of
more modern, efficient, and accurate systems for
road network assessment and maintenance.

Index Terms—International Roughness Index (IRI),
mobile LiDAR, pavements,
point clouds, road surface.
Thematic Axes—Construction processes and new
technologies.

I. INTRODUCTION

In countries such as the United States, New
Zealand and Canada, the public road infrastruc-
ture sector benefited from management systems
developed in the private sector and subsequently
began to identify ways in which public adminis-
trations could adopt the best practices of private
enterprise [1]. In this context, the concept of
Transportation Asset Management Systems
(TAMS) emerged. When applied to road infrastruc-
ture, these systems are commonly referred to as
Highway Management Systems. According to the
Transportation Asset Management Subcommittee
of the American Association of State Highway
and Transportation Officials (AASHTO),
Transportation Asset Management is defined as
a strategic and systematic process that encom-
passes the operation, maintenance, improvement,
and expansion of assets throughout their life
cycle. It is grounded in business and engineering
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practices aimed at optimizing resource allocation.
Its purpose is to ensure efficient decision-making
based on quality information and clearly defined
objectives, thereby maximizing asset value and
performance over time.

The Transportation Asset Management Guide
states that “transportation asset management is
a strategic and systematic process for the oper-
ation, maintenance, updating and expansion of
physical assets effectively throughout their life
cycle [2]. It concentrates on business and engi-
neering practices for the allocation and use of
resources, with the objective of enabling better
decision making based on high-quality data and
clearly defined objectives.” However, in general
terms, a road administration manages typical
assets such as physical infrastructure (e.g., pave-
ments and bridges); human resources (including
personnel and technical expertise); equipment
and materials; and other valuable elements such
as rights of way, data, computer systems, methods
and technologies.

The decision-making framework for road
management should be guided by asset perfor-
mance targets over an extended period, i.e., with
a long-term planning and analysis horizon [1].
Performance is defined as the degree to which
an asset serves its users and fulfills intended
purposes, measured in terms of the quality and
duration of the cumulative service it provides. In
other words, performance can be described as the
combination of the quality of service provided by
the asset and the duration of its useful life.

A. Road infrastructure inventories

The road infrastructure inventory is used to
determine the operational and functional condi-
tions of a roadway based on a detailed description
of its physical, geometric, and design conditions.
The most common method for compiling this
inventory is visual inspection, which consists of
surveying the sector or section under study to
quantify and assess its conditions. The method-
ology for the visual inspection includes a complete
description of three fundamental aspects: (1) road
description; (2) road geometry; and (3) the pave-
ment surface condition and complementary works.

A road description consists of recording
its general characteristics, including location,

direction of travel, boundaries, road type (highway,
arterial, collector road, and local road), and pave-
ment type (flexible, surface treatment, rigid, and
gravel or dirt). Among the criteria that must be
examined in road geometry are section length,
roadway width, number of lanes, shoulder width
and height, median strip, and shoulder areas. The
visibility distance and braking distance available
may also be analyzed. Evaluating the surface
condition of the pavement involves identifying
flaws, defects, or damage that compromise perfor-
mance and may shorten its useful life.

The evaluation of the condition of urban roads
and highways is a critical aspect of analyzing
operational factors related to the infrastructure’s
quality and level of service. The condition of road
infrastructure influences the macroscopic param-
eters of volume, speed, and density considered in
the study of traffic phenomena. This is explained
by the fact that, depending on the road’s geometric
characteristics, pavement condition, and associ-
ated structures, users (drivers and pedestrians)
determine their preferences when making any trip.
This, in turn, affects vehicular and pedestrian flow
behavior, the speeds achieved by vehicles, and the
outcomes of the analysis performed on the values
obtained for the aforementioned parameters [3].

B. International Roughness Index (IRI)

To define the IRI, a mathematical model is
used that simulates the suspension and masses
of a typical vehicle traveling along a section of
road at a given speed. This model is known by its
English acronym, QCS (Quarter Car Simulation), as
it represents a quarter of a four-wheeled vehicle
or a single-wheel trailer. The IRI at a point on
a roadway is defined as the ratio of the relative
movement accumulated by the suspension of a
typical vehicle, to the distance traveled by that
vehicle. If the longitudinal road profile, y (x) , and
the car speed, V , are known, the movement, z,
and z,, of the masses, m,and m,, that make up the
model can be calculated at each point.

In turn, the vehicle’s response can be expressed
in terms of the rectified slope (RS), at each point
where the longitudinal profile is discretized.

RS; = 12"y = Z'5i
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where, z and z, represent the gradients of
the vehicle masses at different positions, i, along
the wheel path. Finally, the IRI is obtained as the
arithmetic mean of the rectified gradient along the
path traveled. Therefore,

IRI=[ Y™, RS;]/n

where n is the number of points counted.

It is obvious that a vehicle’s dynamic response
while traveling on a roadway, and consequently
its IRI value, strongly depends on the vehi-
cle’s operating speed. To resolve this ambiguity,
and after weighing the various alternatives, the
International Road Roughness Experiment (IRRE)
participants established 80 km/h as the reference
speed for defining the IRI. This speed was chosen
because the IRI coefficients obtained at this speed
were considered representative of the safety and
comfort perceived by users. Furthermore, this
speed was deemed suitable for measurement
using response-type systems.

To calculate the IRI, it is necessary to know
the slopes 2z’ and z’, of the masses of the typical
vehicle at each point along a section. These slopes
are obtained recursively, based on the values
calculated in the previous point. Thus, if the vehi-
cle’s motion at point i1 is known, the response
at the next point can be calculated using the
equation:

{Z}; = [STI{Z};-, + y'i{RS}

where {Z}= [Z , ‘Z 2”, Z, v/ . "]T, with primes
representing spatial derivatives, y’ j= %
and represents the distance between samples,
is constant within each interval, dx , and [ST]
and [RS] are 4 x 4 and 4x1 matrices, respectively,
whose coefficients depend on the sample interval,
dx. The above system of equations can be solved
for any point on the road, except for the first
point of the first section where the values of z
z,,z,” and z,” at the previous point are unknown.
The above procedure for calculating the IRI is
valid for intervals between measurements, dx,
between 0.25 and 0.6 m horizontally. For shorter
intervals, it is recommended to smooth the longi-
tudinal profile to more accurately represent how
a vehicle’s wheel traverses the roadway section.

For this purpose, either the equivalent profile is
determined every 0.25 m. (ignoring intermediate
points), or a running average calculated at each
point with a smoothing interval of 0.25 m. In
the first case, the IRI is calculated using 0.25 m
intervals, and in the second case, it is calculated
using the original interval, but with the smoothed
profile [4].

C. Light Detection and Ranging (LiDAR)

LiDAR is a remote sensing method that uses
a laser to measure distances. A laser scanner
emits pulses of light, and when a pulse strikes a
target, a portion of its photons is reflected back
to the scanner. Because the scanner’s position,
the pulse’s direction, and the time between emis-
sion and return are known, the three-dimensional
(3D) location (XYZ coordinates) from which the
pulse is reflected can be calculated. The laser
emits millions of such pulses and records their
reflections, generating a highly accurate 3D point
cloud (model) that can be used to estimate the
3D structure of the target area. Most often, the
scanning laser is mounted on an aircraft—usually
a fixed-wing aircraft, although increasingly on
drones—and scans the terrain along its flight path.
Scanning lasers are also mounted on a tripod or
vehicle for terrestrial laser scanning (TLS).

A pulse is the emission produced by the scan-
ning laser. It can be considered a time-stamped
group of photons. When the pulse strikes a
target, some of its photons are reflected back and
detected by the LiDAR system, indicating that
an echo has been received. Therefore, the source
of an echo is a location struck by a pulse from
which photons are reflected. An emitted pulse
can, and often does, produce multiple echoes.
LiDAR data contains information for each echo
that is received. For example, in a text format
(.txt), the data are often structured so that each
row contains the information associated with a
single echo, including its XYZ coordinates, inten-
sity, and order when multiple echoes are present.
Most often, LiDAR data comes in a compressed
LAS/LAZ format. The LAS format is a standard
file format for LiDAR data storage, where the
LAZ format is a compressed format of LAS. The
compressed LAZ file may be as small as 50 MB,
but when decompressed and converted to a text
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TABLE I
CHARACTERISTICS OF POINT CLOUDS

Lille2 IQmulus
Project NPM3D TerraMobilita
Access https://npm3d.fr/ http://data.ign.fr/benchmarks/UrbanAnalysis/
Total RS points 11816213 3196982
(points/m?) average 3000 3000
Length (m) 350 200

file—often containing tens of millions of rows (one
per echo)—its size can reach several GB. There are
many specialized programs designed to process
and analyze LiDAR data, and most common
remote sensing and geographic information
system (GIS) programs can also process LiDAR
data in LAS/LAZ format.

Mobile LiDAR, defined as the 3D data acqui-
sition system mounted on ground vehicles, is an
advanced technology that enables high-resolution
geospatial information to be captured efficiently
and accurately [5]. This system has transformed
road infrastructure surveys and analyses by
offering a modern and automated alternative
to traditional methods such as profilometers or
static levelling.

II. DATA AND METHODS

Pavement profiles were obtained from
two freely accessible point clouds: Lille2 [6]
and IQmulus [7]. These were captured with
the L3D2 [8] and Stereopolis II [9] mobile
mapping  systems ADDIN  CSL_CITATION
{"citationitems":[{"id":"ITEM-1","item
Data":{"ISSN":"17689791","abstract": "Precise
realistic models of outdoor environments such
as cities and roads are useful for various appli-
cations. However, achieving a high level of detail
over a large environment requires addressing the
challenges of the volume of data to be acquired,
processed and stored, as well as the overall
processing time. This paper introduces an inte-
grated on-board laser range sensing system
designed to address this need. It is intended to
perform geometric modeling of urban and road

environments during movement. It is based on a
laser range sensor mounted on a vehicle whose
position is known using GPS-INS localization. It
generates raw 3D range data and performs specific
modelling for cities and features extraction for
roads.","author":[{"droppingparticle":"',"family":"Gou-
lette","given":"F",'"non dropping particle":
names":false,"suffix":""},{"dropping particle":
ily":"Nashashibi",'given":"F", 'nondroppingparticle":
names":false,"suffix":""},{"dropping ~ particle":
family":"Abuhadrous","given":"I","non dropplng
particle”:"","parse  names":false,"suffix":""},{"drop-
ping particle":"","family":

""Ammoun","given":"S","non
droppingparticle™:","parsenames"false, suffix":""},{"drop-
ping particle™:"","family":

dropping  particle":"""

,'parse
" g -
nmnoarse

"o nn noAn

Laurgeau',"given":"C","non

,'parse  names":false,"suf-
fix":""}],"container title":"Revue Francaise de
Photogrammetrie et de Teledetection","id":"ITEM
1","issue":"185","issued":{"date
parts":[['2007"]1},"page™:"78  83"title":"An inte-
grated on-board laser range sensing system for
on-the-way city and road modelling","type":"ar-
ticle journal'},"uris":["http://www.mendeley.com/
documents/?uuid=f1726048 40el 3665 93bl
Sba3ef1a458d"]}],"mendeley":{"formattedCita-
tion":"[8]","plainTextFormattedCitation":"[8]","pre-
viouslyFormattedCitation":"[8]"},"properties":{ "not-
eindex":0},"schema":"https://github.com/citation
style language/schema/raw/master/csl citation.
json"}, respectively. The most important informa-
tion from these point clouds is summarized in
Table L.

The experiments were carried out on a system
equipped with an Intel Core i7-10750H CPU at
2.60 GHz, running Windows 11, with 32 GB of
DDR4 RAM and a 6 GB NVIDIA GeForce GTX
1660 Ti GPU. The Python language was used for
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{ndarray}
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{ndarray}
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* SR vector
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{ndarray}
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png, jpeg.
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(ply, las, E57, ped, etc.)

Fig. 1.

all development and experimentation, utilizing
environment virtualization with Conda.

Obtaining a profile requires determining
the topographic coordinates x, y, z of each point
spaced 25 cm along the rut alignment. To achieve
this automatically, the workflow presented in
Fig. 1 must be followed. The general flow of this
phase includes the following steps: vectorizing
the rolling surface point cloud (RSPC), calculating
the topological skeleton of the road, calculating
the planimetric coordinates for each abscissa of
the profile, retrieving the Z coordinate of each
abscissa. The vectorization of the rolling surface
converts the point cloud into a planimetric
polygon for processing in advanced geometric
models. This procedure, common in LiDAR data
processing, involves converting coordinates
into two-dimensional representations using
techniques such as a-shapes [10]. It was imple-
mented using the Python a-shape library with
Shapely for handling geospatial data and PDAL
for loading the point cloud in NumPy format. To
optimize processing, data reduction was applied
with the PDAL decimation method, minimizing
the number of points without compromising the
road geometry.

Fig. X. Flujo de procesamiento
para obtencién automética de perfiles del

pavimento

// Recuperar Z
- KDTree.query
* 7 desde nube original
{ndarray}

Convenciones
//: Proceso
-: Libreria.clase.método
*: Objeto tedrico producido

{}: Tipo de objeto producido

! Diccionario i
| ndarray: matriz 2D numpy i
| shapely.polygon: objeto geométrico tipo poligono |

| shapely.lineString: objeto geométrico tipo linea

General flow for obtaining LiDAR point cloud profiles.

The topological skeleton, calculated with
the Trimesh library, allows extraction of the
road corridor’s median axis using the medial_axis
method, based on Voronoi diagrams [11]. In urban
networks, it is necessary to eliminate branches,
which was solved with NetworkX using Shortest_
Simple_Path to extract the optimal trajectory from
the skeleton. To improve the regularity of the
horizontal alignment, smoothing was applied
with SciPy’s splev function, generating a B-spline
interpolation on the calculated trajectory. Then,
the planimetric coordinates of the profiles were
obtained with Shapely’s parallel offset, ensuring
their alignment with the tire marks.

Z coordinate retrieval was performed using
a KD-tree, an efficient search structure imple-
mented with SciPy. Three strategies were
compared: nearest point mapping (NN), averaging
the nearest 50 points (K50), and averaging points
within a 10 cm radius (QB10). These techniques
enabled accurate extraction of the 3D geometry
of road profiles, facilitating the calculation of the
IRI. The combination of these methodologies and
tools facilitated progress towards the automation
of road data processing, optimizing infrastructure
assessment and maintenance.
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Fig. 2. Profiles on the different routes: (a) Lille2 roadway corridor in flat
format and (b) IQmulus roadway corridor in flat format.

From the complete point cloud, the RSPC must
be classified and obtained. Using this, the rut lines
corresponding to the alignment of the vehicle
tire trajectory are obtained, which in this study
are referred to as profiles. For Lille2, the four rut
profiles were calculated and for IQmulus, two rut
profiles were computed. For both scenarios, a Ax
of 0.25 m was used and in each case, three itera-
tions were performed corresponding to the three
methods for estimating the Z coordinate. The
location of the tire tracks was defined based on
the dimensions of each corridor and assuming an
average vehicle width equal to 1.8 m. In the case
of Lille2, the road is 8 m wide for two lanes, so the
centerline offsets were set at 1.1 m and 2.9 m to
the right and left, respectively. The IQmulus cloud
has a single 3.5 m wide lane, with track locations
set 0.9 m on either side of the median axis. Fig. 2
shows the location of each track profile on the
road surface in vector format.

Fig. 3 shows an isometric view of the profiles.
This shows the level of detail that can be collected
with mobile LiDAR sensors, demonstrating that
this technology provides a high-precision 3D

representation, which is equivalent to, and even
superior to, the information obtained through
conventional topography [12]. Consequently, the
profiles obtained from mobile LiDAR point clouds
can be considered true profiles of the pavement
and are therefore suitable for calculating the
IR], as this index corresponds to a property [13].
According to NCHRP Report 748 [14], for pave-
ment regularity analysis, a LiDAR point cloud
suitable for such analyses must have a density
greater than 1000 points/m?* It is also recom-
mended that the sampling range for estimating
the vertical component be between 2 and 10 cm.

Fig. 3 also shows the profiles directly from the
point clouds allowing visualization of the discrep-
ancies between the geometries obtained by the
different methods. In both cases, the pink profile,
corresponding to the one obtained using the
nearest Z, exhibits more irregular behavior due to
the peaks in both the upper and lower sections. In
contrast, the profiles generated with the other two
methods maintain a smoother and more consis-
tent trajectory, to the extent that the green and
blue profiles effectively merge into a single line.
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Fig. 3. Isometric view of profiles: (a) IQmulus overview, (b) Lille2 overview, (c) IQmulus zoom, (d) Lille2 zoom.
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Fig. 4. Detailed view of the profiles automatically generated for each Z-estimation method. (a) Left nearest
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A more detailed view of the profiles, suit- separated by only 10 m. This figure confirms the
able for a more precise analysis of the results, previously described divergences in the profile
is presented in Fig. 4. This figure provides a geometries, as well as the more irregular behavior
zoomed-in view of the profiles obtained with observed in the profiles derived from the near-
each Z-axis estimation method over two abscissas est-neighbor Z-axis estimation.
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TABLE II
GLOBAL IRI RESULTS FOR EACH PROFILE ANALYZED FOR THE TwO CLOUDS EVALUATED

IRl (m/km)
Z-estimation method
Lille2-P1 Lille2-P3 1Qmulus-P1 IQmulus-P2
Nearest (NN) 17.56 17.52 6.52 7.33
K =50 8.43 6.22 6.01 6.68
QueryBall =10 cm 8.58 6.51 597 6.65
TABLE III

PROCESSING TIMES FOR EACH STEP OF PHASE 2

Process Response time Impact on flow

RSPC Load 3-9s Low
Vectorization / a-shape 28 s—2 min Considerable
Topological skeleton Immediate (ms) Negligible
Debugging / Branching Immediate (ms) Negligible
Smoothing the path Immediate (ms) Negligible
Offset Immediate (ms) Negligible
Abscissas Immediate (ms) Negligible
KD-tree creation 1-4s Low
Recovery of Z Immediate (ms) Negligible

III. RESULTS AND DISCUSSION

For the analysis and discussion, the IRIs of
profiles 1 and 3 (corresponding to the external and
internal wheel paths of different lanes) from the
Lille2 dataset, as well as the two profiles from the
IQmulus dataset were calculated using ProVAL soft-
ware. The IRI results for each Z-estimation method
for these profiles are presented in Table II below.

While Table II shows the total IRI for each
profile, Fig. 5 exhibits the accumulated IRI on each
abscissa for each profile, with the three different
methods for obtaining Z. As evidenced by this
table and figure, the relationship described in the
profiles section remains consistent: the methods
that estimate the Z value using multiple neigh-
boring points yield similar results, whereas the
nearest-neighbor method produces noticeably
more divergent outcomes.

On the other hand, it should be noted that
the implementation of the proposed method-
ology showed that the only step in this phase
that requires substantial computational resources

is the calculation of the concave envelope. For
the other steps, the execution times are negli-
gible, ranging from milliseconds to seconds. For
IQmulus, the concave envelope calculation time
was 28 s, and for Lille2, it was 2 min. Table III
shows the times and their impact on the proposed
workflow. It can also be observed that the profile
calculation takes approximately 2 min for clouds
containing up to 11,000,000 points, such as Lille2.

The clouds used in this experiment meet
the suggested density as shown in Table III. The
Z-retrieval method with a 10 cm radius also meets
the proposed sampling range. The Z-retrieval
method based on the 50 nearest neighbors
approaches this range, exceeding it by 3 cm, as
it reaches a total of 13 cm in all directions when
considering the point-cloud density. In this
context, the point clouds used and the profiles
obtained with elevation-retrieval methods from
multiple points are, in principle, suitable for pave-
ment regularity analysis, since both methods
produce highly similar profiles. This suggests that
a slight increase in the proposed sampling range
does not significantly affect the results.
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On the other hand, an analysis of the vertical
accuracy of the point clouds would be necessary,
which is suggested to be submillimeter, according
to the same report. This accuracy is typically
assessed by comparing the elevations obtained
from the point clouds with those measured
through topographic leveling. However, the docu-
mentation for the clouds used does not reflect this
procedure, so this criterion cannot be taken into
account in this discussion.

A qualitative analysis of the geometric char-
acteristics of the point clouds indicates that, in
the case of IQmulus, the cloud exhibits greater
geometric consistency in its representation, due
to the visibly ordered and coherent scan lines,
as shown in Fig. 6(a). In contrast, the Lille2 point
cloud contains scan lines that intersect without
maintaining coherence in the recorded elevations.
As shown in Fig. 6(b), two points separated by
only 5 mm in planimetric distance (AXY) exhibit a
vertical difference (AZ) of 2 cm, meaning they are
practically in the same horizontal position.

The scenario depicted in Fig. 6(b) occurs
repeatedly throughout the Lille2 RSPC, indicating
that this point cloud does notadequately represent
the pavement surface. It could be hypothesized
that this issue arises from a mismatch between
the GNSS/IMU positioning module and the LiDAR
system; However, the documentation avail-
able for the cloud [6], [8] is insufficient to draw
a conclusive diagnosis, and therefore the cause
of this situation remains unknown. A primary
guideline to consider when extracting pavement
profiles from mobile LiDAR data is the geometric
coherence of the point cloud. This experimenta-
tion allows for the distinction of two potential
scenarios. On one hand, a geometrically coherent
point cloud, as is the case with IQmulus, in which
the heights of the scan lines are adjusted to
reality, without presenting different elevations for
the same position. On the other hand, the oppo-
site case is the Lille2 point cloud, where different
elevations are recorded at the same location.

The implemented methodology formulates
a strategy to handle geometrically inconsistent
point clouds by calculating the Z value based on
the average of multiple nearby reference points.
These methods also yield more robust and reliable
results when applied to geometrically coherent

point clouds, compared to those obtained using a
simple Z calculation based solely on the nearest
reference point.

A comparison of the Lille2 profiles shows
that the methods based on averaged reference
points effectively smooth the resulting profile
relative to that obtained using the simple near-
est-point method. However, the resulting profiles
still exhibit a behavior that is too erratic for a
paved surface, indicating that true profiles were
not obtained due to the geometric inconsistency
of the RSPC. This suggests that the proposed
methods are not sufficient to handle this type of
cloud, and that new strategies would be required
for this purpose or, ultimately, to discard this type
of cloud from profile calculations.

For IQmulus profiles, it is again observed that
the multi-reference averaged methods smooth the
profile calculated with the simple method. In this
case, however, all methods yield a similar pave-
ment profile due to the geometric coherence of
the cloud. In accordance with the above, and given
that the RSPCs meet the recommended point
density, it can be stated that the profiles computed
for IOQmulus correspond to the true pavement
profiles and that, consequently, the IRIs derived
from them are theoretically correct. However,
their practical validation cannot be carried out,
as this would only be possible by comparing the
results with profiles obtained through well-estab-
lished methods, such as topography or high-speed
inertial profilometers. This validation is beyond
the scope of this research. Nevertheless, the
results demonstrate that this methodology can
generate suitable products to be used as inputs in
the calculation of this index through specialized
software, such as ProVAL.

Although it cannot be confirmed that the IRIs
calculated from the IQmulus data match those
obtained using well-established methods, the
results highlight relevant aspects regarding the
influence of the Z coordinate calculation method
on this index. For both clouds, the differences
between the global IRIs (Table II), calculated using
averaged reference profiles, are small: between
0.15 and 0.29 m/km for Lille2, and between 0.03
and 0.04 m/km for IQmulus. In contrast, the differ-
ences between these same values and the IRIs
obtained with profiles calculated using the simple
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method are significantly greater: between 8.98
and 11.59 m/km for Lille2, and between 0.47 and
0.65 m/km for IQmulus.

It is then evident that the simple Z-retrieval
method increases the IRI from magnitudes in
the cm range to values above 8 m/km in the case
of Lille2, and from magnitudes in the mm range
to values greater than 0.4 m/km in the case of
IQmulus. This trend can also be seen in the accu-
mulated IRI graphs, where the orange profiles
always remain above the other two profiles, while
the latter almost always maintain the same trajec-
tory. This indicates that calculating the IRI from
profiles obtained using simple methods is not
reliable because these approaches assume very
abrupt relative elevation changes. These arise
because in many cases the heights obtained are
not truly representative of the regions to which
the abscissas belong, but instead correspond
by chance to the nearest points. It is there-
fore acknowledged that the most appropriate
approach is always to use a Z recovery method
that considers multiple height references, thereby
avoiding the reporting of inflated IRI values,
which in many cases could lead to unnecessary
pavement interventions.

On the other hand, the results show that the
implemented workflow allows recreating pave-
ment profiles in a short time. It should be noted
that no references in the available literature
propose a method to automate the extraction of
pavement profiles. The study most closely related
to this work is presented in [15], where the correla-
tion between IRIs obtained from mobile LiDAR
and those obtained from high-speed inertial profi-
lometers is reviewed. It was demonstrated that a
high correlation exists between these measure-
ments, and that the potential to quantify the
regularity of the entire surface is greater than
when using linear profile measurements alone.

The research focused on comparing both
technologies without dedicating much effort
to automating the procedure. Z recovery was
performed by reconstructing Digital Elevation
Models (DEM) with two different interpolation
methods, Inverse Distance Weighting (IDW) and
Kriging. This resulted in processing times of 30 min
and 10 h, respectively, for a cloud of 150,000,000
points representing 4 km of track. Considering

that, in both the aforementioned research and
this study, profile calculation only requires coordi-
nate information (X, Y, Z), it is valid to establish a
processing time per point relationship. Using this,
the method in [15] would require between 0.012
and 0.24 ms of processing per point to obtain the
surface from which the ordinates and abscissas of
the profile are extracted, whereas the methodology
proposed here requires approximately 0.011 ms
per point to obtain the complete profile.

In that order, this methodology presents a
marginal advantage over the analyzed method,
but, in addition, it contributes new elements to
the field of LiDAR processing automation for road
management, allowing to automatically obtain the
axis and the edges of the road, which are objects
of study with considerable research interest, as
reflected in the works of [16], [17], [18]. Likewise,
in this work, the concepts, ordered steps and
possible technologies (Python, in this case) for
the implementation of the workflow are exhaus-
tively detailed, so that it can be easily understood,
improved and reproduced by other researchers
in the area. Faced with this, the results show that
the proposed processing flow is highly computa-
tionally efficient, since the profiles are obtained in
a few seconds except for the step of vectorizing
the RSPC that requires the calculation of a-shape
, increasing the processing time due to the high
algorithmic complexity of this technique [19].

IV. CONCLUSIONS

A methodology has been established for
the automatic extraction of pavement profiles
from mobile LiDAR data, and its effectiveness
has been demonstrated in accomplishing two
essential tasks: the extraction of road edges and
centerlines, and the recovery of Z values for the
abscissas defining each axis.

The high level of detail and accuracy provided
by mobile LiDAR enables the resulting profiles to
accurately represent the true pavement profile,
thereby facilitating direct IRI calculations.

The results obtained demonstrate the viability
of the proposed methodology. First, an effective
elevation data recovery strategy from mobile
LiDAR scenes enables accurate recreation of the
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true pavement profile. Second, the proposed
processing workflow for automatic profile gener-
ation is highly computationally efficient, as most
products are obtained within seconds, except
for the RSPC vectorization step, which requires
the computation of a-shapes, thereby increasing
processing time due to the high algorithmic
complexity of this technique.
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ABSTRACT—The inspection of railway tunnels
is essential to ensure the safety and operability
of transportation networks. Traditionally, these
inspections are conducted through on-site visual
assessments, which entails logistical challenges,
occupational hazards, and operational interrup-
tions. Although there have been technological
advances in infrastructure inspection, on-site
visual inspection remains predominant due to
the strong reliance on direct observation and
the value of the inspector’s field experience. In
this context, this study analyzes the efficiency
of railway tunnel inspections in virtual reality
(VR) environments as an alternative to tradition-
al methods. The research applies Design Science
Research Methodology (DSRM) to develop and
validate a VR-based inspection protocol, using as
a case study a detailed model generated from a
point cloud of a railway tunnel. The developed
protocol was evaluated and compared with the
traditional methodology using 5 key performance
indicators (KPIs). The results showed that VR
matches the accuracy of traditional inspections,
while increasing coverage, reducing operation-
al time, and minimizing service interruptions.
However, it also presents certain limitations such
as restricted graphical resolution and a learning
curve for new users. This study concludes that

the effective implementation of VR-based struc-
tural inspections represents a key opportunity
to significantly improve the management and
maintenance of critical infrastructure, providing
a safer, more precise, efficient, and operationally
sustainable approach.

Index Terms—Railway tunnels, remote inspection,
virtual reality (VR).
Thematic Axes—Thematic Area 5: Construction Processes
and New Technologies >
2. Virtual Design and Construction (VDC)

[. INTRODUCTION

A. Inspection and Maintenance of Railway Tunnels

Railway infrastructure plays a crucial role in
transportation systems and faces increasing main-
tenance demands similar to those observed across
the Architecture, Engineering, Construction, and
Operation (AECO) sector. In this context, railway
tunnels represent a critical component of the
network, especially in underground railway
systems and mountainous regions. However, these
structures are subject to deterioration processes
caused by continuous use, geotechnical condi-
tions, humidity, water infiltration, vibrations,
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and material aging, which may compromise their
structural integrity if not detected in time [1].

Therefore, the periodic inspection and main-
tenance of railway tunnels is a critical process for
ensuring their functional and structural integ-
rity. Effective inspection enables the detection
of damage such as cracks, leaks, or deformations,
which may lead to severe failures if not addressed
in a timely manner. The data gathered during
these inspections provide the foundation for
planning preventive or corrective maintenance
activities and for making operational decisions
that ensure the safety of the railway system [2].

In this regard, the traditional method of on-site
visual inspection, which requires inspectors to be
physically present inside the tunnels, remains the
most widely adopted approach [3]. Despite its
prevalence, this method poses significant chal-
lenges, including the need for temporary track
closures, the exposure of personnel to hazardous
environments, and a strong dependence on the
inspector’s experience and judgment. Although a
variety of technologies are now available, reliance
on on-site visual inspection is still substantial [4].

B. The Role of VR in Inspections

The adoption of emerging technologies, such
as VR, has begun to substantially transform
processes in the construction and infrastructure
maintenance sectors. In the specific domain of
structural inspection, VR facilitates the recon-
struction of highly detailed three-dimensional
(3D) environments that may be explored in real
time. This development creates new opportuni-
ties for remote, safe, and efficient assessment of
critical assets, such as railway tunnels [5].

VR enables users to interact with precise
digital models that accurately replicate the
geometric and material characteristics of real-
world structures. These models may be generated
by means of point clouds, photogrammetry, or
laser scanning, thereby enabling a realistic and
navigable representation of the inspected envi-
ronment [6]. By employing immersive devices,
inspectors may explore hard-to-access areas, simu-
late specific lighting or deterioration conditions,
and record observations without physical risk or
disruption to railway operations. Furthermore,
this technology enables repeated inspections by

multiple users, thereby enhancing traceability and
promoting standardization [7].

Among the primary advantages of applying VR
in infrastructure inspections is the reduction of risks
to inspectors by eliminating exposure to hazardous
environments. It also minimizes tunnel downtime
(TD), as data acquisition may be performed without
interference to railway operations [8]. In addition,
VR enables broader coverage of the infrastructure,
as entire areas may be virtually explored with
millimeter-level accuracy [9]. A permanent digital
record of the inspection may be kept, enabling
historical comparisons, audits, and training activ-
ities. Moreover, VR facilitates immersive training
experiences by providing realistic scenarios that
enable new inspectors to prepare without requiring
access to the actual site [10]. Finally, this approach
may optimize resources by reducing the logistical
and human costs typically associated with frequent
on-site inspections [11].

In summary, VR is not merely an alternative
to conventional inspection methods; it represents
a strategic opportunity to transform the manage-
ment, maintenance, and inspection of underground
railway infrastructure while enhancing both safety
and operational efficiency [12].

C. Research Gap and Objectives

Despite the growing advancement of technol-
ogies for infrastructure inspection, on-site visual
inspection remains the predominant methodology
[6], [13]. This is primarily attributed to the value
of the inspector’s direct observation, which allows
the identification of subtle structural conditions
that are often difficult to detect through auto-
mated means [7], [14]. However, this reliance
on human perception constrains the adoption
of advanced solutions, many of which introduce
novel approaches for data acquisition and analysis
but face challenges related to data management
and the absence of validated, standardized proto-
cols for efficient implementation [5], [15].

In this context, immersive technologies
such as VR represent a promising opportunity
to redefine inspection processes in a structured,
quantifiable, and safe manner. This study aims
to evaluate the operational efficiency of railway
tunnel inspections performed in VR environments
as an alternative to conventional visual methods.
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TABLE I
EXPERT PANEL DESCRIPTION
Profession Area Experience (years)
Mining engineer Infrastructure inspection >8
Electrical and electronics engineer  Infrastructure inspection >10
Transportation engineer Infrastructure inspection >15
Transportation engineer Infrastructure inspection >12
Electronics engineer Infrastructure inspection >6

To achieve this objective, a specific inspection
protocol was developed and validated using a
3D model generated from a railway tunnel point
cloud, enabling a detailed and immersive evalua-
tion of structural conditions.

D. Article Structure

The article is organized into three main sections.
The first section introduces the methodological
framework and the formulation of the inspection
protocol within VR environments, describing the
adopted approach, the selection of technological
tools, and the definition of performance indicators.
The second section details the implementation of
the protocol in a real case study, encompassing the
generation of the 3D model, the construction of the
virtual environment, and the implementation of the
inspection process. Finally, the third section pres-
ents the results and provides a comparative analysis
between the conventional inspection methodology
and the VR-based approach, assessing its effective-
ness, benefits, and limitations.

II. RESEARCH METHODOLOGY

For this research, the Design Science Research
Methodology (DSRM) was used because of its
suitability for the creation and evaluation of
technological artifacts, thereby enabling the
research process to be represented in a struc-
tured manner. The process was divided into five
stages: (I) problem and motivation identification,
(I objective definition for a potential solution,
(111) design and development, (IV) demonstration,
and (V) evaluation.

In the first stage, the available literature was
reviewed based on the Web of Science database.
Additionally, possible methodologies for tunnel

inspection in VR environments were explored
using the same source. Based on this research, the
second stage focused on defining the objectives
of a potential solution, proposing that the use of
a VR environment may enhance the efficiency of
tunnel inspections.

The third stage designed and developed an
inspection protocol for a VR environment. To this
end, the standard tunnel inspection methodology
established in the technical guidelines of the
Chilean National Railway Company (EFE Trenes
de Chile) was adopted. Key inspection tasks,
such as the identification and mapping of defects
including cracks, water ingress, and spalling,
were translated into the VR environment to
identify areas where VR may enhance efficiency.
This process involved incorporating steps for
photogrammetric data acquisition and 3D model
generation prior to the virtual inspection phase.

The fourth stage formulated the protocol in a
case study. The case study was first reconstructed
as a 3D model using Autodesk Revit software. A
photographic survey of the tunnel was subsequently
performed and integrated into the 3D model. Once
the model was complete, the VR environment was
tested according to the protocol established in the
previous stage, and the results were recorded. For
the testing phase, a group of experts specializing
in railway tunnel inspection was selected. Five
experts were appointed, each with more than five
years of experience in inspection processes for
the company that owns the infrastructure under
study. Table I summarizes the characteristics of the
experts. Finally, in the fifth stage, the results of the
virtual inspection were evaluated and compared
with those obtained from a standardized inspec-
tion of the case study. Performance indicators were
reviewed, and improvements were proposed for
both inspection methods.
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Fig. 2. General diagram of the proposed workflow.

IT1I. DESIGN AND DEVELOPMENT

A. Case Study Description

The case study focuses on a critical section for
regional connectivity within a railway tunnel in
Vifa del Mar (Chile), used for both passenger and
freight transportation. The section selected for
the study spans approximately 65 m. The tunnel
infrastructure has a straight, horseshoe-shaped
geometry, designed to optimize structural stability
and load distribution. The distance between the
side walls is 7.936 m, and the height from the
track platform to the vault is 5.850 m. The tunnel
was constructed using the cut-and-cover tech-
nique, with reinforced concrete as the primary
material, providing durability under operational

and environmental conditions. Fig. 1 depicts a
photograph of the study area.

B. Workflow

The development of the VR environment for
tunnel inspection followed a structured work-
flow, as shown in Fig. 2, enabling the physical
conditions of the infrastructure to be accurately
replicated.

The process began with the capture of
high-resolution, on-site images during the photo-
grammetric survey phase (Fig. 3(a)). The images
were processed using Bentley’s iTwin software,
enabling the generation of a detailed 3D model of
the tunnel in .las and .obj formats. These formats
were adopted for their ability to optimize the
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(@)

Fig. 3. Developed workflow tasks. (a) On-site photo capture. (b) Point cloud
model. (c) Global view of the tunnel in VR. (d) View of tunnel side elements in VR.

geometric and visual representation of the infra-
structure. The .obj format was preferred over the
Jlas format for its more efficient use of computa-
tional resources, ensuring optimal performance
in the VR environment (Fig. 3(b)). Subsequently,
the VR environment was set up in Unreal Engine,
as shown in Fig. 3(c) and 3(d), integrating the
generated models with interactive tools that
facilitated navigation and virtual inspection. The
environment included options for horizontal and
aerial movement, as well as lighting adjustments
to enhance the visualization of structural details.
In addition, specific digital tools were incorpo-
rated, including rulers for crack measurement and
marking systems for damage identification.

Upon completion of the virtual environment
development, as shown in Fig. 4, preliminary tests
were conducted by the research team to ensure its
functionality and accuracy. These tests focused on
verifying interaction with the models, the clarity
of these models within the VR environment, and
the overall system usability. These aspects were
evaluated prior to testing with expert users.

IV. IMPLEMENTATION AND RESULTS

A. Expert Testing

The VR environment developed for tunnel
inspection was validated with the participation of
a panel of five experts selected for their experience
in railway infrastructure inspection. The evaluation
process consisted of three main stages, as shown
in Fig. 5.

In the first stage, the experts became familiar
with the system, including the use of VR head-
sets and associated controls, as illustrated in
Fig. 6(a). This phase was essential to ensure that
participants fully understood the available tools
and could interact efficiently within the virtual
environment. During the second stage, a virtual
inspection session was conducted, during which
the experts evaluated the system’s capability to
identify structural damage—such as cracks and
leaks—present in the 3D model, as shown in
Fig. 6(b). This analysis included both the identi-
fication of critical elements and the interaction
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Fig. 4. General view of the tunnel in the study area in a VR environment.
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Virtual reality
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Fig. 5. General view of the tunnel in the study area in a VR environment.

Fig. 6. Experts interacting with the VR tool. (a) Expert familiarizing himself with his environment.
(b) Expert looking for damage in the environment.
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with the virtual tools integrated into the inspec-
tion protocol. Finally, in the third stage, experts
were asked to provide their feedback of the
developed environment through structured ques-
tionnaires that evaluated aspects such as usability,
level of immersion, and the accuracy of the tools
compared with traditional inspection methods.

B. Results

The following presents the results of the
experts’ feedback regarding the system workflow,
associated physical symptoms, level of techno-
logical expertise, and key performance indicators
(KPIs) for specific tunnel inspection tasks.

1) Workflow: (1) The analysis of the workflow
within the VR environment yielded highly
positive results. Four of the five experts
rated the workflow as very efficient, while
the remaining expert rated it as efficient.
This perception highlights that the imple-
mented digital tools, such as the measuring
devices and marking systems, significantly
optimize the inspection process, enabling
a more agile and accurate performance
compared with traditional methods.
Additionally, the immersive environment
was praised for its ability to maintain focus
on the assigned tasks. Three out of five
participants reported an extremely high
level of immersion, while the remaining
two rated it as high. However, some users
reported minor challenges when navigating
the environment, particularly with lighting
adjustments and the visualization of struc-
tural details, which suggested the need for
improvements in these technical aspects.

2) Health: In terms of physical well-being,
most participants reported mild or no
symptoms during the use of the system.
Two out of five experts reported no
discomfort, while a similar percentage
mentioned low levels of visual fatigue and
slight dizziness. However, one out of five
experts experienced a moderate cognitive
load, attributed to the need to perform
multiple tasks simultaneously, such as
inspecting structural elements and navi-
gating through the virtual environment.

The levels of visual fatigue were mainly
related to the system’s graphical resolu-
tion and lighting, which were identified
as priority areas for future improvements.
Moreover, balance and orientation
remained stable for most users, although
pre-training sessions were recommended
for those with less experience in immer-
sive technologies.

3) Technological Level: The evaluation of the
technological level revealed that prior
knowledge of advanced technologies
significantly influences the perception of
the system’s ease of use and utility. Three
out of five participants reported that
their prior experience with technological
tools had a high or very high influence on
their ability to interact with the virtual
environment. On the other hand, two of
the five participants with moderate or
low familiarity with these tools reported
a steeper learning curve, although they
considered it manageable with appro-
priate guidance. Regarding specific
experience with VR, two out of five indi-
cated they had not previously used this
technology in professional applications.
Nevertheless, all participants were able
to adapt to the system, demonstrating its
accessibility even for users with limited
prior experience. This adaptability rein-
forces the importance of integrating
interactive tutorials and training sessions
when deploying immersive technologies
in new operational contexts.

4) Tunnel Inspection Indicators: The evalua-
tion of the KPIs between traditional
inspection methodologies—using data
provided by the maintenance company
for the same inspection process—and the
VR-based methodology. These indicators
were designed to measure operational
efficiency, coverage, and accuracy, provi-
ding a comprehensive assessment of the
strengths and areas for improvement in the
VR-based approach.

The Defect Detection Rate (DDR) quanti-
fies the number of defects identified per unit of
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TABLE II
COMPARATIVE TABLE OF DDR BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Number of Detected Defects Inspected Area (m?) DDR (Defects/m?)
Traditional 21 28.69 0.73
VR 21 31.96 0.66

TABLE III
COMPARATIVE TABLE OF ICI BETWEEN THE TRADITIONAL AND VR METHODOLOGY
Method Inspected Area (m?) Total Tunnel Area (m?) ICI (%)
Traditional 28.11 31.96 88
VR 31.96 31.96 100

TABLE IV
COMPARATIVE TABLE OF ITUL BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Total Inspection Time (min) Inspected Tunnel Length ITUL (min/m)
(m)
Traditional 90 64.76 1.39
VR 60 64.76 0.93

TABLE V
COMPARATIVE TABLE OF TD BETWEEN THE TRADITIONAL AND VR METHODOLOGY
Method Total TD (h) Total Inspection Time (h) TD (h)
Traditional 5 5 1.00
VR 3.5 4.5 0.78

inspected area. This metric is critical for assessing
the effectiveness of each inspection methodology
in detecting critical structural damage. In this
case, the results showed similar values between
the two methods, with 0.73 defects/m? for the
traditional approach and 0.66 defects/m?* for the
VR-based approach, as shown in Table II. While
the accuracy was comparable, the VR-based
approach provided additional advantages in terms
of traceability and digital defect recording.

The Inspection Coverage Index (ICI) represents
the percentage of the tunnel’s total area that was
inspected. Results indicated that the VR-based
methodology achieved full coverage (100%), while
the traditional method reached 88%, as shown in
Table III. This difference reflects the capability of
the VR-based approach to evaluate hard-to-reach

areas, thereby minimizing the risk of overlooking
critical zones.

The Inspection Time per Unit Length (ITUL)
was used to measure the time efficiency of each
methodology. VR showed a significant advantage,
reducing the required time from 1.39 to 0.93 min
per inspected meter, as shown in Table IV. This
improvement reflects the elimination of external
interruptions such as weather conditions or oper-
ational constraints.

The TD metric assesses the operational
impact of inspections on railway service. The
VR-based approach reduced this time from 5 to
3.5 h, demonstrating its capability to perform
comprehensive evaluations with minimal disrup-
tion to operations, as shown in Table V.
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TABLE VI
COMPARATIVE TABLE OF DFT BETWEEN THE TRADITIONAL AND VR METHODOLOGY

Method Structural Water defects Total DFT DFT
concrete defects defects concrete (%) water (%)
Traditional 5 16 21 24 76
VR 5 16 21 24 76

The Defect Frequency by Type (DFT) metric
enabled the categorization of detected damages,
supporting a more detailed analysis of mainte-
nance needs. Both methods identified similar
patterns, with 76% of defects associated with
water infiltration and 24% associated with struc-
tural concrete issues, as shown in Table VI.

V. DISCUSSIONS

A. General Discussions

The implementation of VR in the inspection
of railway tunnels has proven to be a significant
advancement in the optimization of critical main-
tenance processes. The results obtained through
KPIs confirm the feasibility of the proposed meth-
odology, demonstrating its capability to achieve
accuracy comparable to that of traditional inspec-
tions while improving coverage and reducing
operational times. The DDR values were compa-
rable between both methodologies, indicating
that VR can effectively replicate established detec-
tion standards.

Additionally, the ICI metric demonstrated
a significant advantage for the VR approach,
achieving 100% coverage compared to 88% for
the traditional method. This aspect is particu-
larly relevant in complex environments, where
traditional inspections may face logistical limita-
tions. Moreover, the reduction in ITUL and TD
underscores the operational efficiency of the
virtual-based approach, minimizing disruptions
and improving resource planning. These find-
ings suggest VR has potential for integration into
standard tunnel inspection workflows, providing
quantifiable benefits beyond those achievable
with traditional methods.

However, some technical challenges remain.
Participants with less experience in immersive
technologies reported moderate difficulties in
visualizing specific details, primarily due to issues
with graphical resolution and lighting adjust-
ments. These findings highlight the importance of
technical improvements and the incorporation of
training programs to optimize user experience.

B. Limitations

Although the VR-based methodology demon-
strated high potential, the development and
implementation of the model faced several limita-
tions that must be considered:

+ Logistical challenges for tunnel access:
Obtaining the necessary Weekly Work
Permit (PST) posed significant challenges,
particularly in complying with strict railway
safety regulations related to high-voltage
catenaries. The requirement for specific
licenses, such as the P6 permit, and the
need for coordination with multiple entities
delayed the initial data collection process.

+ Limitations of photographic equipment:
Relying on a standard camera for visual
surveying-imposed restrictions on captu-
ring complex geometric details. Although
a 90% image overlap ensured sufficient
coverage, the use of advanced tools—such
as LiDAR cameras or specialized drones—
could have further improved the quality of
data capture.

- Computational constraints: Rendering
the detailed 3D model using software like
Unreal Engine and iTwin required inten-
sive computational resources. This led
to extended model generation times and



| Congreso Internacional de Ingenieria Civil

occasional navigation difficulties within
the virtual environment, especially on
mid- to low-range devices. These findings
highlight the need to optimize rendering
and visualization algorithms to facilitate
broader adoption across various opera-
tional contexts.

C. Future Research Directions

This study opens multiple opportunities to
expand and enhance the application of VR in
structural inspections. Key directions for future
research include:

-+ Integration of interactive tools: Developing
new functionalities within the virtual
environment—such as tools for measu-
ring cracks directly on the 3D model or for
marking damaged areas in real time—could
enhance inspection accuracy and traceabi-
lity. These tools would also facilitate the
generation of automated reports.

- Improvements in data capture: The inte-
gration of advanced technologies, such as
LiDAR cameras or drones equipped with
multispectral sensors could improve the
quality and precision of initial surveys,
overcoming limitations associated with
conventional photographic equipment.

- Computational optimization: Research
aimed at reducing computational demands
for rendering and navigating virtual envi-
ronments could significantly increase
accessibility. This includes the implemen-
tation of more efficient algorithms, 3D
model compression, and adaptive visuali-
zation techniques.

- Validation in  different  scenarios:
Expanding the application of VR to other
infrastructure types, such as bridges or
underground stations, would provide
a broader comparative framework to
evaluate its applicability under diverse
structural and operational conditions.

VI. CONCLUSIONS

This study demonstrates that the implemen-
tation of VR environments in railway tunnel

inspections is not only feasible but also highly
effective in terms of efficiency, safety, and accu-
racy. The results demonstrate that VR maintains
a DDR comparable to traditional inspections,
while offering additional benefits in key areas
such as the ICI, which reached 100%, significantly
surpassing the 88% achieved with conventional
methodologies. This level of coverage ensures a
comprehensive evaluation, reducing the likeli-
hood of overlooking critical areas.

In addition, VR optimizes operational times,
reducing the ITUL from 1.39 to 0.93 min/m, and
decreasing the TD from 5 to 3.5 h. These results
reinforce the capability of this technology to
conduct inspections more efficiently, minimizing
operational disruptions and associated costs.

Nevertheless, challenges remain that must
be addressed to maximize the adoption of this
technology. Among them are the need to improve
technical aspects of the system, such as graphical
resolution and lighting, and to provide adequate
training to reduce the learning curve for inspec-
tors with limited experience in advanced VR tools.
Additionally, further research should prioritize
the validation of the developed protocol and its
replicability in other infrastructure contexts.

Overall, this study contributes to the existing
body of knowledge by establishing a standardized
protocol for railway tunnel inspection using VR,
demonstrating its advantages over traditional meth-
odologies. These findings underscore the potential of
VR not only to transform maintenance processes in
railway infrastructure but also to be applied across
other areas of civil engineering, promoting safer,
more efficient, and sustainable practices.
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