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Abstract: This article presents a study of the impacts caused by Fundão dam failure in
buildings from Gesteira district, Barra Longa city, Brazil. The analyzed dataset was built
using technical reports from surveys carried out in 152 buildings. Principal component
analysis was capable of explain the interdependence of data variable and allowed
conditions of understand the consequences and evidenced pathologies. Heavy vehicle
traffic caused more damage (57% of buildings) to the studied buildings than the contact
with the tailing mud (43% of buildings).

Keywords:Heavy vehicle traffic, impacts, pathologies, tailing mud, unsupervisedmachine
learning.

INTRODUCTION

Mineral industry is very important to humanity, being responsible to the production of essential
material for various human activities, such as: civil construction, agriculture, etc. Due to the growing
of humanity needs, the ore requesting increased, low-content deposits began to be mined and the
production of tailings increased. In year of 2010, the tailing production around the world was estimated
in 14 billion of tonnes (Adiansyah et al. 2015).

Commonly, tailings generated by mineral processing are stored in dams. These structures have
reached large volumes and heights and its management became a geotechnical concern. A tailing
dam failure can lead to human, economic and environmental disastrous consequences. The risk of
failures is an apprehension of whole world and public concern about the risk and impacts of these
structures growing since recent incidents occurred (Rico et al. 2008).

Despite failures of tailing dams being a concern for several decades, Fundão dam from Samarco’s
iron mine collapsed in year of 2015. More than 32.6 million of m3 of iron ore tailings left the dam
reservoir, causing a large environmental damage, affecting 680 km of watercourses from Rio Doce
Basin to the Atlantic Ocean (Carmo et al. 2017, SAMARCO 2020). The volume of waste and the extent of
ecosystems affected assumed unprecedented proportions, involving the Brazilian Atlantic Forest. The
dam was built using upstream method and its height were 130 meters.

The failed volume of tailings caused the death of 19 people, destroyed buildings, houses and the
infrastructure of Bento Rodrigues and Paracatu de Baixo districts (city of Mariana, Minas Gerais state),
and Gesteira district (city of Barra Longa, Minas Gerais state) (SAMARCO 2020). Researchers analyzed
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the dispersion of the tailing in Rio Doce basin and the Atlantic Ocean, the contamination of reefs, the
affectation of bee pollination, the dam failure catastrophe extent, among others studies of the large
environmental and human health impacts caused by the Fundão dam failure (Coimbra et al. 2020,
Orlando et al. 2020, Guerra et al. 2017, Marta-Almeida et al. 2016, Quadra et al. 2019).

Due to the impacts caused by one of the world large catastrophes related to tailing dam failures,
this topic is still much discussed and researched in the last years. However, studies about the event
consequences in terms of building pathologies were not found in the literature. Many buildings from
Gesteira district were affected by the event, either by contact with the tailing mud or by the heavy
vehicle traffic related to the reconstruction of its infrastructure. The tailing mud reached the district
by Carmo river overflow.

Contact of tailing mud with building grounds can cause overloading. An overloading generates
stress increase in the structure and it may cause masonry and/or structural elements cracking,
foundation settlement and even building collapse (Watt 2007). The heavy vehicle traffic can be a source
of vibration, inducing dynamic loads and waves, which reach the foundation of adjacent buildings
(Hunaidi & Tremblay 1997).

This article presents an analysis of building pathologies caused by failure of Fundão tailing dam. In
Gesteira district (Barra Longa city), 152 buildings were surveyed, analyzed and used to build a dataset.
The dataset was analyzed using a unsupervised machine learning, named Principal Component
Analysis (PCA). Machine learning is largely used for data analysis and these tools started to be used
recently in civil and mining engineering (Santos et al. 2018, 2019, Ali et al. 2019, Coelho et al. 2016, Kang
et al. 2021, Qi et al. 2019, Paulo et al. 2020, Yang et al. 2021, Santos & Oliveira 2021).

Principal component analysis was applied to the dataset to understand the interdependence
between the surveyed variables. This knowledge allowed determine and evaluate the consequences
and pathologies caused by Fundão dam failure to buildings.

MATERIALS AND METHODS

Research methodology

The analysis of pathologies in the buildings damaged by the Fundão dam failure consisted of eight
steps. First step consisted of determining the variables to be surveyed in the building and production
of technical reports. Second step included the dataset construction, using the variables collected at
the field. Dataset knowledge was carried out in the third step. In the fourth step, the correlation matrix
was defined and the non-significant variables were removed. Fifth and sixth step consisted of the
application of Bartlett’s Test and Principal Component Analysis (PCA), respectively. Finally, the seventh
and eighth steps comprised the result analysis and conclusion of the research. Figure 1 presents the
flowchart of the research methodology.

Determining of the qualitative and quantitative variables and survey of building pathologies

With the goal of analyzing the building pathologies caused by the dam failure, a technical survey
was carried out in buildings from Gesteira district, Barra Longa city. In each surveyed building were
identified its architectonic and urbanistic characteristics; structural system; pathologies; if the tailing
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Figure 1. Methodology.

mud reached to the building ground; and the presence of heavy vehicle traffic correlated with the
tailing clean-up.

Survey of building pathologies in this research was based on a visual inspection. According to
the Brazilian entity, named Instituto Brasileiro de Avaliações e Perícias de Engenharia (IBAPE 2012),
this type of survey is an inspection Level 1, which consists of an assessment with low technical
complexity, normally employed in buildings with very simple or inexistent maintenance plans (case of
the buildings located in Gesteira). Inspection Level 1 must to be carried out by qualified professionals
through a visual inspection in loco.

Classification of anomalies and cracks and their probable origin factor was carried out in the
buildings through in loco inspection. According to recommendations of the standard published
by IBAPE, the anomalies were classified as endogenous, exogenous, natural and functional (IBAPE
2012). Cracks were classified as operational, managerial, associated to the planning or associated to
execution of the building.

Pathologies were also classified according to their probable risk level. They were classified as
critical, medium and minimum. Critical level is correlated to the risk of causing damage to health
and security of personal and environment; loss of performance and functionality, possible occupancy
stoppage; increase of maintenance and repair costs and significant loss of useful life. Medium level is
correlated to the risk of causing the partial loss of building performance and functionality and it does
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not cause occupancy stoppage. Minimum risk level is associated to a minor damage to the building
esthetics or planned maintenance activity, without probability of critical and medium risk occurrence,
and low or anyone reduction of real estate value.

Building pathologies have various types, such as cracks, stains, displacements and deformations,
among others. Cracking classification was based on its opening (tiny, medium and large). Cracks
were also classified according to its possible causes in five groups: caused by overloading, thermal
variations, retraction and expansion, excessive deflection of concrete structural elements and
foundation settlement (Magalhães 2004).

Using the presented guidelines, an inspection was carried out on 152 buildings affected by Fundão
dam failure from Gesteira district. For all buildings, qualitative and quantitative characteristics were
surveyed, being subdivided into 19 variables, see Table I.

Table I. Surveyed variables.

Variable Lable Type

P1 Tailing reached to the building ground Qualitative

P2 Heavy vehicle traffic Qualitative

P3 Nature of building pathology is exogenous Qualitative

P4 Risk level Qualitative

P5 Building pathology worsen by the event Qualitative

P6 Number of cracks caused by settlement Quantitative

P7 Number of cracks caused by masonry expansion Quantitative

P8 Number of cracks caused by thermal variations of the masonry Quantitative

P9 Number of cracks caused by thermal variations of the floor system Quantitative

P10 Number of cracks caused by floor system deflection Quantitative

P11 Number of cracks caused by support deflection Quantitative

P12 Number of cracks caused by superior beam deflection Quantitative

P13 Number of cracks caused by structural deflection Quantitative

P14 Number of horizontal cracks caused by overloading Quantitative

P15 Number of vertical cracks caused by overloading Quantitative

P16 Number of cracks caused by negative bending in the sills Quantitative

P17 Number of cracks in openings (doors, windows, vents) Quantitative

P18 Number of detachments Quantitative

P19 Number of infiltrations Quantitative

Dataset construction

The dataset was built using the variables surveyed in buildings of the city, which presented reports of
the appearance and/or worsening of pathologies after the dam failure event. In case of quantitative
variables (P6 to P19), the counting values were used. For qualitative variables, ordinal values were
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assigned ranging from 0 to 3 for the variable P1, 0 to 1 for the variables P2, P3 and P5 and a range of
0 to 2 was assigned to variable P4, see Table II. Table III presents the ten first buildings (ID1 to ID10)
from the dataset and its surveyed variables (P1 to P19).

Table II. Values assigned to qualitative variables.

Variable Rating 0 Rating 1 Rating 2 Rating 3

Tailing reached to the building ground – P1 No Near Lot Building ground

Heavy vehicle traffic – P2 No Yes

Nature of building pathology is exogenous – P3 No Yes

Risk Level – P4 Minimum Medium Critical

Building pathologies worsen by the event - P5 No Yes

Table III. Ten first constructions of the dataset.

ID P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19

1 2 1 1 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0

2 3 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

3 2 1 1 1 1 14 0 10 0 0 0 0 0 0 0 6 8 6 0

4 2 1 1 0 1 3 0 7 0 0 0 4 0 0 0 0 1 0 0

5 2 1 1 0 1 1 0 4 0 0 0 0 0 0 0 0 0 0 0

6 0 1 0 0 1 0 0 0 0 0 0 0 0 7 0 0 0 0 1

7 0 1 1 1 1 1 0 14 0 0 0 0 0 0 0 0 8 15 0

8 0 1 0 2 1 12 0 0 0 0 0 0 0 1 0 1 0 0 0

9 0 1 0 2 1 0 0 0 0 0 0 0 0 2 0 0 0 0 0

10 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 2 0

Dataset knowledge

Exploratory analysis of the collected data was carried out with the objective of knowledge by means
of an analysis of the category frequency of each variable in the dataset. This investigation provides
conditions of understanding the information of the variability contained in the data. Besides, an urban
layout of researched district was drawn and the principal churches, bridges and streets were identified.
The 152 constructions are located on this area.
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Determining of correlation matrix and removing of the non-significant variables

Considering 𝑟𝑗𝑘 the correlation between the variables 𝑋𝑗 and 𝑋𝑘 and 𝑝 the number of variables of a
dataset. The data correlation matrix is a symmetric matrix (𝑟jk = 𝑟kj), given by Equation 1.

R =
⎡⎢⎢⎢⎢

⎣

𝑟11 𝑟12 ⋯ 𝑟1𝑃

𝑟21 𝑟22 ⋯ 𝑟2𝑃

𝑟𝑃1 𝑟𝑃2 ⋯ 𝑟𝑃𝑃

⎤⎥⎥⎥⎥

⎦

(1)

Pearson’s correlation 𝑟jk is a standard linear measure of relation between the variables 𝑋𝑗 and 𝑋𝑘,
assuming value ranging from -1 to 1, whose calculation is given by Equation 2.

𝑟𝑗𝑘 =
∑𝑛𝑖=1(𝑥𝑖𝑗 − 𝑥̄𝑗)(𝑥𝑖𝑘 − 𝑥̄𝑘)

√∑𝑛𝑖=1(𝑥𝑖𝑗 − 𝑥̄𝑗)2√∑
𝑛
𝑖=1(𝑥𝑖𝑘 − 𝑥̄𝑘)2

(2)

Where:
𝑥ij is the 𝑖

th value measured in the 𝑗th variable;
𝑥̄𝑗 is the average of 𝑗

th variable;
𝑥ik is the 𝑖

th value measured in the 𝑘th variable;
𝑥̄𝑘 is the average of 𝑘

th variable;
𝑛 is the number of samples.

Table IV presents how to interpreting the correlation values. In this research, the variables which
presented correlation values less than 0.3 with all the others variables were removed from the dataset.
They do not contribute to the construction of information contained between the variables of the data.

Table IV. Interpretation of correlation values (Callegari-Jaques 2003).

Correlation value Description

0.1 to 0.3 Weak linear correlation

0.3 to 0.5 Moderate linear correlation

0.5 to 0.7 Strong linear correlation

0.7 to 1.0 Very strong linear correlation

Application of Bartlett’s Test

Bartlett’s Test (Bartlett 1951) is a multivariate statistical test applied to verifying the presence of
significant correlation between all the variables and its application is a requirement for applying PCA
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or another technique of multivariate data analysis. It consists of a comparison between the correlation
matrix and the identity matrix, see Equation 3.

⎡⎢⎢⎢⎢

⎣

𝑟11 𝑟12 ⋯ 𝑟1𝑃

𝑟21 𝑟22 ⋯ 𝑟2𝑃

𝑟𝑃1 𝑟𝑃2 ⋯ 𝑟𝑃𝑃

⎤⎥⎥⎥⎥

⎦

=
⎡⎢⎢⎢⎢

⎣

1 0 ⋯ 0

0 1 ⋯ 0

0 0 ⋯ 1

⎤⎥⎥⎥⎥

⎦

(3)

Null hypothesis of the test consists of the equality of matrices and the test statistics is given by
Equation 4.

𝜒2 = − [(𝑛 − 1) −
2𝑝 + 5
6

] ln(det(𝑅)) (4)

Where:
n is the sample size;
p is the number of variables;
det(R) is the determinant of the correlation matrix.

Test statistics follows a chi-square distribution (𝜒2) with degrees of freedom equal to 𝑑𝑓 =
[𝑝(𝑝−1)]/2. Considering 95% confidence level, a p value less than 0.05 indicates significant correlation
between the variables. The test was applied to the dataset after removing the variables, which
presented weak linear correlation (< 0.30) with all the other variables.

Application of Principal Component Analysis (PCA)

PCA via correlation matrix was carried out in the dataset after application of Bartlett’s Test. It
consists of an interdependent multivariate technique, whose purpose is to explaining the variance
and covariance of a dataset by means of linear combinations of original variables (Hair et al. 2018,
Hottelling 1933, Mingoti 2013).

Considering 𝑝 independent variables denoted by the vector 𝑋 = (𝑥1, 𝑥2, … , 𝑥𝑝), the vector of
standardized variables 𝑍 = (𝑧1, 𝑧2, … , 𝑧𝑝) and the correlation matrix 𝑅pxp. The 𝑖

th principal component
(𝑃𝐶𝑖) is given by Equation 5.

PC𝑖 = 𝑒𝑖1𝑧1 + 𝑒𝑖2𝑧2 + … + 𝑒𝑖𝑝𝑧𝑝 (5)

Where 𝑒𝑖 = (𝑒𝑖1, 𝑒𝑖2, … , 𝑒𝑖𝑝) is the 𝑖
th eigenvector of matrix 𝑅pxp.

Each principal component is capable of explaining a percentage of the original data. The variability
explained by each principal component is given by the proportion of the eigenvalue correspondent
to the eigenvector used to build the linear combination, see Equation 6.

Var[𝑌𝑖]
Var[𝑋]

=
𝜆𝑖

∑𝑝𝑖=1 𝜆𝑖
(6)

Where 𝑉𝑎𝑟[𝑌𝑖]/𝑉𝑎𝑟[𝑋] is the proportion of the variance explained by the 𝑖
th principal component, 𝜆𝑖 is

𝑖th eigenvalue associated to the 𝑖th eigenvector.
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Geometrically, principal component analysis consists of the coordinates of the samples in an axis
system obtained by rotating the original axis system, in the direction of maximum variability. The
orthogonality between the axis must to be kept.

Analyses were carried out using R software version R-4.3.1 (R Core Team 2015). After performing
the analyses, the interdependence between the variables were analyzed and grounded using the
literature. Conclusions of the consequences of Fundão dam failure in Barra Longa city were obtained
using the information contained in the principal components generated in the analysis.

RESULTS AND DISCUSSION

Exploratory analysis

According to exploratory analysis, 37.5% of the surveyed buildings had contact with the tailing mud
in the lot and/or the building ground (P1). This information is correlated to the geographical position
of Gesteira and Carmo river. The district is located in one side of the river bank (see Figure 2a), then
a majority of buildings is located above the flooding level. They do not had contact with the mud.
Considering heavy vehicle traffic, 84.0% of the buildings had in its surroundings (P2). Figure 2 (b)
presents the traffic route of these vehicles, which coincides with the river bank and the location of
the damaged buildings, respectively.

A percentage of 69.7% of the building pathologies are endogenous and 30.3% are exogenous (P3).
During technical survey, the identified architecture of the district was characterized by a combination
of traditional constructive techniques (the city born in colonial period) and contemporary techniques.
Moreover, the self-construction phenomenon is the predominant way of construction. It consists
of constructive technical passed from generation to generation, which the building owner is the
responsible by the construction, often without assistance of qualified professionals (Balthazar 2012).
This fact can explain the high percentage of endogenous pathologies. Despite 69.7% of endogenous
pathologies, dwellers of affected buildings attest that 90.8% of pathologies worsened due to the event
(P5), showing the importance of the event in the increase of the building damages.

Pathologies caused by masonry expansion (P7), thermal variation of the system floor (P9), floor
system deflection (P10), support deflection (P11), superior beam deflection (P12), structural deflection
(P13), overloading (P14), negative bending in the sills (P16) were found in 5.3% of surveyed buildings.
Considering the cracks caused by settlement (P6), 46.7% of the studied buildings presented one or
more of this type of cracking. This value is greater than 37.5% of the buildings which have contact
with the tailing mud. It can be justified by the high number of buildings with endogenous pathologies
(69.7%). Probably, part of the surveyed buildings presented cracking before the dam failure and this
cracking could have been worsened by the event.

A percentage of 16.4% of the surveyed buildings presented detachment (P18), 17.1% presented
infiltrations (P19), 27.6% presented cracks caused by thermal variations in the masonry (P8) and 47.4%
presented cracks in openings (P17). These types of pathologies are endogenous and they also could
have been worsened by the event.

Seventeen residences (11.2%) presented a high-risk level (P4). Among them, fourteen residences
had heavy vehicle traffic in its surroundings, two residences had contact with the tailing mud and
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Figure 2. Cross profile of the river before and after the dam failure and location of the majority of the damaged
buildings.

one residence without contact with the mud and the heavy vehicle traffic. The last one, presented
endogenous pathologies, then its pathologies do not were generated by the dam failure. They were
generated by the intrinsic characteristics of its construction process and degree of deterioration.

Figure 3 presents the histograms of category frequency of the surveyed variables.

Data correlation matrix and principal component analysis (PCA)

After data exploratory analysis, the correlation matrix was obtained, see Table V. Variables that
presented only weak linear correlations (< 0.3) with all the other variables were removed from the
data before application of PCA. The variables number of cracks caused by masonry expansion (P7),
number of cracks caused by thermal variations of the floor system (P9), number of cracks caused by
floor system deflection (P10), number of cracks caused by support deflection (P11), number of cracks
caused by superior beam deflection (P12), number of horizontal cracks caused by overloading (P14),
number of vertical cracks caused by overloading (P15), number of infiltration (P19) were removed
from the analysis. PCA analysis identify the information contained in the interdependence between
variables. Variables without correlation with others will not present independence with others and
any information will be found. The analyses were carried out in the standardized data.
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Figure 3. Analysis of the category frequency of each variable in the dataset.
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Table V. Correlation matrix.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19

P1 11.00 -0.15 0.58 0.06 0.24 0.23 -0.14 0.06 -0.03 -0.10 0.05 0.13 0.16 0.17 -0.09 0.09 0.05 -0.08 0.11

P2 -0.15 11.00 -0.04 0.00 0.63 0.05 0.08 0.12 0.07 -0.13 0.06 0.00 0.07 -0.13 0.04 0.04 0.13 0.11 -0.11

P3 0.58 -0.04 11.00 0.12 0.21 0.48 -0.12 0.25 0.14 -0.09 -0.04 0.18 0.24 -0.02 -0.11 0.14 0.01 0.11 0.16

P4 0.06 0.00 0.12 11.00 0.08 0.44 -0.05 0.01 -0.06 -0.08 0.04 -0.07 -0.05 0.07 -0.11 0.06 0.12 0.29 -0.06

P5 0.24 0.63 0.21 0.08 11.00 0.14 0.02 0.06 0.06 -0.19 0.04 0.04 0.05 0.04 -0.01 0.03 0.05 0.09 -0.08

P6 0.23 0.05 0.48 0.44 0.14 11.00 -0.10 -0.01 0.00 -0.04 -0.07 0.01 -0.07 -0.04 -0.15 0.25 -0.03 0.17 -0.05

P7 -0.14 0.08 -0.12 -0.05 0.02 -0.10 11.00 -0.05 -0.03 -0.02 -0.03 -0.02 -0.03 -0.02 -0.07 -0.02 0.05 0.00 0.05

P8 0.06 0.12 0.25 0.01 0.06 -0.01 -0.05 11.00 0.01 -0.06 0.00 0.18 0.18 -0.06 -0.13 0.37 0.17 0.42 0.28

P9 -0.03 0.07 0.14 -0.06 0.06 0.00 -0.03 0.01 11.00 -0.02 -0.02 -0.02 -0.03 -0.02 -0.01 -0.02 0.04 -0.03 -0.03

P10 -0.10 -0.13 -0.09 -0.08 -0.19 -0.04 -0.02 -0.06 -0.02 11.00 -0.02 -0.02 -0.02 -0.06 -0.01 -0.08 -0.04 -0.05 0.05

P11 0.05 0.06 -0.04 0.04 0.04 -0.07 -0.03 0.00 -0.02 -0.02 11.00 -0.02 0.00 -0.02 -0.06 -0.01 -0.06 -0.03 -0.05

P12 0.13 0.00 0.18 -0.07 0.04 0.01 -0.02 0.18 -0.02 -0.02 -0.02 11.00 -0.02 -0.02 -0.05 -0.01 -0.04 -0.03 0.03

P13 0.16 0.07 0.24 -0.05 0.05 -0.07 -0.03 0.18 -0.03 -0.02 0.00 -0.02 11.00 0.08 0.08 0.01 0.16 0.04 -0.01

P14 0.17 -0.13 -0.02 0.07 0.04 -0.04 -0.02 -0.06 -0.02 -0.06 -0.02 -0.02 0.08 11.00 -0.05 0.13 -0.06 -0.04 0.17

P15 -0.09 0.04 -0.11 -0.11 -0.01 -0.15 -0.07 -0.13 -0.01 -0.01 -0.06 -0.05 0.08 -0.05 11.00 -0.10 -0.11 -0.14 -0.04
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Bartlett’s Test was carried out with the objective of verifying the suitability of the data for
application of PCA. Table VI presents the test result. Once, the 𝑝 value is less than 0.05, it is possible
to affirm that the data is suitable.

Table VI. Bartlett’s Test.

𝜒2 df 𝑝 value

428.01 55 3.57 × 10−59

Principal component analysis (PCA) was performed. Table VII presents the proportion of the
explained variance of the original data by each generated principal component. Kaiser’s criterion was
used to determining the number of retained principal components. This criterion consist of keeping
in the analysis the principal components with eigenvalue greater than 1.0 (Kaiser 1960). The first five
principal components (𝑃𝐶1 to 𝑃𝐶5) were kept and they are capable of explaining 75% of the original
data information, see Table VII.

Table VII. Proportion of the variance explained of the original data by each
generated principal component.

𝑃𝐶1 𝑃𝐶2 𝑃𝐶3 𝑃𝐶4 𝑃𝐶5 𝑃𝐶6
Proportion of explained variance 0.23 0.15 0.14 0.13 0.10 0.07

Cumulative proportion 0.23 0.38 0.52 0.65 0.75 0.82

𝑃𝐶7 𝑃𝐶8 𝑃𝐶9 𝑃𝐶10 𝑃𝐶11
Proportion of explained variance 0.06 0.04 0.03 0.02 0.02

Cumulative proportion 0.88 0.92 0.96 0.98 1.00

The first five principal components are given by Equations 7, 8, 9, 10 and 11, where 𝑍𝑖 is the 𝑖
𝑡ℎ

standardized variable.

PC1 =0.3𝑧1 + 0.2𝑧2 + 0.4𝑧3 + 0.3𝑧4 + 0.3𝑧5
+ 0.4𝑧6 + 0.3𝑧8 + 0.2𝑧13 + 0.3𝑧16 + 0.2𝑧17 + 0.3𝑧18 (7)

PC2 =0.4𝑧1 − 0.4𝑧2 + 0.4𝑧3 + 0.1𝑧4 − 0.1𝑧5
+ 0.4𝑧6 − 0.3𝑧8 − 0.2𝑧13 − 0.1𝑧16 − 0.4𝑧17 − 0.3𝑧18 (8)

PC3 =0.1𝑧1 + 0.5𝑧2 + 0.6𝑧5 − 0.3𝑧8 − 0.3𝑧16 − 0.2𝑧17
− 0.3𝑧18 (9)

PC4 =0.3𝑧1 − 0.2𝑧2 + 0.2𝑧3 − 0.4𝑧4 − 0.3𝑧6 − 0.6𝑧13
− 0.1𝑧16 + 0.3𝑧17 − 0.4𝑧18 (10)

PC5 =0.1𝑧1 + 0.2𝑧3 − 0.6𝑧4 − 0.2𝑧6 + 0.4𝑧8 − 0.3𝑧13
+ 0.3𝑧16 − 0.5𝑧17 (11)
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The five retained principal components were interpreted and interdependence variable
information were obtained. The analysis of the two first principal components (𝑃𝐶1 and 𝑃𝐶2) are
presented in Figure 4. The last three principal components (𝑃𝐶3, 𝑃𝐶4 and 𝑃𝐶5) do not presented
interpretability.

Figure 4. PC1 and PC2 results.

Principal component 1 (𝑃𝐶1 ) consists of a Global Index. Buildings with highest values of 𝑃𝐶1 are
the ones most damaged by the dam failure. The buildings with lowest values of 𝑃𝐶1 were less or not
even damaged by the event. Figure 4a-b the histogram and the pie chart of 𝑃𝐶1 values for the 152
buildings.

Most of buildings presented values of 𝑃𝐶1 in a range of -2 to 2, where 52% of constructions presents
value of 𝑃𝐶1 between -2 to 0 and 34% of constructions has values between 0 and 2. Table VIII shows
the modal values of variables P1 to P5 for the 𝑃𝐶1 ranges defined in the histogram of Figure 4a.
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Table VIII. Variable modes of the ranges of PC1 values.

Tailing reached
to the building
ground (P1)

Heavy vehicle
traffic (P2)

Nature of
building

pathology is
exogenous (P3)

Risk level (P4) Building
pathology

worsen by the
event (P5)

𝑃𝐶1 < −2 No No No Minimum No

−2 < 𝑃𝐶1 < 0 No Yes No Minimum Yes

0 < 𝑃𝐶1 < 2 Lot Yes Yes Minimum Yes

𝑃𝐶1 > 2 Lot Yes Yes Critical Yes

Buildings with value of 𝑃𝐶1 smaller than -2 have not contact with the tailingmud and heavy vehicle
traffic. The pathologies of these buildings are endogenous, were not worsened by the failure dam event
and present a minimum risk level. They correspond to 7% of the 152 surveyed buildings. The buildings
with 𝑃𝐶1 between -2 and 0 also have not contact with the tailing dam, they are also endogenous and
present a minimum risk level. Nonetheless, they had contact with heavy vehicle traffic and this event
could worsen its preexisting pathologies. They correspond to 52% of the surveyed buildings.

Buildings with 𝑃𝐶1 value between 0 and 2 present exogenous pathologies and they have been
worsened by the event. These buildings had contact with the tailing mud at least on the lot ground
and contact with heavy vehicle traffic, but they present a minimum risk level. They correspond to 34%
of the 152 buildings. Buildings with 𝑃𝐶1 greater than 2 had contact with the tailing mud at least in the
lot, and contact with heavy vehicle traffic. Its pathologies are exogenous and they were worsened by
the event. In this case, these buildings have a critical level risk ant they correspond to 7% of the data.

Table IX presents the variables and range of 𝑃𝐶1 of the buildings where the tailing mud reached
the building ground.

Building where the tailing mud reached the building ground presented values of 𝑃𝐶1 in a range of
-2 to 2. These buildingsmostly presentedminimum risk level, had contact with heavy vehicle traffic and
had exogenous pathologies. Besides, building pathology was worsen by the event in all cases, eight
buildings had contact with heavy vehicle traffic and seven had no contact. Buildings with 𝑃𝐶1 between
-2 and 0 had no contact with heavy vehicle and the nature of building pathology is endogenous. This
information shows that the mud reach or not reach the building ground is not an ensure of worst
building performance and the heavy vehicle traffic must to be carefully considered and analyzed.

Principal component 2 (𝑃𝐶2) consists of an index, which determines the type of building pathology
and its cause, see Equation (8) and Table X. In this principal component, P1 (tailing reached to the
building ground), P3 (nature of building pathology is exogenous), P4 (risk level) e P6 (number of
cracks caused by settlement) has positive coefficients. Observing Table II, the closer the mud is to the
building, the greater the value of variable P1. So, exogenous pathologies will have greater values of P2
and the greater the degree of risk, the greater the value of variable P4. Then, the closer themud is to the
building, the greater the probability of generating greater overloads to the building, which can cause
greater cracks by settlement, which are exogenous pathologies and, finally, increasing the degree
of risk of the building. Wherefore, positive values of principal compnent 2 respresents pathological
problems related to the direct contact with the mud (P1).
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Table IX. Buildings that have contact with the tailing mud.

ID Tailing the building
reached to ground

(P1)

Heavy
vehicle

traffic (P2)

Nature of
building

pathology is
exogenous (P3)

Risk level (P4) Building
pathology

worsen by the
event (P5)

Range of PC1

93 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

90 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

91 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

142 Building ground No Yes Minimum Yes 0 < 𝑃𝐶1 < 2

5 Building ground Yes No Regular Yes 0 < 𝑃𝐶1 < 2

8 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

21 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

77 Building ground No No Minimum Yes −2 < 𝑃𝐶1 < 0

78 Building ground Yes No Minimum Yes 0 < 𝑃𝐶1 < 2

2 Building ground No Yes Minimum Yes 0 < 𝑃𝐶1 < 2

57 Building ground No Yes Minimum Yes 0 < 𝑃𝐶1 < 2

66 Building ground No Yes Minimum Yes 0 < 𝑃𝐶1 < 2

69 Building ground No No Minimum Yes −2 < 𝑃𝐶1 < 0

94 Building ground Yes Yes Minimum Yes 0 < 𝑃𝐶1 < 2

95 Building ground No Yes Minimum Yes 0 < 𝑃𝐶1 < 2

Variables P2 (heavy vehicle traffic), P5 (building pathology worsen by the event), P8 (number of
cracks caused by thermal variations of the masonry), P13 (number of cracks caused by structural
deflection), P16 (number of cracks caused by negative bending in the sills), P17 (number of cracks
in openings - doors, windows, vents) e P18 (number of detachments) have negative coefficients in
principal component 2. Observing Table II, P1 is equal to 0 when the building do not have contact
with the mud, P3 is equal to 0 when the pathology is endogenous and P4 have lower values for lower
risk level. Then, negative values of principal component 2 represent the building pathologies that not
are related to the direct contact with the mud (P1), but are related to heavy vehicle traffic (P2). The
pathologies measured in P8, P13, P17 e P18 variables are fissures, which have endogenous nature and
the vibrations induced by heavy vehicle traffic can cause increase of these fissures (this subject will
be more discussed further in the article).

Still evaluating principal component 2 (𝑃𝐶2), P5 (building pathologies worsen by the event) has a
negative coefficient with smallest magnitude (value of 0.1 – see equation 8). Regardless of the origin
of the pathology being due to direct contact with the mud (P1) or heavy vehicles traffic (P2), both were
capable of worsen the pathologies, justifying this lower magnitude. The number of buildings with
contact with heavy vehicle traffic (129 buildings) is much higher than the number of buildings that
had direct contact with the mud (15 buildings), see Figure 3. Then, P5 has more relation with P2 than
P1, due to the greater number of recurrence, thus having its negative coefficient. Finally, P5 has relation

An Acad Bras Cienc (2023) 95(Suppl.1) e20220458 15 | 21



LADIR ANTONIO DA SILVA JUNIOR & TATIANA B. DOS SANTOS BUILDING PATHOLOGIES CAUSED BY FUNDÃO DAM FAILURE

with P1 (positive coefficient) and P2 (negative coefficient) and, therefore, it has a lower absolute value
in principal component 2.

Table X. Variables and the signal of its coefficients in PC2.

Variables with positive coefficients Variables with negative coefficients

Tailing reached to the building ground (P1) Heavy vehicle traffic (P2)

Nature of building pathology is exogenous (P3) Building pathologies worsen by the event (P5)

Risk level (P4) is exogenous (P3) Number of cracks caused by thermal variations of the
masonry (P8)

Number of cracks caused by settlement (P6) Number of cracks caused by structural deflection (P13)

Number of cracks caused by negative bending in the
sills (P16)

Number of cracks in openings (P17)

Number of detachments (P18)

Therefore, the buildings with positive values of 𝑃𝐶2 weremajority damaged by the tailing proximity
(Tailing reached to the building ground - P1) and the associated pathology was cracks caused by
settlement (P6) and buildings with negative values of 𝑃𝐶2 were majority damaged by the heavy vehicle
traffic (P2) and the associated pathologies were cracks caused by thermal variations of the masonry
(P8), cracks caused by structural deflection (P13), cracks caused by negative bending in the sills (P16),
cracks in openings (P17) and detachments (P18). Figure 4c-d present the histogram and pie chart of
PC2 values for the 152 buildings.

Contact with the tailing mud cased damage to 43% of the buildings and 57% of the buildings were
damaged by heavy vehicle traffic, see Figure 4c-d. 𝑃𝐶2 opposes the contact with the tailing mud and the
pathologies generated by its overload (settlement) with the heavy vehicle traffic and the pathologies
generated by vibration. Pathologies caused by settlement are correlated to driving forces greater than
the soil strength capacity in the foundations and, it is knowing that, the driving forces are increased by
the extra overload of tailing mud. The heavy vehicle traffic (trucks, heavy machinery and compaction
equipment) has been could generate vibrations on buildings and, depending on the vibration level,
fissures could manifest (Andrews et al. 2013).

Figure 5 shows the graph of 𝑃𝐶1 versus 𝑃𝐶2, knowing as a Biplot graph, where is possible to
evaluate the variable interdependence discussed in the topics above.

Induced vibrations in buildings caused by heavy vehicle traffic

The vibration level generated by vehicle traffic depends on the vehicle weight and road conditions.
Irregular pavement roads, such as prismatic blocks or damaged roads, are those responsible to
generate greater vibratory energy (Hunaidi & Tremblay 1997). Considering the type of the vehicle,
according to California Department of Transportation (Andrews et al. 2013), the vibration caused
by construction and maintenance equipment directly influence in the ground and, consequently, in
foundation buildings.
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Figure 5. Biplot of PC1 versus PC2.

Peak Particle Velocity (PPV) transmitted from vehicle to building is an index used to verify the
influence of induced vibration of heavy vehicle traffic in urban roads given by Equation 12 (Andrews
et al. 2013). This index is compared with the allowable PPV limit values of buildings, see Table XI.

PPVheavy vehicle traffic = PPVRef (
25
𝐷
)
𝑛
(𝑖𝑛/𝑠𝑒𝑐) (12)

where:
𝑃𝑃𝑉Ref is the reference PPV at 25 ft., see Table XI;
𝐷 is the distance from equipment to the receiver (building) (ft) and
𝑛 is the value related to the attenuation rate through ground.

According to California Department of Transportation (Andrews et al. 2013), the suggested value
of 𝑛 is equal to 1.1, considering the studied site. The equipment vibration originates near to ground
surface, then the determination of 𝑛 is not influenced by the soil type.

Considering the values of Table XII and the Equation 12, PPV of the heavy vehicle traffic used to
clean up the tailing mud and reconstruct the district was calculated. A distance D equal to 2.5 meters
(distance of the equipment gravity of center to the building facade) was considered. The obtained
results are presented in Table XIII.

An Acad Bras Cienc (2023) 95(Suppl.1) e20220458 17 | 21



LADIR ANTONIO DA SILVA JUNIOR & TATIANA B. DOS SANTOS BUILDING PATHOLOGIES CAUSED BY FUNDÃO DAM FAILURE

Table XI. Guideline Vibration Damage Potential Threshold Criteria - Maximum PPV (in/sec) (Andrews et al. 2013).

Structure and Condition Transient Continuous/Frequent
Sources Intermittent Sources

Extremely fragile historic buildings, ruins, ancient monuments 0.12 0.08

Fragile buildings 0.2 0.1

Historic and some old buildings 0.5 0.25

Older residential structures 0.5 0.3

New residential structures 1.0 0.5

Modern industrial/commercial buildings 2.0 0.5

Table XII. Vibration Source Amplitudes for Construction Equipment
(Andrews et al. 2013).

Equipament Reference PPV at 25 ft. (in/sec)

Vibratory roller 0.210

Large bulldozer 0.089

Caisson drilling 0.089

Loaded trucks 0.076

Jackhammer 0.035

Small bulldozer 0.003

Crack-and-seat operations 2.4

Comparing the obtained results of PPV (Table XIII) with the allowable PPV limit values of buildings
(Table XI), considering transient sources, it is possible to notice that some PPV generated by the heavy
vehicle in Barra Longa city are very close to the limit values from old buildings and others are greater
from fragile buildings. Observing on the results, it is possible to conclude that the heavy vehicle traffic
may have worsen preexisting pathologies of the buildings, considering that buildings from Gesteira
are old, constructed using self-construction techniques.

CONCLUSION

Principal component analysis was capable of explain the interdependence of data variable and
allows conditions of understand the consequences caused by Fundão dam failure in Gesteira district,
city of Barra Longa. Through the analysis, it was possible to defining the existence of relationship
between the heavy vehicle traffic with the appearance of several pathologies related to fissures.
Besides, the contact with the tailing mud, according to the analysis, caused pathologies related to
settlement. These conclusions are expected of technical point of view, but the analysis provides way
of determining the coverage of these consequences in the studied location. This type of conclusion
would not possible through univariate statistical analysis.

According to the obtained results of 𝑃𝐶1, 7% of analyzed building were very damaged by the dam
failure, where new pathologies with critical level of risk tended to appear on them. 34% of the buildings
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Table XIII. PPV results, considering the distance D
equal to 2.5 meters (8,2 ft).

Equipment Reference PPV at 25 ft. (in/sec)

Vibratory roller 0.716

Large bulldozer 0.303

Loaded trucks 0.259

Small bulldozer 0.010

were moderately damage, where new pathologies with minimum risk level tended to appear on them.
52% of the studied buildings were slightly damaged, where preexisting pathologies tended to present
minimum risk of level and were worsen by the failure event. Finally, 7% of building were not damaged
by the event, where the pathologies tended to be endogenous and were not worsen by the event.
According to obtained results of 𝑃𝐶2, 43% of building were damaged by the contact with the tailing
mud and 57% of them were damaged by the heavy vehicle traffic, which were validated by the results
of PPV analysis.

Observing the obtained results, it possible to conclude that the heavy vehicle traffic associated
to reconstruction of Gesteira infrastructure caused more damage to the studied buildings than the
contact with the tailing mud. Is result is related to the reach of the tailing mud, which were limited to
the buildings located next to the river (9.9% of the studied buildings), whereas the heavy vehicle traffic
occurred along several streets of the district. In case of future events with the same characteristics, the
concern with the vibration level of heavy vehicle traffic involved in the infrastructure reconstruction
must to be seriously considered, because they can be more harmful for the building than the mud
flood.
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