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With great satisfaction, we present the second issue of the
twelfth year of the ALCONPAT Journal.

The objective of the Journal is the publication of
contributions on basic or applied research directly related to
solving problems about quality control, pathology and
recovery of constructions, with related case studies being
welcome in these areas.

This V12N2 edition begins with a work from Brazil, where
E. L. Machado and colleagues identify what criteria should be
considered in the evaluation of school buildings, through a
systematic review of the literature, consultation of
government regulations and guidelines, and consultation with
experts. The research was carried out in 3 stages: 1)
systematic review of the literature and 2) review of national
standards and guidelines to identify criteria and 3) weighting
of criteria, by applying the Delphi method. 70 evaluation
criteria were identified, which were grouped into 11
categories and weighted by consulting experts. The
identification of criteria, as presented in this research, aims to
contribute to the development of evaluation technigques and
methods, to subsequently write a performance standard for
school buildings.

In the second work, from Mexico, A. Moreno and colleagues
make a review of the work done using marble powder as a
substitute for cement, sand or fine aggregate in concrete,
mortar and bricks. Research carried out in various parts of the
world with different experimental procedures was reviewed.
It is concluded that marble powder can be used as a partial
substitute for cement or fine aggregate (up to 15%, depending
on the material to be replaced), without affecting the
compressive strength of the samples or pieces, and regardless
of the shape. Therefore, marble dust not only helps to reduce
the pollution it generates, but also to reduce its use as sand
and dust, contributing to sustainable development.

The third work in this issue is from Brazil, where F. G. S.
Ferreira and colleagues evaluate the impact of thermal curing
and the use of particle packing in ultra-high performance
cementitious composites (UHPC), with and without glass
powder. For this, the specimens were molded with 0% and
50% glass powder (volumetric replacement for cement), in
addition to two mixtures obtained through particle packing.
The samples were subjected to thermal curing and moist
curing to compare the effects. Tests of resistance to
compression and absorption by capillarity were carried out.
The results indicated that thermal curing provides a gain in
initial strength. The application of particle packing in the
mixing doses resulted in a significant improvement in the
properties of the samples and the glass powder proved to be a
viable substitute for cement.

In the fourth article from Brazil, R. R. C. Silva and C.
Bertoldo simulate pathological manifestations in diaphragm
walls through concrete made with different additions of
synthetic polymer, proposing to obtain resistance and
stiffness prediction models through the propagation of
ultrasound waves. Compression tests were carried out to
determine resistance and stiffness, as well as ultrasound tests
by the direct and indirect method on concrete produced with
different concentrations of synthetic polymer. The results
obtained indicated a decrease in the mechanical and acoustic
properties of the concrete with the increase in the
concentration of synthetic polymer in its preparation. The
models generated by the ultrasonic test were statistically
significant, with a confidence level of 95%, and the
correlations established in particular can be used in the
detection of pathological manifestations in loco.

The fifth article, by R. Cattelan and colleagues, comes from
Brazil, and they evaluate the influence of the eccentricity
variations of the cables in models with post-tensioned flat
slabs. The correct positioning of the tendons in the assembly
of post-tensioned flat slabs is essential for the structural
system to achieve adequate performance and safety. Four
different architectural models with modification of the height
of the cables at different points and quantity were analyzed.
Pre-compression stresses, extreme stresses at the top and
bottom, vertical displacements, load balancing and amount of
passive steel in the slabs were evaluated. The ADAPT Floor
Pro software was used for the analysis. The project follows
the recommendations of NBR 6118:2014 and ACI 318:2019.
For the evaluated models, it was found that the variation in
the vertical eccentricity of the tendons at the base of the slab
further reduces the values of the applied stresses, compared to
the variation at the top.

The sixth work of this issue was written by Elia Alonso and
colleagues from Mexico, in which they analyzed
modifications presented by different stabilizers (lime, cement,
prickly pear fiber, river lithics, volcanic lithics, sodium
sulfate and gypsum) in properties and failure envelope of a
remodeled natural clayey soil from Santiago Undameo, in
Michoacéan, Mexico. Granulometry, hydrometry, index tests,
simple compression and Proctor test were performed on the
clay soil. The variation in index and failure envelope
properties was determined for the stabilized mixtures. The
proposed additions improve the behavior of the highly plastic
soil, reducing volumetric deformations and increasing its
normal mechanical strength, shear strength and internal
friction angle. The research contributes favorably to the
restoration of historic-heritage earthen constructions, civil
works, pathologies in buildings and construction
technologies. The research was carried out in a laboratory
under international regulations.

In the seventh paper, from Brazil, Ana Lin Ramos and Elton
Bauer study the conditions of exposure to degrading agents in
buildings located in different Brazilian bioclimatic zones.
Knowing the action of weathering is essential to understand
the degradation of facades. For this, eight cities were selected:
Curitiba, Santa Maria, Floriandpolis, Brasilia, Niteroi,
Goiania, Picos and Belém. A hygrothermal simulation
construction model was defined to evaluate total radiation,
thermal amplitude, thermal shock, temperature intensity
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index and directed rainfall. As a result, critical condition
zones are identified, providing exposure classifications. For
agents of temperature and directed rain, the most exposed
areas are Goiania and Belém. The mildest exposure zones are
Belém for temperature agent and Niterdi for directed rain.

The eighth work is a case study from Cuba, where Alberto
Hernandez Oroza and colleagues make an evaluation through
visual classification and non-destructive tests, the state of
conservation of 32 wooden beams for reuse in the building
restoration project. Narciso Lopez of the Historic Center of
Havana. For this, measurements of the moisture content,
penetrometer, estimation of the modulus of elasticity and
breaking stress by ultrasonic pulse velocity were made. The
results showed that 66% of the beams were affected by rot,
defibration and cracking. The tests carried out on the
deteriorated beams made it possible to determine that, for a
reliability of 95%, of the remaining 21 beams it was possible
to reuse 17 of them with an average density of 0.4 g/cm?,

The ninth work in this number comes from Brazil. In this case
study, G. Coni and colleagues present the study carried out in
a Wastewater Pumping Station after severe degradation was
observed. Biogenic sulfuric acid attack on sewage systems is
widely studied in the literature, however, data on real
construction situations are still quite limited. Analyzes of H2S
concentration in air, carbonation depth, compressive strength
test, petrography, SEM/EDS, XRD and chemical
determinations were performed on concrete cores extracted
above the effluent level. Products identified on the surface
were gypsite, jarosite, ferrous hydroxide, ferrous chloride,
and possibly hisingerite. The results demonstrate the presence
on the surface of both cement paste dissolution products and
16 mm steel bars located in the attacked region.

The tenth article that closes the edition was written by Alberto
Hernandez Oroza and colleagues from Cuba, who diagnose
and propose a solution to the injuries present in the wooden
floors of the Santa Clara Convent. To this end, non-
destructive resistography and penetrometer tests, biological
studies on the wood, and geomatic techniques for analysis of
deformation and dimensioning of the beams were applied.
The results of the diagnosis showed that 65% of the slab
composed of 98 beams is affected by rot and xylophagous
organisms. Density studies by comparison with reference
values showed loss in wood hardness. The results conclude
that the restoration implies the need to replace 17 beams, and
the reinforcement of the right feet and sections of sliding
beams.

It is important to mention that the ONCyTS of Brazil and
Mexico have kept Revista Alconpat in their indexes of
Quality Scientific Journals. In particular, in Mexico, the
Alconpat Journal has been consolidated at an international
level and the National System of Researchers (SNI) already
considers it as a valid product for the promotion and
permanence of its members. This has been a great
achievement, the product of everyone's efforts, authors,
reviewers and editorial committee. Similarly, it is important
to mention that Revista Alconpat already belongs to the
Directory of Open Access Journals (DOAJ), which is a
definitive step to apply to new indexes. Alconpat is also
making a significant financial investment so that all its issues
are being marked in XML-Jats so that it can be evaluated in

more prestigious indexes. Congratulations and our thanks to
all.

We are sure that the articles in this issue will constitute an
important reference for those readers involved with questions
of evaluation and characterization of materials, elements and
structures. We thank the authors participating in this issue for
their willingness and effort to present quality articles and
meet the established deadlines.

On behalf of the Editorial Board

Pedro Castro Borges
Editor in Chief
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ABSTRACT

The objective of this research is to identify which criteria should be considered in the evaluation of
school buildings, through a systematic review of the literature, consultation of government standards
and guidelines and consultations with experts. The research was carried out in 3 stages: 1) systematic
review of the literature, 2) review of national standards and guidelines to identify criteria, and 3)
weighting of criteria through the application of the Delphi method. 70 evaluation criteria were identified,
which were grouped into 11 categories and weighted through consultation with experts. The
identification of criteria as presented in this research, aims to contribute to the development of techniques
and evaluation methods, to later compose a performance standard for school buildings.

Keywords: school infrastructure; performance of school buildings; school building evaluation criteria;
systematic literature review; delphi.
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Identificacion de criterios para la evaluacion de edificios escolares

RESUMEN

El objetivo de esta investigacion es identificar qué criterios se deben considerar en la evaluacion
de edificios escolares, a traves de una revision sistematica de la literatura, consulta de normas y
directrices gubernamentales y consultas a expertos. La investigacion se llevé a cabo en 3 etapas:
1) revision sistematica de la literatura, 2) revision de normas y directrices nacionales para
identificar criterios y 3) ponderacion de criterios mediante la aplicacién del método Delphi. Se
identificaron 70 criterios de evaluacion, los cuales fueron agrupados en 11 categorias y ponderados
mediante consulta a expertos. La identificacion de criterios, tal como se presenta en esta
investigacion, tiene como objetivo contribuir al desarrollo de técnicas y métodos de evaluacion,
para posteriormente redactar una norma de desempefio para edificios escolares.

Palabras clave: infraestructura escolar; desempefio del edificio escolar; criterios de evaluacion de
edificios escolares; revision sistematica de literatura; delphi.

Identificacdo de critérios para avaliacao de edificacbes escolares

RESUMO

O objetivo desta pesquisa € identificar quais critérios devem ser considerados na avaliacdo de
edificios escolares, por meio de uma revisdo sistematica da literatura, consulta a normas e
diretrizes governamentais e consultas a especialistas. A pesquisa foi realizada em 3 etapas: 1)
revisdo sistematica da literatura, 2) revisao de normas e diretrizes nacionais, para identificacdo dos
critérios e 3) ponderacdo dos critérios, por meio da aplicacdo do método Delphi. Foram
identificados 70 critérios de avaliacdo, que foram agrupados em 11 categorias e ponderados por
meio da consulta a especialistas. A identificacdo dos critérios conforme apresentado nesta
pesquisa, visam contribuir para o desenvolvimento de técnicas e métodos de avaliacdo, para
posteriormente compor uma norma de desempenho para edificios escolares.

Palavras-chave: infraestrutura escolar; desempenho de edificios escolares; critérios de avaliagcdo
de edificios escolares; revisdo sistematica da literatura; delphi.
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1. INTRODUCTION

The school environment and indoor spaces play a significant role in improving or obstructing
teaching and learning processes. Well-designed, properly furnished and maintained school
facilities contribute to better academic performance which positively reflects on student
development (Hassanain; Ali Iftikhar, 2015).

As pointed out by Cardoso (2017), school infrastructure planners are faced with a scenario in which
there is a need to create a comfortable and stimulating space for children. However, considering
the Brazilian economic limitations, a transformation of this reality can be only with the construction
of new units, so it is necessary to define strategies for the adaptation of existing buildings.
National and international studies point to many deficiencies in relation to the maintenance and
conservation of school buildings (Norazman, Norsafiah, et al., 2019; Marques, De Brito, Correia,
2015; Mojela, Thwala; 2014; Mydin et al., 2014; Tan et al., 2014; Ali et al.; 2013; Shehab,
Noureddine 2013; Soares Neto et al., 2013; Boothman, Higham, Horsfall, 2012; Asiya, 2012;
Gomes and Regis; 2012)

Beauregard and Ayer (2018) highlight the importance of establishing a process to prioritize the
installation maintenance work orders, thus seeking to optimize public resources. Therefore, the
selection of the criteria to be evaluated becomes the first step to obtain this prioritization of the
conservation activities of the schools.

The identification of criteria for evaluating buildings is a recurring theme in case studies related to
quality control, pathology and building recovery, such as the research by Sotsek, Leitner and Santos
(2019). As pointed out by Koleoso et al., (2013), measuring the performance of a building is the
safest way to improve the economic, physical and functional development of a building, ensuring
that its objectives are met.

Based on this scenario, this article aims to identify which criteria should be considered in the
evaluation of school buildings, through a systematic review of the literature, consultation of
national and international standards and consultations with specialists, aiming at the conservation
of these buildings and guaranteeing the proper performance.

2. STANDARDS AND GUIDELINES FOR EVALUATING SCHOOL
INFRASTRUCTURE IN BRAZIL

In Brazil, there are no specific standards for evaluating a school's infrastructure. However, there
are rules for evaluating buildings in general, which can guide the evaluation of a school building.
These standards are drawn up by the Brazilian Civil Construction Committee (ABNT/CB-002),
which is responsible for standardizing the sector.

The main building evaluation standard is ABNT NBR 15575 (2013), “Performance of housing
buildings”, which establishes the requirements and performance criteria that apply to housing
buildings, seeking to meet user requirements that are: safety, habitability and sustainability.

This standard, however, does not apply to works in progress or buildings completed by the date of
entry into force, nor to renovations, retrofits and temporary buildings.

In addition to ABNT NBR 15575 (2021), other standards that address the performance of buildings
are ABNT NBR 14037 (2014) “Guidelines for the preparation of manuals for the use, operation
and maintenance of buildings — Requirement for the preparation and presentation of contents”,
ABNT NBR 5674 (2012) “Building maintenance — Requirements for the maintenance management
system”, and ABNT NBR 16280 (2015) “Building renovation — Renovation management system
— Requirements”.
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Recently, another standard was elaborated, ABNT NBR 16747 (2020), "Building Inspection -
Guidelines, concepts, terminology, requirements and procedure”, which provides guidelines,
requirements and procedures related to building inspection, aiming to standardize methodology,
establishing methods and minimum steps of the activity. The standard will apply to buildings of
any type, public or private, for global assessment of the building, fundamentally through sensory
examinations by a qualified professional.

The "Prova Brasil" and the School Census have been the methods used to assess a school's
infrastructure in terms of learning and performance.

The "Prova Brasil" is a census assessment, created by the National Institute of Educational Studies
and Research (INEP) in 2005, to assess the quality of education offered by the Brazilian public
education system; through standardized tests in the areas of Portuguese Language and
Mathematics, it provides data for Brazil, federation units, municipalities and participating schools.
In addition to the tests, students also answer a questionnaire on aspects related to socioeconomic
and cultural origin and on school and study practices. Principals and teachers also respond to
questionnaires involving aspects related to school resources, school organization and management,
academic climate and pedagogical practices (Gomes and Regis, 2012).

In this test, the state of conservation of the items and equipment of the building (roof, walls, floor,
entrance of the building, patio, corridors, classrooms, doors, windows, bathrooms, kitchen and
hydraulic and electrical installations are evaluated, but it does not evaluate stairs, ramps and
elevators, among others...), the number of classrooms that meet the criteria for adequate lighting
and ventilation, aspects related to the safety of schools and students, among other aspects.

The School Census, on the other hand, offers different information about the school reality,
presenting data on schools, classes, enrollment and teachers. Although these data are important, by
themselves they would not reveal the state of conservation of the schools, since the infrastructure
variables available in the School Census only indicate the presence or absence of certain items.
The School Census (INEP, 2019) is applied annually throughout Brazil, collecting information on
various aspects of Brazilian schools, in particular enrollment and infrastructure. All levels of
education are involved: kindergarten, elementary school, high school and Youth and Adult
Education (EJA). Infrastructure data is divided into seven sections: power; services; dependencies;
equipments; technology; accessibility and others.

3. METHOD

The development of this research was carried out in three different stages, as shown in Figure 1.

Systematic literature Review of national Lo
d review . standards and Criteria weighting

niidalinoe

Figure 1. Steps of the research. Source: The authors.

3.1 Step 1

First, a systematic literature review (SLR) was conducted on scientific articles, seeking to identify
which criteria for evaluating the performance of school buildings were most relevant in the
academic environment. According to the research by Sampaio (2007), the following parts were
defined to conduct the literature review:

Identification of criteria for evaluating school buildings
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1) Definition of the question - what criteria are used to evaluate the performance of educational
buildings?

2) Searching for references — characterized by the definition of keywords and search strategies, in
addition to the identification of the databases to be consulted. Table 01 shows the search strategies
adopted. The search was carried out in four different databases, and limited to results in English
and Portuguese. In addition, the search was restricted to finding the term only in the title, abstract
and keywords of the documents.

Table 1. Search terms, sources used and respective results. Source: The authors.

Search Terms Source Results
Scopus 88
“Educational Building Performance” PerIOdICC_)S CAPES 23
Scielo 21
Science Direct 188

3) Reviewing and selecting the studies - Based on the results found previously, the titles of
documents that did not fit the criteria defined for conducting the research were evaluated and
eliminated. The summaries of the remaining articles were then analyzed and those that dealt with
performance in educational buildings were selected. Then the repeated documents were excluded,
and the rest of the articles were read in full. The final selection excluded documents that did not
include criteria and parameters for analyzing the performance of buildings. Through the backward
procedure, in which the references of previously selected studies are consulted (DRESCH et al,
2015), one more article was added to the review.

After the selection of the studies, an analysis was carried out in order to identify the criteria
addressed in the research to evaluate the performance of the school building. The data obtained are
exposed in the results section.

32 Step2
After analyzing the academic works consulted in the SLR, it was found by the authors that it would
be necessary to carry out a more comprehensive search to identify which criteria should be used
for the evaluation of school buildings. To complement the research, the following were also
consulted:

e National standards; (references to international standards have been removed, based on the

evaluators' suggestions)

e Federal and state government guidelines;

e Assessment instruments for Brazilian schools;
The presentation and synthesis of the results obtained are also addressed in the Results and
Discussion section.

33 Step3

In order to build a more consistent criteria framework, the Delphi method was also applied, in
which specialists who work or worked as engineers in city halls are presented in Table 2. The
objective of this step was to make the specialists reach a consensus on the importance of the
previously identified criteria and assign grades to the criteria.
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Table 2. Profile of the specialists who participated in the Delphi stage. Source: The authors.

Specialist Occupation Working time with performance of

school buildings

A Construction supervisor Less than 1 year

B Construction supervisor Less than 3 years

C Civil engineer Less than 3 years

D Construction Secretary (Retired) More than 3 years

E Civil Engineer | Less than 1 year

F Infrastructure supervisor More than 08 years

To decide whether or not there was consensus after each round, equation (1) was used. (WILSON;
PAN; SCHUMSKY, 2012):

CVR= (NE— N/2)/(N/2) 1)

where:

CVR = Content Validity Ratio;

NE = number of experts who indicate that a parameter is essential; and
N = total number of specialists participating in the survey.

Consensus was considered when the CVR was greater than or equal to 0.29 and the method rounds
were stopped. The technique was applied through online questionnaires, in three rounds. In the first
one, the specialists received a questionnaire with the list of criteria obtained in the previous step,
and they should indicate their importance on a scale from 1 to 4 (where 1 means little important
and 4 very important). This scale was adopted to avoid the intermediate neutral term (3), from the
five-point scale, which in previous experiences has shown to be an option for indecision in
questionnaires. If they judged that the criterion was not relevant in the evaluation, it was possible
to mark the option N/A (not applicable). In the second round, the averages obtained through the
previous questionnaire were presented, and the experts were invited to reassess some criteria,
whose consensus was not obtained in the first round. Finally, the third round presented the results
obtained in the previous stage and, only for the criteria where there was still no consensus, a new
reassessment was carried out.

4. RESULTS AND DISCUSSION

4.1 Step 1

This stage of the work is based on the results of the literature review on the important criteria for
the evaluation of school units. The academic works consulted, resulting from the literature review,
are listed in Table 3, according to the identified criteria.
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Table 3. Articles consulted in the Literature Review. Source: The authors.

References Criteria
Michael, _— . o ) .
Lighting levels, light distribution, visual comfort conditions, need to use
Heracleous artificial lighting
(2017)
Spaces, window orientation, infrastructure, accesses, circulation areas,
ergonomics, signs, emergency exits, probability of user contamination,
Khalil et al. | common areas, materials, structural stability, information systems in
(2016) building automation, electrical and plumbing services, prevention fire, roof,
elevators, thermal comfort, artificial and natural lighting, garbage disposal,
ventilation, acoustic comfort, cleaning
E)Zr(;i%) Park Performance of water and electrical systems
Khalil et al. T - . , . -
(2012) Accessibility in buildings, location, users' perception of building problems
2’/2\],3:(()\2’\631‘(7") Indoor ventilation, temperature, humidity and CO2 concentration
El Asmar et al. | Layout, furniture, thermal comfort, indoor air quality, lighting, acoustic
(2014) comfort, hydraulic efficiency, cleaning and maintenance
Zomorodian,
Tahsildoost Thermal and visual comfort
(2014)

Bonomolo et al.
(2017)

Natural lighting

Pellegrino et al.
(2015)

Window orientation, external obstructions, dimensions, area of windows,
depth of rooms, curtains and blinds, reflectance properties and external
view.

\(/gggg) Zamri Thermal and acoustic comfort, indoor air quality, room layout, lighting

(Ié%rirg)a, Altan lighting systems, heating, air conditioning, natural lighting, security systems

Ali et al. (2016) Surface '_[emperature, relative  humidity, light intensity, internal
concentration of CO2

Khalil et al. . _

(2011) Visual and thermal comfort, ventilation

El Darwish, ElI- | ,. . . . .

Gendy (2018) Air temperature, relative humidity, radiant temperature, air speed

(RZ%TA") Tabassi Condition analysis of bathrooms, ceilings, doors, structures, walls and roofs

Wong, Jan | Thermal, spatial, visual, acoustic comfort, indoor air quality and building

(2003) integrity
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At this stage, official standards and guidelines were consulted that could help in the elaboration of
a list of criteria for the evaluation of school buildings. Table 4 lists the standards and guidelines

consulted.

Table 4. Standards and guidelines consulted in the identification of evaluation criteria for school

buildings. Source: The authors.

National
Standards

Federal government guidelines

Assessment tools
for Brazilian
schools

Standards
of the
Brazilian
Associatio
n of
Technical
Standards
(ABNT)

N

o

Technical Guidelines Manual - v.2: Elaboration of
school building projects: early childhood education
(MEC, 2017)

Book of Requirements and Performance Criteria for
Public Education Establishments (MEC, 2014)

Technical manual of architecture and engineering

Guidance for designing construction projects for Early

Childhood Education Centers. (MEC, 2009)
Minimum operating standards of the elementary
school: implementation manual. (MEC, 2006a)

Basic infrastructure parameters for early childhood
education institutions. Brasilia. (MEC, 2006b)

Manual for Adequacy of School Buildings - Ministry

of Education MEC (2005)

Scholar Census
(2019)

“Prova Brasil”
(2017)

All these norms, guidelines and academic works identified in Steps 1 and 2 were submitted to
content analysis and it was noticed that there is no standard to organize the identified criteria. In
this way, the authors created their own structure, seeking to organize them into groups that are
related to each other. 70 criteria were identified, grouped into 11 categories, as shown in Table 5.
This table also presents the ABNT standards related to the criteria identified in the systematic

literature review.

Table 5. Criteria, norms and guidelines for the evaluation of school buildings. Source: The authors.

Federal
o Standard overnment “Prova
Category N° Criteria NBR gguidelines Scholar Brasil”
1213140 Census
1 Roofs 15575-5 | x| x| x| X X
2 Walls 15575-4 [ x| x| x| X]|X
3 Sports courts X | X X X
installations | 4 Playgrounds 16071-2 | x X
Gates, railings «
5 and walls X|x|x X
6 Unpaved areas

Identification of criteria for evaluating school buildings

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.



Revista ALCONPAT, 12 (2), 2022: 143 — 161

7 Furniture 14006 X|x|x X
8 Structures 6118 X | X|X
9 Parking X|x|x
10 Stairs 9077 X | X|X
11 Ramps 9050 X|X|X X
12 Elevators 13994 X X
13 Wall paintings 13245 | x| X|X|X|[X]|X
14 Coatings 16919 | X|X|X|X]|X]|X
15 Floors 15575-3 | X | x| x| Xx]|Xx]|X
16 Sockets 14136 X | X[ x|x X
. 17 Metals 10283 X | X|X X
Finishes
Frames (door and 10821/
. X[ x| x
18 windows) 10831 | x| x| X
14285/ « «
19 Lining 16382 X|X|X
20 Crockering 15097 | x| x| X X
21 | fire extinguishers 12693 | x X X
Fire security | 22 Escape routes 9077 X | x X
23 Signaling 13434 | x| x| X X
Adequacy of x| x
24 walls 15220-2 | x| x
Thermal
H | insulation of the X | x
ermat 1 25 | roof 152202 | x | x| x
comfort —
Ventilation
. X[ x| x
26 openings 15575-4 [ x| x| X
Humidity in
: X
27 environments X|X|X
Acoustic Acoustic X
28 | insulation of walls | 15575-4 | x| X[ X
comfort - -
29 Noise pollution 10151 X | X|X X
Visual 30 | Natural lighting 15215 | X | X|X|X|X| X
comfort 31 | artificial lighting 5413 X[X| x| x|x[x
32 | water installations 5626 X|X|X[x]Xx]|X
33 | sewer installations 8160 X[ x| x|[x|x]|x
34 | rainwater system 10844 | x| x| X|X|X
Infrastructur -
o electrical o« | x| x
35 installations 5410 X|x|x
telecommunicatio «
36 n systems 14691 X X
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ISO «
37 | energy efficiency 50001 X | x
environmental
Sustainabilit management ISO X
y 38 systems 14001 ([ x| x| X
39 | Waste destination X X
Rain catchment «
40 management 15527 X | X
41 Ceilings height 15575 | x| x| X|X X
Tightness to
sources of
42 moisture 9575 X | X|X
43 | signs of predation X
Pollutants in the
indoor
Habitability 44 at.mo§p?here X| X
Suitability for
people with X | x X
45 | reduced mobility 9050 X|x|x
Environment
46 | cleanliness level X | X|X X1 X
building « |
47 aesthetics X
48 school location X | X| X X X
Check-in and
check-out of
49 students X
Controlling the
entry of strangers X X
50 into the school X
Daytime
51 | surveillance X X
Safety —
Nighttime
(school and . X
student) 52 surv_elllance X
Surveillance on
weekends and X
53 holidays X
Policing scheme
to inhibit thefts,
robberies and
other forms of
54 violence X
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Policing scheme
to inhibit drug
trafficking within
55 the school X
Policing scheme
to inhibit drug
trafficking in the
vicinity of the

56 school X
Lighting outside
57 the school X
Protection
mechanisms for « «
more expensive
58 equipment X
Security in your
59 surroundings X X
60 Classrooms X|X|X[X]x]X X
administrative
61 rooms X|X|X XX
62 | Teachers' room X|X|X|[x]x
63 | computer rooms X|X|X|x
environment | 64 laboratories X X[ X|X
S 65 Refectory X | X|X|[x]x
66 DML X|x[x]|n
67 Kitchen X[ x| x|x X
68 Terrace X[ X|X]|X X X
69 Library X| X[ x|x X
70 Bathrooms X|X|X|X]|X|X X

It is possible to observe that most of the criteria are present in almost all consulted materials. Only
the criteria related to school and student safety are verified only in the SAEB Assessment, as they
are more related to the functioning of the school than to the building itself. As it is about safety of
use and operation, which is a basic criterion of the performance standard NBR 15575 (2021), these
criteria were maintained in the evaluation.

4.3 Step 3
In order to determine the importance of each of the criteria, the Delphi method was applied to a
group of experts. The experts evaluated, on a scale from 1 to 4, the criteria presented in Table 5. A
maximum of three Delphi rounds was established for this research, with or without consensus
among the experts, however, in the third round, consensus was obtained. Table 6 presents the
results of the application of Delphi, which consists of the average of the scores assigned to each
criterion, by each evaluator.
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Table 6. Weighting of criteria for evaluating school buildings. Source: The authors.

o Nota

Category N° Criteria Delphi
1 Roofs 4,0
2 | Walls 3,2
3 Sports courts 3,0
4 Playgrounds 2,5
5 Gates, railings and walls 3,2
) i 6 Unpaved areas 1,7

installations .
7 Furniture 3,3
8 Structures 3,7
9 Parking 1,0
10 | Stairs 3,0
11 | Ramps 3,5
12 | Elevators 1,8
13 | wall paintings 2,7
14 | Coatings 3,0
15 | Floors 3,7
Finishes 16 | Sockets 3,7
17 | Metals 3,0
18 | Frames (door and windows) 3,3
19 | Lining 3,3
20 | Crockering 3,0
21 | fire extinguishers 3,8
Fire security 22 | Escape routes 4,0
23 | Signaling 4,0
24 | Adequacy of walls 2,3
Thermal 25 | Thermal insulation of the roof 3,3
comfort 26 | Ventilation openings 4,0
27 | Humidity in environments 3,3
Acoustic 28 | Acoustic insulation of walls 2,8
comfort 29 | Noise pollution 3,3
Visual comfort 30 Na_tu_rzill Iightil_wg 37
31 | artificial lighting 3,8
32 | water installations 3,2
33 | sewer installations 3,0
Infrastructure 34 | rainwater system 2,8
35 | electrical installations 3,8
36 | telecommunication systems 2,8
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37 | energy efficiency 3,3
Sustainability 38 [ environmental management systems 2,7
39 | Waste destination 3,8
40 | Rain catchment management 2,8
41 | Ceilings height 3,3
42 | Tightness to sources of moisture 4,0
43 | signs of predation 3,3
N 44 | Pollutants in the indoor atmosphere 2,7
Habitability — - —

45 | Suitability for people with reduced mobility 3,8
46 | Environment cleanliness level 3,7
47 | building aesthetics 2,7
48 | school location 2,2
49 | Check-in and check-out of students 3,8
50 | Controlling the entry of strangers into the school 4,0
51 Daytime surveillance 2,8
52 | Nighttime surveillance 3,7
53 | Surveillance on weekends and holidays 3,3
54 | Policing scheme to inhibit thefts, robberies and other 3,3

Safety (school forms of violence
and student) 55 | Policing scheme to inhibit drug trafficking within the 3,5

school
56 | Policing scheme to inhibit drug trafficking in the vicinity 3,3
of the school

57 | Lighting outside the school 3,7
58 | Protection mechanisms for more expensive equipment 3,3
59 | Security in your surroundings 3,3
60 | Classrooms 4,0
61 | administrative rooms 3,0
62 | Teachers' room 3,3
63 | computer rooms 3,5
64 | laboratories 3,5
environments 65 | Refectory 4,0
66 DML 2,7
67 | Kitchen 3,7
68 | Terrace 3,2
69 | Library 3,2
70  Bathrooms 4,0

Evaluating the school facilities, the elements of the buildings identified as important from
consultation with specialists are: roof, structure, walls, gates, railings and walls, furniture, sports
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courts, stairs and ramps, all with scores greater than 3. The other criteria, mentioned in the RSL
and in the norms and guidelines consulted, were not considered by the specialists as important
elements for evaluating the performance of the school building.

Regarding the category of finishes, the criteria were considered important (coatings, floors, sockets,
metals, frames, ceiling and crockery), only the painting of the walls was given a score lower than
3.

The categories of “Thermal, acoustic and lighting comfort” are generally considered important
criteria in evaluating the performance of the building, although the criteria for thermal and acoustic
insulation of the walls receive scores below 3.

The “Fire Safety” category, an indispensable item in the Fire and Panic Prevention and Fighting
System, is unanimous in terms of importance, in the opinion of experts.

Electrical and hydro-sanitary installations are the outstanding criteria in the infrastructure category.
Regarding the Sustainability and Habitability categories, the criteria of "energy efficiency"”, "waste
disposal”, "ceiling height", "tightness to sources of moisture", "signs of depredation”, "adequacy
to people with reduced mobility (PMR)” and “level of cleanliness of the environments”.

In general, the security aspects of the facility, property and physical occupants, Category of “School
and Student Safety”, despite being important in the experts' assessment, was mentioned only in the
SAEB assessment. It is understood that this criterion is not related to the building structure, but to
its functioning.

For the environments mentioned in the RSL studies and in the norms and guidelines, an exclusive
category was assigned, since they are not criteria, but are important enough to compose the
assessment of the building. The least important environment is the DML. This environment is
related to the cleanliness and hygiene of the school, however, it is mentioned only in a school
evaluation instrument and for the specialists, it has a score of 2.7 on a scale of 1 to 4.

5. FINAL CONSIDERATIONS

Since the school building is the main asset of the learning process and is expected to offer quality
and safety environments to users, this article aimed to identify, through a literature review,
government guidelines and consultation with experts, the criteria used in research to evaluate the
performance of school buildings.

70 criteria were identified, which were grouped into 11 categories according to their correlations:
facilities, finishes, fire safety, thermal, acoustic and visual comfort, infrastructure, sustainability,
habitability, safety (of the school and the student) and environments.

It was observed with the research that the Brazilian standards and guidelines in relation to the
performance and conservation of schools are very outdated, some standards are more than 20 years
old, which points to a need to review these guidelines, in order to guarantee the performance of
these buildings, avoiding those defects and pathological manifestations compromise the school
infrastructure, especially now with the consequences of the pandemic experienced in the last two
years.

Considering also that in Brazil there are no specific norms for the evaluation of school buildings,
the identification and weighting of criteria that allow such evaluation, as presented in the study, is
a first step and contributes to the development of techniques and evaluation methods, which later
can form a performance standard for school buildings.

As a suggestion for future work, a literature review is indicated to identify evaluation methods for
the criteria presented in this research.

Identification of criteria for evaluating school buildings

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.



Revista ALCONPAT, 12 (2), 2022: 143 — 161

6. REFERENCES

Ali, A. S., Keong, K. C., Zakaria, N., Zolkafli, U., Akashah, F. (2013). The effect of design on
maintenance  for  school  buildings in  Penang, Malaysia. Structural  Survey.
https://doi.org/10.1108/SS-10-2012-0030

Ali, A. S., Zanzinger, Z., Debose, D., Stephens, B. (2016). Open Source Building Science Sensors
(OSBSS): A low-cost Arduino-based platform for long-term indoor environmental data
collection. Building and Environment, 100, 114-126.
https://doi.org/10.1016/j.buildenv.2016.02.010

Asiyai, R. 1. (2012). Assessing school facilities in public secondary schools in Delta State,
Nigeria. African research review, 6(2), 192-205. https://doi.org/10.4314/afrrev.v6i2.17
Associagdo Brasileira de Normas Técnicas. CB-002 - Comité Brasileiro da Construcdo Civil.
Disponivel em: <http://www.abnt.org.br/cb-02>. Acessado em 20/05/2020.

Associacao Brasileira de Normas Técnicas (2017). NBR 10821. Esquadrias para edificacdes Parte
2: Esquadrias externas - Requisitos e classificacdo. Rio de Janeiro.

Associacao Brasileira de Normas Técnicas (2011). NBR 10831: Projeto e utilizacao de caixilhos
para edificacOes de uso residencial e comercial — Janelas. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (1989). NBR 10844: InstalacGes prediais de aguas
pluviais — Procedimento. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2013). NBR 12693: Sistemas de protecdo por
extintores de incéndio. Rio de Janeiro.

Associagdo Brasileira de Normas Técnicas (2011). NBR 13245: Tintas para construcéo civil —
Execucdo de pinturas em edificacdes ndo industriais — Preparacao de superficie. Rio de Janeiro.
Associacao Brasileira de Normas Técnicas (2004). NBR 13434: Sinalizacdo de seguranca contra
incéndio e panico - Parte 2: Simbolos e suas formas, dimensdes e cores. Rio de Janeiro.
Associacao Brasileira de Normas Técnicas (2020). NBR 16919: Placas ceramicas - Determinacéo
do coeficiente de atrito. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2014). NBR 14037: Diretrizes para elaboracao de
manuais de uso, operacdo e manutencdo das edificacbes — Requisito para elaboragdo e
apresentacdo dos conteidos. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2021). NBR 16071-2: Playgrounds
Parte 2: Requisitos de seguranca. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2012). NBR 15200: Projeto de estruturas de concreto
em situacdo de incéndio. Rio de Janeiro.

Associacao Brasileira de Normas Técnicas (2005). NBR 15215-1: Iluminagéo natural - Parte 1:
Conceitos basicos e defini¢cdes. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2008). NBR 15220: Desempenho térmico de
edificagOes - Parte 2: Método de céalculo da transmitancia térmica, da capacidade térmica, do
atraso térmico e do fator solar de elementos e componentes de edificacfes. Rio de Janeiro.
Associacdo Brasileira de Normas Técnicas (2013). NBR 15.575-1: Edificacdes Habitacionais —
Desempenho — Parte 1: Requisitos gerais. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2013). NBR 15.575-2: Edificagdes Habitacionais —
Desempenho — Parte 2: Requisitos para os Sistemas Estruturais. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2013). NBR 15.575-3: Edificacfes Habitacionais —
Desempenho — Parte 3: Requisitos para os Sistemas de Pisos. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2013). NBR 15.575-4: Edificacfes Habitacionais —
Desempenho — Parte 4: Requisitos para os Sistemas de VedagOes Verticais internas e externas.
Rio de Janeiro.

Identification of criteria for evaluating school buildings 157

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.


https://doi.org/10.1108/SS-10-2012-0030
https://doi.org/10.1016/j.buildenv.2016.02.010
https://doi.org/10.4314/afrrev.v6i2.17

158

Revista ALCONPAT, 12 (2), 2022: 143 — 161

Associacdo Brasileira de Normas Técnicas (2013). NBR 15.575-5: Edifica¢des Habitacionais —
Desempenho — Parte 5: Requisitos para os Sistemas de Coberturas. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2012). NBR 16071-1: Playgrounds - Parte 1:
Terminologia. Rio de Janeiro.

Associacao Brasileira de Normas Técnicas (2015). NBR 16280: Reforma em edificacdes — Sistema
de gestéo de reformas — Requisitos. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2020). NBR 16747: Inspecdo predial — Diretrizes,
conceitos, terminologia, requisitos e procedimento. Rio de Janeiro.

Associagdo Brasileira de Normas Técnicas (2020). NBR 5626: Instalacéo predial de 4gua fria. Rio
de Janeiro.

Associacdo Brasileira de Normas Técnicas (2012). NBR 5674: Manutencdo de edificacbes —
Requisitos para o sistema de gestao de manutencdo. Rio de Janeiro.

Associacao Brasileira de Normas Técnicas (2014). NBR 6118: Projeto de estruturas de concreto
— Procedimento. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (1998). NBR 7200: Execucdo de revestimento de
paredes e tetos de argamassas inorganicas — Procedimento. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (1999). NBR 8160: Sistemas prediais de esgoto
sanitario - Projeto e execucdo. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (1983). NBR 8214: Assentamento de azulejos -
Procedimento. Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2015). NBR 9050: Acessibilidade a edificacoes,
mobiliario, espacos e equipamentos urbanos. Rio de Janeiro.

Associagdo Brasileira de Normas Técnicas. NBR 9077. Saidas de emergéncia em edificios (em
revisdo). Rio de Janeiro.

Associacdo Brasileira de Normas Técnicas (2010). NBR 9575. Impermeabilizacdo - Selecdo e
projeto. Rio de Janeiro: ABNT, 2010.

Associacao Brasileira de Normas Técnicas (2015). NBR ISO 14001: Sistemas de gestao ambiental
— Requisitos com orienta¢fes para uso. Rio de Janeiro.

Beauregard, M. A., Ayer, S. K. (2018). Maintaining performance: Understanding the relationship
between facility management and academic performance at K-12 schools in the State of
Arizona. Facilities. VVol. 36 No. 11/12, pp. 618-634. https://doi.org/10.1108/F-11-2017-0111
Bonomolo, M., Baglivo, C., Bianco, G., Congedo, P. M., Beccali, M. (2017). Cost optimal analysis
of lighting retrofit scenarios in educational buildings in Italy. Energy Procedia, 126, 171-178.
https://doi.org/10.1016/j.eqypro.2017.08.137

Boothman, C., Higham, A., Horsfall, B. (2012). Attaining zero defects within building schools for
the future: a realistic target or a Sisyphean task?. In Proceedings 28th Annual ARCOM
Conference (3-5). Disponivel em: https://www.arcom.ac.uk/-docs/proceedings/ar2012-0991-
1001 Boothman_Higham_Horsfall.pdf

Cardoso, T. A. (2017). Estruturacao do processo decisorio para reforma de edificagdes escolares
publicas do ensino fundamental utilizando o método multicritério de apoio a decisdo —
construtivista (MCDA-C). 223f. Dissertagdo (mestrado) - Universidade Federal do Parana, Setor
de Tecnologia, Programa de Pos-graduacdo em Engenharia de Construcao Civil.

Dresch, A., Lacerda, D. P., Junior, J. A. V. A. (2015). Design science research: método de pesquisa
para avanco da ciéncia e tecnologia. Bookman Editora.

Driza, P. J. N., Park, N. K. (2013). Actual energy and water performance in LEED-certified
educational buildings. Sustainability: The Journal of Record, 6(4), 227-232.
https://doi.org/10.1089/SUS.2013.9850

Identification of criteria for evaluating school buildings

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.


https://doi.org/10.1108/F-11-2017-0111
https://doi.org/10.1016/j.egypro.2017.08.137
https://www.arcom.ac.uk/-docs/proceedings/ar2012-0991-1001_Boothman_Higham_Horsfall.pdf
https://www.arcom.ac.uk/-docs/proceedings/ar2012-0991-1001_Boothman_Higham_Horsfall.pdf
https://doi.org/10.1089/SUS.2013.9850

Revista ALCONPAT, 12 (2), 2022: 143 — 161

El Asmar, M., Chokor, A., Srour, I. (2014). Are building occupants satisfied with indoor
environmental quality of higher education facilities? Energy procedia, 50, 751-760.
https://doi.org/10.1016/j.eqypro.2014.06.093

El-Darwish, I. I., EI-Gendy, R. A. (2018). Post occupancy evaluation of thermal comfort in higher
educational buildings in a hot arid climate. Alexandria engineering journal, 57(4), 3167-3177.
https://doi.org/10.1016/j.aej.2017.11.008

Gomes, A., Regis, A. (2012). Desempenho e infraestrutura: mapeamento das escolas publicas da
regido metropolitana do Rio de Janeiro. In Congresso Ibero-americano de Politica e

Administracao da Educacéo (Vol. 3). Disponivel em:
https://www.anpae.org.br/iberoamericano2012/Trabalhos/AdaildaGomesDeOliveira res int GT
1.pdf.

Hassanain, M. A., Iftikhar, A. (2015). Framework model for post-occupancy evaluation of school
facilities. Structural Survey. Vol. 33 No. 4/5, pp. 322-336. https://doi.org/10.1108/SS-06-2015-
0029

Instituto Nacional de Estudos e Pesquisas Educacionais Anisio Teixeira (INEP). Censo Escolar.
Disponivel em: <http://portal.inep.gov.br/web/guest/censo-escolar> Acessado em 26 nov. 20109.
Karima, M., Altan, H. (2017). Interactive building environments: A case study university building
in UAE. Procedia Engineering, 180, 1355-1362. https://doi.org/10.1016/j.proeng.2017.04.298
Khalil, N., Husin, H. N., Nawawi, A. H. (2012). An analytical literature: Strategic improvement of
sustainable building performance tool for Malaysia's Higher Institutions. Procedia-Social and
Behavioral Sciences, 36, 306-313. https://doi.org/10.1016/j.sbspro.2012.03.034

Khalil, N., Husin, H. N., Wahab, L. A., Kamal, K. S., Mahat, N. (2011). Performance Evaluation
of Indoor Environment towards Sustainability for Higher Educational Buildings. Online
Submission. US-China Education Review A 2 p188-195 2011. Disponivel em:
https://eric.ed.gov/?id=ED524814

Khalil, N., Kamaruzzaman, S. N., Baharum, M. R. (2016). Ranking the indicators of building
performance and the wusers’ risk via Analytical Hierarchy Process (AHP): Case of
Malaysia. Ecological Indicators, 71, 567-576. https://doi.org/10.1016/j.ecolind.2016.07.032
Koleoso, H., Omirin, M., Adewunmi, Y., Babawale, G. (2013), “Applicability of existing
performance evaluation tools and concepts to the Nigerian facilities management practice”.
International ~ Journal  of  Strategic  Property = Management, 17(4), 361-376.
https://doi.org/10.3846/1648715X.2013.861367

Marques, B. A., de Brito, J., Correia, J. R. (2015). Constructive characteristics and degradation
condition of Liceu secondary schools in Portugal. International Journal of Architectural
Heritage, 9(7), 896-911. https://doi.org/10.1080/15583058.2013.865814

Michael, A., Heracleous, C. (2017). Assessment of natural lighting performance and visual comfort
of educational architecture in Southern Europe: The case of typical educational school premises in
Cyprus. Energy and Buildings, 140, 443-457. https://doi.org/10.1016/j.enbuild.2016.12.087
Mijakowski, M., Sowa, J. (2017). An attempt to improve indoor environment by installing
humidity-sensitive air inlets in a naturally ventilated kindergarten building. Building and
Environment, 111, 180-191. https://doi.org/10.1016/j.buildenv.2016.11.013

Ministério da Educacgdo (2014). Diretrizes Técnicas para Apresentacdo de Projetos e Construcéo
de Estabelecimentos de Ensino Publico. Caderno de Requisitos e Critérios de Desempenho para
Estabelecimentos de Ensino Publico, vol. 1. Programa PROINFANCIA.

Ministério da Educacédo (2017). Manual de Orientac¢Oes Técnicas - v.2: Elaboracéo de projetos de
edificacOes escolares: educacao infantil. Brasilia.

Ministério da Educacdo (2005). Manual para Adequacao de Prédios Escolares. 5a Ed./Elaboracdo
Carlos Alberto Araujo Guimarées, Claudia Maria Videres Trajano, Erinaldo Vitdrio, Rodolfo
Oliveira Costa, Willamy Mamede da Silva Dias — Brasilia: Fundescola/DIPRO/FNDE/MEC.

Identification of criteria for evaluating school buildings 159

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.


https://doi.org/10.1016/j.egypro.2014.06.093
https://doi.org/10.1016/j.aej.2017.11.008
https://www.anpae.org.br/iberoamericano2012/Trabalhos/AdaildaGomesDeOliveira_res_int_GT1.pdf
https://www.anpae.org.br/iberoamericano2012/Trabalhos/AdaildaGomesDeOliveira_res_int_GT1.pdf
https://doi.org/10.1108/SS-06-2015-0029
https://doi.org/10.1108/SS-06-2015-0029
https://doi.org/10.1016/j.proeng.2017.04.298
https://doi.org/10.1016/j.sbspro.2012.03.034
https://eric.ed.gov/?id=ED524814
https://doi.org/10.1016/j.ecolind.2016.07.032
https://doi.org/10.3846/1648715X.2013.861367
https://doi.org/10.1080/15583058.2013.865814
https://doi.org/10.1016/j.enbuild.2016.12.087
https://doi.org/10.1016/j.buildenv.2016.11.013

160

Revista ALCONPAT, 12 (2), 2022: 143 — 161

Ministério da Educacgdo (2009). Manual técnico de arquitetura e engenharia de Orientacdo para
elaboracéo de projetos de construcéo de Centros de educacdo Infantil. Elaboracdo Karen Gama
Muller, Luiz Paulo Ferrero Filho, Débora Carvalho Diniz —Brasilia.

Ministério da Educacdo (2006a). Padrdes minimos de funcionamento da escola do ensino
fundamental: manual de implantag&o. 2a impressdo. Brasilia.

Ministério da Educacdo (2006b). Parametros béasicos de infra-estrutura para instituicdes de
educacao infantil. Brasilia.

Mojela, W., Thwala, W. D. (2014). Maintenance of Public Schools Infrastructure in South Africa.
In Proceedings of the 17th International Symposium on Advancement of Construction Management
and Real Estate (pp. 1253-1261). Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-
35548-6_127

Mydin, M. O., Salim, N. A., Tan, S. W., Tawil, N. M., Ulang, N. M. (2014). Assessment of
significant causes to school building defects. In E3S Web of Conferences (Vol. 3, p. 01002). EDP
Sciences. https://doi.org/10.1051/e3sconf/20140301002

Norazman, N., Asma, N. S., Nashruddin, M., Irfan, A., Ani, C., Norhaslina, J. F., Muhamad, K. A.
(2019). School Building Defects: Impacts Teaching and Learning Environment. International
Journal of Recent Technology and Engineering (JRTE), 8, 22-29.
https://doi.org/10.35940/ijrte.B1005.07825219

Pellegrino, A., Cammarano, S., Savio, V. (2015). Daylighting for Green schools: A resource for
indoor quality and energy efficiency in educational environments. Energy Procedia, 78, 3162-
3167. https://doi.org/10.1016/j.eqypro.2015.11.774

QEDU. (2018). Infraestrutura: Dependéncias em escolas publicas de ensino fundamental regular..
Disponivel em: <https://www.qedu.org.br/brasil/censo-
escolar?year=2018&dependence=0&localization=0&education_stage=0&item=> Acessado em:
06/05/2020.

Ropi, R. M., Tabassi, A. A. (2014). Study on maintenance practices for school buildings in
Terengganu and Kedah, Malaysia. In MATEC Web of Conferences (Vol. 10, p. 03003). EDP
Sciences. https://doi.org/10.1051/matecconf/20141003003

Shehab, T., Noureddine, A. (2014). Prioritization Model for Rehabilitation of Public School
Buildings in California. International Journal of Construction Education and Research, 10(1), 58-
75. https://doi.org/10.1080/15578771.2013.805344

Sistema de Avaliacdo da Educacdo Basica (2017). Questionario da Escola. Disponivel em:
<http://portal.inep.gov.br/web/guest/educacao-basica/saeb/instrumentos-de-avaliacao>.  Acesso
em 20 abr. 2020

Soares Neto, J. J., De Jesus, G. R., Karino, C. A., De Andrade, D. F. (2013). Uma escala para medir
a  infraestrutura  escolar. Estudos em  Avaliagéo Educacional, 24(54), 78-99.
https://doi.org/10.18222/eae245420131903

Sotsek, N. C., Leitner, D. S., Lacerda Santos, A. de P. (2018). Uma revisdo sistematica dos critérios
do Building Performance Evaluation (BPE). Revista ALCONPAT, 9(1), 1 - 14.
https://doi.org/10.21041/ra.v9i1.260

Tan, S. W., Mydin, M. O., Sani, N. M., Sulieman, M. Z. (2014). Investigation into Common Decay
of Educational Buildings in Malaysia. In MATEC Web Of Conferences (Vol. 10, p. 05001). EDP
Sciences. https://doi.org/10.1051/matecconf/20141005001

Wang, C. C., Zamri, M. A. (2013). Effect of IEQ on occupant satisfaction and study/work
performance in a green educational building: a case study. In ICCREM 2013: Construction and
Operation in the Context of Sustainability (pp. 234-246).
https://doi.org/10.1061/9780784413135.022

Identification of criteria for evaluating school buildings

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.


https://doi.org/10.1007/978-3-642-35548-6_127
https://doi.org/10.1007/978-3-642-35548-6_127
https://doi.org/10.1051/e3sconf/20140301002
https://doi.org/10.35940/ijrte.B1005.0782S219
https://doi.org/10.1016/j.egypro.2015.11.774
https://doi.org/10.1051/matecconf/20141003003
https://doi.org/10.1080/15578771.2013.805344
http://portal.inep.gov.br/web/guest/educacao-basica/saeb/instrumentos-de-avaliacao
https://doi.org/10.18222/eae245420131903
https://doi.org/10.21041/ra.v9i1.260
https://doi.org/10.1051/matecconf/20141005001
https://doi.org/10.1061/9780784413135.022

Revista ALCONPAT, 12 (2), 2022: 143 — 161

Wilson, F. R., Pan, W., Sschumsky, D. A. (2012). Recalculation of the critical values for Lawshe’s
content validity ratio. Measurement and Evaluation in Counseling and Development.45(3), 197-
210. https://doi.org/10.1177/0748175612440286

Zomorodian, Z. S., Tahsildoost, M. (2017). Assessment of window performance in classrooms by
long term spatial comfort metrics. Energy and Buildings, 134, 80-93.
https://doi.org/10.1016/j.enbuild.2016.10.018

Identification of criteria for evaluating school buildings 161

Machado, E. L., Pasdiora, L., Santos, A. P. L., Santos Filho, M. L.


https://doi.org/10.1177/0748175612440286
https://doi.org/10.1016/j.enbuild.2016.10.018

Revista ALCONPAT

www.revistaalconpat.org
eISSN 2007-6835

Revista de la Asociacion Latinoamericana de Control de Calidad, Patologia y Recuperacion de la Construccion

ONJ AT

Marble residues in construction materials: a review of the use of marble powder
In mortars, concrete, and bricks

A. Moreno™ =/, C. Ponce? '/, E. MUzquiz! "=, F. Avalos?
*Contact author: nicolas.moreno@uadec.edu.mx
DOI: https://doi.org/10.21041/ra.v12i2.522

Reception: 17/11/2020 | Acceptance: 19/04/2022 | Publication: 01/05/2022

ABSTRACT

The objective of this work is to make a review of the results carried out using marble powder as a
substitute for cement, sand, or fine aggregate in concrete, mortar, and bricks. Research carried out in
various parts of the world with different experimental procedures was reviewed. It is concluded that
marble powder can be used as a partial substitute for cement or fine aggregate (up to 15%, depending
on the material to be replaced) without affecting the compressive strength of the samples or pieces
regardless of their shape. Therefore, marble powder not only helps to reduce the pollution it generates
but also to reduce its use as sand and powder, contributing to sustainable development.
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Residuos de marmol en materiales para la construccion: una revision del uso
del polvo de marmol en morteros, concretos y ladrillos

RESUMEN

Este articulo tiene como objetivo hacer una revision de los trabajos realizados usando polvo de
marmol como sustitucion de cemento, arena o agregado fino en concreto, mortero y ladrillos. Se
revisaron investigaciones realizadas en varias partes del mundo con procedimientos
experimentales diferentes. Se concluye que el polvo de marmol se puede usar como sustituto
parcial de cemento o agregado fino (hasta por un 15 %, dependiendo del material a sustituir), sin
afectar la resistencia a compresion de las muestras o las piezas, y sin importar la forma. Por lo
tanto, el polvo de marmol no sélo ayuda a aminorar la contaminacién que genera, sino que también
a la reduccion de uso como arena y polvillo, aportando al desarrollo sustentable.

Palabras clave: polvo de marmol; ladrillo; mortero; concreto; cemento

Residuos de marmore em materiais de construcdo: uma revisao do uso do pé
de marmore em argamassas, concreto e tijolos

RESUMO

O objetivo deste trabalho é fazer uma revisdo dos trabalhos realizados utilizando p6 de marmore
como substituto do cimento, areia ou agregado mitdo em concreto, argamassa e tijolos. Pesquisas
realizadas em vérias partes do mundo com diferentes procedimentos experimentais foram
revisadas. Conclui-se que o pé de marmore pode ser utilizado como substituto parcial do cimento
ou agregado miudo (até 15%, dependendo do material a ser substituido), sem afetar a resisténcia
a compressao das amostras ou pecas independentemente de sua forma. Portanto, o p6 de marmore
ndo s6 ajuda a reduzir a poluicdo que gera, mas também reduz seu uso como areia e po,
contribuindo para o desenvolvimento sustentavel.

Palavras-chave: p6 de marmore; tijolo; argamassa; concreto; cimento.
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1. INTRODUCTION

The Marble is a metamorphic rock composed of carbonates. In commercial terms, the word marble
does not have a petrological meaning sometimes, the term is applied to rocks such as tuff,
serpentine, and granite, although it often refers to calcareous rocks such as recrystallized
limestone, dolomite, marble, onyx, and travertine (Coordinacion General de Mineria, 2014).
According to data from the United States Geological Survey (USGS) in 2018, Mexico is one of
the world's largest producers of various non-metallic minerals. In 2019, the Directorate General of
Mines (DGM) reported an increase of 4,663 million pesos from 2017 to 2018 in the national
production of non-metallic minerals, which represents an increase of 23.9% (Servicio Geoldgico
Mexicano, 2019).

China, India, and other countries, including Mexico, are the leading producers of dimensional rock.
Dimensional rock includes a wide variety of rocks, including granite, limestone, and marble.

The marble production process begins with the extraction of the rock by mechanical means (saws),
breaking large blocks, which will later be divided into smaller sizes for sale. This process is known
as lamination.

The lamination process consists of cutting the block of rock to obtain slabs of 2 to 3 cm thick and
is performed using saws with diamond inlays; then, the obtained slab is subjected to polishing to
roughen the rough parts of the rock and polishing by means of abrasives and water. Once the
polishing is finished, the plates are subjected to cuts to be sized according to the client's needs.
Similarly, to meet the client's requirements, the product is subjected to a process of beveling,
drying, or waxing. Finally, the product is packaged and shipped for national or international
commercialization. (Coordinacién General de Mineria, 2014).

One ton of marble stone processed by vertical and horizontal cutting for block production and
lamination produces 35% to 45% spillage or slurry of unused materials (Singh, et al., 2017).

This waste slurry, especially after drying, causes environmental hazards such as dust
contamination, which occupies agricultural land and other nearby areas, rendering them infertile.
(Singh, et al., 2017). In 2017, the world production of marble was 2,352,614 tons. (Servicio
Geoldgico Mexicano, 2019), so, 941,045 tons of waste were generated, considering 40% of the
processed product.

Due to the great problem generated by marble powder (waste disposal, contamination by calcium
oxide (Ca0), which is absorbed by the soil, causing it to become infertile), scientific research has
been carried out for its application in the construction sector, either as a substitute for cement in
mortars or concrete or also as a block or brick manufacturing applicable to construction systems in
various parts of the world.

This paper reviews the work done using marble powder as a substitute for cement, sand, or fine
aggregate in concrete, mortar, and bricks, with the purpose of reporting the ways in which it can
substitute cement or fine aggregate to manufacture non-structural bricks, among other
contributions.

2. MARBLE POWDER AS AN INPUT IN THE CONSTRUCTION
INDUSTRY

This section evaluates the use of marble powder as an input in construction. An exhaustive review
of published articles is conducted, and the results of each study on the application of marble
powder in cement, mortar, concrete, and bricks are presented in a concise and detailed manner.
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2.1 Marble powder as a partial cement substitute.

Marble powder has a high content of Calcium Carbonate (CaCO3), which can be added to Portland
cement-based mortars and concretes to increase the service life, functioning as a pore filler. (Singh,
etal., 2017).

Other authors, on the contrary, think that the partial substitution of CaCO3 produces chemical
modifications, which result in changes in the mechanical and physical properties of the cement.
(Tobon & Kazes Gomez, 2008).

Additions of between 3 and 5% of marble powder have been made to Portland cement pastes, and
no changes in their mechanical behavior have been observed.

El-Sayed, Farag, Kandeel, Younes, and Yousef (2016) replaced 3, 4, and 5 wt% of the cement with
marble powder, observing that, due to the high presence of calcium carbonate, it did not affect the
properties of the cement. With the hardened cement pastes, compression tests were performed at
ages of 1, 3, 7, 7, 14, and 28 days; it was observed that the strengths increased proportionally to
the age of curing from 1 to 28 days, as shown in Figure 1.
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Figure 1. Compressive strength of hardened Portland cement pastes incorporating 3%(M3), 4%
(M4), and 5%(M5) marble powder residues versus curing time. (El-Sayed, et al., 2016)

It was shown that the specimen with 5% (M5) of marble powder, at 28 days of curing, obtained the
same compressive strength as the control specimen of ordinary Portland cement without additions.
The other samples of 3 and 4 % cement substitution by marble powder have a lower compressive
strength compared to M5 and MO.

With this, the use of marble powder in the cement industry becomes feasible due to the economic
and ecological benefits that the use of a waste product represents.

Singh et al. (2017) mention that marble powder has a high content of Calcium Carbonate (CaCO3),
and this helps to increase the service life of cement-based pastes and concretes, while Tobon &
Kazes Gome (2008) mention the opposite. EI-Sayed, Farag, Kandeel, Younes, and Yousef (2016),
show that substituting marble powder for cement in small quantities does not affect the compressive
strength.

These studies show that the compressive strength of the specimens is not affected when a maximum
of 5% of marble powder is replaced by cement. It is observed in the test result graphs that the
increase in strength is similar in the specimens with and without marble powder.
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2.2 Marble powder and its application in mortars.

Portland cement-based mortars are among the most widely used composite materials in the
construction industry, and cement is the construction material that generates the most CO2
pollution to the environment in its manufacturing process. For this reason, researchers have carried
out experimental studies by partially replacing cement with marble powder to reduce its use.
Corinaldesi, Moriconi, and Naik (2010) replaced 10% of the cement with marble powder from a
reference sample and, in a second option, replaced 10% of the fine aggregate of the mortar (sand),
as shown in Table 1. From each mixture, 3 bars of 40 x 40 x 160 mm were manufactured, from
which cubes of 40 mm per side were obtained to perform compression tests at 3, 7, 28, and 56 days
of curing.

Table 1. Mortar proportions (Corinaldesi, et al., 2010)

Mix Ref 10% Cement 10% Sand
AIC 0.61 0.68 0.59
Water (kg/m3) 275 276 266
Cement (kg/m3) 450 405 450
Sand (kg/m?d) 1350 1350 1215
Marble powder (kg/m3) 0 45 135

The results obtained are shown in Figure 2. It can be observed that the mixture with 10% cement
replaced by marble powder showed a reduction in compressive strength. However, the marble
powder used as a replacement for 10% sand obtained higher strength than the mixture with the
replacement of marble powder by cement.
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Figure 2. Compressive strength versus curing time for mortars with partial substitution of marble
powder by cement and sand. (Corinaldesi, et al., 2010)

Li G. L. etal. (2019, propose the substitution with marble powder in two options for cement-based
mortar. The first proposal is the partial substitution of cement in the mixture, without altering the
water-cement ratio (w/c), and a second one in which a part of the cement and the water required
for the manufacture of the mortar is replaced, changing the w/c ratio.

First, for each mortar mix, the volume of paste (volume of water, cement, expressed as a percentage
of mortar volume) plus the volume of marble powder (expressed as a percentage of mortar volume)
was set at 60%.
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The marble powder was adjusted to 0, 5, 10, 10, 15, and 20 % and the respective paste volume was
set to 60, 55, 50, 50, 45, and 40, to sum each of the mixes the 60 % set previously. The volume of
fine aggregate was set at 40% of the total volume of the mortar (Figure 3). For the second proposal,
the marble powder replaced 0, 5, 10, 10, 15, and 20% of the volume of cement, which was set at
100, 95, 90, 85, and 80%

It is important to emphasize that the volume of water in the mixture remains constant. (Figure 4).
With each of the mixes, 3 cubes of 100 mm per side were made, and after 28 days of curing,
compressive strength tests were carried out.

) — Marble
Marble s . . powder

powder
Figure 1. Cement replacement method Figure 2. Paste replacement method

(Li, etal., 2019) (Li, et al., 2019)

The tests showed that in the mortar with paste replacement (cement and water) with a w/c ratio of
0.40 and increasing the volume of marble powder from 0% to 20% increased the cube strength
from 607.75 to 730.12 kg/cm?, in the w/c ratio of 0.55 increased the compressive strength from
402.79 to 543.51 kg/cm?2.

In mortar mixes where only the cement was partially replaced with marble powder from 0 to 5%
and with a wic ratio of 0.40, the cube strength increased from 607.75 to 610.81 kg/cmz, and
increasing the volume of marble powder from 0% to 20% showed a decrease in compressive
strength from 607.5 to 488.44 kg/cm?.

In the same case, but with a w/c ratio of 0.55, and replacing 0 to 10% of the cement with marble
powder, the strength increased from 402.79 to 411.97 kg/cm?, and with the replacement of 0% to
20% the cube strength decreased from 402.79 to 344.66 kg/cmz2. In the work done by Yamanel et
al. (2019), they made mortars replacing 0, 5, 10, 10, 15, and 20 % of cement with marble powder
and manufactured 40 x 40 x 160 mm prisms, cured for 28 days, before performing mechanical
and durability tests on the samples (Table 2).

Table 1. Mortar Mix proportions. (Yamanel, et al., 2019)

Cement Marble powder Sand Water
Sample
g g g g
M-0 450.0 0.0 1350.00 225
M-5 427.5 225 1350.00 225
M-10 405.0 45.0 1350.00 225
M-15 382.5 67.5 1350.00 225
M-20 360.0 90.0 1350.00 225
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At 28 days of curing, the compressive strength of the affected mixes at 5, 10, 15, and 20% is lower
than that of the mix without cement substitution.

At 90 days of curing, the mix with a 5% replacement of marble powder to cement increased the
compressive strength even more than the mix without marble powder (Figure 5).
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Figure 3. Compressive strength of mortars. (Yamanel, et al., 2019)
Figure 5. Compressive strength of mortars. (Yamanel, et al., 2019)

Toubal Seghir, N., et al. (2019) manufactured mortars with 3:1 sand-cement ratios and replaced at
levels of 0%, 5%, 10%, and 15% of the weight of cement in the mortar with marble powder. A
water/cement ratio of 0.5 (constant) was maintained. Compressive strength tests were performed
with 50 mm cubes of the manufactured mortars, and were tested at 3, 7, 28, and 65 days. The
samples were cured in open air, this study gave the following results: All samples up to 15%
substitution obtained a lower compressive strength than the sample without marble powder; this
decrease is attributed to the lack of curing, which caused voids and cracks within the samples, as
well as a reduction in density of the samples.

Corinaldesi, Moriconi and Naik (2010) show that substituting marble powder for cement affects
the compressive strength, and when marble powder is substituted for sand, it is not affected. Li G.
L.et all (2010) show that increasing the substitution of marble powder for cement decreases the
compressive strength and when the substitution is less, the strength is maintained or increased.
Toubal Seghir, N et al. (2019) shows that to have good results in compressive strength, it is
necessary to have a good curing of the specimens.

When marble powder is replaced by cement in mortars, in most cases, there is a decrease in
compressive strength, especially at water/cement ratios lower than 0.5. When the water/cement
ratio increases, the compressive strength of the samples also increases. Another important factor in
the strength of the samples is curing; it is mentioned that when the samples are not cured, the
strength at early ages is low.
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2.3 Concrete with marble powder.

2.3.1 Marble powder as a partial substitute for fine aggregate in concrete.

The application of marble powder in concrete has also been sought, either as a partial substitute for
cement or as a fine aggregate, without impairing compressive strength.

In 2010, Santos, Villegas, and Betancourt proposed the partial substitution of fine aggregate in
concrete and the use of marble powder.

The proposal they made was the partial replacement of sand by marble powder in a 10 in 10
range, from 0-80 %, keeping fixed the w/c ratio, the weight of cement, and the weight of coarse
aggregate, as shown in Table 3.

Table 2. Concrete dosages (Santos, et al., 2012)

Material Control | M10 | M20 | M30 | M40 | M50 | M60 | M70 | M80
Sand kg/md | 793 714 | 634 |555 |476 397 |317 |238 |159
Marble powder kg/m3 | O 79 159 | 238 | 317 | 397 [476 |555 |634
Gravel kg/m® | 1044 1044 | 1044 | 1044 | 1044 | 1044 | 1044 | 1044 | 1044
Water kg/m® | 228 325 325 325 |325 |325 [325 |325 |325
Cement kg/m3 | 325 325 | 325 [325 |325 |325 [325 |325 |325
alc kg/mé | 0.7 07 |07 |07 |07 |07 |07 |07 |07

From the compressive strength tests applied to the above dosages at 7 and 28 days of curing, the
following results were obtained and are shown in Figure 6.
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Figure 6. Compressive strength results from concretes with marble powder. (Santos, et al., 2012)

As the percentage of sand substitution by marble powder increases, the compressive strength
decreases. Such loss of strength is like the percentage of marble powder, i.e., the M40 dosage has
40% less compressive strength compared to the control (Santos et al., 2012).

Hebnoub H. et al. (2011) partially substituted in proportions of 25%, 50%, 75%, and 100% marble
powder for the fine aggregate; manufactured concrete cylinders and were cured and tested
according to European Union (EU) standards. The samples were tested at 2, 14, 28, and 90 days of
curing to determine their compressive strength. The results found by the authors reflected that the
compressive strength at the 25, 5,0, and 75% substitution rates offered higher strength than the
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control sample; the 100% substitution at ages 14 and 28 days presented lower strength than the
sample without marble powder, but at the age of 90 days, the strength practically equaled the
original sample.

Rahangdale, S. & Qureshi, S. (2018) conducted a study comparing the properties of a traditional
concrete with one made with supplementary materials (fly ash for cement; stone and marble powder
in partial replacement of fine aggregate).

Fourteen samples were manufactured, in the first three samples (1, 2, and 3), 35% of cement was
replaced by fly ash, and 30% of the fine aggregate was replaced by stone and marble powder, in
quantities of 20% - 10%, 15% - 15% and 10% - 20% respectively; the compressive strengths were
lower than those recorded for the control concrete sample (35.58 N/mm?2) varying at 28 days the
strengths of 28.05, 28.87 and 30.35 N/mm2.

In samples 4, 5, and 6, the amount of fly ash was maintained, but the amounts of stone and marble
powder was increased to 40% as follows: 30-10%, 20-20%, 10-30%, obtaining the following
strengths at 28 days: 27.25, 25.65 and 26.65 N/mmz2. From these results, it can be observed that the
decrease shown in the compressive strength of series 1, 2 and 3 is maintained.

In samples 7, 8, and 9, the fly ash was reduced to 25%, and the substitution of fine aggregates in
the same amount as in samples 1, 2, and 3 returned to 30%; the strengths recorded were 29.75,
32.04, and 35.45 N/mmg2, being higher than the previous ones but still below the original sample.
In the following three samples (10, 11 and 12) the fly ash is maintained, at 25% and the percentage
of substitution of the fine aggregate changes to 40% as in samples, 4, 5 and 6, the results obtained
were 30.29, 31.54 and 29.87 N/mm?, and once again it is observed that the compressive strengths
decrease.

In sample 13, the fly ash was considered in a percentage of 22.5%, and in the fine aggregate 30%
(10% marble stone and 20% marble powder). At 28 days, the compressive strength recorded was
35.49 N/mm2, which is the highest of the samples analyzed, practically equal to the compressive
strength of the control sample.

In the last sample (14), the fly ash replaced 20% of the cement, and in the 30% fine aggregate (10%
marble stone and 20% marble powder) at 28 days, the registered resistance was 38.87 N/mm,
increasing the compressive strength by 0.75%, being practically the same resistance as the
reference sample.

Thus, with the dosages of sample 14, the use of cement is minimized; therefore, the authors
recommend the use of supplementary materials to solve environmental problems and advance the
sustainability of the development of the construction industry.

Verma, M., Kaushal, N. & Sharma, A. (2019) substituted fine aggregate in the manufacture of
concrete in proportions of 0%, 5%, 10%, 15%, 20%, 25% and 30% by marble powder, and
performed compression tests at 7 and 28 days of age. The results obtained in the sample without
modifications were 19.10 and 24.73 N/mm? at 7 and 28 days, respectively.

In the 5% sample, an increase of 20.36 and 27.40 N/mm2 was observed in 7 and 28 days,
respectively. Similarly, in the 10% sample, an increase in resistance of 20.51 and 29.92 N/mm?
was observed in 7 and 28 days, respectively.

From the samples with 15% to 30%, the compressive strengths showed a decrease with respect to
the original sample with decreases at 7 days from 15.85 to 12.14 N/mm? and at 28 days from 24.44
to 18.07 N/mm2, so it is determined that a partial substitution of the fine aggregate by up to 10%
of marble powder generates a higher compressive strength.

In Giza, Egypt, Mostafa Shaaban (2020) carried out a study where he substituted in shotcrete
percentages of 5, 10, 15, 15, 20, 25 and up to 30% of sand partially with marble powder. At seven
days of age the samples tested for compressive strength with the partial substitution of 5% obtained
a lower value than the sample without marble powder.

Samples from 10% presented an increase in compressive strength at 28 days of age (from 5% to
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30%), due to the fineness of the marble powder that performs a filling effect in the concrete. It was
also determined that the adhesion of the shotcrete increases proportionally to the greater
substitution of marble powder for sand.

Ince, C. et al. (2020) used marble powder in pozzolanic concrete; the concrete was prepared with
20% silica fume replacing cement, and marble powder in fine aggregate replacement proportions
of 10% and 20%, 15 cm diameter cylinders with a height of 30 cm were manufactured. The study
lasted 1 year, and all the samples were cured under water. The compressive strength results show
that the substitution of 20% silica fume increased the long-term compressive strength, this increase
in strength is attributed to the pozzolanic activity of silica fume. As for the substitution of marble
powder in the fine aggregate, the 20% substitution presents a slight decrease in compressive
strength than that shown by the 10% substitution compared to the control sample without
substitution. Both the 10% and 20% samples show an increase in compressive strength.

Santos, Villegas, and Betancourt (2010) and Rahangdale, S. & Qureshi, S. (2018) found that the
higher the amount of marble powder the lower the compressive strength. Hebnoub, H., et al. (2011)
and Verma, M., Kaushal, N. & Sharma, A. (2019) show that more marble powder can be substituted
without affecting the strength. Ince, C., et al. (2020) results show that the substitution of marble
powder up to 20% in pozzolanic concrete can have an increase in compressive strength.
According to the authors of this section, it is mentioned that substituting marble powder for fine
aggregate up to 10% does not affect the compressive strength since it does not increase or decrease
when the substitution of marble powder for fine aggregate in concrete is increased. If the strength
was to decrease considerably, it could be attributed to the fact that the marble powder up to 10%
helps to cover pores that the fine aggregate can not do, and when it is greater than 10%, there is a
lack of aggregate to help give strength to the concrete.

2.3.2 Marble powder as a partial substitute for cement in concrete.

High performance concretes have also been tested, in a study by Talah, Kharchi, and Chaid (2015).
They developed two study mixes, the first as reference concrete (RC) and a second high
performance concrete mix with marble powder (HPCMP) to which 15% of cement was replaced
by marble powder. The dosages used are shown in Table 4.

Table 4. Mix proportions and properties of concrete. (Talah, et al., 2015)

Marble Gravel
Mix |Ratioac| Coment | powder | Water | Sand | Fyg™ | Gravel 8116
g/m kg/m3 g/m g/m kg/m? g/m
RC 0.5 400 0 200 788 163 886
HPCMP 0.5 340 60 200 788 163 886

The compressive strengths of each mix were evaluated on 160 x 320 mm cylinders at 7, 28, 90,
180, and 365 days of age. All samples were compacted using a vibrating table after demolding, the
samples were divided into two equal groups and cured in the following conditions: in the first
curing condition, the samples were immersed in water until the test age, while, in the second curing
condition, they were immersed in aggressive water (5% CaCl2 ) until the test age.

Figure 7 shows the compressive strength results of the mixes, according to the curing condition
and age of the concrete.
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Figure 7. Evolution of compressive strength at different ages. (Talah, et al., 2015)

The result indicates that there was a systematic gain in compressive strength with marble powder
content. It was observed that the ratio between the compressive strength of specimens subjected to
water curing and those cured under aggressive conditions the reference concrete deviated up to
29%. However, this ratio for concretes containing marble powder is within a range of 3%,
depending mainly on the marble powder content and test age. This implies that reference concretes
are more sensitive to aggressive media than concrete with marble powder. (Talah et al., 2015).

In 2017 Singh, Srivastava, and Bhunia, performed tests on concretes by substituting 0, 10, 15, 15,
20, and 25% of the cement with marble powder, also experimenting with 3 w/c ratios 0.35, 0.4,
and 0.45. The dosage of the concretes is shown in Table 5.

Ghorbani S. et al. (2018) proportionally replaced Portland cement type Il with 0%, 5%, 10%, and
20% of marble powder, granite powder, or combination of both. The samples were subjected to
curing and analyzed at 7 and 28 days of age. In the samples with marble powder and granite powder
as a partial cement substitute, the compressive strength was not significantly affected, both at 7
days and 28 days. In the samples where only marble powder was substituted, the samples with 5 to
15% substitution showed an improvement in compressive strength, but not the 20% substitution,
which showed a decrease in compressive strength of 0.94 and 0.96 times in both the marble powder
and granite powder mixtures; in the samples where granite powder was substituted for cement, the
10% sample offered a higher strength between the ranges of 1.14 and 1.09 times of the sample
without any substitution. The authors determined that the increase in compressive strength
presented in this study is due to the improvement in the density of the samples due to the filling of
their pores. Finally, as the age of curing increases, the loss of compressive strength decreases.
Mostafa Shaaban (2020) partially substituted cement for marble powder in the mix for the
manufacture of shotcrete, in proportions of 5, 10, 15, 20, 25, up to 30%. The results obtained
reported that the use of marble powder in any of the substitution proportions presented a decrease
in compressive strength; in the samples with 5% substitution at early ages (7 days) presented a
decrease in compressive strength of 5.4% in relation to the original sample, and at 28 days, a
decrease that reached 23.4% in the samples with 30% marble powder substitution.

Babouri L. et al. (2020) used marble powder as a partial substitute for ordinary portland cement in
the manufacture of concrete; the substitution percentages used were 5%, 10%, 15%, and 20%, and
performed compressive strength tests at 2, 7, 14, and 28 days cured.
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The samples with 5%, 10%, and 15% presented lower compressive strength results than the original
sample without marble powder, but the sample with 5% marble powder, from day 2 to day 28 of
the last test, showed an increase in strength, this increase in compressive strength is attributed to
the fact that the marble powder reduces porosity, which is reflected in a sample with fewer voids,
and, therefore, more resistant.

Table 5. Concrete mix proportions (Singh, Srivastava y Bhunia, 2017)
Ratio ' Cement Marble | Marble | Coarse Fine Water
alc Mix kg/m? powder | powder Jaggregate| aggregate kg/m?
% kg/m3 kg/m3 kg/m3

Control 422 0 0 1278 689 148

M10 379.8 10 42.2 1278 689 148

0.35 M15 358.7 15 63.3 1278 689 148

M20 337.6 20 84.4 1278 689 148

M25 316.5 25 105.5 1278 689 148

Control 394 0 0 1257.2 707.2 158

M10 354.6 10 39.4 1257.2 707.2 158

0.40 M15 334.9 15 59.1 1257.2 707.2 158

M20 315.2 20 78.8 1257.2 707.2 158

M25 295.5 25 98.5 1257.2 707.2 158

Control 351 0 0 1183 858 158

M10 315.9 10 35.1 1183 858 158

0.45 M15 298.35 15 52.65 1183 858 158

M20 280.8 20 70.2 1183 858 158

M25 263.25 25 87.75 1183 858 158

The results of the compressive strength tests show an increase in strength in the mixes with 10%
and 15% replacement with marble powder. This increase can be attributed to the fact that the marble
powder helps to form denser mixes with less porosity. The mixes with 20 and 25% replacement
percentages show a decrease in compressive strength, possibly due to the lack of cementitious
material in the concrete.

The samples with a wi/c ratio of 0.35 showed an increase in strength in the sample with 15%
replacement (Figure 8). Similarly, at the same percentage of replacement but at the w/c ratio of
0.40, there is also an increase in compressive strength (Figure 9).

For the wi/c ratio of 0.45, the compressive strength decreased compared to wi/c ratios of 0.35 and
0.40 (Figure 10).
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Another research experimented with replacement of cement with marble waste at 0, 5, 10, and 20%
and determined that the use of marble powder in concrete in the range of 10-15% increases the
compressive strength. (Khodabakhshian, et al., 2018).

Wang, Y. et al. (2022) manufactured concrete by replacing cement with marble powder in
proportions of 0%, 5%, 10%, 15%, 20%, and 25%, in samples of 150 mm cubes, performing
compressive strength tests at 3, 7, 14 and 28 days of age, obtaining the following results: the control
sample presented strengths of 23.8, 29.8, 33.1 and 35.0 MPa at 3, 7, 14 and 28 days respectively,
the 5% samples at 3 days obtained a lower compressive strength than the original sample, the
sample with 10% marble powder from 3 to 14 days, as well as the 5% sample, had a lower strength,
but at 28 days it was 35.4 MPa, increasing by 1.14% with respect to the original sample. The other
substitutions (15%, 20%, and 25%) showed up to 21.14% (28 days) lower compressive strength
than the sample without marble powder.

Talah, Kharchi, and Chaid (2015) found that one can substitute marble powder for cement and have
a gain in compressive strength if one has vibration to remove air in the fabrication of specimens.
Ghorbani, S. et al. (2018), Mostafa Shaaban (2020), Babouri, L., et al., (Khodabakhshian, et al.,
2018), and Wang, Y., et al. (2022) found that the range of substitution of marble powder for cement
so that the compressive strength is not affected is 0 to 10 %.

From this section, it can be concluded that up to 10% of marble powder can be substituted for
cement so that the compressive strength of the concrete is not affected. According to the test results,
the compressive strength is affected when the marble powder substitution is greater than 10%.

2.4 Marble powder, concrete, mortar, and superplasticizers

Water-reducing additives (plasticizers) and high-range water-reducing additives (superplasticizers)
contribute to increase durability and provide a reduction in the amount of water of at least 5%,
decreasing the wi/c ratio, and superplasticizers, at least 12%, and up to 40%.

Corinaldesi, Moriconi, and Naik (2010), in a reference sample, substituted 10% cement with
marble powder and, in a second option, substituted 10% sand; in addition, an acrylic-based
superplasticizer additive was added at a proportion of 0.5% of the weight of the cement, as shown
in Table 6.

Three cubes obtained from 40 x 40 x 160 mm bars of each mixture were manufactured for
compression tests at 3, 7, 28, and 56 days of curing.

Table 6. Proportions of mortar with superplasticizer.

Mix Ref 10% 10% Sand
Cement
AIC 0.48 0.49 0.53
Water (kg/m3) 220 200 240
Cement (kg/m3) 450 405 450
Sand (kg/m3) 1350 1350 1215
Marble powder (kg/m3) 0 45 135
Superplasticizer additive (kg/m3) 2.25 2.02 2.25

Both samples reported higher compressive strength at early ages. At 28 days of age, the reference
sample obtained higher strength; however, the use of the plasticizer provided an increase in
compressive strength compared to the study carried out without the additive. (Figures 2 and 11).
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In summary, when a superplasticizer is used in concrete, an increase in compressive strength is
achieved. It can be said that marble powder can be substituted for cement in an amount greater
than 10%, and a superplasticizer is applied to compensate for the resistance.

2.5 Previous experimental studies to elaborate bricks with marble powder.

Santos, Villegas, and Betancourt (2012) conducted a study proposing a series of dosages having
marble powder as a base, the amount of cement in the samples varied, and the amount of water did
not change (Table 7).

Table 7. Results of bricks based on marble powder. (Santos, et al., 2012)

Sampl Cement Water Resistance Absorptio
e % (c+tRM) (kg/cm?) n
No. % %
1 8 15 45.83 17
2 11 15 81.56 16
3 14 15 82.76 18

Cylinders of 15 cm in height and 7.5 cm in diameter were manufactured, as well as 5 cm cubes.
They concluded that the shape of the bricks did not affect the results.

The results show that there is a significant influence on strength with an increase from 8 to 11%
cement, but at a percentage higher than 11%, there is no increase in strength.

The results show that the absorption did not change as a function of the amount of cement.
Morales-Olan et al. (2015) propose the fabrication of a block of 14 x 20 x 40 cm section made with
marble powder, tepezil, cement, and water. The dosage is shown in Table 8. The mixtures were
compacted by vibration and pressing and were dried in the sun for 48 hours.
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Table 8. Composition in percentage of materials in the evaluated mixtures.
(Morales-Olan , et al., 2015)

. M1 M2
Material % %
Marble Waste 55 35
Tepezil 31 51
Cement 6 6
Water 8 8

The results obtained in the water absorption test show that sample 1 absorbs less water than sample
2. As for the compressive strength tests, sample 1 performs better than sample 2, as shown in Table
9.
Table 9. Percentage of water absorption and compressive strength of samples.
(Morales-Olan , et al., 2015)

Sample Water absorption Resistance
No. % (kg/cm?)

1 19.43 £ 5,55 38.40+1.84

2 23.91+0.25 21.46 + 3.25

With the results presented, sample 1 complies with the necessary characteristics indicated in
NMXC-441-ONNCCE-2013 to work as a construction material for non-structural use.

Another study carried out to produce bricks with marble powder was conducted by Nevarez and
Rangel (2014). Table 10 shows the dosage used for the production of reference bricks, cured in
the traditional way and saturated in water. Tables 11 and 12 report the results of the brick
compression tests, with two options of cement quantity, 12 and 15%.

A preload of 100 kg/cm?2 was applied to all samples during the mold filling process for one minute,

but the author does not explain the preloading process in his paper.

Table 10. Dosages that passed the compressive strength test.

(Nevarez & Rangel, 2014

Component Mixing at 12%6 Mixing at 15 % cement
cement
Marble powder 10 kg 10 kg
Cement 1.2 kg 1.5 kg
Sand 2 kg 2 kg
Water 21 21
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Table 11. Result compressive strength of brick samples at 7, 14, or 28 days of curing 15%
cement. (Nevarez & Rangel, 2014

7 days of curin 14 days of curin 28 days of curin
Sample No. (>l/<g/cm2) ) (l></g/cm2) ) (l)</g/cm2) )
1 122.70 89.12 89.99
2 138.50 Witness Witness
3 140.70 119.29 Witness
4 136.60 86.05 87.47
5 144.30 Witness 88.00
6 129.90 86.46 88.96
7 109.70 88.00 87.88
8 149.90 86.79 88.57
9 130.9 86.61 86.20
10 100.4 87.79 86.16
Table 12. Compressive strength results with 12% cement.
(Nevarez & Rangel, 2014)
No. Dyas Compressive strength (kg/cm?)
7 days 107.00
14 days 107.15
28 days 95.55

For the case of 12% cement in the samples, it is concluded that the highest compressive strength
occurs at early ages, i.e., at the age of 7 days, while for the age of 14 and 28 days, the strength
decreases compared to 7 days, but the magnitude is maintained between 14 and 28 days. For the
case of 15% cement, the compressive strength decreases compared to the12% samples at the age
of 7 days, but at the ages of 14 and 28 days, it increases, which indicates that for the amount of
cement in small percentages, the strength increases at early ages and the higher percentages
increase the strength at advanced ages.

Betancourt et al. (2015) elaborated a brick with Portland Cement Compound type I, drinking water,
river sand, and marble powder in order to observe the behavior of different proportions and shapes
of the samples, cubes of 5 x 5 x 5 x 5 cm, cylinders of 7.5 diameter and 15 cm high and tablets of
5 x 10 cm; the results of the compression tests are presented in Tables 13, 14 and 15 respectively.

Table 13. Compressive strength in cubes of 5 x 5 x 5 x 5 cm elaborated with marble powder base.
(Betancourt Chavez, et al., 2015)

Mix Cement Lime Water Compressive strength
# % % % kg/cm?
1 25 0 20 76.60
2 22.5 2.5 20 60.00
3 20 5 20 52
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Table 14. Compressive strength, in cylindrical elements of 7.5 x 15 cm elaborated with marble

powder base. (Betancourt Chavez, et al., 2015)

Mix Cement Lime Waéter Compressive strength
# % % % kg/cm?
1 25 0 20 67.90
2 22.5 2.5 20 56.24
3 20 5 20 48.00

Table 15. Compressive strength of 5 x 10 cm tablets with marble powder and sand base material,
pressed at 70 kg/cm?. (Betancourt Chavez, et al., 2015)

Sample | Cement | Sand | Water | Compressive strength
% % % kg/cm?
1 8 0 20 28
2 10 20 20 76
3 10 30 20 90

Tables 13, 14, and 15 show the compressive strength results of cubes, cylinders, and tablets
manufactured with marble powder in its highest percentage. The tables show the percentages of
cement, sand, and water only, and the percentage that is missing to reach 100% in each piece is
what corresponds to the marble powder.

The elements with a higher amount of cement showed better results in compression. The shape of
the element does not significantly influence the results. With respect to the results in Table 15, it
is observed that, by adding sand and compressing the sample, the compressive strength increases
(Betancourt Chavez et al., 2015).

For the above dosages, it was considered that, of the weight of marble powder to be used, the
percentages of cement, lime, sand, and water were used as indicated in tables 13, 14, and 15.
Moreno et al. (2020) manufactured bricks with a mixture based on marble powder, cement, water,
and river sand (AR), they made 4 more mixtures, taking as a basis the dosage shown in Table 16.

Table 16. Dosage of marble brick with river sand (AR). (Moreno Juérez, et al., 2020)

Material Quantity
Marble powder 15 kg
Cement 2.25 kg
River sand 3 kg
Water 71

In the first mix, river sand was added; in the second mix, 100% of the river sand was replaced by
crushed limestone sand (AT); in the third mix, 100% of the river sand was replaced by silica sand
(S); in the next mix, 66% of the river sand was replaced by silica sand (SR); in the last mix, 66%
of the river sand was replaced by silica sand (RS); and the rest of the aggregate was replaced by
silica sand (RS). The compression results at 28 days of curing, according to each mix, are shown
in Figure 12.
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Figure 7. Compressive strength of test specimens. (Moreno Juérez, et al., 2020)

With the results presented, the AT mix performed better in compression (Figure 12) but does not
have sufficient strength to work as a structural brick according to NMX-C-404-ONNCCE-2012. In
Pakistan, Khan et al (2021) analyzed the performance of clay brick with partial substitution of
marble powder at percentages of 0%, 5%, 10%, 15%, 20%, 25%, and 30%.

Three different brick factories in the region participated in the study; the results obtained were
similar in each of the participating companies. They performed efflorescence, thermal conductivity,
compressive strength, porosity, absorption, and density tests.

The density of the bricks in the original sample without marble powder was 1.55 g/cm3 and
decreased as the percentage of substitution increased until it reached 30%, with a density of 1.27
g/cm3. The samples did not show efflorescence. The porosity of the samples also increased
according to the percentage of marble powder substitution, from 12.6% to 52.71%, this due to the
release of Carbon Dioxide (CO3 ), in addition, the Calcium Oxide (CaO), being expandable, causes
porosity in the sample, therefore, it is also reflected an increase in the absorption of the samples
from 18% to 36%. Given the increase in porosity in the bricks, the compressive strength is also
affected considerably, decreasing the compressive strength from 18.06 MPa to 4.83 MPa. Khan et
al. (2021) comment that Turkish and European standards indicate that a clay brick should have a
minimum strength of 7 MPa, so a substitution of up to 20% marble powder for clay meets the
compressive strength standard for brick. Due to the increased porosity of the bricks, the thermal
conductivity decreased from 0.99 to 0.86 W/mK, and it is concluded that with this result, the pieces
would work as thermal insulation.

Santos, Villegas, Betancourt (2012) and Khan et al. (2021) found good results in the compressive
strength of bricks at low marble powder substitution contents and at higher percentages, the
strength decreases, Morales-Olan et al (2015) show results where marble powder is combined with
Tepezil, and it is shown that the higher the marble powder substitution, the higher the strength.
Nevéarez and Rangel (2014) have high compressive strengths in their bricks as long as there is a
preload in the manufacture of the bricks, Betancourt et al. (2015) found that the compressive
strength of the samples is proportional to the amount of cement, i.e., the more cement, the higher
the strength. Moreno et al. (2020) in their research, used different types of sand, resulting in the
best performance of limestone sand.
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As a conclusion of this section, it is determined that marble powder bricks can be used as non-
structural elements and as thermal insulation.

3. CONCLUSIONS

As a conclusion of this review, it can be mentioned that marble powder can be used in construction
either to replace cement, to replace fine aggregate, or to manufacture non-structural bricks. It is a
topic with a lot of potential where good results can be obtained if the research is deepened.
Marble powder as a partial substitute for cement in proportions no greater than 10-15% is shown
to maintain or offer an increase in compressive strength in mortars, concrete, and brick
manufacturing.

The addition of superplasticizers showed an increase in compressive strength in conventional
concrete mixes, and the partial substitution of marble powder to cement does not affect the
compressive strength in this condition.

Marble powder as the main agent for brick making, supplemented with sand and cement, is feasible
for non-structural use in residential masonry construction.

On the other hand, reducing the amount of cement used in concrete and mortars projects a cost
reduction because the difference in commercial value with respect to marble powder is greater in
cement. This implies that using marble powder in the manufacture of bricks reduces the cost of the
pieces.

The energy required in cement production is about 1.18 GJ/ton. Therefore, replacing 15% of
cement substitution with marble powder reduces energy consumption by almost 1.05%.

With the reduction of cement content, the carbon footprint would show a reduction, so its use would
show a positive impact on the environment.

For the manufacture of bricks, it is observed that if a compaction of the material is used in the
manufacturing process, a higher compressive strength is achieved, it is also concluded that using
crushed sand instead of river sand helps the strength of the pieces.

In the case of concrete, it has been proven that the loss of strength is proportional to the increase
of marble powder substitution. It was shown that the maximum percentage of marble powder
substitution by cement is 10 %, so that the resistance is not affected.

For the application of marble powder in mortars, it is concluded that it is similar to the application
of marble powder in concrete or bricks, i.e., the compressive strength with low percentages of
marble powder is not affected.

Based on the above, it is possible to continue studying the application of marble powder in
mortars, concrete, and brick manufacturing. In the manufacture of bricks, it is only necessary to
find the right dosage so that the pieces can be used as structural. To achieve this, it is necessary to
continue studying this topic and find the right dosage and aggregates.
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ABSTRACT

This paper discusses the impact of thermal curing and particle packing on ultra-high-performance
concrete (UHPC) that used glass powder as a partial replacement of Portland cement. For this, specimens
with 0% and 50% of glass powder (volumetric substitution to cement) were produced, as well as two
mixtures obtained by particle packing. The samples were submitted to thermal and standard curing to
compare the effects and tested for compression strength and capillary water absorption. The results show
that thermal curing improves resistance expressively in the early ages while particle packing applied to
the mix design improved significantly the concrete properties, indicating that glass powder is a viable
substitute for cement.
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Influéncia da cura térmica nas propriedades fisica e mecanica de compadsitos
cimenticios de ultra alto desempenho com pé de vidro

RESUMO

Este trabalho visa avaliar o impacto da cura térmica e do uso de empacotamento de particulas em
compdsitos cimenticios de ultra alto desempenho (CCUAD), com e sem p6 de vidro. Para tanto,
foram moldados corpos de prova com 0% e 50% de p6 de vidro (substituicdo volumétrica ao
cimento), além de dois tragos obtidos através do empacotamento de particulas. As amostras foram
submetidas a cura térmica e a cura Umida para comparacéo dos efeitos. Foram realizados ensaios
de resisténcia a compressdo e de absorcao de 4gua por capilaridade. Os resultados indicaram que a
cura térmica proporciona ganho inicial de resisténcia, a aplicagdo do empacotamento de particulas
na dosagem das misturas resultou em uma significativa melhoria nas propriedades das amostras e
0 pé de vidro se mostrou um substituto viavel para o cimento.

Palavras-chave: compositos cimenticios; cura térmica; empacotamento de particulas; p6 de vidro

Influencia del curado térmico en las propiedades fisicas y mecanicas del
hormigon de ultra alto desempefio con polvo de vidrio

RESUMEN

Este trabajo tiene como objetivo evaluar el impacto del curado térmico y el uso de
empaquetamiento de particulas en compuestos cementosos de ultra alto desempefio (UHPC), con
y sin polvo de vidrio. Para ello, los cuerpos de prueba fueron moldeados con 0% y 50% de polvo
de vidrio (reemplazo volumétrico al cemento), ademéas de dos mezclas obtenidas a través del
empaquetamiento de particulas. Las muestras fueron sometidas a curado térmico y curado hiumedo
para comparar los efectos. Se realizaron pruebas de resistencia a la compresion y absorcion por
capilaridad. Los resultados indicaron que el curado térmico proporciona ganancia de la resistencia
inicial, la aplicacion del empaquetamiento de particulas en las dosis de mezcla resulté en una
mejora significativa en las propiedades de las muestras y el polvo de vidrio demostrd ser un
sustituto viable del cemento.

Palabras chave: compuestos cementosos; curado térmico; empaquetamiento de particulas; polvo
de vidrio
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1. INTRODUCTION

In the last decades, ultra-high-performance cementitious composites (UHPCC) emerged to meet
the growing demand for more durable structures with higher mechanical resistance. The first
reference to the term is attributed to de Larrard and Sedran, in 1994 (Shi et al., 2015), while
referring to a composite with high mechanical resistance (greater than 150 MPa) and high durability
(Alkaysi et al., 2016; Wang et al., 2019). To achieve these characteristics, a high cement
consumption (about 1000 kg/m3) and a low water/cement ratio (w/c) (between 0.14 and 0.20) are
required to allow reduced porosity, and the use of a superplasticizer additive to provide adequate
workability to the material (Ganesh and Murthy, 2019). The inclusion of silica fume also changes
workability while increasing the final strength due to the better filling of the voids and the generated
pozzolanic reactions (Abbas et al., 2015).

The application of particle packing models is necessary to determine the composition of special
mixtures, such as UHPCC, since they improve the mechanical properties and the durability of the
cementitious composite, by increasing the matrix density (Castro and Ferreira, 2016). The packing
concept also contributes to increasing density with the removal of coarse aggregate (Zhang et al.,
2019). Additionally, by removing the coarse aggregate, the internal voids and the transition zone
are reduced while generating a more homogeneous distribution of tensions in the grains (Tutikian
etal., 2011).

The first published references on particle packing date back to 1892 and are attributed to Féret
(Castro and Pandolfelli, 2009). In 1930, Furnas developed one of the first packing models, based
on a discrete approach. Subsequently, a model based on continuous distributions was developed by
Andreasen. Finally, Funk and Dinger (1994) analyzed both models and reported that the models
proposed approximately the same solution. Therefore, the authors perfected their model that
became known as Alfred's model, whose analysis is considered to generate the best results (Lopes,
2019).

The adopted curing procedure also influences the development of mechanical resistance in
cementitious composites such as UHPCC. Thermal curing procedures at temperatures between 90
and 400 °C, can maximize the composite mechanical strength due to the acceleration of pozzolanic
reactions, improving the matrix microstructure (Ganesh and Murthy, 2019).

The main effect of thermal curing in concretes is linked with the increase in density generated by
the greater amount of C-S-H produced (Bahedh and Jaafar, 2018). Such a process, when performed
in a high humidity environment at 90 °C, increases significantly the concrete strength in the early
ages (Heinz et al., 2012). However, Terzian (2005) asserted that thermal curing procedures
performed at temperatures above 70 °C can reduce concrete final strength between 10 and 20%.
The incorporation of mineral additions can provide a better particles packing and also contribute
to the reduction of the environmental impact. The environmental impact of the cement
manufacturing process is enormous since 0.8 tons of COz is released to produce one ton of cement
(Mehta and Ashish, 2020). To this end, the high consumption of cement required for producing
UHPCC has an extremely significant environmental impact. Therefore, looking for a viable
replacement for cement that does not modify significantly the composite properties is interesting
and desired. The glass powder characteristics allow its use as a possible substitute for cement due
to the significant pozzolanic activity resulting from the high content of silica (SiO2) and its
amorphous structure, in addition to being abundant. In 2005, the USA generated 12.8 million tons
of waste, of which only 2.75 million were recycled (Schwarz et al., 2008) and, in 2007, the
European Union generated about 25.8 Mt of glass waste (Abdollahnejad et al., 2017). Furthermore,
in 2008, Brazil consumed 5.5 kg of glass packaging per inhabitant, of which 80% have not been
recycled (IPEA, 2012).

The main objective of this work is to evaluate the effects of thermal curing on UHPCC specimens
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with and without added glass powder.

2. PROCEDURE

2.1 Materials

This research used as binders Portland cement of high initial resistance (CPV ARI), silica fume,
and glass powder consisting of ground recycled amber bottles that were subsequently sieved in the
#200 mesh sieve (diameter less than 75 um). Also, natural quartz sand was used as fine aggregate.
Additionally, ground silica (SM200) was used as filler, the superplasticizer additive based on
polycarboxylate provided adequate workability due to the low water/binder ratio used, and
shrinkage reducing additive to avoid cracking of the matrix. The parameters of the granular
materials used to produce the UHPCC are shown in Tables 1 to 4.

Table 1. Portland Cement physical characteristics.

Parameter Method Obtained Reference value, NBR
value 16697 (ABNT, 2018)
Specific gravity ( )'A\\Igl\?.rlg%oli) 3.16 g/cm3 -
Initial setting time ( ,IA\IBBI\TTHSZ%OJS) 135 min 2 60 min
Final setting time (,IA\IBBI\TTHSZ%%E) 210 min < 600 min
Water for normal NBR 16606 30.0% i
consistency (ABNT, 2018) =70
% retained in 75 pum sieve ( ,lA\IBBI\FI\)T162%7125) 0.1% < 6.0%
Blaine surface area ( ,IA\IBBI\TTlg?E)?fS) 665.0 m/kg -
1 day 27.5 MPa 2 14.0 MPa
Compressive | 3 days NBR 7215 42.0 MPa 2 20.0 MPa
strength 7 days | (ABNT, 2019) 48.7 MPa > 34.0 MPa
28 days 52.2 MPa -
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Table 2. Silica fume, glass powder and filler physical characteristics.

Silica fume Glass powder Filler
Reference
Parameter
Test results | value NBR | Test results Reference Test results Reference
value value
13956-1
Specific 2.25 glcm? - 2.55 g/cm? - 2.70 g/lcm? -
gravity
Moisture < 3.0% - - - -
. .
foretainedin |\ v 100% | < 10.0% . . . .
45 um sieve
Blaine 1 547 0 meikg i 303.0mekg | - |2340mekg| -
surface area
Pozzolanic : ol > o o i i
activity index Min. 105.0% | 2 105.0% 6.4 MPa |6.0 MPa
*tested according to the NBR 5751 (ABNT, 2015) method.
** Reference values from NBR 12653 (ABNT, 2015).
Table 3. Materials chemical composition.
Materials ( % mass)
Component Portland N Glass Fine
Silica fume
cement powder | aggregate
< .60(=<
Loss on ignition (LOI) 46;?550;* gg(()))(** 0.58 0.58
Calcium oxide (Ca0) 61.40 <0.20 9.10 0.071
Aluminum oxide (Al.O3) 4.31 <0.20 3.70 3.40
Silicic anhydrous (SiO2) 23.00 94.10 74.00 94.00
. .97
Sulfur trioxide (SOs) (<4.5) - - -
Ferric oxide (Fe20z3) 2.49 <0.50 0.42 0.67
Potassium oxide (K20) 0.96 1.28 0.56 1.20
Phosphoric oxide (P20s) 0.52 - - -
Strontium oxide (SrO) 0.27 <0.20 0.039 -
Chlorine ions (Cl") 0.12 - - -
Thorium dioxide (ThO2) <0.01 <0.01 <0.01 <0.01
Uraninite (U3Og) <0.01 <0.01 <0.01 <0.01
Titanium dioxide (TiO>) - <0.20 - 0.35
Chromium oxide (Cr203) - - - 0.049
Magnesium oxide (MgO) - - 0.74 -
Rubidium oxide (Rb20) - - 0.016 -
Sodium oxide (Na20) - - 11.00 0.37

* Reference values of NBR 16697 (ABNT, 2018).
** Reference values of NBR 13956-1 (ABNT, 2012).
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Table 4. Fine aggregate physical characteristics.

Parameters Method Obtained value
Water absorption NBR 16916 0
(ABNT, 2021) 0.64%
Specific gravity NBR 16916 s
(ABNT, 2021) 2.56 g/cm
Unit weigth NBR 16972 3
(ABNT, 2021) 1475.78 kg/m
Unit weigth (compacted) NBR 16972 5
(ABNT, 2021) 1617.83 kg/m
Organic impurities NBR NM 49 | Clear solution than
(ABNT, 2006) standard

Fine material passing through the | NBR 16973

0
75 um sieve, by washing (ABNT, 2021) 1.66%

Figure 1 shows the particle size distribution of cement, silica fume, glass powder, fine aggregate
(quartz sand), and filler (SM200). The d50 values of 0.8, 7, 15, 32, and 270 um were determined
for silica fume, cement, glass powder, filler, and fine aggregate, respectively.
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Figure 1. Particle size distribution of granular materials in the UHPCC.

2.2 Methodology
To produce all UHPCC mixtures, a fixed water/binder ratio of 0.18 was adopted. Initially, two
mixtures were produced, a reference mix (REF), with 0% added glass powder, and a mix with 50%
glass powder (GP50) as a volumetric replacement for cement; silica fume was added to both
mixtures, at a ratio of 8% to the cement mass of the reference mix. Subsequently, the GP50 mix
was optimized based on the particle packing concept, applying the Alfred model (Equation 1).

q q

CPFT = (ZZ_DE,) x 100 )

L S
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Where: CPFT is the cumulative percent finer than Dy, Dy is the particle diameter, Dy is the largest
particle diameter in the size distribution, Ds is the smallest particle diameter in the size distribution,
and q is a constant, designated per particle size distribution module.

The distribution coefficient value used for optimizing the GP50 mix was determined considering
the discrete particle size distribution and the proportions of materials added in the mixtures. Thus,
the experimental curve was obtained for the particle size distribution while the theoretical curve
was obtained by applying the Alfred model. Through an iterative process to adjust the theoretical
curve to the experimental curve, aiming to obtain the maximum correlation coefficient, the
distribution coefficient value was determined (q = 0.17; R2 =0.9913).

The mixture composition was optimized by a mathematical process, which used as input data the
discrete particle size distribution of the materials added to the mixture and the distribution
coefficient determined for the GP50. Iteratively, the program calculates the diameter of the smallest
and largest particles present in the mixture, providing the theoretical grain size distribution curve
of the adopted packing model (Alfred model). Simultaneously, the content of each added material
is adjusted to obtain the highest correlation coefficient between the theoretical and experimental
curves. At the end of the process, the optimized mixture composition is given in terms of the mass
percentage of each granular material added to the mixture.

Thus, a spreadsheet editor, using the solver tool, assisted the calculations of the optimal proportion
of the materials constituting the optimized mixture, identified as GP50E. Figure 2 shows that the
particle size range between the sand and the glass powder is not filled by any particle of the granular
materials added initially. For this reason, to increase the packing efficiency of the selected mixture,
the filler (SM200) was added to the list of materials that make up the mixture (Figure 3), generating
a second optimized mixture based on the particle packing concept (GP50SM), applying the Alfred
model and the determined distribution coefficient value.
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Figure 2. Discrete particle size distribution of materials without SM200.

Influence of thermal curing on the physical and mechanical properties
of ultra-high-performance cementitious composites with glass powder

Ferreira, F. G. S., Dias, L. V., Soares, Castro, A. L.



Revista ALCONPAT, 12 (2), 2022: 184 — 199

20.0

15.0

10.0 ;‘1 :"\ll
] 4 :' El:' ‘\'—l
.6 l' \ : v !
g Y FY AL
a | rid, PN
S 00 e TTT - 7 AN BN SUR A |

0.10 1.00 10.00 100.00 1000.00 10000.00

Particle size distribution (um)

Quartz Sand ----- Cement - Silica Fume

Glass Powder SM200
Figure 3. Discrete particle size distribution of materials with SM200.

Table 5 shows the unitary mix cementitious composites (in mass), the consistency index, and the
cement consumption for the studied mixtures. Consistency was measured according to NBR 13276
(ABNT, 2016). It is noteworthy that the content of the superplasticizer additive was determined to
obtain a consistency of (380 £ 10) mm (fluid consistency) for the REF and GP50 mixtures,
maintaining the same superplasticizer content when producing the optimized mixtures to reduce
the variables in the process. The shrinkage-reducing additive content was determined following the
manufacturer's recommendations. The compatibility between the binders and the additives was
verified through the mini-slump test (Kantro, 1980).

Table 5. Mixtures proportion, consistency index and cement consumption of UHPCC,

. Silica] Glass Fine . Consistence Cemen'g
Mixtures] Cement Filler | Water | SP* | RR**| . consumption
fume | powder | aggregate index (mm)
(kg/m3)
REF 1 0.08 0 1.07 0 0.18 [0.02]| 0.01 380 1,000
GP50 1 0.16 | 0.81 2.15 0 0.18 [0.04| 0.02 385 500
GP50E 1 0.43 | 0.46 2.11 0 0.18 [0.04| 0.02 345 510
GP50SM 1 0.29 | 0.40 2.01 0.30 | 0.18 |[0.04| 0.02 323 514

*Superplasticized additive.
**Shrinkage reducing additive.

Then, cylindrical specimens of 50 mm x 100 mm were manually molded, following a material
mixing procedure developed during the research and suitable for each different mix (Figure 4).
When producing the GP50SM mix, the glass powder and filler were weighed separately, packed in
the same package, and homogenized for about 2 minutes before being added to the mixture.
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Figure 4. The mixing procedure, in which V1 and V2 represent, respectively, the low and high
speeds of the mortar mixer/pump/machine.

After molding, the specimens were placed in an air-conditioned chamber for approximately 48
hours, until demolding. The specimens were then submitted to the respective curing procedures.
For thermal curing (TC), the specimens were placed in an appropriate container/tank filled with
water, ensuring that all were fully submerged. This container was placed in an unventilated oven
heated to (90 £ 5) °C for two hours, corresponding to a heating rate of approximately 35 °C/h. After
24 hours in the oven, all specimens were removed and taken to an air-conditioned room, where
they remained for 24 hours. Finally, the specimens were placed in a container filled with lime-
saturated water until the testing ages. Another group of specimens was submitted to immersion
curing (IC), which consists of immersion in lime-saturated water.

Then, the mechanical resistance of the specimens was determined at the ages of 7, 28, and 180
days, for a total of 8 specimens per mixture (4 for TC and 4 for IC) using the axial compression
test, according to NBR 5739 (ABNT, 2018). Additionally, capillary water absorption was evaluated
at 28 days of age, for 6 specimens per mix (3 for TC and 3 for IC), according to NBR 9779 (ABNT,
2012). The obtained results were analyzed using Analysis of Variance (ANOVA) and F> Critical
indicated significant statistical differences in the group, the means were compared by Tukey test
to verify which sample was significantly different.

3. RESULTS AND DISCUSSIONS

3.1 Compressive strength
Figure 5 shows graphically the compressive strength results for the studied mixtures. The values
are the average of four individual values obtained from the specimens tested at the ages of 7, 28,
and 180 days.
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Figure 5. Compressive strength of the UHPCC mixtures.

Compressive Strengt

At 7 days of age, the comparison of different cure types shows that the resistance values are about
2 times higher for specimens submitted to TC compared to IC, except for the REF mix, whose
resistance is about 1.6 times higher. This resistance gain can be attributed mainly to the acceleration
of the cement hydration reactions and the pozzolanic reactions of the added minerals, and the
exposure to a temperature of (90 £ 5) °C during the thermal curing process. However, at 180 days,
this gain is not so significant since the TC/IC ratio varied between 0.97 and 1.17. This result can
be explained by the fact that the thermal cure only accelerates the process to reach the composite
final strength, thus having little impact on the resistance in later ages, especially in mixtures
optimized through the packing of particles. Likewise, other authors evaluated the performance of
UHPCC mixtures under different curing conditions and observed similar behavior. Heinz et al.
(2012) compared the mechanical performance of UHPCC using cubic specimens submitted to
thermal and immersion curing and reported that resistance values of 136.3 MPa (IC) increased to
232.5MPa (TC) at 7 days of age (1.76 times greater) whereas, at 28 days, resistances of 216.1 MPa
(IC) increased to 232.8 MPa (TC) (1.08 times greater). Sokolovicz (2020) investigated the behavior
of UHPCC specimens obtained by packing particles and reported resistances 1.25 times greater at
7 days and 1.13 at 28 days, to those submitted to thermal curing compared to immersion curing.
Additionally, the loss of resistance in specimens submitted to TC, between 7 and 28 days (Fig. 5),
is not significant according to the ANOVA statistical analysis and the Tukey test. Melo (2000)
attributed this resistance loss to the changes in concrete microstructure caused by the accelerated
process of cement hydration, but resistance improves again due to the pozzolanic activity of silica
fume at more advanced ages (180 days). Additionally, Du and Tam (2015) verified that the
pozzolanic reactions of the glass powder are slower compared to the cement hydration process,
which may have also contributed to the later recovery of the resistance of the specimens with added
fine material.

Initially, the samples optimized via particle packing had no significant resistance gain compared to
traditionally dosed mixtures. At 7 days of age, the resistance of the GP50E and GP50SM specimens
is lower than the reference but statistically equal to the resistance of the GP50 mix. This fact can
be explained by the lower cement consumption of the GP50, GP50E and GP50SM mixtures
compared to the REF mixture, which probably impaired the mechanical performance of these
mixtures in the early ages. At more advanced ages, a significant compressive strength gain is
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observed for the optimized samples. Lopes (2019) also investigated concrete optimized via particle
packing and observed significant strength gains after 28 days of age, attributing them to the
strengthening transition zones due to mineral additions. Similarly, this justification can also be
applied to this case since the optimized mixtures consumed high amounts of silica fume.
Sokolovicz (2020) evaluated the mechanical behavior of UHPCC packaged, submitted to wet
curing, and reported resistances of 115.30, 138.60 and 158.9 MPa, at 7, 28 and 91 days,
respectively. In this case, resistance developed more uniformly over time, probably explained by
the fact that the specimens consumed less silica fume and the non-use of glass powder, which has
slower pozzolanic activity, as previously mentioned. It is also observed that the author reported a
final resistance close to that obtained in the present study.

It is noteworthy that the development of compressive strength of the studied UHPCC occurs as a
function of cement hydration and the pozzolanic reaction of silica fume and glass powder.
Depending on the type and content of mineral addition used and the curing regime adopted, a
significant gain in strength can occur at ages greater than 28 days (as can be seen in Figure 5 for
compressive strength at 180 days), a fact that must be considered in the design of concrete
structures.

3.2 Water absorption
Figure 6 shows graphically the results of the capillary water absorption test obtained for the studied
mixtures. The values are the average of three individual measurements obtained from the
specimens tested at 28 days.
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Figure 6. Capillary water absorption of the studied UHPCC mixtures.

Figure 6 shows that the lowest levels of water absorption by capillarity were recorded for the
specimens optimized via particle packing, considering the use of SM200 (GP50SM). This result
can be explained by the filler effect provided by the material, which provides a more dense and
homogeneous microstructure while generating a disconnected pore structure and reducing the
water absorption by the material (Tam et al., 2012). Also, the optimized samples (GP50E and
GP50SM), in general, absorbed less water than those traditionally dosed, which can be explained
by the better filling of the voids provided by the particle packing and by the high consumption of
silica fume which, in addition to the filler effect, provides an additional amount of CSH due to the
pozzolanic reaction, blocking the pores present in the material (Tam et al., 2012). This effecty also
explains why, in general, the samples submitted to TC show less absorption than those submitted
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to IC, since this curing procedure increases the C-S-H amount in the early ages due to the
acceleration of cement hydration reactions.

It is worth mentioning the great dispersion of results observed for some studied UHPCC, as is the
case of the REF-IC and GP50-IC. As the capillary water absorption values obtained for these
mixtures are very low (0.793 kg/m? for REF-IC and 0.882 kg/m? for GP50-1C), a small difference
between the values obtained for the specimens can result in a high standard deviation, as observed
in the present study, corresponding to coefficients of variation of 10.4% and 26.0%, respectively.
It is noteworthy, however, that the test procedure in NBR 9779 (ABNT, 2012) was not suitable to
be applied to UHPCC, since due to the low amount of pores present in the concrete microstructure,
the specimens did not present significant mass differences after long periods in the oven or exposed
to water.

3.3 Statistical analysis
Tables 6 to 9, presented below, show the statistical analysis results of the mechanical resistance
and capillary water absorption of the studied UHPCC mixtures. Yes indicates a statistically
significant difference between samples whereas No indicates no statistically significant difference
between samples.

Table 6. Mechanical resistance at 7 days - significant difference (F = 68.87 and Fobtained = 2.42).
GP50SM - | GP50SM -
TC IC

REF-TC
REF - IC
GP50-TC
GP50 - IC
GPS0E - TC
GP50E - IC
GP50SM - TC

According to Table 6, it is possible to observe that there was a significant difference in the values
of compressive strength (at 7 days of age) of the samples submitted to TC, compared to the samples
after IC. The incorporation of glass powder provided a significant decrease in the mechanical
strength of the UHPCC.

Table 7. Mechanical resistance at 28 days - significant difference (F = 9.07 and Fobtained = 2.42).
REF - GP50SM - | GP50SM -
IC TC IC

REF-TC
REF - IC
GP50-TC
GP50 - IC
GP50E - TC
GP50E - IC
GP50SM - TC
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At 28 days of age (Table 7), it is possible to observe that the mixtures GP50-TC, GP50SM-TC and
GP50SM-IC did not present significant differences in relation to most of the studied UHPCC. For
the GP50SM mixture, with the incorporation of silica fume, glass powder and filler, the curing
procedure (TC or IC) did not imply significant differences in terms of mechanical resistance. The
samples with glass powder incorporation ans submitted to TC showed no significant differences
compared to the reference sample after TC (REF-TC).

Table 8. Mechanical resistance at 180 days - significant difference (F = 19.84 and Fobtained = 2.42).
GP50SM - | GP50SM -
TC IC

REF-TC
REF - IC
GP50-TC
GP50 - IC
GP50E - TC
GPS0E - IC
GP50SM - TC

According to Table 8, it is possible to observe that there was a significant difference in the values
of compressive strength (at 180 days of age) of the samples submitted to TC, compared to the
samples after IC in the REF and GP50 mixtures. In the others, the curing procedure did not
significantly interfere with resistance. In the samples submitted to TC, the incorporation of glass
powder did not provide a significant difference in the compressive strength of the UHPCC.

Table 9. Water absorption at 28 days - significant difference.
GP50SM - | GP50SM -
TC IC

REF-TC
REF - IC
GP50-TC
GP50 - IC
GP50E - TC
GP50E - IC
GP50SM - TC

According to Table 9, it is possible to observe that there was no significant difference in the water
absorption values of the samples submitted to TC, compared to the samples after IC, except for the
sample without glass powder (REF). The incorporation of glass powder did not provide a
significant difference in the water absorption of the UHPCC submitted to TC (except for the GP50
mixture). As for the mixtures with better particle packing (GP50E and GP50SM), the decrease in
the values of capillary water absorption was significant, when compared to the GP50 mixture,
regardless of the curing procedure.
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4. CONCLUSIONS

Given the obtained data, it can be concluded that:

1. The adopted thermal curing procedure is feasible and beneficial since concrete strength
increased in early and more advanced ages, especially if applied to cementitious composites
with added glass powder.

2. The particle packing model used to optimize the mixtures increased the concrete strength
and reduced water absorption effectively; these effects became more pronounced at more
advanced ages.

3. The use of ground silica (SM200) did not generate significant strength gains. However, the
observed reduction of water absorption validates its use.

4. The high levels of glass powder (50%) added tend to decrease the mechanical strength of
the UHPCC by 35%, 22% and 5% compared to the reference composite at 7, 28 and 180
days, respectively, indicating the feasibility of using glass powder as a partial substitute for
cement.

5. The water absorption test following the method recommended in the NBR 9779 (ABNT,
2012) is not ideal for evaluating the performance of the UHPCC mixtures. Therefore, it is
recommended to elaborate another procedure more appropriate for low porosity and/or
permeability composites.
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ABSTRACT

This research aimed to simulate pathological manifestations in diaphragm wall using concrete produced
with different additions of synthetic polymer, in order to obtain models of strength and stiffness
prediction through ultrasound wave propagation. Compression tests were performed to determine
strength and stiffness, as well as ultrasound tests by direct and indirect method on concrete produced
with different concentrations of synthetic polymer. The results suggested a decrease in the mechanical
and acoustic properties of concrete with the increase in the concentration of synthetic polymer. The
models generated by the ultrasonic test were statistically significant, at 95% confidence level, and the
correlations established in concrete can be applied in the detection of pathological manifestations in
loco.
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Simulacion de manifestaciones patoldgicas en muro pantalla mediante
propagacion de pulso ultrasonico

RESUMEN

El objetivo de esta investigacion fue simular manifestaciones patologicas en muros pantalla a
través de hormigones elaborados con diferentes adiciones de polimero sintético, proponiendo
obtener modelos de prediccidn de resistencia y rigidez a traves de la propagacion de ondas de
ultrasénica. Se realizaron ensayos de compresion para determinar resistencia y rigidez, asi como
ensayos de ultrasonido por el método directo e indirecto sobre hormigones producidos con
diferentes concentraciones de polimero sintético. Los resultados obtenidos indicaron una
disminucion de las propiedades mecéanicas y acusticas del hormigdn con el aumento de la
concentracion de polimero sintético en su confeccion. Los modelos generados por la prueba
ultrasonica fueron estadisticamente significativos, con un nivel de confianza del 95%, y las
correlaciones establecidas en concreto pueden ser utilizadas en la deteccion de manifestaciones
patoldgicas in loco.

Palabras clave: muros pantalla; propagacion de pulso ultrasénico; fuerza y rigidez.

Simulacgdo de manifestagdes patologicas em parede diafragma atraves de
propagacao de ondas ultrassonicas

RESUMO

O objetivo dessa pesquisa foi simular manifestacdes patolégicas em parede diafragma através de
concretos produzidos com diferentes adi¢cGes de polimero sintético, propondo obter modelos de
predicdo de resisténcia e rigidez através de propagacdo de onda de ultrassom. Foram realizados
ensaios de compressdo para determinacdo da resisténcia e rigidez, assim como ensaios de
ultrassom pelo método direto e indireto em concretos produzidos com diferentes concentracdes de
polimero sintético. Os resultados obtidos indicaram queda nas propriedades mecéanicas e acusticas
do concreto com o aumento da concentracdo de polimero sintético em sua confeccdo. Os modelos
gerados pelo ensaio ultrassdnico foram estatisticamente significativos, ao nivel de confianca em
95%, podendo, as correlacdes estabelecidas em concreto, serem utilizadas na detec¢do de
manifestacdes patoldgicas in loco.

Palavras-chave: parede diafragma; propagacao de ondas ultrassonicas; resisténcia e rigidez
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1. INTRODUCTION

As civil constructions have been increasing in recent decades, studies have investigated ways to
facilitate the execution of major constructions that face difficulties due to unstable soils in which
they are located. According to Hachich et al. (2019), the use of a containment system with
diaphragm wall which consists of open trench in the ground filled with reinforced concrete
stabilized by the synthetic use of polymeric fluids or bentonite clay is one of the alternatives to
assist in the excavation of soils.

The use of synthetic polymer in excavations has great advantages over traditional forms of soil
stabilization, such the use of bentonite. According to Mota (2010), the economic aspect is an
advantage, because polymers although its cubic meter is more expensive than bentonite clay require
less amounts of product to obtain better yields than traditional forms (bentonite clay). According
to Mota (2010), the environmental factor is also noteworthy, mainly because of some properties of
polymers, namely: their high solubility, chemical sensitivity, and ultraviolet ray actions that end
up fragmenting their polymer chains and, therefore, preventing bioaccumulations. Thus, the use of
polymers as stabilizers in excavations do not affect the environment (Mota 2010).

Studies conducted by Mota (2010) found that the highly concentrated synthetic polymer can be
used specifically to chemically interact with all types of soil as the basis of its stabilization. Its
molecular structure allows for total water solubility, without changing its primary role of active
chemical bonding in the stabilization of soil particles.

The use of this polymer during excavations should follow the recommendations of ABNT-NBR
6122 (2019), with concrete density ranging from 2.1 to 2.8 g/cm® and minimum cement
consumption of 400 kg/m?, and stabilizing fluid as polymer with water pH between nine and 12,
density from 1.005 g/cm?® to 1.1 g/cm® and sand content up to 4.5%. According to Dijelal et al.
(2020) one of the pathologies found on the diaphragm wall is related to the mixture of polymer
fluid during concreting, increasing the infiltration of groundwater from the soil after the execution
of the panels, compromising the concrete ability to resist compression.

In loco diaphragm walls are extremely difficult to be assessed, especially regarding the addition of
synthetic polymer, and its influence in the quality of the concrete. The ultrasound test is one tests
that do not damage the concrete containment system as suggested Silva (2020). Studies conducted
by Savaliya et al. (2014), through ultrasound test in concrete structures, demonstrate that the
method is able to accurately detect pathologies, identifying defects and its specific location.
Considering the aforementioned aspects, our project used non-destructive ultrasonic wave
propagation tests, directly and indirectly, simulating in loco inspection to verify its sensitivity in
predicting mechanical (strength and stiffness) and physical (water absorption) properties of
concrete made with different concentrations of synthetic polymer.

Thus, this research aimed to simulate pathological manifestations in diaphragm wall with different
quantities of synthetic polymer in the concrete, proposing models of prediction of strength and
stiffness obtained through ultrasound wave propagation tests to evaluate this containment system
in loco.

2. EXPERIMENTAL PROGRAM

For the research, concrete were made with CPII-F cement proportions following the ABNT-NBR
11578 (1997): medium sand and gravel 01 (1:1.8:2.5), and the cement was measured in mass,
aggregates by volume and water-cement ratio of 0.6, as specified for concrete structures as
diaphragm walls (ABNT- NBR 6122, 2019). Considering the standard mixture, different
percentages of synthetic polymer 0%, 20%, 40%, and 60% of granulated anionic polymer and high
molecular weight > 21 million and long chains used for flocculation were added in relation to the
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cement mass (Figure 1a). The characterization of the aggregates was carried out according to the
recommendations of the standards for fine aggregate NBR (NM 248, 2003; NM 52, 2009; NM 45,
2006) and coarse aggregate NBR (NM 248, 2003, NM 53, 2003, NM 45, 2006). After 28 days, the
samples were subjected to the immersion absorption test, according to the specifications of ABNT-
NBR 9778 (2015).

Table 1 shows the characterization of aggregates within the limits of acceptability, according to
ABNT - NBR 7211 (2009).

Table 1. Results of the physical characterization of fine and coarse aggregates.

Specific Mass . Maximum .
Unit mass . Fineness
Aggregate (kg/m?) diameter modulus
(kg/m?) J (mm)
Granite 2650 1500 25 6.75
Sand 2590 1310 4.8 1.89

The addition of synthetic polymer presented a behavior similar to the addition of water to the
concrete, especially when assessing workability (Slump Test values) and density, that is, the
increment in polymer quantity increased workability and reduced the density (Table 2).

Table 2. Slump Test and medium density values of concrete produced with different synthetic
polymer quantities.

. Slump Test Average density
Quantity (mm) (kg.m?)
0% 180 2223
20% 210 2097
40% 250 1934
60% 260 1900

After the Slump tests, 12 cylindrical specimens (100 mm in diameter and 200 mm in length) and
one prismatic specimen (400 x 400 x 300 mm3) were molded for each mixture simulating part of
a finished diaphragm wall, totaling 48 cylindrical and four prismatic specimens. After 28 days, the
cylindrical samples were ultrasound-tested by direct wave propagation method (Figure 1b) and
prismatic samples by indirect method (Figure 1c), representing the in loco inspection.

(b) ©

Figure 1. (a) Synthetic polymer, (b) cylindrical samples subjected to direct ultrasound test (c)
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prismatic samples subjected to indirect ultrasound test. Source: authors (2021).
For the tests, ultrasound equipment (USLAB, Agricef, Brazil) and 45 KHz-frequency longitudinal
transducers of flat faces were used. With the propagation times of ultrasound waves (t), it was
possible to calculate, for each distance between transducers (L), the direct propagation velocity of
ultrasound waves (Vp), using the equation proposed by ABNT NBR 8802 (2019), as in Equation
(D).

V= (1)

L
t
After 28 days, the mass of each specimen was also determined using a precision scale, and with a
digital caliper its dimensions were obtained to calculate the volume and the density. From the direct
velocity and density of the concrete (p), the stiffness coefficient was determined (2).

CLL=p. Vp? (2)

The prismatic samples, which represent the feasibility of inspection of a finished diaphragm wall
using the indirect wave propagation method, were tested according to the methodology proposed
by the ABNT-NBR 8802 (2019). The ABNT proposes a way of measuring the ultrasonic
propagation velocity by indirect transmission mode (V1), whose procedure consists of calculating
the velocity through a propagation time graph versus distance between transducers Figure (2).

ty ts 13 ta

Figure 2. Determination of the propagation velocity of ultrasound waves by indirect method.
Source: ABNT-NBR 8802 (2019).

n

The specimens were then subjected to a compression test in @ EMIC machine to determine the
strength (f; - ABNT-NBR 5739, 2018) and the elastic modulus (Eci - ABNT-NBR 8522, 2017).
The results of the tests were used in the creation of models to predict the mechanical properties
based on the propagation velocity of ultrasound waves.

The results of fc and Eci and the parameters of propagation of ultrasound velocity waves (Vp), (V1)
and (Crr) were used to analyze regressions in order to verify the existence of statistically significant
models between mechanical properties and acoustic properties, obtained through ultrasound wave
propagation tests.
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3. RESULTS AND DISCUSSIONS

The mechanical (fc and Eci) and acoustic properties (C.., Vb, and V) of the concrete also reduced
as polymer quantities increased, a fact related to increased porosity (amount of voids) of the
concrete. Table 3 shows the tests performed on the 12 concrete samples for each studied mixture.

Table 3. Minimum, maximum, and mean values of strength (fc), elasticity (Eci), Stiffness
Coefficient (C..) direct (Vp) and indirect velocity (V1) for the mixtures produced with different
polymer quantities.

fe Eci CLL Vb Vi
. (MPa) (GPa) (GPa) (m.s?t) (m.s?t)
Quantities Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
Mean Mean Mean Mean Mean
0% 16.9; 20.5; | 19.58; 27.80; | 27.23; 34.38; 3485; 3885; 2437; 2855;
17.41 23.28 30.16 3680 2639
20% 8.32;9.6; | 11.44;16.13; | 19.87;22.42; 3095; 3230; 2421; 2628;
8.80 13.10 21.26 3185 2520
40% 5.53;6.78; | 5.80; 9.85; 9.81; 17.29; 2386; 2788; 1886; 2518;
6.17 7.48 13.14 2615 2127
60% 4.13;4.96; | 2.03;3.13; 7.88; 15.69; 2040; 2858; 804; 1085;
4.60 2.95 12.83 2528 935

To avoid dispersion of the we used the mean of the results of strength, stiffness, and acoustic
parameters for statistical analyses. The linear regression models evaluated by analysis of variance
(ANOVA) were statistically significant at the 95% confidence level (P-value < 0.05), and the best
models for predicting concrete strength (fc) and stiffness (Eci) properties were obtained based on
the stiffness coefficient (CLL) (Table 4).

The models found are within the ranges of coefficients of determination (R?) found in the literature
regarding mechanical tests and wave propagation. For the prediction of f¢, the R? in the studies
conducted by Mohamad et al. (2016) and Silva et al. (2020), ranged from 60 to 98% and, for Eci,
from 50 to 96%, (Giacon et al., 2010; Mohamed et al., 2016, and Silva et al., 2020). Correlations
between the stiffness parameters (CLL) and the mechanical properties of strength (fc) and elastic
modulus (Eci) obtained in ultrasound and compression tests were found by Giacon et al., (2010)
and Silva (2020), with linear models and R? values ranging from 85% to 97% for Eci and from 79%
to 95% for f.

Absolute error values of the strength and elastic modulus of the concrete range from 25% to 50%
when based on models with wave propagation parameters (Bungey and Millard, 2006). In our
research, the absolute errors found (9.70% to 20% — Table 4) are below those found in the literature,
suggesting that the models for predicting strength and stiffness are valid in the evaluation of the
quality of concrete used in diaphragm walls, using acoustic parameters of wave propagation.
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Table 4. Correlation models between direct velocity (Vp), indirect velocity (Vi) and stiffness

coefficient (Cr.) parameters with compressive strength (fc) and initial Elastic Modulus (Ec;).
o Absol
Parameter Model Vgl-ue (5; ) Esg ;nrstrlon ebrsr?) :J’E i

(%)

fcxVpo | fc=-20.34+0.0098*Vp | 0.03 |92.81 1.70 18.40

fcx Vi fc =—5.25+0.0068*V| 0.04 | 81.65 1.87 20.3

fcx CLL fc=-3.96+0.68%CL. | 0.025 |97.46 1.57 9.70

EcixVp | Ei=-35.13+0.015*Vp | 0.01 |[96.91 1.83 18.90

EciX Vi Eci=-11.68 +0.012*V, | 0.04 | 89.00 1.90 20.60

EcixCiL | Ei=-8.56+1.05*C. | 0.020 | 97.97 2.14 12.37

*Relationship between estimated error and mean value.

Table 5 shows the results obtained from immersion absorption and the longitudinal velocity of the
tested samples after saturation. Notably, the addition of synthetic polymer increased water
absorption (Table 5), leaving more voids (pores) after the drying process. This aspect occurs
because of the release of internal curing, which leads to the swell of polymer particles, changing
the porous structure of cement (Aradjo and May, 2019).

Table 5. Absorption values by immersion and average direct velocity (Vp), for the shapes
produced with different additions of synthetic polymer.

Sample Absorption (mYsl?'l)
0% 12.0 3087
20% 12.4 2777
40% 17.3 2291
60% 18.4 1846

Note that, due to the change in the absorbed volume of water, changes in acoustic properties are
observed (Tables 3 and 5), Also, it can be noted that the velocitys of sound propagation decrease
as the amount of polymer used increases; the voids found in dry concrete are a significant factor in
the transmission of sound waves, since the ultrasonic pulse velocity is lower in the air than in solids
(Godinho, et al., 2020), thus explaining the increase in the amount of pores, reducing the
propagation velocity of ultrasonic waves in the specimens.

The regression between ultrasound velocity and absorption showed a model with R2 of 92% (Figure
3) and P-Value of 0.04 < 0.05, demonstrating that there is a statistically significant relationship
between the parameters, with a 95% confidence level, obtained through ANOVA. The outcomes
suggest that the wave propagation method is sensitive to the increase of water content inside the
samples, caused by increased porosity after drying the synthetic polymer within the cement,
decreasing its ultrasound velocity. Thus, the concrete will present more voids (pores) and,
therefore, absorbing more water and presenting lower density and mechanical properties. Water is
the main erosive agent in concrete, therefore concrete performance as a barrier to reduce the
transport of potentially corrosion-causing agents is related to its porosity (Dudhal, 2016; Liu et al.,
2020; Matiko, 2000).
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Figure 3. Regression model between immersion absorption and longitudinal velocity.
Source: Authors (2021).

The polymer aggregates and forms a film on the surface of cement particles during the hydration,
avoiding additional contact between cement and water, increasing the cement porosity, thus
affecting the compressive strength and elastic modulus of polymer-added concrete (Liu et al.,
2020).

Our research corroborates with the literature. Table 3 shows a 26% reduction for the mean values
of fc and 13% for the mean values of Ej, after an 18% increase in absorption for concrete samples
with the addition of 60% of synthetic polymer in relation to the samples without it (Table 5).

The models obtained can be used as a non-destructive alternative test to estimate mechanical and
physical properties, such as water absorption in samples and diaphragm wall structures, verifying
the infiltration of groundwater from the soil mass after the execution of the panels, a fact that may
compromise concrete ability to resist compression.

4. CONCLUSIONS

The increment in the concentration of synthetic polymer used in the different concrete mixtures
increased its workability, reducing its density and its mechanical (fcand Ej) and acoustic (Vb, Vi,
and CrL) properties.

The models of prediction of mechanical properties by ultrasound velocity were statistically
significant, showing coefficients of determination higher than 80% and errors inferior to those
found in the literature.

Thus, the sensitivity of the direct or indirect ultrasound wave propagation test is demonstrated, for
concrete with physical and mechanical properties similar to those used in our research, and the
correlations established here in concrete samples can be used to support the detection of in loco
pathological manifestations.

Moreover, the increase in synthetic polymer content in the production of concrete directly interferes
with the amount of water absorption and, consequently, in the acoustic properties of the material.
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ABSTRACT

In this study, the effect of variations of eccentricity of tendons in unbonded post-tensioned flat slabs was
evaluated. The correct positioning of strands in the assembly of unbonded post-tensioned flat slabs is
essential for the structural system to achieve adequate performance and safety. Four different slab
models were analyzed with variations in the height of the strands at different positions providing the
change in eccentricity and increases in the number of tendons. Pre-compression stresses, stresses on the
bottom and top faces, center vertical displacements, load balancing and passive reinforcement of the
slabs were evaluated. The ADAPT Floor Pro commercial software was used for the analyses with the
design conforming with standard NBR 6118:2014 and recommendations from standard ACI 318:2019.
For the models evaluated, it was found that the variation in the eccentricity of the strands in the bottom
face of the slab reduced the applied stresses more than variations in the top face.
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Analise da influéncia da variacdo da excentricidade de cordoalhas engraxadas
no comportamento estrutural de lajes lisas protendidas

RESUMO

Neste estudo, avaliou-se a influéncia de variagdes de excentricidade dos cabos em lajes lisas
protendidas. O correto posicionamento das cordoalhas na montagem de lajes lisas protendidas é
imprescindivel para que o sistema estrutural alcance desempenho e seguranca adequados.
Analisou-se quatro modelos diferentes com modificacdo da altura dos cabos em diferentes pontos
e quantidades. Foram avaliadas tensdes de pré-compressdo, tensdes nas faces inferior e superior,
flechas, balanceamentos de cargas e armaduras passivas. Utilizou-se o programa ADAPT Floor
Pro para as analises, sendo o dimensionamento regido pela NBR 6118:2014 e recomendagdes do
ACI 318:2019. Constatou-se que a variacdo na excentricidade vertical das cordoalhas na face
inferior da laje, reduzem mais os valores das tensdes, em comparagdo com a variagdo na face
superior.

Palavras-chave: Concreto Protendido, Protensdo N&o Aderente, Excentricidade de Cordoalhas.

Analisis de la influencia de la variacion de excentricidad de tendones no-
adherentes en el comportamiento estructural de losas planas postensadas

RESUMEN

En este estudio se evaluo la influencia de las variaciones de excentricidad de los cables en modelos
con losas planas postensadas. El correcto posicionamiento de los tendones en el montaje de losas
planas postensadas es fundamental para que el sistema estructural logre un adecuado rendimiento
y seguridad. Se analizaron cuatro modelos arquitecténicos diferentes con modificacion de la altura
de los cables en diferentes puntos y cantidad. Se evaluaron tensiones de pre compresion, tensiones
extremas en el tope y base, desplazamientos verticales, balanceo de carga y cantidad de acero
pasivo de las losas. Para el analisis se utilizé el software ADAPT Floor Pro. El proyecto sigue las
recomendaciones de la NBR 6118:2014 y ACI 318:2019. Para los modelos evaluados, se encontrd
que la variacion en la excentricidad vertical de los tendones en la base de la losa reduce ain mas
los valores de las tensiones aplicadas, en comparacién con la variacion en el tope.

Palabras clave: hormigon postensado; postension no-adherente; excentricidad de los tendones.
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1. INTRODUCTION

The use of unbonded tendons in building construction is frequent in developed countries like the
USA and Australia, as well as parts of the Middle East, Southeast Asia, United Kingdom and in
some South American countries. The choice of its use is due to excellent structural performance
and economic advantages (Aalami, 2000; Santos, 2017; Silva et al., 2018).

Unbonded tendons were included in standard ACI 318 of the American Concrete Institute from
1963 and onwards after its use in several construction projects around the world (Aalami, 2000;
Kang and Bondy, 2008). In Brazil, the use of unbonded tendons in post-tensioned flat slabs started
only in 1997 (Carvalho, 2017). This was partially driven by architectural designs with wide spans
and reduced number of pillars and beams in upscale residential buildings (Santos, 2017; Almeida,
2001; Loureiro, 2006). Other decisive factors that promoted the effective application of post-
tension concrete in civil construction were the development of high strength steel, advancements
in design software and its relative ease of execution (Carvalho, 2017; Loureiro, 2006).
Prestressing has economic benefits and improves performance throughout the projected service life
(PSL) and structural safety of concrete. In particular, it improves durability as the prevention or
decrease in fissuring inhibits corrosion and ensures greater protection to the reinforcement (NBR
6118, 2014; Cholfe and Bonilha, 2018; Silva, 2003).

In flat slabs with post-tensioned unbonded tendons, the strands are usually placed in a parabolic
arch which produces an eccentricity with respect to the center of the slab. This allows an increase
in the loads applied to the strands and also increases the load balancing capacity (Pfeil, 1984;
Vicente and Albino, 1994). The basic principle of load balancing is to allow the vertical portion of
the tendons stress to balance out part of the dead load and result in a structure subjected only to
compressive stresses (Silveira, 2002; Aalami, 1990; Aalami and Bommer, 1999). In order to
accomplish this, vertical tendon placement must be as close as possible as projected. Incorrect
vertical placement could lead to negative consequences such as different center deflection from
predicted values and, in more severe cases, even structural collapse (Silva et al., 2018; Aalami and
Bommer, 1999; Romanichen and Souza, 2019).

In order to ensure vertical strand placement in accordance to projected values, spacers are used in
regular intervals. Mass-produced spacers are made from plastic or steel with rigorous quality
control with respect to height. However, in some exceptional cases, spacers are manufactured in
situ with folded steel bars and inadequate quality control, resulting in variations in height
(Loureiro, 2006; Aalami, 2014). Furthermore, other factors such as improper handling of the
reinforcement or damage to it during pouring of concrete can lead to breaking or displacement of
spacers as shown in Figure 1. Even with proper quality control, there is a human factor that can
result in incorrect placement of spacers during tendon assembly. The end result of all these factors
are strands placed at heights and eccentricities different than projected.

The incorrect placement of strands can lead to slab fissuring, excessive vertical displacements and
loading stresses different from predicted to the point of exceeding projected limits of tension and
compression in the structural element. Further effects can occur such as concrete flaking and
acceleration of steel corrosion due to insufficient cover (Souza, 2018; Xin and Xianyan, 2012).
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(b)
Figure 1. Concrete pouring example: (a) workers in direct contact with the reinforcement and (b)
damaged and out of position spacer.

The correct vertical positioning of strands in accordance with projected values during the assembly
stage has been cited as the main factor affecting system performance (Carvalho, 2017; Souza Junior
and Oliveira, 2016; Caro et al., 2013). Cauduro (2002) recommended a maximum tolerance of +/-
5 mm in vertical variations of stand placement for slabs of less than 200 mm thick and +/- 10 mm
for slabs between 200 mm and 600 mm thick. The most critical locations were the low and high
points in the curvature, while horizontal position was not as crucial but excessive variation should
be avoided. However, acceptable variations in absolute deviation, which were independent of
structural geometry and applied loads, could still lead to an unsafe structural condition. Variations
in tendon eccentricity could have an effect depending on slab thickness, relative eccentricity error,
span width between pillars and applied load.

This study evaluated the effect of variations in eccentricity of tendons in flat, post-tensioned slabs.
Several models were tested with different spans and relative error in eccentricity. The post-
tensioned slabs were projected in accordance with standard ABNT NBR 6118:2014 and
recommendations from ACI 318:20109.

2. METHODOLOGY

2.1 Slab Geometry and Strand Layout

The structural models consisted of a single slab supported directly by pillars and without beams as
shown in Figure 2. The span between pillars was constant for each model. Four models were
manufactured with spans of 7.0 m x 7.0 m to 10.0 x 10.0 m in 1 m increments and were designated
M7, M8, M9 and M10. The slab thickness varied for each model and were defined approximately
as L/42 (ACI 318, 2019), where L is the span between pillars. The characteristics of each model
are shown in Table 1.

Strand layout concentrated tendons along the larger direction (in this case, Strands 1 through 3 in
the x-direction) and a more regular distribution was applied in the perpendicular direction (in this
case, Tendons 1 through 27 in the y-direction) as seen in Figure 3. The analyses were exclusive to
central Strand 2 in the x-direction since it concentrated the most loads and should be the most
affected by variations in eccentricity of each model. The number of tendons in central Strand 2 for
models M7, M8, M9 and M10 were 10, 17, 25 and 33, respectively. Also shown in Fig.3 are the
locations of the pillars, labeled P1 through P12.
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Figure 2. Sample structural model of post-tensioned slab for analysis.

Table 1. Model designations and dimensions

. . Span between .
Designation pan Slab thickness
pillars
M7 70mx7.0m 170 mm
M8 8.0mx8.0m 190 mm
Model
M9 9.0mx9.0m 210 mm
M10 10.0m x 10.0 m 240 mm
N e s 0o~ 0o 9 d YT NSN% 22 JYTIR LN
Vtﬁ SEEEEEER e EIEE e ER SR BgEE @3
P1 R2 3 P4
20x50 2Dx5 Dx5 20x50
1 i Strand 1
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20x50 20x5 0x5! 20x50
E= - = —=2= stand?2

P9 5&1(1? %11 P12
ZOXSO% DX5! 0x50) 20x50

Strand 3

Figure 3. Layout of unbonded tendons and strands in a model post-tensioned slab.
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The variations in eccentricity are shown schematically in Figure 4. Concave down eccentricities
curving towards the top of the slab were placed on locations above pillars while concave up
eccentricities towards the bottom of the slab were placed in the span between pillars. Three test
cases of variation of eccentricity were tested. In the first case, only concave down eccentricity
(designated “Top”) was reduced over pillars P6 and P7. In the second case, only concave up
eccentricity in was reduced in the span between pillars (designated “Bottom”). In the third case, a
simultaneous decrease in eccentricity in both locations was applied in order to obtain a critical
combination (designated “Critical”).

LOCATION OF REDUCTION
IN ECCENTRICITY

LOCATION OF REDUCTION
IN ECCENTRICITY

T ¢

LOCATION OF REDUCTION
IN ECCENTRICITY

[Jee h

-3

LOCATION OF REDUCTION
IN ECCENTRICITY

LOCATION OF REDUCTION
IN ECCENTRICITY

Figure 4. Variation of eccentricity along center Strand 2 and locations of reduction of
eccentricity.

A total of 4 variations of eccentricity were applied to each of the 4 models shown in Table 1,
designated hypothesis H1 through H4. The variations in eccentricity were of 5 mm, 10 mm, 15 mm
and 20 mm. These variations were selected because projected spacer heights are usually listed in 5
mm increments and it would also allow easier and practical verification in loco. Additionally,
Cauduro (2002) established that decreases in eccentricity should be limited to 5 mm and 10 mm
for slab thicknesses equal or larger than the ones of this study. The variations of eccentricity and
their designations are shown in Table 2.

Table 2. Designations of variations in eccentricity of this study.

Variation Designation | Decrease in eccentricity (mm)
Reference HO 0

Hypothesis 1 H5 5

Hypothesis 2 H10 10

Hypothesis 3 H15 15

Hypothesis 4 H20 20

For the analysis, the spans with decreased eccentricity were labeled “First” between P5 and P6,
“Central” between P6 and P7 and “Final” between P7 and P8. These are shown in Figure 5.

A ¥ 4 c,7
2 o 4 ~ 4
Yo 9 B
€ < . 4 TENDON
o 4« , ECCENTRICITY
[= 5 4 4

4 <
BOTTOM U BOTTOM U BOTTOM
P5 P6 P7 LIP3
SPAN BETWEEN SPAN BETWEEN SPAN BETWEEN
PILLARS PILLARS PILLARS
—_ FIRST SPAN -} CENTRALSPAN —— — 4 FINAL SPAN —_—

Figure 5. Designation of spans with variations of eccentricity.
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2.2 Materiais and Reference Parameters

Concrete covers were 2.5 cm for slabs with passive reinforcements and 3.0 cm for active
reinforcements. In the numerical models, a C35 class concrete was adopted with a fe of 35.0 MPa
and modulus of elasticity (E) of 39.7 GPa. The tendons used were CP 190 RB (fp« = 1,900 MPa),
nominal diameter of 12.7 mm and nominal steel area of 100.9 mm2.

A variable (over)load of 2.5 kN/m? was applied to the slab, which corresponded to the minimum
value recommended in standard NBR 6120 (ABNT, 2019). A dead load consisting of the
structure’s own weight based on slab thickness and a permanent load of 1.0 kN/m2 representing
other materials was also present.

The numerical analysis considered three fundamental parameters: minimum pre-compression
strength, tensile normal stress limit and maximum vertical displacement. Other criteria such as load
balance and final displacements were adjusted once these fundamental parameters were reached.
Afterwards, the slabs were loaded in order to test projected service life (PSL) and useful service
life (USL). The pre-compression stress at any point in the slab was kept at a minimum of 1.0 MPa
in accordance with ACI 318 (ACI, 2019) and NBR 6118 (ABNT, 2014). In pre-testing, models in
which the pre-compression stress of 1.0 MPa was insufficient to produce the tensile normal stress
limit or maximum vertical displacements, the number of tendons was increased until these
parameters were reached.

Whenever possible, a load balance parameter between 60% and 80% of the permanent load was
adopted. This range of values was commonly used in slabs of residential and commercial buildings
and parking garages (Loureiro, 2006).

A limited stress was defined in accordance with standard NBR 6118 (ABNT, 2014). As described,
the tension stress of a flat slab was defined as sufficient for fissure formation at PSL (f-PSL) from
a combination of loads under any class of environmental aggression. In this case, the normal
compressive stress applied to the concrete when stressing was limited to 15.75 MPa while the f-
PSL threshold stress was 21.0 MPa in accordance with standard ACI 318 (ACI, 2019).

Standard NBR 6118 (ABNT, 2014) defined minimum measurable vertical displacements in beams
and slabs as L/250, where L is the span in between pillars. This value was used as a limit in the
numerical models before variations in eccentricity of the strands were introduced. After the
variations in eccentricity were introduced, analyses were performed to confirm which models were
still within limits. Through this methodology, passive reinforcements, strand placement and
maximum acceptable strand eccentricity were determined for each model. Passive bottom and top
reinforcements were determined for the models based on criteria from standard NBR 6118 (ABNT,
2014). The combined criteria and limits used in the slabs are presented in Table 3.

2.3 Slab Analysis

Slabs were analyzed with Adapt Floor 2017 PRO commercial software. This program specialized
in the design and analysis of post-tensioned concrete structures with a finite element method. The
program evaluated the effects of post-tensioning in accordance with geometry and loading on the
strands.

Adapt Floor 2017 PRO provided automatic mesh generation with user input on the size of elements.
Two maximum element sizes were tested in this study and the results showed no significant
differences. Consequently a maximum element size of 500 mm was used for all analyses. A sample
mesh for model M8 is shown in Figure 6.
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Table 3. Model criteria and limits with references.

Criteria Limit Parameter Units Reference
. .. NBR 6118,
Pre-compression stress Minimum 1.0 MPa ACI 318
Top and bottom tensile Maximum 3.38 MPa NBR 6118
stress
Maximum compression Maximum 15.0 MPa ACI 318
stress at post-tensioning
Maximum compression .
stress for f-PSL Maximum 21.0 MPa ACI 318
Loureiro (2006)
0 L
Load balance Recommended 60 a 80 Yo Hanai (2005)
Vertical displacement Maximum L/250 - NBR 6118

Slab model analysis made use of support lines aligned with pillar positions. Each support line
defined “design sections” with average stress values which compiled stresses from surrounding
areas delimitated by the support lines.
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Finite element mesh for slab model M8.

Figure 6.

Figure 7 shows normal stresses in the x-direction on the top and bottom faces of the slab for the
most frequent combination in model M8.

3. RESULTS AND DISCUSSION

3.1 Pre-compression stresses

Table 4 presents pre-compression normal stress values on the slabs. No variations in stress were
identified with respect to changes in the vertical position of the strands but rather with respect to
the number of tendons and applied load. As the span between pillars increased, an increasing
number of tendons were necessary to balance the models, resulting in a corresponding increase in
pre-compression stress. The shortest span Model M7 presented stresses in between 1.0 MPa and
1.11 MPa while the longest span Model M10 had stresses between 1.43 MPa and 1.60 MPa.
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Figure 7. Normal stresses in the x-direction for slab model M8 (MPa).
Table 4. Pre-compression normal stresses on the slab (MPa).
Model M7
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15| H20 | H5 | H10 | H15 | H20
Primeiro 1.00 1.00|1.00|1.00|1.00|1.00|1.00|1.00|1.00|1.00|1.00]1.00|1.00
Span | Central 1.11 111)111(111)111 (2111111121111 121127111 )1.12 (111
Ultimo 1.01 101(101/1201/12.01]1.01|1.01]101]101({1.01/12.01|1.01]1.01
Modelo M8
Stress Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15| H20 | H5 | H10 | H15 | H20
First 1.27 127127 | 127|127 | 127|127 | 1.27 | 1.27 | 1.27 | 1.27 | 1.27 | 1.27
Span | Central 1.36 1.36(1.36|1.36|1.36|1.36|1.36|1.36|1.36|1.36|1.36|1.36|1.36
Last 1.31 131131131131 |131|131|131|1.31131|131]131|131
Model M9
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15| H20 | H5 | H10 | H15 | H20
First 1.53 153(153|153|153]|153|153|153|153|153|153|153]|1.53
Span | Central 1.75 175175 (175 1.75|1.75|1.75|1.75|1.75|1.75|1.75|1.75| 1.75
Last 1.53 153(153|153|153]|153|153|153|153(153|153|1.53]|1.53
Model M10
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15| H20 | H5 | H10 | H15 | H20
First 1.43 143|143 |143|1.43|143|1.43|143|1.43|1.43|1.43|1.43|1.43
Span | Central 1.60 1.60(1.60|1.60|1.60|1.60|1.60|1.60|1.60|1.60|1.60|1.60]|1.60
Last 1.50 1.50(1.50|150|1.50]150|150|150|150 2150|150 1.50]1.50

3.2 Maximum normal stresses on the slab

Normal tensile stresses on the bottom face of the slab are shown in Table 5 for all models. Despite
changes to eccentricity through vertical position of the strands, all models were within the
maximum limit of 3.38 MPa for f-PSL set by standard NBR 6118 (ABNT, 2014). In the case of
the “Central” span of the Reference model, compressive stresses were found on the bottom face of
the slab due to higher prestresses when compared to the “First” and “Final” spans. Less variation
in stresses were observed for the variations of eccentricity of the “Top” cases when compared to
the “Bottom” cases. Still, “Critical” combination cases produced the most unfavorable stresses.
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Results for the stresses in the top face of the slab are summarized in Table 6. Stresses that exceeded
the limit set by standard NBR 6118 (ABNT, 2014) were highlighted in yellow. Only stresses of the
“Top” cases and hypothesis HS were within the limit of 3.38 MPa. Decreases in eccentricity of the
“Bottom” cases produced a greater increase in normal tensile stresses along the top face of the slab,
especially in the regions supported by the pillars when compared to other locations. Models M7
and M9 with hypothesis H5 were the only slabs in which variations of eccentricity of the “Bottom”
cases had normal tensile stresses lower than the limit of 3.38 MPa. Furthermore, no normal stresses
for the most frequent “Critical” combination cases in all hypotheses of variations in eccentricity
were below the 3.39 MPa limit for f-PLS.

Table 5. Normal tensile stresses at the bottom face of the slabs (MPa).

Model M7
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20
First 2.37 239|242 | 245|247 | 245|254 263 |272|248 |2.60 | 2.71 | 2.83
Span|Central| -0.15 |[-0.12|0.00 | 0.05|0.12 |-0.10| 0.00 | 0.02 | 0.05 |-0.03| 0.09 | 0.22 | 0.36
Final 2.52 255 (258 |260|263|261|269|278|286]|263|275|2.86 297
Model M8
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20
First 2.52 255271274277 |266|2.76|287|298|268 283|297 |3.12
Span | Central -0.62 -05|-05|-04|-03|-06]-05|-04]-04)|-05]|-03]-0.2]0.01
Final 2.48 2511254257261 258|269 |279| 29 |262|275|2.89 |3.03
Model M9
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20
First 2.64 2.65 271|274 277|266 |2.76|287|298|268 283|297 |3.12
Span | Central -1.49 -14|-13|-12/|-11|-13|-12|-11| -1 |-12| -1 |-0.8]-0.6
Final 2.63 266 | 2722741278267 |279| 29 |3.01]|271|282|3.01]3.16
Model M10
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20 | H5 | H10 | H15 | H20
First 2.70 2731277280283 |281|291|3.01|3.12|284|297|3.10|3.24
Span | Central -1.41 -1.33(-1.241-1.15|-1.07|-1.34|-1.27 |-1.20|-1.13|-1.26 |-1.10|-0.93 | -0.77
Final 2.69 2.731276|279|282|280|290|3.01|3.11|283|297|3.10]3.24
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Table 6. Normal tensile stresses at the top face of the slabs (MPa).

Model M7
Case Reference Top Bottom Critical
Hypothesis H5 |H10 |H15|H20| H5 |H10|H15|H20| H5 |H10|H15|H20
Span P5 3.04 3.12|3.21/3.29|3.37|3.15|3.25|3.36 | 3.46 | 3.23|3.42 | 3.61 | 3.80
P6 3.26 3.33/3.41/3.48/3.56|3.36|3.45|3.55|3.65|3.43/3.61/3.78| 3.96
Model M8
Case Reference Top Bottom Critical
Hypothesis H5 |H10 |H15|H20| H5 |H10|H15|H20| H5 |H10|H15|H20
Span P5 3.28 3.38/3.47|3.56|3.65[3.40|3.52|3.65|3.77|3.50/3.71|3.93|4.14
P6 3.08 3.1813.283.37|3.473.21|3.33|3.46 |3.58|3.30|3.53 | 3.75| 3.97
Model M9
Case Reference Top Bottom Critical
Hypothesis H5 |H10 |H15|H20| H5 |H10|H15|H20| H5 |H10 |H15|H20
Span P5 3.09 3.1913.29/3.40|3.51|3.24|3.34|3.42|3.55|3.26|3.49|3.72|3.95
P6 3.13 3.2213.31|3.45|3.53|3.29|3.42|3.56 |3.57|3.39|3.64 | 3.88|4.12
Model M10
Case Reference Top Bottom Critical
Hypothesis H5 |H10 |H15|H20| H5 |H10|H15|H20| H5 |H10|H15|H20
Span P5 3.28 3.37|3.47|3.56|3.66|3.40|3.52|3.65|3.77|3.50|3.71|3.93|4.15
P6 3.23 3.32/13.42/13.52|3.65[3.33|3.47|3.65|3.77|3.45|3.67|3.88|4.11

220

3.3 Vertical Displacements Deslocamentos verticais

Table 7 presents vertical displacements for the model slabs. Models M7 and M8 had displacements
of 28.0 mm and 32.0 mm, respectively. These displacements occurred for all hypotheses and were
within the limits set by standard NBR 6118 (ABNT, 2014). For all variations in eccentricity in the
“Top” case, model M9 had displacements lower than 36 mm only in the “Central” span while
Model M10 had displacements of less than 40.0 mm. Both of these values were limits set by
standard NBR 6118 (ABNT, 2014)
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Table 7. Vertical displacements on all model slabs (mm).

Model M7
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20| H5 |H10|H15|H20| H5 | H10 | H15 | H20
18.119.|19. | 19. | 19. | 19. | 20. | 20. | 19. | 20. | 20. | 21.
First 18.5 8/ 0|24 ]1|6 |1 |7 ]|3]|]0]8]H5
Span Centra
I 54 58[63|66|70|57]|60]63|66|6.1|69]|75]8.2
19.119.|19. | 19. | 19. | 20. | 20. | 21. | 19. | 20. | 21. | 21.
Final 19.1 314|686 /|16 |18 4]1]|8
Model M8
Case Reference Top Bottom Critical
Hypothesis H5 | H10 | H15 | H20| H5 |H10 | H15 | H20| H5 |H10 | H15 | H20
24. | 24. | 24. | 25. | 24. | 25. | 26. | 27. | 25. | 26. | 27. | 28.
First 24.2 4 171912963 ]0]1]1]2]0
Span Centra
I 4.8 51|55|/65|71|53|56|61|71|58|6.7]|7.7]|87
24. | 24. | 24. | 25. | 24. | 25. | 26. | 30. | 25. | 26. | 27. | 28.
Final 23.9 2/ 6 81| 7|5]3]0]0]1]1]1
Model M9
Case Referenc Top Bottom Critical
Hypothesis e H5 |H10|H15|H20| H5 | H10 | H15 | H20| H5 | H10 | H15 | H20

36.|36. | 37.|36.|36.|37.|37.|36.|36.|37. | 39.
First 35.7 359 | 5 8 1 1 7 0 9 3 8 9 2
Centra 10.

Span| = 50 |58 |66|74|81|65|71|76/83|73[84/97]| 9
36. | 36. | 37. | 36. | 36. | 36. | 37. | 36. | 36. | 37. | 39.
Final | 356 |359| 2|7 /0|lo0o|3|8|6|1|5]|7]o0
Model M10
Case Reference Top Bottom Critical
Hypothesis H5 |H10 | H15|H20| H5 |H10 | H15|H20| H5 | H10 | H15| H20

35.|36.|38.]39.|36.|37.]38.|40. | 36.|39. |41 | 42.
First 35.4 7| 4 0 0 3 2 1 1 9 3 6 5
Centra 10. 10. 12.

| 2.7 33|50(89| 1 [{33[59[90| 3 [40/66(99| 0
35.|35.|37.]38. |35 |36.|37.]39. | 36.|38.|40. |42
Final 34.8 2 9 4 3 8 7 6 6 1 9 0 1

Span

The effects of changes in eccentricity on displacement are better understood graphically from
Figure 8. In the figure, the vertical axis contained the f/L ratio, which represented the equivalent
center span displacement in denominator format: for example L/430 with L/250 being the limit.
The horizontal axis contained the relative eccentricities, which were the variation in height of the
strand (eccentricity) with respect to slab thickness. The dashed lines were placed in order to visually
separate the slab models. The relative eccentricity (or its variation) could have more or less of an
effect depending on the case study: examining the trends of Figure 8, it could be noted that, for all
slab models, the “Critical” hypothesis produced the most variations in displacement.
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Figure 8. Relative displacement with respect to relative eccentricity for all slab models.

For slab models M9 and M 10, the “Top”, “Bottom” or “Critical” eccentricity positions had less of
an effect than for models M7 and M8. The amplitude of variation of the center displacement
increased as relative eccentricity increased. In the “Critical” case of model M9, the increase in
relative eccentricity from 2.4% to 9.5% resulted in an increase in relative displacement from L/248
to L/230. For comparison, in the “Critical” case of model M7, the increase in relative eccentricity
from 2.9% to 11.8% resulted in an increase in relative displacement from L/363 to L/325.

3.4 Load Balancing

Load balancing values increased when strands were inserted in order to attain the normal tensile
stress limits at the top and bottom faces of the slab and in pre-compression. Table 8 shows a
summary of load balancing values for all models. Only model M7 reached the recommended value
between 60% and 80% of Loureiro (2006) and Aalami (2014). In the other models, load balance
varied between 59% and 95% of permanent loads.
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Table 8. Load balancing on all slab models (%).

Model M7
Case Reference Top Bottom Critical
Hypothesis 05/1.0]15(20]|05|10|15]20]05[1.0]15]|20
First 73 73|72 |72 71|73 |72 72|71 (72 |71[70]69
Span | Central 74 72 | 71169 |68 | 727169 |68 |71|68]|64]|61
Final 80 79 | 79 |78 | 77 |79 | 78 | 77 |75 |78 |76 | 74| 72
Model M8
Case Reference Top Bottom Critical
Hypothesis 05/1.0]15(20]|05|10|15]20]05[1.0|15]|20
First 82 81 /80|79 |78|81|80|78|77|80|78|75]|73
Span | Central 92 89 /1878482898784 |82[87|82]|77]|72
Final 87 87 |86 85|84 |86|84|83[81|85|82|80)|78
Model M9
Case Reference Top Bottom Critical
Hypothesis 05[/1.0]15(20]|05/10(15]20]05[1.0/15]|20
First 88 87 |86 85|83 |60 |59 |57 |56|60|57]|54]|52
Span | Central 94 92 190 (88 |85 |61 |60 |58 |57 60|56 |53]|50
Final 87 86 | 85|84 83|59 |58 |57 |56 |58]|56|54]|52
Model M10
Case Reference Top Bottom Critical
Hypothesis 05[/1.0]15(20]|05/10(15]20]05[1.0|15]|20
First 97 96 | 9594 1939593 /91 (89|94 |91 |88 85
Span | Central 93 92 190 |88 86|92 |90 88|86 |90 |86 |83]|79
Final 88 87 |87 |86 |85 |87 |95|83|81|86|83]|80]77

3.5 Passive Reiforcement
Table 9 shows bottom passive reinforcement results for the slab models.

Table 9. Bottom passive reinforcement results

Hypothesiss and Cases
Reference H5 - Top H5 - Bottom
Model | First and Central | Firstand Central First and Central

Final span span Final span span Final span span

Steel area (cm?/m) Steel area (cm?/m) Steel area (cm?/m)

M7 2.54 2.11 2.54 2.11 264 | 222
M8 2.72 2.10 2.72 2.10
M9 3.26 2.40 3.26 2.40
M10 3.74 2.46 3.74 2.46

In the case of hypothesis H5 and “Top” case, bottom passive reinforcements were unchanged with
respect to Reference values. Changes in reinforcement were observed within a model but in
different spans.
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Table 10. Top passive reinforcement results

Hypothesis and Cases
Model Reference \ H5 - Top \ H5 - Bottom
Steel area (cm3/m)
M7 7.4 7.4 7.7
M8 10.5 10.5
M9 12.2 12.2
M10 15.6 15.6

Table 10 shows results for the top passive reinforcement for all slab models. Similar to Table 9,
the passive reinforcement rate used to cancel negative flexing remained unchanged for all models
under hypothesis H5 and “Top” case with respect to Reference values. This was a consequence of
the 5 mm reduction in height of the spacers over the pillars not inducing sufficient loads to demand
an increase in steel. On the other hand, the variation of eccentricity in the “Bottom” case for model
M7 resulted in an increase in reinforcement rate over the pillars to provide additional effect against
negative flexing when compared to the Reference model with the same span.

4. CONCLUSIONS

This study analyzed four models of post-tensioned flat slabs with variations in the span between
pillars and in strand eccentricity. The variations in eccentricity simulated errors in assembly and
positioning of vertical spacers. Pre-compression stresses, normal tensile stresses in the top and
bottom faces, load balancing and vertical displacements were analyzed. Top and bottom passive
reinforcements were also analyzed.

A decrease in eccentricity of the strands had a direct effect on the slab loads: its main effect was a
decrease in the ratio of normal stresses supported by post-tensioning. The decrease in eccentricity
of the “Bottom” case had a stronger negative impact than a variation of eccentricity of the “Top”
case and affected normal stress control, load balancing criteria and displacements.

Only model M7 with variations in eccentricity from hypothesis H5 were within limits set by
standard NBR 6118 (ABNT, 2014) for the “Top” and “Bottom” cases. On other hand, models M8,
M9 and M10, with variations in eccentricity from hypothesis H5 for the “Top” case presented
normal tensile stresses below the 3.38 MPa limit of standard NBR 6118 (ABNT, 2014).
Pre-compression stresses in the structural element were affected only by the number of tendons
and the load applied to them. There were no effects of variations in vertical height of spacers.
Vertical displacements of the slabs were affected by variations in eccentricity. Models M7 and M8
remained below the L/250 limit of standard NBR 6118 (ABNT, 2014) for all hypothesis of
variations of eccentricity tested.

Load balancing criteria remained within recommended limits only for Model M7. However, since
these criteria were complementary and not standardized, the other models could be acceptable for
use nonetheless.

Reinforcement rate for top and bottom reinforcements were unchanged between the Reference
model and all models with variations in eccentricity from hypothesis H5 and “Top” case.

The maximum variation of relative eccentricity so that the parameters of this study remained with
established limits was 2.1% for the “Top” case. This was obtained by comparing the variation in
eccentricity with respect to slab thickness.

Overall, results showed that flat post-tensioned slabs with unbonded tendons of type CP 190 RB,
diameter of 12.7 mm and span between pillars between 7.0 m to 10.0 m could have a maximum
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tolerance of 5 mm in a decrease of vertical height of strands in the top face of the slab (“Top” case).
This result was more restrictive than found in reference studies.
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ABSTRACT

The modifications of seven different stabilizers (lime, cement, nopal fibers, river sand, volcanic sand,
sodium sulphate and gypsum) on a clayey soil of Santiago Undameo, in Michoacan, Mexico, were
analyzed to observe the changes in the properties and the rupture envelope. Sieve analysis, hydraulic
sedimentation, index properties, compressive strength and Proctor were performed to the natural soil;
while the variation of the index properties and the rupture envelope were determined for the stabilized
mixtures. The additions improved the behavior of the high plasticity soil, diminishing the volumetric
deformations and increasing the mechanical resistance, shear strength and angle of internal friction. This
research contributes positively to the restoration of earthen heritage buildings, civil works, construction
pathologies and construction technologies. The research was performed in the laboratory under
international standards.

Keywords: soil stabilization; mechanical properties; shear strength; cohesion; angle of internal friction;
restoration.

Cite as: Sanchez, A., Alonso, E., Martinez, W., Chavez, H., Navarrete, M., Arreola, M., Borrego,
J., Equihua, L., Ntfiez, E., Miranda, O. (2022), “Modifications of the rupture envelope in clayey
soils with different volumetric stabilizer”, Revista ALCONPAT, 12 (2), pp. 227 — 247, DOI:
https://doi.org/10.21041/ra.v12i2.595

! Faculty of Architecture, Universidad Michoacana San Nicolas de Hidalgo, Morelia, Mexico
2 Materials Department, Faculty of Civil Engineering, Universidad Michoacana San Nicolas de Hidalgo, Morelia, Mexico

Contribution of each author

In this work, the experimentation was carried out by O. Miranda (50%), L. Equihua (25%), E. Nufiez (25%); the bibliographic search
activity O. Miranda (25%), L. Equihua (25%), A. Sanchez (25%) and E. Alonso (25%); the information extraction activity by E. Nufiez
(20%), J. Borrego (20%), A. Sanchez (20%), E. Alonso (20%), W. Martinez (20%); analysis and discussion of results by M. Navarrete
(25%), M. Arreola (25%), J. Borrego (25%), H. Chavez (25%); the writing of the document by A. Sanchez (20%), H. Chavez (20%), W.
Martinez (20%), M. Navarrete (20%) and M. Arreola (20%); the revision of the text by E. Alonso (20%), H. Chavez (20%), M. Arreola
(20%), M. Navarrete (20%) and J. Borrego (20%); figure design and format adaptation by W. Martinez (25%), L. Equihua (25%), E.
Nuiiez (25%) and O. Miranda (25%); English translation A. Sanchez (100%)..

Creative Commons License
Copyright 2022 by the authors. This work is an Open-Access article published under the terms and conditions of an International
Creative Commons Attribution 4.0 International License (CC BY 4.0).

Discussions and subsequent corrections to the publication

Any dispute, including the replies of the authors, will be published in the first issue of 2023 provided that the information is received
before the closing of the third issue of 2022.

Revista ALCONPAT, Volume 12, Issue 1 (May — August 2022): 227 —247| 227

© 2022 ALCONPAT Internacional


mailto:elia.alonso@umich.mx
https://doi.org/10.21041/ra.v12i2.595
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.es
https://orcid.org/0000-0002-3653-8000
https://orcid.org/0000-0002-8502-4313
https://orcid.org/0000-0002-3301-4949
https://orcid.org/0000-0002-6114-4900
https://orcid.org/0000-0002-4582-9387
https://orcid.org/0000-0002-4105-5281
https://orcid.org/0000-0001-6302-1958
https://orcid.org/0000-0001-8295-8041
https://orcid.org/0000-0001-6141-0693
https://doi.org/10.21041/ra.v12i2.595

Revista ALCONPAT, 12 (2), 2022: 227 — 247

Modificaciones de la envolvente de falla en suelos arcillosos con distintos
estabilizadores volumétrico

RESUMEN

Se analizaron modificaciones presentadas por distintos estabilizadores (cal, cemento, fibra de
nopal, liticos de rio, liticos volcanicos, sulfato de sodio y yeso) en propiedades y envolvente de
falla de un suelo arcilloso natural remoldeado de Santiago Undameo, en Michoacan, México. Al
suelo arcilloso se le realizd granulometria, hidrometria, pruebas indice, compresion simple y
prueba Proctor; a las mezclas estabilizadas se determiné la variacion en propiedades indice y
envolvente de falla. Las adiciones propuestas mejoraron el comportamiento del suelo altamente
plastico, disminuyendo las deformaciones volumétricas e incrementando su resistencia mecanica
normal, al cortante y dngulo de friccion interna. La investigacion contribuye favorablemente a la
restauracion de construcciones de tierra histdrico-patrimoniales, obra civil, patologias en
edificaciones y tecnologias constructivas. La investigaciéon fue realizada en laboratorio bajo
normatividad internacional.

Palabras clave: estabilizacion de suelos; propiedades mecanicas; cortante; cohesion; angulo de
friccion interna; restauracion.

Modificacoes do envelope de ruptura em solos argilosos com diferentes
estabilizadores volumétricos

RESUMO

Foram analisadas as modificacdes apresentadas por diferentes estabilizantes (cal, cimento, fibra
de figueira-da-india (palma), liticos fluviais, liticos vulcanicos, sulfato de sddio e gesso) nas
propriedades e envoltério de ruptura de um solo argiloso natural remodelado de Santiago
Undameo, em Michoacan, México. Granulometria, hidrometria, testes de indice, compressao
simples e teste de Proctor foram realizados no solo argiloso. A variag@o nas propriedades de indice
e envoltorio de ruptura foram determinadas para as misturas estabilizadas. As adigdes propostas
melhoraram o comportamento do solo altamente plastico, reduzindo deformacdes volumétricas e
aumentando sua resisténcia mecanica normal, resisténcia ao cisalhamento e angulo de atrito
interno. A pesquisa contribui favoravelmente para a restauracdo de construcdes de terra do
patrimonio histdrico, obras civis, patologias em edificios e tecnologias de construgdo. A pesquisa
foi realizada em laboratorio utilizando normas internacionais.

Palavras-chave: estabilizacdo do solo; propriedades mecanicas; resisténcia ao cisalhamento;
coesdo; angulo de atrito interno; restauragao.
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Plasticity Index

Liquid Limit

Plastic Limit
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Volumetric Contraction
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Organic Silt
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1. INTRODUCTION

Clayey soils, commonly known as clays, are employed for many applications, including the use as
construction materials, being essential elements for our society since the first stages of civilization
till our modern era. Different construction elements and components, like adobes, have been found
in distinct cultures and places; with examples of exceptional antiquity in both the American and
the European continents (Mauricio, et al., 2021). We can find important examples of the use of
clayey soils: as impermeable elements in the core of the dams and water bodies for agricultural and
irrigation purposes, production of Portland cement, building of land routes and roadways, to
manufacture ceramic elements and components, for the vernacular and earthen architecture, to
restore historical and heritage constructions, artificial wetlands, water cleaning and treatment,
among many others.

Due to the easy availability and abundance of material in many regions of the world, clayey soils
have an excellent appreciation because of their sustainable properties and the low energetic and
environmental impact that they produce (Costa et. al., 2019). Clays are by definition mineral
sediments constituted mainly by hydrous aluminium phyllosilicates with a fine and divided particle
size. Additionally, clays have excellent binding properties, so they have been used historically as
cementitious materials (Sanchez-Calvillo, et al., 2021).

In Mexico, we can find different types of clays, and they have been used for construction purposes
over time; particularly, in the State of Michoacan, we can find the presence of clays in construction
components like adobes, ceramic bricks, union mortars and earthen refurbishments, among many
others. Santiago Undameo, a locality positioned in the northeast of the State of Michoacan has one
of the most important clay quarries of the region, due to the proximity to the capital of the state,
Morelia (See Figure 1). The Historic Centre of Morelia, a UNESCO World Heritage Site, has more
than 1000 heritage buildings and monuments, all of them built with traditional and colonial
construction techniques, with a widespread use of clayey soil and other local materials of the
region.

Figure 1. (a) Location of Michoacan within Mexico; (b) Location of the municipality of Morelia,
including Santiago Undameo, within the State of Michoacan

The soils taken from this locality have an important proportion of clay minerals, which have high
plasticity properties that generate instability and relevant volumetric deformations in contact with
water; this situation causes pathologies in the buildings and the civil engineering constructions.
Historically, a great variety of materials has been employed as stabilizers of the clays, to diminish
the high hygroscopic plasticity presented and consequently reducing the lineal and volumetric
contractions in presence of water (Daneels et al., 2020). This stabilization is essential for the
earthen construction and architecture areas, and the bases and subbases of flexible paving; the
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stabilizations help to enhance the durability of these structures while improves the mechanical
resistances (Laborel-Préneron et al., 2021), being all these properties very well appreciated in the
construction field.

The research interest lies in the complexity of the studied soils in Santiago Undameo, since
historically they have presented high plasticity and consequently great volumetric deformations,
which have big affectation on the stability of the existing constructions of the studied region.

On the other hand, the earthen architecture in the state of Michoacan, despite its wealth, variety
and cultural importance, has been relegated and abandoned, therefore it is essential to do more
research works about this sustainable resource with easy access for the communities. Besides, to
understand the behaviour of these clayey soils in combination with different stabilizers, will help
to improve the actions of intervention, restoration and understanding of the existing pathologies.
There are plenty of materials used as stabilizers for construction purposes, many of them with a
background of scientific research: lime (Taallah y Guettala, 2016; Navarro Mendoza et. al., 2019),
portland cement (Dao et al., 2018; Jitha et. al., 2020), nopal fibres (Ige y Danso, 2020; Li Piani,
2020), rivers sand, volcanic sand, sodium sulphate and gypsum (hemihydrate calcium sulphate)
(Martinez, et al., 2018).

The stabilizations with cement, lime and alkaline solutions are the most usual at global level
(Abhilash, et al., 2022), furthermore, other research works have explored the use of sugarcane
bagasse ashes as an alternative to improve the behaviour of soils in their physical properties like
confinement, densification and volumetric stability; and the chemical properties from the reactions
of the stabilizer agent (cement or lime) with water (Moraes et al., 2015; Ojeda Farias et al., 2018).
We can find and extensive bibliography about the utilization of fibres and vegetative materials,
mainly to avoid the shrinkage and cracking of compact construction elements, like the adobes,
helping to increase their mechanical capacities (Yetgin, et al., 2008); multiple relevant research
works achieved to improve the properties of these masonries (Sharma, et al., 2015; Araya-Letelier,
etal., 2021). However, the modern development of upgraded earthen construction techniques, like
the CEB (Compressed Earth Block) has allowed to search for new solutions including fibres with
diverse origin in combination with other stabilizers like PC or L (Nagaraj, et al., 2014; Taallah y
Guettala, 2016; Navarro Mendoza, et al., 2019).

In Mexico, the use of products derived from the opuntia ficus indica, commonly known as nopal,
is very common for construction purposes, both in mucilage and fibres presentation. One of the
most usual ways to use the mucilage is to boil the cacti plant and adding the liquid obtained to the
construction mortar mixtures, being a solution recommended by the heritage regulatory institutions
to restore historical buildings and monuments. With this methodology there have been proved
increases in the mechanical resistance and the workability of the mortars (Martinez et al., 2008).
In addition, correlation studies with other additions and stabilizers of historical use have shown an
even better mechanical behaviour with the addition of this mucilage (Alonso et al., 2002).

In this research, seven stabilizer materials were employed to improve the behaviour of a clayey soil
from Santiago Undameo as a control sample (CS). The stabilizers were: lime (L), Portland cement
(PC), dehydrated pulverized fibres of cactus opuntia ficus indica (NF), river sand (RS), volcanic
sand (VS), sodium sulphate (SS), and gypsum (hemihydrate calcium sulphate) (G). To measure the
changes generated on the studied soil, there were performed unconsolidated undrained triaxial
shear tests (UU), hydraulic classifier test, sieve analysis, the Standard Proctor test for both the CS
and the stabilized mixtures. The analyses of the samples will provide significant information which
helps to improve the earthen architecture and the construction systems which use clays as
construction materials, both for modern construction works and conservation of architectural
heritage.
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2. MATERIALS AND METHODS

The soil samples of this research were obtained from the clay quarry of Santiago Undameo, a
locality near Morelia, the capital of the State of Michoacan, in Mexico. The quarry is located within
the coordinates 19°42' latitude North and 101°11.4' longitude West, near the shore of the Cointzio
dam (See Figure 2), where local people produce adobes and handmade ceramic bricks (See Figure
3), which generate the rural dwellings of the near communities. After the sampling of the materials
and taking the specimens, they were brought to the materials laboratory “Ing. Luis Silva Ruelas”
of the Faculty of Civil Engineering of the UMSNH, where the experimentation was performed.

# laPalma

" ‘ g 8
W= “Santiago *
4 Undameo:.,

La Sanguiju‘e'Ia

Gocgie (O 100% Fecha de las imagenes: 8/11/17-més reciente  INEGI CNES / Airbus 1.000 m Cémara: 10.765m 19°36'49°N 101*1535'W_ 2.004 m

Figure 3. () Quarry with clay sis in Stiago Undameo; (b) Manufacturing of ceramic and
earthen construction components.
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All the trials proposed in this document were executed in triplicate. The tests were fulfilled first
with the control samples of the original soil, and later with the mixtures of clays and different
stabilizers. Table 1 shows the stabilizers employed for this research, as well as the percentage by
weight utilized for the mixtures.

Regarding the coarse material, the RS was provided from the quarry “El Cuervo” in the locality of
Huajumbaro, Mexico, with coordinates: longitude 100.742500 degrees, latitude 19.403333 degrees
and 1800 masl; this material is a silicic aggregate with round morphology. On the other hand, the
VS was extracted from the quarry “Joyitas”, also located in Michoacan, Mexico, with coordinates:
longitude 101.380000 degrees, latitude 19.730000 degrees and 2082 masl; this aggregate is an
andesite with irregular morphology.

It is important to note that in previous research works each one of the stabilizers was tested and
scanned in percentages of 1, 2, 3,4, 5,6, 7, 8, 9 and 10 % by weight of the soil (Flores Renteria,
2010), to assess the optimum content for each one of them. The better results for each stabilizer are
shown in Table 1.

Table 1. Percentages of the stabilizers by weight.

Stabilizers % Stabilizer

L 3.0

PC 3.0
NF 0.5
RS 10.0
VS 10.0

SS 0.5

G 6.0

For this research there were performed many tests and trials to characterize the clayey soils, which
are shown in Table 2. All the experimentation was fulfilled in the laboratory “Ing. Luis Silva
Ruelas” from the Faculty of Civil Engineering, UMSNH.

Table 2. Testing and standards followed in the present research.

Test Standard
Atterberg limits and Unified Soil ASTM D2487-17
Classification System USCS ASTM D4318-17
Mechanical analysis of soils ASTM C136/C136M-19
Hydraulic classifier ASTM D7928-17
Unconsolidated undrained (UU) triaxial test ASTM D2850-15
UNE-EN ISO 17892-8:2019
Proctor standard test variant A ASTM D698-12
Particle size < mesh n°® 200 ASTM D421-85(2007) W2016
Particle size > mesh n° 200 ASTM D 422-63(2007) W2016

The UU triaxial compression test was performed with three different confinements (o) for each one
of the samples studied, as it can be spotted in Table 3. Once the specimens failed, they were left in
the oven for 24 hours at 105 +/-5 °C to obtain the humidity parameter according the standards.
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Table 3. UU triaxial test and confinement strength applied.

Sample Confinement ,
strength (kgf/cm®)
03=0.3
2 63=0.6
63=0.9

The particle size distribution of the control sample (CS), for the material retained by the mesh
ASTM n° 200 was performed following the ASTM D421-85 (2007) W2016; while the material
which passed through the ASTM n° 200 mesh was analysed with the hydraulic sedimentation
apparatus, with an approximate length time of one week to take regular readings according to the
ASTM D 422-63 (2007) W2016 standard. To classify the samples of the clayey soil the USCS
system was followed with the ASTM D-2487-17 standard, being the most extended procedure in
geotechnical practice.

The shearing resistance was obtained by the Mohr-Coulomb failure criterion, a theory constituted
in 1773 which allows to determine the cohesion (¢) and the internal friction angle ().

On the other hand, to obtain the reconstituted specimens for the UU triaxial tests, the stabilizers
were added to the natural soil, homogenizing and matching the reconstitution by means of the
maximum specific gravity (ydmax) and the optimum water content (wept), obtained with the
Standardized Proctor test (variant A). The optimum water content (wept) is the content of water
accomplished with the greater accommodation of the particles and the minimum void ratio (emim);
while the great volumetric weight of the dry material, for a determined level of compaction is
designated as the maximum specific gravity (Yamax).

The activity index (A) of the clays was obtained with the hydrometer test (ASTM D 422-63,2016),
by means of the equation (1). Figure 4 shows the variation of A as a function of different clay
minerals.

PI

A= (1

% of clay by weigth smaller than 2um

Where:
A= Activity of the clay
PI = Plasticity Index
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Figure 4. Activity and correlation between PI and the clay fraction<2 um (%) (Skempton, 1953).

3. RESULTS AND DISCUSSION

In this research, the modification of the rupture envelope of clayey soils with different volumetric
stabilizers was studied. Therefore, in the next section the results obtained will be analysed and
discussed, first considering the results of the tests performed on the natural reconstituted soil acting
as a control sample (CS); and subsequently correlating the results of the stabilized mixtures with
the seven different additions.

3.1 Analyses of the samples from the original soil
The results of the index properties are shown in Table 4, including humidity (»), LL, PL, PI, LC
and VC respectively.

Table 4. Index properties of the Santiago Undameo soils.

Material @) | LL®%) | PL) | PI(%) | LC(%) | VC (%)

CS 51.15 52.20 19.51 32.69 12.93 42.27

The Figure 2 shows both the results obtained from the sieve analysis, performed with ASTM
meshes; and the fine material particle size, which was performed with the hydrometer analysis. The
A of the clay was obtained with the last test.
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Figure 5. Particle size analysis combining coarse and fine soils of the original simple

The results of the particle size analysis showed that the 82% of the soil material went through the
ASTM n° 200 mesh, classifying it as a fine soil. Also, the values of LL and PI locate the material
within CH zone (See Figure 6). The hydrometer analysis was performed to obtain the fine particle
size and determine the A of the clays. In Figure 4 we can see how the percentage of material going
through 2um size is about 40%, which indicates a significant proportion of micrometric material
in the clayey soils of Santiago Undameo.

From the PI obtained, 32.7%, there was calculated an A of 0.81 (See Equation 1). According to
Skempton (1953) the corresponding clay mineral is an illite (See Figure 4), which presents a much
lower A than montmorillonites for instance. Nevertheless, illites have some drawbacks for
construction due to their tendency to collapse and because they suffer great volumetric changes in
presence of water, being problematic for civil engineering structures (Mirjalili et. al., 2020).

3.2 Analyses of the mixtures of clayey soils with different stabilizers

To classify the clayey material (the percentage of material which passes through the ASTM mesh
n°® 200) with different stabilizers, the technical personal of the laboratory performed the Atterberg
limits trial. The results of the test are displayed in the plasticity chart (See Figure 6) where the
position of the natural soil and the mixtures reflect their classification according the USCS. The
natural soil from Santiago Undameo is classified as a CH, which matches the results of the A
presented by the material. All the mixtures can be found in the CL zone, being evidence of the
change of properties provided by the stabilizers; nevertheless, the mixture with NF is located in the
limit between high plasticity and low plasticity, which means that it wouldn’t be the best solution
for some construction or restoration purposes. On the other hand, the combination with 0.5% SS
was classified as CL (See Figure 6), presenting the greater reduction of the LL from 55.2% to
40.2% (See Table 5).

In the case of non-heritage stabilized clays (because it is easier to obtain more quantifications than
patrimonial samples), it is possible to find correlation equations (Parisi et al., 2020; Vasic et al.,
2020) with the results of the different physicomechanical tests (Olacia et al., 2020; Rodriguez et
al., 2018; Lan et al., 2020). The correlation equations allow to estimate some parameters, to either
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validate mathematical models or to find math relations between variables with statistically
acceptable correlation coefficients. These correlations are useful to estimate parameters in
engineering projects which include the use of clayey soils. Some researchers have found and
proposed correlation equations with the variables of soils for practical purposes (Akkaya, Ozvan,
y Ozvan, 2019; Chompoorat et al., 2022; Wang et al., 2021; Wu et. al., 2022).
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Figure 6. Plasticity chart with location of the original sample and the mixtures with stabilizers.
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Table 5. Index properties of the original soil and the mixtures with different stabilizers.

Material o(®%) | LL(%) | PL (%) | P1 (%) | LC (%) | VC (%)
CsS 51.15 52.20 19.51 | 32.69 | 12.93 42.27
3%L 44.28 44.44 2647 | 17.97 | 12.05 43.52
3% PC 46.67 46.71 2629 | 2042 | 12.33 45.46
0.5% NF 49.38 50.17 25.08 | 25.00 | 14.86 54.90
10 % RS 41.10 41.30 1496 | 2634 | 12.31 41.71
10% VS 46.06 46.19 20.89 | 2534 | 10.04 42.98
0.5% SS 40.71 40.20 1920 | 2099 | 11.02 40.27
6% G 44.44 43.64 17.84 | 2580 | 12.26 44.72

Figure 7 reveals the ensemble of index properties of each one of the stabilized mixtures and the
natural soil. From the graph, it is noted that the stabilizers diminish the optimum water content (),
the LL and the PI; on the other hand, the stabilizers also produce an irregular behaviour of the PL,
LC and VC, which could be caused by the particular properties of each one of the stabilizers. For
these three index properties (PL, LC and VC) the results obtained were both superior and inferior
than the natural soil used as a control sample.
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Figure 7. Index properties of the natural soil and the stabilized mixtures.

The Standard Proctor test determines the necessary content of water (mopt) to reach the maximum
specific gravity (ydmax) trough mechanical compaction (See Figure 8). In this case, it can be clearly
noted the effect of the stabilizers on the necessary water content and the increase or decrease of the
maximum specific gravity. The Figure 8 shows both, the behaviour of the CS and the stabilized
mixtures with different colours, with the greater results corresponding to the RS and the lowers to
L. The optimum water contents to achieve the maximum specific gravity are shown in Figure 9.
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T 150 0.5% NF
o
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P
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Figure 8. Results of the Standard Proctor test (variant A).
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Figure 9 displays the results of the Standard Proctor test (Variant A), allowing to perceive the effect
of the different stabilizers regarding the maximum specific gravity (ydmax) and the optimum water
content (mopt) through the compaction of the samples in the laboratory. Reading the graph, we can
observe the clear reduction of the optimum water content with the addition of L, PC and NF; this
decrease also involves a related reduction of the specific gravity, which could be caused by the
workability and plasticity properties of these materials, keeping in mind that water acts as a
lubricant for the accommodation of the clay particles. Both L and PC are known to maintain a
fluidity degree for certain time to provide facility of application during construction works; also,
this behaviour has been monitored for lime and cement mortars which incorporate NF (Diaz-
Blanco, et al., 2019; Knapen y Van Gemert, 2009; Ramirez-Arellanes et al., 2012).
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Figure 9. Results of the Standard Proctor test (Variant A) regarding the optimum water content.

Regarding the coarse materials, it is clear that they do not change their physical properties in
presence of water, therefore they not change or inflict on the wopt; nevertheless, they do decrease
the yamax of the natural soil, which can be attributed to the particle size, porosity and density, as
they occupy more volume than the original sample of soil. The SS can behave to some extent as
lithic material if the water is aggregated at room temperature, and the dissolution of the sample can
be slower than the time necessary to perform the test.

Figure 9 also reveals small changes in the ydmax parameter (Miranda, 2017), while the main
differences between the stabilizers can be noted in the optimal water content wopr. The water content
is also necessary to later obtain the emin parameter.

3.3 Unconsolidated Undrained triaxial test (UU)

To perform the UU triaxial tests there were used reconstituted specimens, for the eight cases
considering the natural soil and the seven stabilizers. For the fulfilment of the trial a total of 144
specimens were tested (See Figure 10).
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Figure 10. 144 specimens of clay mixtures with different stabilizers ready for the triaxial test UU
(Miranda, 2017).

In Figure 11 we can see the correlation between the Deviator Stress (c4) and the Unitary Strain (g),
data that indicates us the failure mode of every combination of the clayey soil and stabilizers. The
samples which presented an improvement in the plasticity (CL) also presented changes in their
expansibility behaviour. This behaviour of the mixtures is really meaningful, as it can improve
these materials and impact positively on construction purposes, being clever implementations on
field work and many other applications.

Practically all the mixtures improved their behaviour regarding the compression strength and
strains. It is clear that the 6% G mixture enhances the material rigidizing it, and increasing the
mechanical compression resistance, which is noted in the greater grade of its curve.

The stabilization of soils with gypsum is not very common in practical purposes and the
information about its use is scarce; nevertheless, the results shown provide certainty about its
utilization. It is known that the G is soluble in water, for this reason thorough protective measures
are required. After the G samples we can find the mixtures with L, RS and PC with similar
behaviours; these materials are very usual for the stabilization of soils, therefore the improvement
was expected. For instance, the mixtures with L produce a reaction between the lime and the water
which diminish the permeability of the soil and increase the loading capacity in few hours, building
a structural layer strong and flexible (Reginaldo et al., 2018).
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Figure 11. Stress-strain diagram curves.

Figure 12 displays an example of rupture envelope, using at least 3 Mohr’s circles to determine the
tendency of the envelope line, and with it, calculate the cohesion (c) and the internal friction angle

().
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Figure 12. Rupture envelope obtained for the original soil (in situ), ¢ = 0.65 kgf/cm? y ¢ = 22°.

In order to simplify the display and graphic representation of the rupture envelopes, the Figure 13
presents the set of results of the CS and the stabilized clayey soils without showing the 3 respective
Mohr’s circles which produced the envelope.
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Figure 13. Correlative of the rupture envelopes of the control sample and the mixtures with
stabilizers.

In Figure 14 it can be spotted how all the stabilizers employed increase the cohesion to a greater or
lesser extent. The variation on the improvement degree of the cohesion (c) depends on the particular
properties of each stabilizer regarding the prime materials and the natural clayey soil. In this trial
the most outstanding materials were RS, VS, SS and G. Regarding the internal friction angle (¢),
it can be observed that the performance is inversely proportional to the cohesion: the better results
correspond to L, PC and G; these three stabilizers are materials which react chemically in presence
of water and form new mineral phases with more mechanical resistance, which has a positive
impact on the ¢ value. It is very interesting the fact that G impacts positively on both variables,
being the only stabilizer with this behaviour.

It is important to mention that the increase of the internal friction angle is more important than the
increase of cohesion, being a property highly appreciated in soils for building purposes. This is
because the improve in the mechanical resistance can be easily lost with the presence and contact
of water next to the soil particles, therefore, the capability of resistance become more important
due to the cohesion between the clay particles.
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Figure 14. Cohesion (c) and internal friction angle (¢) values of the original sample and the
mixtures with stabilizers.
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4. CONCLUSIONS

The results shown in this manuscript correspond only to the study of the clayey soils of Santiago
Undameo, in Michoacan, Mexico. It is important to underline that the extrapolation of these results
to similar materials must be cautious and rely on the direct experimentation. The methodology
proposed in this research and the innovation degree of some tests for clayey soils can be extremely
useful for many applications in construction materials and for the restoration of heritage and
historical buildings.

The rupture envelopes lines obtained with the control simple (the natural soil without any
stabilization) allowed to determine the change on the maximum stress withstander, by means of
the cohesion (c) and the angle of internal friction (@) parameters. These two were obtained for each
one of the stabilizers used, being the main contribution of the research.

Regarding the benefits of the stabilization, while improving the behaviour of soils we are impacting
positively the environment, due to the several ecological and economic benefits we can achieve.
For example, we can reduce or eliminate the transportation costs of the materials employed in a
construction, which increase with the distance to the exploitation site. On the other hand, with the
stabilization, we can achieve those certain materials which don’t meet the standard requirements
(a common situation with the materials extracted on site), reach the necessary resistance for their
performance as pavement structures for instance. Regarding these civil engineering uses we can
improve the behaviour of the soils, while reducing the thickness of the structures, which will
decrease substantively the budget of the road paving works and a lesser operation of the quarries.
The results shown that six of the stabilizers added to the clayey soils modified the USCS
classification, from CH to CL. The 3% L sample showed the best improvement, since the mixture
located between the region of the silts and the low plasticity clays in the chart. On the other hand,
the NF addition modified next to nothing the properties of the clay, being located in the limit
between high and low plasticity materials. The additions provide many other changes in the
properties of soils, nevertheless, the plasticity is one of the most important due to the problems
explained in the introduction of the article presented by the earthen constructions, the
infrastructures or the heritage buildings and monuments.

With the rupture envelopes, it was observed a change of the cohesion ¢ and the internal friction
angle ¢, which translates into an increase of the mechanical resistance of the mixtures. In this
respect, the stabilizers which produced a higher friction between the soil particles (greater ¢) were
G, L, PC, RS and NF respectively. Conversely, VS did not provide any increase in the mechanical
properties, as the internal friction angle (¢ ) was very similar to the natural soil; additionally, the
SS was not very successful for this purpose.

The addition of certain stabilizers guarantees a meaningful increase of the mechanical properties
of expansive soils. In the case of Santiago Undameo, the addition of L and G provided an
improvement of the physical and mechanical properties. These two materials diminish the plasticity
while enhancing the workability of the construction systems, being very desirable qualities for
building and restoration purposes, with minimal aesthetic and colorimetric changes. Both L and G
require lesser production energy than other industrial stabilizers, therefore they generate a minor
environmental impact, being sustainable materials.

In the case of the adobes of the vernacular Mexican heritage and its restoration, these structures
have several conservation problems and also difficulties for the stabilization of the materials. For
these traditional systems, L continues to be the best choice for the stabilization of clays, in contrast
with the PC, which is not suitable for these uses. Nevertheless, the PC has demonstrated utility for
many other uses regarding soils, for example the manufacturing of CEB, a construction technology
with low environmental impact which can achieve remarkable mechanical resistances and also
presents a better behaviour in presence of water due to its compaction process.

Modifications of the rupture envelope in clayey soils with different volumetric stabilizer 243

Sanchez, A., Alonso, E., Martinez, W., Chavez, et. al.



Revista ALCONPAT, 12 (2), 2022: 227 — 247

Finally, we can conclude that the seven proposed additions, being analysed in laboratory under the
international standards ASTM, improved the behaviour of a high plasticity soil. The stabilizers
diminished the volumetric and lineal deformations and increased the mechanical resistance and the
angle of internal friction of the mixtures. This research contributes beneficially to the improvement
of clayey soils for purposes like the restoration of earthen heritage constructions, civil engineering,
pathologies in buildings and construction technologies.
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ABSTRACT

Therefore, the aim is to study the conditions of exposure to these degradation agents in buildings located
in different Brazilian bioclimatic zones. Knowing the action of weathering is essential to understand the
facades degradation. For this purpose, eight cities were selected: Curitiba, Santa Maria, Floriandpolis,
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Estudio de la accion de los agentes de degradacion de fachadas asociados a la
temperatura y la lluvia dirigida en diferentes zonas bioclimaticas brasilefias

RESUMEN

El objetivo es estudiar las condiciones de exposicion a estos agentes degradantes en edificios
ubicados en diferentes zonas bioclimaticas brasilefias. Conocer la accion de la meteorizacion es
fundamental para comprender la degradacion de las fachadas. Para ello, se seleccionaron ocho
ciudades: Curitiba, Santa Maria, Florianopolis, Brasilia, Niter6i, Goiania, Picos y Belém. Se
defini6 un modelo de construccion de simulacion higrotérmica para evaluar radiacion total,
amplitud térmica, choque térmico, indice de intensidad de temperatura y lluvia dirigida. Como
resultado, se identifican zonas de condiciones criticas, proporcionando clasificaciones de
exposicion. Para agentes de temperatura y lluvia dirigida, las zonas mas expuestas son Goidnia y
Belém. Las zonas de exposicion mas suaves son Belém para agente de temperatura y Niter6i para
lluvia dirigida.

Palabras clave: degradacion; fachadas; revestimiento ceramico; zonas bioclimaticas;
temperatura.

Estudo da acdo de agentes de degradacio de fachadas associados a
temperatura e a chuva dirigida em diferentes zonas bioclimaticas brasileiras

RESUMO

Logo, objetiva-se investigar as condigdes de exposi¢do a agentes de degradacdo em edificios
localizados em diferentes zonas bioclimaticas brasileiras. Estudar a agao do intemperismo ¢
essencial para compreender a degradagdo das fachadas. Selecionou-se oito cidades representativas
de cada Zona: Curitiba, Santa Maria, Floriandpolis, Brasilia, Niter6i, Goiania, Picos ¢ Belém.
Definiu-se um edificio modelo para simulagdo higrotérmica para avaliacdo da radiacdo total,
amplitude térmica, choque térmico, indice de intensidade da temperatura e chuva dirigida. Como
resultado, sdo identificadas as zonas de condigdes criticas, que sdo classificadas em fun¢do de sua
gravidade. Para temperatura e chuva dirigida, as cidades mais expostas sao Goiania-GO e Belém-
PA, respectivamente. As de exposicdo mais amenas sao Belém-PA para agente de temperatura e
Niter6i-RJ para chuva dirigida.

Palavras-chave: degradacdo; fachadas; revestimento ceramico; zonas biocliméaticas; temperatura.
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1. INTRODUCTION

The facade is a constructive element aimed at protecting the building from the external environment
and becoming, thus, greatly exposed to factors such as solar radiation, driving rain, and
temperature. Such exposure allows a complex degradation process involving agents of different
nature that can act in synergy, affecting the performance and useful life of the building components
and materials through different degradation mechanisms (Bauer et al., 2021).

The ceramic claddings commonly used on facades are associated with a specific degradation
process characterized mainly by tile detachment (Bauer et al., 2015; Pacheco and Vieira, 2017) in
addition to cracking, lack of ceramic-substrate adhesion, and expansion of substrates due to
humidity or thermal variations (Bezerra et al., 2018). In this case, the layers making up the cladding
system have different properties (thermal expansion coefficients, modulus of elasticity, thermal
conductivity, etc.) and, thus, the action of agents associated with temperature becomes highly
relevant (Gaspar and Brito, 2011).

Additionally, the varying surface temperature of the cladding can cause physical changes in the
facade sealing system (Silva, 2000). This degradation mechanism results from the effect of
expansion and contraction due to temperature variations and non-homogeneous increments that
cause shear stresses, generating a separation tendency at the system interface (Saraiva, 1998). As
a result, the detachments and cracks that appear in the ceramic claddings can be intensified by the
fatigue caused by thermomechanical efforts derived from temperature variations, in addition to
restrictions on deformation (Barbosa, 2013).

The weighted thermal amplitude, represented by the Temperature Intensity Index, as well as solar
radiation and thermal shocks are used as a representative value of the thermal amplitude and
indicative of a greater degradation. The Iti constitutes an analysis of the thermal amplitude that
yields a weighted measurement concerning frequency (Nascimento, 2016) and thermal shock,
which are punctual events characterized by a high difference in surface temperature in a short time
interval (Zanoni, 2015).

The driving rain acting under the facades is considered a highly relevant agent (Nascimento et al.,
2016). This action results from the association between rain and wind and is one of the main sources
of water on building facades. Without the action of the wind, the rain would fall vertically without
wetting significantly the walls (Zanoni, 2015). However, due to the action of the wind, the rain hits
mainly the top and sides of buildings. And, although ceramic claddings suffer less significantly
from the precipitation incidence compared to the mortar system (Bauer et al., 2018), it shoul be
considered in hygrothermal simulations to understand the degradation process.

The degradation of ceramic cladding systems is mainly characterized by ceramic detachment, even
though the degradation process changes for different geographical locations (Souza, 2019).
Therefore, it is necessary to study the conditions of exposure to the actions of climatic agents to
understand the different conditions triggering the degradation process in different regions.

As a continental country, Brazil has climatic variations throughout its territory. For this reason,
ABNT NBR 15220-3 (2005) establishes the Brazilian bioclimatic zoning by classifying 330 cities
according to their climate into eight bioclimatic zones. These zones are defined as homogeneous
geographic regions regarding climate elements that interfere with the built environment and human
comfort relationship. Buildings and their elements located in different zones are subject to different
exposure conditions to the climate agents that cause the degradation process.

The objective of the proposed investigation is to analyze the action of degradation agents associated
with temperature and driving rain on the facades of buildings located in different Brazilian
bioclimatic zones. Therefore, the hygrothermal simulation performed using the WUFI Pro 6.5
software, a useful tool for studying degradation (Bauer et al., 2018; Gongalvez et al., 2018), allowed
to obtain data on incident solar radiation, surface temperature and driving rain on the North facades
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of a model building subjected to the different climatic conditions of each zone.

2. METHODS

2.1 Details of the model building.

In this study, the model building is 20m high with a 63.5% absorbance ceramic cladding system
(Dornelles, 2007) corresponding to the dark red color, chosen to highlight the effects of
temperature, since dark colors present higher surface temperature when exposed to radiation
(Uchoa et al., 2016). This model building is placed in different cities located in the eight Brazilian
bioclimatic zones as established in the ABNT NBR 15220-3 (2005). Table 1 shows the chosen
cities and the corresponding bioclimatic zone.

Tablel. City, State and the different bioclimatic zones.

71 72 73 74 75 76 77 78
Curitiba- Santa Floriandpolis- | Brasilia- | Niteroi- | Goiania- | Picos- | Belém-
PR Maria-RS SC DF RJ GO PI PA

2.2 Simulation

The hygrothermal simulation in the WUFI Pro 6.5 software is used to evaluate the action of climatic
agents on the facades in each city. The software allows entering data such as simulation period,
configuration, orientation and inclination of the construction system, coefficients of driving rain
and transfer to the surface, initial conditions of temperature and relative humidity, as well as interior
and exterior climatic conditions (Freitas, 2011). The simulation output yields the hourly values of
total radiation incident on the facades, surface temperature and precipitation.

The simulation was performed for one year period, between 01/01/2019 and 01/01/2020. The
outdoor weather conditions of each city are defined based on the Typical Meteorological Year
(TMY) files from the EPW/ANTAC database (Roriz, 2012). Table 2 contains the values adopted
for the surface transfer coefficients.

Table 2. Transfer coefficients to the external surface adopted in the simulation.

Coefficient Unit Value
Thermal Resistance (left side) m*K/W 0.058
Absorption (Shortwave Radiation) - 0.635
Soil Reflectivity - 0.2
Incident rain reduction factor - 0.7

In the study, because all cities studied are below the equator, we chose to analyze only the North
facade of each building, which is critical for the incidence of solar radiation. The simulated
construction system consists of ceramic cladding, cementitious plastering mortar, ceramic block,
internal mortar, and the main monitoring point on the cladding surface. Figure 1 shows the system
launched in the program.
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Layer Thickness (m)

N (a) 0,005
(b) 0,02
(© 0,09

e (d) 0,02

L’ Internal mortar layver (a)

Masonry (Ceramic Block) (b)

External mortar layer (c)

——>» Ceramic Coating (d)

Figure 1. Evaluated constructive system: (a) ceramic tile; (b) external mortar/plaster; (c) ceramic
block; (d) internal mortar.

The properties of the materials used in the constructive system layers had already been determined
in previous tests conducted by other researchers. The lab tests determined apparent specific mass;
porosity; water vapor permeability to calculate the water vapor diffusion resistance factor; water
absorption coefficient or capillarity coefficient; and hygroscopic curve. The test results are
described in detail in the LEM-UnB Internal Report (Bauer et al., 2015). Table 3 summarizes these

results.
Table 3. Summary of material properties.
Properties Ceramic Ceramic Tile] Plaster Mortar
Block
Apparent specific mass (kg/m?) 578 1730 1830
Porosity (m3*/m?) 0.486 0.29 0.2604
Permeability to water vapor _12 _12 _12
(ke/(m.s.Pa)) 8.38.10 1.66. 10 7.9.10
Water absorption coefficient
(ke/m? s ) 0.09 0.001 0.089

2.3 Degradation agents associated with temperature.

2.3.1 Total radiation, maximum and minimum surface temperature and maximum thermal
amplitude.

Equation 1 uses surface temperature data to determine the maximum and minimum temperatures,
as well as the daily thermal amplitudes over the simulation period. Furthermore, the daily solar
radiation data observed on each facade are added to determine the solar radiation accumulated on
the facade over the simulation period.
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AT = tinax — tmin (1)

Where AT is the thermal amplitude, &4, is the daily maximum surface temperature of the facade,
and t,,,i5, 1s the daily minimum surface temperature of the facade.

2.3.2 Thermal shock

Thermal shock is also analyzed in the study of the effects associated with temperature (Zanoni,
2015). For this purpose, the occurrence frequency of the events called full and attenuated thermal
shock is determined for all facades during the simulation year. Full thermal shock is defined by a
surface temperature difference greater than 8 °C in a 1-hour interval, whereas attenuated thermal
shock consists of the same temperature difference verified in a 2-hour interval. The equations for
full (2) and attenuated (3) thermal shock are:

ATch = tn - tn—l (2)

ATch = tn - tn—Z (3)

The results are shown in graphs of annual occurrence frequency (%) calculated from the
relationship between the total number of occurrences of thermal shocks and the number of hours
in a year.

2.3.3 Weighted Thermal Amplitude

To analyze the effects associated with temperature, the weighted thermal amplitude expressed as
Iit is calculated for all facades, considering the effects of cycles and surface temperature values
reached in the systems (Nascimento, 2016). The It is established based on temperature variations
and their frequency of occurrence in a given pre-established interval. To do so, the variation range
of thermal amplitude is divided into four equal intervals, represented by average amplitude values.
The It is calculated as a weighted average from the frequency values verified for the climate of
Brasilia in the given time interval of one year in this study.

Table 4 shows the ranges of the thermal amplitude variation distributed in four equal intervals
(Nascimento, 2016) as follows: below 11.5°C (range 1) to greater than 27.7°C (range 4). Finally,
It is calculated as shown in (4).

Table 4. Thermal amplitude ranges considered for calculating Iir.

Range AT(°C) AT mean (°C)
4 >27.7 31.8
3 19.7a27.7 23.7
2 11.5a19.6 15.6
1 <115 7.5
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ATmean n
Y ATmeanXf, 4)

I =
IT f
total

Where Ijr is the temperature intensity index (°C), AT peqn is the amplitude of the average
temperature in the range of occurrence (°C), f 5, 1s the occurrence frequency of range “n” of AT,
and f,,,,, 1s the frequency of all occurrences of the four study ranges in the year, i.e., fiorar =
365.

2.3.4 Driving rain

The driving rain is studied using the WUFI software, in which hourly values of precipitation, wind
speed and direction are obtained for a total of 8760 hours and used as input data in the computer
simulations (Zanoni, 2015). From this, the intensity of driving rainfall is calculated using equation

(5).
Ryar = R2.Rp.V. COS(D—Q) (%)

Where R, 4, is the intensity of driving rain (mm/h);Ry, is precipitation on a horizontal surface
(mm); R is the coefficient dependent on the location on the facade (s/m); V is the hourly average
of wind speed at a height of 10m (m/s); D is wind direction (angle from the North); 8 facade
orientation measured as the angle between the north and the direction normal to the wall.

In the WUFI quantification methodology, the value of R, depends on the building height and the
location of the study area of the facade as shown in Table 5. In this study, we adopted the value of
0.2 for tall buildings, upper part taller than 20 m. The simulation output data are the values of
precipitation incidents on the facades while the annual accumulated driving rain expressed as 1/m?
is calculated.

Table 5. R, values tabulated in the WUFI quantification methodology.

Height Ro
Small building, height up to 10 m 0.07
Tall building, lower part up to 10 m 0.05
Tall building, middle part between 10 and 20 m 0.1
Tall building, upper part greater than 20 m 0.2

3. RESULTS

3.1 Total radiation, maximum surface temperature and maximum thermal amplitude.

The results of the total incident radiation and the absolute maximum surface thermal amplitudes
on the North facades of the eight zones are shown in Figure 2. It is noted that the highest values
occur in Z6 ( 38.15°C) followed by Z2 (37.5°C) and Z1 (37.15°C), whereas the lowest value is
found in Z8 (22.64°C) and intermediate values were observed in the other zones. The highest solar
radiation incidence is observed in Z4 (1,014,409 W/m?) followed by Z6 (995,347 W/m?) while Z8
has the lowest value (743,527 W/m?). Additionally, the solar radiation incidence is associated with
the temperature gain on each facade, especially in the Z8 and Z6 zones, except for Z4, which had
the highest radiation incidence and the third lowest thermal amplitude.

Total radiation is critical in Z4 and Z6, whereas exposure conditions are milder in Z8, despite being
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close to the equator and represented by Belém, in PA. This result is because the solar radiation
incident on the facade is only a portion of the horizontal global solar radiation (consisting of the
direct, diffuse and reflected components) (Silva, 2011) dependent, therefore, on facade orientation
and slope.

The surface temperature and the thermal amplitude at the surface result from the interaction
between solar radiation and the rise in air temperature throughout the day, thus being better
indicators of hygrothermal variations than the total incident solar irradiation (Zanoni, 2015). In this
case, Z6 and Z7 are critical zones, as they have a higher thermal amplitude (Figure 2) and higher
surface temperature (Figure 3) throughout the year, respectively.
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Figure 2. Total accumulated radiation and maximum thermal amphtude in the simulation year.

The annual maximum and minimum temperatures for each of the studied facades are shown in
Figure 3. It is noted that the lowest temperatures, measured when there is no incident radiation on
the facade, vary greatly in the studied buildings. The lowest temperatures of 2.99°C, 5.48°C and
6.98°C were measured for Z2, Z1 and Z3, respectively. Meanwhile, Z8, despite having a lower
incidence of total radiation on the facade, has a higher minimum (22.07°C) and a lower maximum
(46.16°C) temperature, which is consistent with reduced thermal amplitudes, as shown in Figure
2. In this case, it is emphasized that the surface temperature is linked not only to the incidence of
radiation on the facade but also to the air temperature (ASHRAE, 2009; Lamberts et al.,2011).
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Figure 3. Absolute maximum and minimum surface temperatures for each bioclimatic zone in the
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3.2 Thermal shock.

Figure 4 shows the occurrence frequency of full thermal shocks on all facades. The highest
frequency is observed in Z6, in which 1.59% of the measurements are characterized as full thermal
shocks, followed by Z1 (0.92%) and Z4 (0.79%). Zones Z5 and Z7 had the lowest frequencies
0.16% and 0.19%, respectively.

Full Thermal Shock
2.00% A

1.59%
1.60%

1.20%

0.80%

0.40%

0.00%

Z1 Z2 73 74 Z5 76 77 78
Figure 4. Frequency of occurrence of full thermal shock during one year.
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The full thermal shock peaks are more frequent between May and July, according to Table 6. The
monthly distribution of the number of shocks over a year indicates the month with the highest
frequency of thermal shocks for each zone. Thus, the data show that the occurrence frequency of
full thermal shocks peaked in zones Z1 and Z5 in July; Z3, Z4, 76 and Z7 in June; and Z2 and Z8
in May. In zones 1 to 7, thermal shocks decreased from October to March, reaching zero in one or
more months during this period except for Z8, where thermal shock events are better distributed
throughout the year.

Table 6. Number of monthly full thermal shock events during one simulation year.

Full thermal shock

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sept ] Oct] Nov | Dec | sum

71| 1 1 1 9 14 | 18 |25 ] 9 1 1 0 1 81

721 0O 1 0 4 21 | 10 | 7 12 7 0 0 2 64

73] 1 0 0 1 6 25 | 14| O 0 0 0 0 47

74] 1 1 0 4 17 1 23 |19 0 0 1 0 3 69
0 0

7251 O 0 0 1 5 6 1 1 0 0 14
76| 4 1 3 10 | 13 | 53 |38 | 12 0 0 1 4 139
7271 0O 1 3 3 2 6 2 0 0 0 0 0 17
78] 5 5 6 7 10 5 2 3 1 4 5 8 61

The frequency of attenuated shocks is shown in Figure 5. the highest frequency of 13.65% is
observed in Z6, followed by Z4 with 10.88%. Z8, Z5 and Z2 have the lowest frequency values of
2.84%, 3.35% and 4.95%, respectively. It is noteworthy that Z6 has approximately 5 times more
attenuated shocks than Z8. The frequency is also high in Z4 and Z1 (10.88% and 10.31%,
respectively) followed by Z3 and Z7 (8.75% and 8.60%).

Attenuated Thermal Shock
17.50%

0
14.00% 13.65%

10.31% 10-88%

10.50%

7.00%

3.50%

0.00%
Z1 72 73 74 75 76 z7 78
Figure 5. Frequency of attenuated thermal shock observed in one simulation year.
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The annual distribution shows higher occurrence from May to August, as observed in Table 6. Only
75 has two months without the occurrence of thermal shocks (November and December). The
occurrence peaked in Z2 and Z8 in May; Z4 and Z6 in June; Z1, Z5 and Z7 in July; and Z3 in
August. The occurrences in Z8 are better distributed throughout the year, varying from 12 in
September to 32 in May. Meanwhile, in other areas, variation between the months of lowest and
highest occurrence is greater, such as in Z6, where it varied from 14 events in November to 211
events in June.

Table 7. Monthly frequency of attenuated thermal shock events over a simulation year.

Attenuated Thermal Shock

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sept | Oct | Nov | Dec | sum

Z1| 13 | 24 | 64 | 112 ] 146 | 103 | 190 | 114 | 78 46 4 9 903

72| 6 |14 | 39 | 65| 8 | 38 | 50 | 62 44 27 1 3 434

Z3) 6 | 25 | 72 | 106 | 127 | 115 | 76 | 128 | 73 28 5 5 766

74| 6 | 18 | 52 [ 120 | 148 | 182 | 177 | 143 | 71 16 | 10 | 10 953

75] 2 1 5 32 | 46 | 56 | 82 | 44 | 22 3 0 0 293

26| 27 | 33 | 76 | 121 | 175 | 211 | 207 | 170 | &4 56 | 14 | 22 | 1196

Z7)| 10 | 11 | 32 | 80 | 155 | 145 | 157 | 114 | 40 3 2 4 753

Z8| 18 | 15| 22 | 29 | 32 | 20 | 29 | 19 12 18 | 14 | 21 249

The results show that zones with critical exposure have the highest frequency of thermal shock and
those exposed to milder conditions have the lowest frequency. Zone Z6 stands out since it presented
the highest frequency for both full and attenuated thermal shocks. Finally, Z5 had a reduced
frequency of both thermal shocks considered while Z8 had a lower frequency of attenuated shocks.

3.3 Weighted Thermal Amplitude.

Figure 6 shows the Iit results for all facades in each bioclimatic zone. The results take into account
the temperature gradient during one year of simulation. As noted in the results of maximum thermal
amplitude and thermal shock, Z6 presents critical values (22.55) regarding the action of
temperature agents. Also, Z8 and Z5 have the lowest Iit values (16.53 and 16.55) whereas 722, Z4
and Z7 present high values, and zones Z3 and Z1 present intermediate values.
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Figure 6. I1 values for all bioclimatic zones.

Thermal variations on the facades cause deformations in the cladding system and induce fatigue
stresses as a result of its cyclic nature. Thus, thermal variations are related to anomalies in facade
cladding, especially concerning ceramic detachment and cracking (Silva, 2014; Souza, 2016). Lt
is considered a reference value for comparing degradation levels between cities that demonstrates
the severity of exposure to the thermal degradation agent. Therefore, higher values indicate greater
exposure and greater potential for degradation and decreasing useful life.

The It is considered adequate to correlate the degradation of facades (Nascimento, 2016), and,
based on these index values, we ranked the facades regarding exposure to temperature, according
to severity. Then, in descending order, the areas of greatest severity were: 26-22-7Z4-27-21-73-
75-78.

3.4 Driving rain.

Figure 7 shows the incidence of total annual rainfall (I/m?) on the same North-facing facades to
complete the analysis of the degradation agents. Note that Z8 has a critical total annual rainfall
(113.15 1/m?), the value is about 6 times higher than the lower incidence observed in Z5 (18.2 1/m?),
in contrast to the previous results. Rainfall is also high in Z4 (100.12 1/m?) and Z3 (71.72 1/m?)
compared to the others. Finally, Z1 (52.19 1/m?) and Z6 (59.67 1/m?) present intermediate values
while Z2 (35.57 1/m?) and Z7 (30.57 I/m?) have a lower incidence of rain.

Total Annual driving Rain
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Figure 7. Accumulated driving rainfall in all blochmatlc zones durlng one year.
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It is noteworthy that driving rain results from the action of winds on the precipitation (Freitas, 2011,
Zanoni, 2015), therefore, it depends on wind speed and direction. The Northern rainfall incidence
is highest in Brasilia and Goiania (Zanoni et al., 2014; Zanoni et al., 2018; Andrade et al., 2021;
Melo and Carasek, 2011). The Eastern rainfall incidence is highest in Curitiba (Batista et al., 2017)
while the Southern rainfall is most common in Florianépolis (Giango et al., 2010; Giongo, 2007).
In this case, the results presented do not necessarily represent the orientation of critical exposure
to moisture from the rain, but the orientation adopted as a reference, North.

4. CONCLUSION

This study investigated the action of degradation agents associated with temperature driving rain
on the facades of buildings located in Brazilian cities from different bioclimatic zones. In this
context, it was possible to identify areas that are critical regarding the exposure to degradation
agents as a way of contributing to the knowledge of the different conditions that trigger the
degradation process in Brazil. The results allowed us to identify the following patterns:

e Zone Z6 represented by Goiania-GO had the most critical response to the exposure
conditions regarding thermal amplitude, attenuated and full thermal shock, and temperature
intensity index;

e Zone Z8 represented by Belém-PA, despite exhibiting a milder response to exposure
conditions to the agents associated with temperature (solar radiation, thermal amplitude,
attenuated thermal shock and temperature intensity index) is critical for exposure to the
driving rain.

e Zones Z1,72,73,75 and Z7 represented by Curitiba-PR, Santa Maria-RS, Floriandpolis-
SC, Nitero6i-RJ and Picos-PI, respectively, presented similar values of total annual radiation
incidence on the North facade. However, zones Z1 and Z2 present higher thermal
amplitudes compared to the others.

e Regarding driving rain and considering the annual precipitation values, the North facades
in Z8 (Belem-PA) and Z4 (Brasilia-DF) presented higher exposure while Z5 had the mildest
exposure.

e [t is concluded that the North facades analyzed in the 8 Brazilian bioclimatic zones have
different exposure conditions to agents associated with temperature and driving rain. These
parameters affect building durability since the synergy between degradation agents acting
on the facades accelerates the degradation, compromising building performance and
affecting useful life. In addition, as a contribution, the study ranks the studied regions
regarding the severity of exposure to temperature and, therefore, with greater potential for
degradation and decreasing useful life. In descending order, the most exposed zones are:
76-72-74-77-71-73-75-7Z8 represented by the cities Goiadnia-Santa Maria-Brasilia-Picos-
Curitiba-Florianopolis-Niter6i-Belém.
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ABSTRACT

The objective of the study was to evaluate, through visual classification and non-destructive tests, the
state of conservation of 32 wooden beams for reuse as a restoration project for a historic building. For
this, measurements of the moisture content, penetrometer, estimation of the modulus of elasticity and
breaking stress by ultrasonic pulse velocity were made. The results showed that 66% of the beams were
affected by rot, defibration and cracking. The tests carried out on the deteriorated beams made it possible
to determine that, for a reliability of 95%, of the remaining 21 beams it was possible to reuse 17 of them
with an average density of 0.4 g/cm’.
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Evaluacion no destructiva de las vigas de madera del edificio Narciso Lopez
del Centro Historico de La Habana para reuso en su restauracion

RESUMEN

El estudio tuvo como objetivo evaluar, a través de clasificacion visual y ensayos no destructivos,
el estado de conservacion de 32 vigas de madera para su retiso como proyecto de restauracion de
un edificio histdrico. Para esto se realizaron mediciones del contenido de humedad, penetrometro,
estimacion del modulo de elasticidad y tension de rotura mediante velocidad del pulso ultrasénico.
Los resultados mostraron que el 66% de las vigas presentaban afectacion por pudricion,
desfibramiento y fisuracion. Los ensayos realizados a las vigas deterioradas permitieron
determinar que, para una confiabilidad del 95%, de las restantes 21 vigas era posible reutilizar 17
de ellas con una densidad promedio de 0.4 g/cm?®.

Palabras clave: restauracion; vigas de madera; deterioro; penetrémetro; ultrasonido.

Avaliacdo nao destrutiva das vigas de madeira do edificio Narciso Lopez no
Centro Historico de Havana para reutilizacio em sua restauracao

RESUMO

O objetivo do estudo foi avaliar, por meio de classificacdo visual e ensaios ndo destrutivos, o
estado de conservacao de 32 vigas de madeira para reaproveitamento como projeto de restauragao
de um edificio historico. Para isso, foram feitas medi¢cdes do teor de umidade, penetrometro,
estimativa do médulo de elasticidade e tensdo de ruptura por velocidade de pulso ultrassonico. Os
resultados mostraram que 66% das vigas foram afetadas por apodrecimento, desfibramento e
fissuragdo. Os ensaios realizados nas vigas deterioradas permitiram determinar que, para uma
fiabilidade de 95%, das restantes 21 vigas foi possivel reaproveitar 17 delas com densidade média
de 0,4 g/cm’.

Palavras-chave: restauracdo; vigas de madeira; deterioracdo; penetrometro; ultrassom.
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1. INTRODUCTION

The use of wood as a construction material has its origins in the first human settlements, with the
formation of primitive shelters. The benefits of its properties in terms of handling, durability,
hardness, resistance and color have led to its use throughout the history of mankind, both for artistic
and constructive creation. In buildings where the use of this material has a structural performance,
which influences the safety of the building and its tenants, it is necessary to carry out periodic
evaluations of the integrity of the wood through inspections and tests (Szostak et al., 2020;
Zielinska and Rucka, 2021). Factors such as the low global availability of structural timber, the
decrease in the diameter of the trunks of wood species that makes them less industrially usable,
together with the need to preserve the historical memory of buildings, have led to the development
of regulations, methodologies and assessment techniques for the evaluation of the quality and state
of conservation of this material (Documento Basico SE-M, 2019; Manavella et al., 2019; Salazar
et al., 2018; UNE 56544, 2011).

To make the intervention on timber structures as less invasive as possible, the application of
ultrasonic pulse velocity tests (UPV), resistography, screw extraction or penetrometer allow
reliable results to be obtained from in-situ measurements, and the evaluation of the state of
conservation of wooden structural elements. Their application makes it possible to estimate
parameters such as density, breaking stress, and modulus of elasticity for reuse or replacement in
accordance with project requirements. Although the use of these techniques offers advantages in
terms of classification safety based on their results, the visual evaluation of timber, as an acceptance
criterion, remains currently the most widely used method, fundamentally due to its low cost
compared to the use of equipment, and the ease that wood offers to show its characteristics and
damages on its surface.

The buildings of the Historic Center of Havana constructed before the 20th century have in
common the use of wood as a structural element to support floors and roofing, where beam and
plank systems are combined, with beam and slab by plank. These woods, at the time they were
sawn for exploitation as a structural element, were not classified by their characteristics due to the
lack of regulations in this regard, so criteria such as the width of the growth rings, cracks, resin
bags, gems, deformations and biological alterations were not taken into account in a standardized
way. In this sense, current valid standards (DIN EN 338:2016-07, 2016; ISO 9709:2018, 2018;
UNE 56544, 2011), establish rejection criteria that would lead to the total or partial substitution of
timber elements that, after having been used for more than a century, have demonstrated their
durability and bearing capacity, since this standards are designed for new wood.

However, when it comes to reusing structural timber elements for rehabilitation and heritage
conservation, the combined use of visual and analytical criteria is important, since the latter can
provide better success criteria compared to visual classification, as was proven by (Rello et al.,
2007) where they obtained that through UPV it is possible to reach up to 72% with respect to the
53% of success in wood quality. Over the years of exploitation, construction materials suffer
different forms of deterioration that, in the case of wood, begin fundamentally due to the presence
of humidity since it is a hygroscopic and porous material. In this sense, several researchers (Bratasz
et al., 2010; Sotomayor Castellanos, 2015) have shown the influence of water content on the
conservation of wood and its properties. According to (Arriaga et al., 2006), the modulus of
elasticity, might vary by 2% for humidity ranges between 5% and 30%.

Based on the aforementioned considerations and the need to evaluate the possible reuse of wooden
beams in historic buildings, this work aims to present the results of the evaluation of the state of
conservation of the wooden beams of the first level support between the axes 5-6:A-C of the
Narciso Lopez building (Figures 1 and 2), located in the Historic Center of Havana. It was built in
1858 and has 4 levels, of which the ground floor and mezzanine are made of stone walls, while the
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upper floors are made of masonry. The floors are supported by pine wood beams (pinus sp.). The
restoration processes started in 2019 required a pathological diagnosis, for the first time since the
construction of the property, to determine its possible use and thus preserve, as far as possible, the
original elements of the building.

calle Narciso Lopez

—
=

Avenida del Puerto

—
Figure 1. Narciso Lopez Figure 2. Plan view of the first level of the building.
Building. Source: Arch. Signage of the study area. Own elaboration

Fernando Salinas Documentation
Center, Restaura, OHCH

2. EXPERIMENTAL PROCEDURE

The study began with the removal of the floor and the dismantling of all the beams. This enables
detailed inspection on all sides (Figures 3 y 4), fundamentally in the area of the heads, which, being
embedded in the walls, show greater deterioration due to rot by increase of moisture inside the
joints (Figures 5y 6). This first stage makes it possible to record the position, length, direction and
sense of each fissure, crack, rot and/or defibration present in the beams, for which the distance of
the lesion with respect to the head was taken as a reference (Figure 7). Additionally, the test areas
that have the ideal conditions for carrying out the measurements were identified. In areas where
there are cracks or deterioration due to different forms of rot (brown, soft, etc.) it is not possible to
carry out measurements because a correct transmission or confinement of the signal is not achieved
from the emitter to the receiver, or the results obtained are altered by the presence of microbial
films that affect the physical-chemical composition of the wood, degrading its structure and
density. On the other hand, impact or penetration techniques have the drawback that they should
not be applied on irregular surfaces that influence the moment of impact of the drill bit, either due
to its deformation, alteration in the angle of entry or lack of wood to offer a density value
representative of the real properties of the structural element. For the preparation of the test areas,
two sections were selected for each beam, free of surface lesions.

Subsequently, each beam was identified using the code (VA-x), where X represents a consecutive
number, starting from 1. The local has a total of 32 wooden beams, which support each other axes
5-6. To determine the dimensions, a tape measure was used, and the measurements of width, depth
and length were recorded (Table 1). The heads of the beams were identified with the letters A and
B (Figure 8).
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Figure 3. Stage of detailed inspection in beam  Figure 4. Inspction and visual classification
mounted on wood supports of disassembled beams

Figure 6. Disassembled beams with different
pathological manifestations

Figure 5. State of the beam heads
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Fiure 7. Measure of the affected beam Figure 8. Identification of wooden beams
section with Steel tape

2.1 Non-destructive test applied
The tests applied consisted of estimating the density (p), breaking stress (fk) and dynamic modulus
of elasticity (MOE), by combining the penetrometer and UPV techniques. For both it is necessary
to make adjustments with respect to the moisture content, for which the value of 12% is taken as a
reference. In the case of the penetrometer, to determine the density at 12% humidity, the adjustment
equation used was (Kuklik, 2007):

P12z = —0.027102 * t, 1, + 0.727987 (1)
tp12 = tp(1 —0.007Aw) 2)
Aw =w—12 3)

Where:

p1,= wood density at 12% humidity; g/cm?

tp,12= depth of penetration in the wood with 12% humidity; mm
t,= depth of penetration in the tested wood; mm

w= wood moisture at the time of measurement; %

For the measurement of UPV, the equipment used was Proceq Pundit Lab+, with 54 KHz conical
transducers (Figure 9). They were placed perpendicular to the fibers (Figure 10) and the distance
between them was programed in the equipment for each beam. The adjustment was made at 12%
humidity using the following equation (Lifian et al., 2011):

VPU,, = 27.5(w — 12) + VPU (4)

Where:

UPV 2= ultrasonic pulse rate referred to 12% humidity; m/s
w= wood moisture at the time of measurement; %

UPV= measured ultrasonic pulse velocity; m/s
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Figure 10. UPV application diagram perpendicular to the fiber

Based on the same criteria, the basic breaking stress (fk) and the limit for determining the state of
conservation of the wooden beams were calculated:

fr = (0.212VPU,, — 183.09) x 1/10 (5)

Where:
fk= breaking strain; MPa
UPV 2= ultrasonic pulse rate referred to 12% humidity; m/s
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From the UPV measurements and the density estimation values obtained, the dynamic modules
were calculated by applying the equation used by (Alquicira and Castellanos, 2021; Ettelaei et al.,
2018):

MOE = p «VPUZ, (6)

Where:

MOE= dynamic modulus of elasticity; N/m?

p= density; Kg/m?

VPU3%,= ultrasonic pulse rate referred to 12% humidity; m/s

To measure the humidity on the timbers, the Delmhorst's TotalCheck thermo-hygrometer was used
(Figure 11).

Figure 11. Surface moisture measurement with Delmhorst's
TotalCheck thermo-hygrometer equipment

3. RESULTS AND DISCUSSION

3.1 Visual Assessment

Of the 32 beams inspected, eleven of them did not show any type of injury (Table 1). In accordance
with the visual classification requirements of the standard (UNE 56544, 2011), 4 beams categorized
as ME-1 and 7 as ME-2 (Table 2). The rest of the beams are classified as Rejected considering the
recurring damage from cracks and longitudinal fissures, rotting and splintering, mainly in the area
of the heads up to a distance of approximately 40 cm. However, as it is a rehabilitation project that
intends to use the original beams, with the exception of VA-18, all of them need to be re-evaluated
through the proposed tests.
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Table 1. Results of the inspection to the wooden beams.

Wide Timber Length
ID (cm) cant (cm) Damages
(cm)
VA-1 15 19.5 312 Splintered by UND at 70 cm from head A.
Discontinuous longitudinal cracks in the middle
VA-2 16 20 320 of the depth of the LAS, from head B to a length
of 250 cm.
VA3 13 20 309 Longitudinal discontinuous cracks in the middle
of the depth.
VA4 175 20 995 Shredded in TOE throughout the length of the
beam.
Discontinuous longitudinal cracks and fissures by
LAS, in the middle of the depth.
VA-S 175 20 310 Shredded by TOS from head B to a length of 70
cm.
Crack in the LAS, from head B to a length of 20
VA-6 14 20 304 cm in the middle of the superelevation.
Longitudinal crack in the middle of the depth of
VA-7 12.5 20 304 both lateral faces, from head A to a length of 90
cm.
Longitudinal cracks from head B to a length of 60
VA-8 12.5 20 310 cm in the upper half of the LAS.
LAS rot from head A, up to a length of 70 cm.
VA-9 14.5 20 309 No damages were observed.
Longitudinal fissure in the upper half of the LAS,
along the entire length.
VA-10 155 20 310 Superficial shredding by LAS, 90 cm from head
B.
VA-11 17.5 21 310
VA 7 20 310 No damages were observed.
Shredded by the TOS affecting 5 cm of the width
VA-13 1.5 213 476 of the LAS and 2-3 cm of the height.
VA-14 11.5 21.5 475 No damages were observed.
Longitudinal fissure in the middle of the depth of
VA-1S 1.5 213 472 the LAS throughout the length.
VA-16 12 22 480 No damages were observed.
VA-17 13 215 430 Shredded by TOS at 30 cm from head B, up to a
length of 60 cm.
VA-19 13 21 480 No damages were observed.
VA-18 Widespread decay
VA-20 12 20 480
VADL 15 20 430 No damages were observed.
Discontinuous longitudinal cracks and fissures by
LAS throughout the span of the beam in the lower
VA-22 11.5 21 480 half of the depth.
Shredded by TOS from 160 cm from head A, up
to a length of 200 cm.
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Superficial defibration in the upper third of the
VA-23 15 20 299 LAS, from head B to a length of 40 cm.
VA-24 14 19.5 297 No damages were observed
VA-25 15.5 20 306 '
VA-26 18 20 305 Shredded throughout the upper edge of the LAS.
VA-27 17 20 305 Longitudinal cracks by TOS throughout the light.
Softening and defibering by TOS, throughout the
VA-28 15 20 310 length.
Discontinuous longitudinal fissures by the LAS.
VA-29 14.5 20 310 Shredded in head A agd B by the TOS up to a
length of 40 cm respectively.
VA-30 14.5 20 310 Shredded by. TOS affecting 3 cm of the depth
along the entire length.
Chipped by UND at 60 cm from head B.
VA-3l 16.5 20 362 Superficial defibration in TOE of the LAS.
VA-32 11 21 361 No damages were observed.
Abbreviations used:
UND: underside
LAS: lateral side
TOS: top side
TOE: top edge

Table 2. Visual classification of wooden beams.

(nguszgs(ﬂ?lzl:)}; 1 Amount of wooden beams
ME-1 4
ME-2 7
Rejected 21

The visual inspection allowed to determine the extension of the damage on the surface, but not its
depth in the mass of the wood, except in cases where the rot is very advanced. Injuries due to rot
or deep cracks towards the interior of the beams can lead to the loss of the bearing capacity of the
element and cause its fracture.

In accordance with (Nuere, 2007), in cases in which the deterioration can lead to the invalidation
of the element to fulfill the structural function assigned to it in the whole, the decision must be
made whether to replace or reinforce the beams. The application of these criteria to each beam will
depend on the combined analysis of the visible lesions, and the results obtained by non-destructive
techniques (Table 3). The removal of a wooden element will necessarily require its replacement by
another of similar dimensions that meets the requirements of visual classification and resistance
class, so as not to affect the load requirements for the project.

3.2 Application of non-destructives assays

To carry out the penetrometer and UPV tests, two points were prepared on each beam. In each one,
5 readings were recorded, for a total of 10 results for each element. Figure 12 shows a summary of
values in some of the beams tested.
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Figure 12. Summary of UPV measurements at a test point for wood beams.
Data extracted from software Proceq PunditLink

The criteria for estimating wood deterioration based on UPV results were established in accordance

with (Lifidn et al., 2011), in which it is established that:

UPV > 1400 m/s: sound wood (SW)
UPV < 1400 m/s: damaged wood (DW)

Table 3: Average results of measurements and applied calculations.

w | Tp [tp2] p12 Jueve [ &« | MOE L
D | (mﬁn) (rﬂ’m) (gl/)cm3) m/s) | (MPa) | (MN/m?) | Criteria
VA-1 |133] 105 | 104 | 045 |2011.58 | 24.34 | 1804.33 SW
VA2 |123] 100 | 100 | 046 |2143.33| 27.13 | 2101.57 SW
VA3 | 11.8] 120 | 120 | 040 |2020.32 | 24.52 | 1642.40 SW
VA4 | 143 | 120 | 11.8 | 041 |1972.75] 23.51 | 1587.83 SW
VA5 |17.9] 95 | 91 | 048 [1930.15] 22.61 | 1792.52 SW
VA6 |13.7| 95 | 94 | 047 |2108.75]| 26.40 | 2105.94 SW
VA7 | 158 95 | 92 | 048 |2565.00 | 36.07 | 3140.70 SW
VA8 |152] 105 | 103 | 045 | 92120 | 122 | 381.70 DW
VA9 |199] 113 | 10.7 | 0.44 |2147.25| 2721 | 2022.57 SW
VA-10 | 122 107 | 10.7 | 044 |1865.80 | 21.25 | 1526.17 SW
VA-11 | 146] 9.0 | 88 | 049 |2043.00| 25.00 | 2038.96 SW
VA-12 |18.1| 123 | 11.8 | 041 |1733.55| 18.44 | 1228.72 SW
VA-13 | 17.8]| 107 | 103 | 045 |2375.50 | 32.05 | 2538.05 SW
VA-14 | 149 123 | 12.1 | 040 |2101.05]| 2623 | 1771.94 SW
VA-15 | 156 117 | 11.4 | 042 |2019.70 | 24.51 | 1708.71 SW
VA-16 | 193] 11.0 | 104 | 045 |2336.25| 31.22 | 2429.38 SW
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VA-17 [157] 12.0 | 11.7 | 041 [2273.55] 29.89 | 212543 | Sw
VA-18 Beam discarded due to advanced decay

VA-19 [17.0] 103 | 99 | 046 [2126.00] 26.76 | 2072.85 SW
VA-20 [154] 103 | 10.1 | 046 |[2066.10 | 25.49 | 1944.34 SW
VA-21 [156] 11.0 | 107 | 0.44 [212620] 26.77 | 1977.26 SW
VA-22 [14.4] 107 | 105 | 044 [1485.10] 13.18 | 976.75 SW
VA-23 [144] 100 | 98 | 046 |[2165.10 | 27.59 | 2163.45 SW
VA-24 [13.1] 93 | 92 | 048 [1995.55] 24.00 | 1903.02 SW
VA-25 [12.0] 107 | 10.7 | 0.44 |1996.20 | 24.01 | 1745.33 SW
VA-26 [13.2] 10.0 | 99 | 0.46 |2073.90 | 25.66 | 1975.23 SW
VA-27 [162] 107 | 104 | 0.45 [2015.70 | 24.42 | 1814.24 SW
VA-28 [184| 127 | 12.1 | 040 |[1397.50 | 11.32 | 779.66 DW
VA-29 [157] 11.7 | 114 | 042 [1960.35 | 23.25 | 1610.61 SW
VA-30 [14.5] 11.7 | 11.5 | 042 [2193.75] 28.20 | 2004.15 SW
VA-31 [14.6] 12.0 | 11.8 | 0.41 |1914.30 | 22.27 | 1497.63 SW
VA-32 [139] 97 | 96 | 047 [1960.15] 23.25 | 1800.43 SW

In the UPV results obtained, only two beams (VA-8 and VA-28) show values below the established
limit of 1400 m/s, being classified as "deteriorated wood". This may be due to fungal infestation
from rotting, softening and spalling in the wood having spread into the beams, which is reflected
in the wave transmission velocity output between the transducers. With the years of exploitation of
the building it is not possible to determine the causes for which these beams suffered a deterioration
considerably higher than the rest. It is possible that its location coincided with that of humid areas
such as bathrooms or kitchens, although the registered humidity contents do not show extreme
values that support this hypothesis. The statistical analysis of the data (Table 4), in which beams
VA-8 and VA-28 were excluded, show a dispersion for UPV of less than 10%, with a reliability of
95%, so that for the rest of the values the population of data obtained is accepted.

Table 4: Statistical calculations of the results obtained in the beams classified as SW.

Statistical Tp,12 12 UPV, 12 MOE
parameters w (%) (I‘Em) (gl/)cm3) (m/s) fk (MPa) (MN/m?)
XAVG 15.1 10.8 0.4 2059.5 254 1898.3
sd 2.1 1.0 0.0 197.3 4.2 400.3
CV(%) 14.0 9.2 5.8 9.6 16.5 21.1
Min. 11.8 9.0 0.4 1485.1 13.2 976.8
Max. 19.9 12.3 0.5 2565.0 36.1 3140.7

The minimum density of the beams was 0.4 g/cm?®. This corresponds to a resistance class
classification higher than C35, according to (Documento Bésico SE-M, 2019). The UPV results of
less than 1400 m/s obtained for VA-8 and VA-28 infer that the deterioration due to rot and cracks
extends towards the interior of the element. However, their penetration depth results were not
significant compared to the other beams.

This shows that the estimation of the state of conservation of wood based on the density calculated
by penetrometer, can lead to false positives if it is not combined with other measurement
techniques. The hardness of the wood at the point of impact of the needle can result in a high value
that does not reflect the deterioration inside the material. Figure 13 shows the general analysis of
results that correlate the moisture content/penetration/calculated density. In the cases of VA-9 and
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VA-16, it is identified how they reach a penetration value > 11.0 mm for humidity close to 20%,
in which a softening of the wood would be expected that result in greater penetration, as happens
with the VA-28. The moisture content comparison between these beams is very similar but with
opposite results. In the case of VA-9 and VA-16 they do not present any lesions and they
maintained a UPV higher than 2000 m/s, while in VA-28 the progression of the damages towards
the interior of the beam was confirmed with UPV results less than 1400m/s.

25.0
0.50

20.0
0.40

15.0
0.30
10.0 0.20
5.0 0.10
0.0 0.00

RN AV @* IR AR R IR SRR R IR

W (%) = Tp (mm) pl2 (g/cm3)

Figure 13. Relationship of results of moisture content, penetrometer and density
calculated at 12% for all the wooden beams studied

Of the total UPV measurements made, 82% fluctuated in a penetration depth between 9.0 mm and
12.0 mm. In the graphical analysis (Figure 14) it can be seen how the majority set of results
occupies the range between 1800 m/s and 2400 m/s for the aforementioned interval. The graph
allowed to identify beam VA-22 as a variable distant from the population mean with a result of
UPV= 1485.10 m/s. If the calculated standard deviation and the damages present in the beam are
taken into account, it would be reasonable for structural safety reasons to replace it with a new one.
The values obtained from the proposed equations for estimating the fk and the MOE show a high
correlation between them (Figure 15), characterizing the beams in structural class ME-2 (UNE
56544, 2011), on which they must apply all the restoration and consolidation actions necessary for
its reuse.
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Non-destructive evaluation of the wooden beams of the Narciso Lopez building in the
276 Historic Center of Havana for reuse in its restoration

Hernandez Oroza, A., Berreo Alayo, E., Expdsito Mendez, R



Revista ALCONPAT, 12 (2), 2022: 263 — 278

4 CONCLUSIONS

Of the 32 beams diagnosed to evaluate their possible reuse as structural timer in the rehabilitation
of the property, the following conclusions are reached:

The most recurrent injuries found during the visual inspection were the deterioration of the heads
due to excess moisture in the joints, by the development of rotting fungi, as well as fissures and
discontinuous cracks on the faces and edges. Among the most common restoration and
reinforcement techniques for these types of deterioration are the use of metal caps and brackets to
guarantee the fastening of the beams at the support points. Pickling or brushing of the faces and
edges until reaching a surface with the fewest possible number of injuries. The fissures, on the
other hand, can be sealed using resins, or from the preparation of a paste of carpenter's glue mixed
with sawdust. Fumigation and treatment with biocide products, and finally the structural
recalculation for the new dimensions of the beams.

The combined study of visual evaluation and non-destructive tests made it possible to identify that
beams VA-8, VA-18, VA-22 and VA-28 must be replaced due to advanced lesions and poor density
to be reused as a structural element.

The current regulations for visual classification of sawn wood for structural use is very conservative
with regard to deterioration, which can result in the total replacement of old wooden elements. In
rehabilitation and conservation projects of patrimonial assets, the evaluation of the state of
conservation is more effective through the application of measurement tests on the pieces of wood.
According to the results obtained in this study, the UPV technique showed more accurate results
with respect to the density condition of the wood compared to the penetrometer technique, in which,
through the equations used, no affectations were reflected in the densities for moisture content
variations between 11.8% and 19.9%.
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Degradacio do concreto através da formacio de acido sulfirico biogénico em
uma Estacido Elevatoria de Esgoto

RESUMO

Este trabalho apresenta o estudo realizado em uma Estagdo Elevatéria de Esgoto apds ser
constatado severa degradagdo. O ataque por acido sulfurico biogénico em sistemas de esgoto
sanitario ¢ amplamente estudado na literatura, entretanto, dados em situagdes reais de obra ainda
sdo bastante limitados. Foram realizadas analises da concentragdo de H,S no ar, profundidade de
carbontagdo, ensaio de resisténcia a compressao, petrografia, MEV/EDS, DRX e determinagdes
quimicas em testemunhos de concreto extraidos acima do nivel do efluente. Os produtos
identificados na superficie foram Gipsita, Jarosita, Hidroxido Ferroso, Cloreto Ferroso e
possivelmente Hisingerita. Os resultados demonstram a presenca na superficie tanto de produtos
oriundos da dissolucdo da pasta cimenticia quanto das barras de aco de 16 mm localizadas na
regido atacada.

Palavras-chave: ataque por 4cido sulftirico biogénico; degradagdo; concreto armado.

Degradacion del hormigon mediante la formacion de acido sulfurico biogénico
en una Estacion de Bombeo de Aguas Residuales

RESUMEN

Este trabajo presenta el estudio realizado en una Estaciéon de Bombeo de Aguas Residuales luego
de que se observara una severa degradacion. El ataque por acido sulfurico biogénico en los
sistemas de alcantarillado sanitario es ampliamente estudiado en la literatura, sin embargo, los
datos sobre situaciones reales de trabajo ain son bastante limitados. Se realizaron analisis de
concentracion de H,S en el aire, profundidad de carbonatacion, prueba de resistencia a la
compresion, petrografia, SEM/EDS, XRD y determinaciones quimicas en nucleos de concreto
extraidos por encima del nivel del efluente. Los productos identificados en la superficie fueron
yeso, jarosita, hidroxido ferroso, cloruro ferroso y posiblemente hisingerita. Los resultados
demuestran la presencia en la superficie de productos de la disolucion de pasta de cemento y barras
de acero de 16 mm ubicadas en la region atacada.

Palabras clave: ataque de 4cido sulftrico biogénico; degradacion; hormigén armado.
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1. INTRODUCTION

The sanitary sewer environment favors the formation of biogenic sulfuric acid (H,S0,) due to the
presence of sulfur-oxidizing and sulfate-reducing bacteria (Estokova et.al., 2012). This acid
produced by oxidizing bacteria is extremely aggressive to concrete as it attacks the cement paste,
decalcifying the cement hydration products and leading to a progressive disintegration of the
material (Wu et.al., 2018).

Another critical point is the reduction of the pH of the concrete to an extremely low value, reaching
values around pH 1-2. Consequently, the depassivation of the reinforcement occurs and the
oxidation process begins (Estokova et.al., 2012). So, the acid attacks the concrete as well as the
steel bars in a short period, being able to reach deterioration rates of 12 mm/year in many sanitary
sewage systems (Wu et.al., 2018). In a study conducted by Fernandes et.al., (2012), a 300 km-long
sewage system showed superficial deterioration of concrete just 2 years after its construction.
Strategies are currently being studied to mitigate the degradation of sewage infrastructure, for
example, the use of bio-concretes that reduce the number of sulfur-oxidizing bacteria (Song et.al.,
2021).

The degradation process of concrete by biogenic sulfuric acid, despite being widely discussed in
the literature, data from research carried out in real situations are still quite limited (O'Connell
et.al., 2010; Wu et.al., 2020). According to Wu et.al., (2020), the corrosion rates obtained in the
site and laboratory tests generally show great variation and it is still difficult to establish a
quantitative relationship between them based on existing knowledge. This paper presents a case of
study in a Sewage Pumping Station from the Basic Sanitation Company of Sao Paulo State -
SABESP severely deteriorated within only 20 years of construction and operation. It is expected
that the results from this study will provide parameters able to validate experiments carried out on
laboratory scale and further enable the development of strategies to increase the service life of
sanitary infrastructures.

2. FUNDAMENTALS OF SEWER CORROSION

The attack of biogenic sulfuric acid begins with the formation of aqueous hydrogen sulfide (H,S)
by the activity of anaerobic sulfate-reducing bacteria, e.g. Desulfovibrio desulfuricans, present on
the slime layer - below the waterline (Wu et. al., 2018). These bacteria, under anaerobic conditions
and with a dissolved oxygen concentration (DO) lower than 0.1mg/L, convert the sulfur
compounds present in the waste stream to aqueous hydrogen sulfide (H,S)(aq) (House and Weiss,
2014; Wu et.al., 2018).

Part of the H,S (aq) is released from sewage into the gas phase H,S (g) above the waterline. The
passage of H,S (aq) to the gas phase is strongly influenced by the pH of the wastewater, as well as
the equilibrium conditions between the gas and liquid phase, temperature, and turbulence of the
flow (Wells et.al., 2009; Wu et.al., 2020). The released hydrogen sulfide condensate on the concrete
surface where it is subjected to multiple stages of oxidation by sulfur-oxidizing microorganisms,
such as species of the aerobic bacteria Thiobacillus, which act in different pH ranges, converting it
to sulfuric acid (House e Weiss, 2014; Monteny et.al., 2000; Wu et.al., 2018).

The colonization of microorganisms in concrete depends on the availability of nutrients (organic
matter), moisture, and the reduction of pH. The reduction of the pH of the concrete occurs by the
carbonation and by the acidification of the surface caused by the H,S (g) (Jiang et.al., 2014). When
the surface pH is lowered to ~ 9, the environment already presents sufficient conditions to initiate
the colonization of Thiobacillus thioparus (Wu et.al., 2018).
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Hereafter, bacterial activity is responsible for governing the gradual pH decrease of the concrete
surface simultaneously altering the microbial communities. Thiobacillus novellus, Thiobacillus
intermedius and Thiobacillus neapolitanus bacteria start to proliferate until reaching pH = 3.0, then
there is a decline in the bacteria previously colonized, resulting in rapidly increasing proliferation
of Thiobacillus thiooxidans bacteria, whose presence is associated with severe corrosion (Scrivener
and Belie, 2013).

Portlandite Ca(OH),, which is mainly responsible for the alkalinity (pH = 13.0) of the cement
matrix, is the first compound to react with sulfuric acid, forming gypsum (CaSO,.2H,0).
Subsequently, gypsum can react with aluminate-containing phases to form ettringite
((Ca0)5 Al,05.(CaS0,)3.32H,0) (House and Weiss, 2014; Wells et.al., 2009). The formation of
ettringite results in expansive pressure that can lead to internal cracking of the concrete, allowing
the penetration of more acid and the degradation of the structure (Wu et.al., 2018). Furthermore, if
pH falls below 10.6, ettringite turns out unstable and starts to dissolve (Duchesne and Bertron,
2013). For that reason, ettringite is an intermediate product, and gypsum is the final product of the
sufuric acid attack (Davis et.al., 1998). As the reserve of calcium ions provided a priori by
Portlandite is consumed, the following reactions focus on the decalcification of hydrated calcium
silicate (C-S-H), the major product of Portland Cement responsible for the concrete mechanical
strength. The product of this reaction is silica gel, a material with no bearing capacity (Monteny
et.al., 2000). In summary, the degradation of the concrete occurs above the waterline, starting from
the surface and gradually advancing inside the structure.

3. METHODOLOGY

This paper presents a case study on a strongly deteriorated wet-well of a Sewage Pumping Station
from the Basic Sanitation Company of Sao Paulo State (SABESP) put into operation in December
of 1999. Internal inspections of the structure were carried out to obtain photographic records and
extract concrete core from wet-well’s wall for analysis.

The structure has two concentric circular wells, dry and wet, with a diameter of 25.60 m and 13.70
m, respectively. The first was built in reinforced concrete, with a metallic cover, and the second
one in prestressed concrete. The dry well is where six sets of pumps are located and the wet well,
the object of this study, with 18.70 m in height, is the part of the structure that receives and sends
the sewage to the treatment plant.
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The inspection of the structure was carried out in the wet well (Figure 1a) and restricted to the gas
area (above the waterline). In this region, the concrete surface presented an atypical condition with
layers up to 15 cm thick with no cohesive properties, very easy to remove with a spatula (Figure
2a). The wall’s thickness specified in the project is 35 cm. The passive reinforcement with 16 mm
diameter was oxidized (Figure 2b), with loss of section and sectioned and/or completely dissolved
parts.

A AN B L
A o { T

Figure 2. (a) removal of the degraded concrete layer using a spatula and (b) parts of completely
reinforcement dissolution

The following tests were performed in the present study:

3.1 Gas concentration

Daily measurements of hydrogen sulfide (H,S) concentrations were carried out in the headspace
of the pumping station, during the period 02/07/2020 to 11/30/2020, by using myDataSens H,S
from Microtronics, with a measurement capability ranging from 0-1000 ppm. The equipment
automatically collects and stores data every 5 minutes.

3.2 Carbonation front

The qualitative test to determine the carbonation front of the concrete was carried out using a
solution composed of phenolphthalein, which is a colorless acid/base indicator that changes its
color to purple at pH above 9 (alkaline), indicating the presence of Ca(OH),.

3.3 Compressive strength

Four (04) cylindrical concrete cores were extracted for a compressive strength test, according to
ABNT NBR 7680-1/15, from the wall with a nominal diameter of 75 mm. The compression test of
cylindrical specimens was performed in accordance with ABNT NBR 5739/18.

3.4 Petrographic analysis

The petrographic analysis was based on ASTM C 856/2017 - “Standard Practice for Petrographic
Examination of Hardened Concrete”. Two of the extracted concrete cores were used to make thin
sheets with dimensions of 2.5 cm x 4.0 cm to characterize the interface between the sound and
attacked concrete. A microscope model DM4500 P coupled to a digital camera DFC7000 T, both
from Leica, and a stereoscopic binocular magnifier model M-8, from Wild, were used. Image
editing was performed using the LAS X software. The photographic technique through
photomicrography was used in the test to obtain enlarged images of the material's microstructure.
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3.5 Scanning electron microscopy, X-ray diffraction and chemical determinations

In the same core, analyzes were carried out in three different layers: an outer layer, obtained by
scraping the concrete with no cohesive properties; an intermediate layer; and an inner layer,
apparently not attacked. For scanning electron microscopy, the scraped sample was dried in a
sealed desiccator at room temperature for 4 days. The dry fragments were carefully mounted in the
aluminum sample holder, with the aid of carbon tape and aluminum tape. The intermediate and
innermost samples were broken with the aid of a hammer, at each end of the concrete core. The
fragments were collected, carefully selected, and promptly mounted in an aluminum sample holder,
with the aid of carbon tape and aluminum tape and covered with a thin layer of gold-palladium.
For the X-ray diffraction analysis, an aliquot of the scraped sample was dried at (45+5) °C for 7
days, while the fragments of the intermediate and innermost samples were crushed in a mortar to
obtain the mortar, then they were grounded in a porcelain mortar until completely passed through
an ABNT No 200 sieve (75 um). The EMPYREAN model Panalytical X-ray diffraction equipment
was used, operating in copper Ko radiation at 45 kV — 40 mA and scanning at 2° 26/min. The
identification of compounds was performed using Panalytical's X-pert HighScore Plus software
(version 4.9) and diffraction patterns provided by the ICDD (International Center for Diffraction
Data) with update until 2017.

Chemical determinations were performed only on the scraped material, as follows:

Determination of water-insoluble residue in acid, based on the general guidelines of ASTM C114-
18 "Standard Test Methods for Chemical Analysis of Hydraulic Cement" and ABNT NBR
13810:1997 "Water - Determination of metals - Atomic absorption spectrometry method by flame".
Determination of sodium (Na), potassium (K), iron (Fe), magnesium (Mg) and calcium (Ca),
soluble in water and acid, based on general guidelines from ASTM C114-18 "Standard Test
Methods for Chemical Analysis of Hydraulic Cement" and ABNT NBR 13810:1997 "Water -
Determination of metals - Flame atomic absorption spectrometry method". Determination of
soluble chloride ions and sulfate ions, according to the general guidelines of NBR 9917:2009
"Aggregates for concrete - Determination of soluble salts, chlorides and sulfates".

4. RESULTS AND DISCUSSION

4.1 Gas concentration

Hydrogen sulfide concentration in the air tends to increase with the temperature, as observed in
figure 3. The increase in temperature reduces the solubility of H,S (aq) in wastewater and
encourages the release in the gaseous form H,S (g) (Wu et.al., 2018). However, the temperature
is not the only influencing factor, since the concentration of H,S(g) inside the Sewage Pumping
Station is also influenced by turbulence, which is directly related to the number of pumps in
operation at the time of measurement.
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Figure 3. H2S concentration and temperature over the months

4.2 Carbonation front
After removing the layer with no cohesive properties of approximately 8 cm from the wet-well’s wall,
it was observed that the concrete was carbonated as it did not change color with the phenolphthalein’s

solution application. Then, a 5 cm hole was made, observing that the innermost region of the concrete
was still alkaline, as illustrated in Figure 4.

| Figre 4: wet-well’s wall -alli concret

4.3 Compressive strength of concrete

In the compressive strength tests results, illustrated in Table 1, it was observed that all the extracted
cores presented higher strengths than those specified in the project (20 MPa). Despite the atypical
condition observed on the surface of the concrete, this result was already expected, since the part used

in the test was the inner part of the sample, which did not appear to have been contaminated by
biogenic sulfuric acid yet.

Table 1. Direct compressive strength results

o average dimensions (mm) | fci,ext, inicial fei,ext (*)
i height (h) | Diameter (d) (MPa) ki = kd (MPa)
1 109,2 73,6 56,3 -0,04 | 0,09 | 0,05 | -0,04 59,7
2 111,2 73,6 55 -0,04 | 0,09 | 0,05 | -0,04 58,3
3 93,0 73,6 56 -0,07 | 0,09 | 0,05 | -0,04 57,7
4 145,3 73,6 54,1 0,00 | 0,09 | 0,05 | -0,04 59,5

NOTE - (*) Corrected results of the resistance obtained in the rupture of the cores extracted by the
coefficients k1, k2, k3 and k4, according to item 5.2 of ABNT NBR76801:2015.
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4.4 Concrete petrography

The identified thickness of the attacked region in the prepared slides corresponds to 1.6 mm to 4.1
mm for core 1 and 500 pm to 3.7 mm for core 2. Figure 5 shows the interface location between the
attacked region (above) and the apparently unaffected region (bottom) for both cores. Note, in blue
tones, the presence of microcracks and microporosity. The attacked region of both cores presents three
zones of distinct alterations, namely:

o > - 1
JLMCC 484 19 A

Figure 5. Interface location between the core regions (a) 1 and (b) 2. Siple polarization with
capacitor.

LMC ) T

Primary zone (outermost): characterized by intense substitution of the paste by low birefringence
crypt to microcrystalline material, possibly gypsum, with a texture like “mortar” (Figure 6). Core
1 also exhibit punctual presence of carbonation.

Figure 6. First alteratioﬁélayer, poss‘i'bly. gypsum s (a) 1 and (b) 2. Cross polarization, with
capacitor.

Secondary (intermediate) zone: shows partial replacement of the paste, with impregnation of iron
hydroxides and possible organic matter (Figure 7). In the work Sun (2015), Fe enrichment, due to
rust precipitation, was attributed as one of the causes of the presence of microcracks in the concrete
alteration zones.
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A

Figure 7. impegntion 0 irﬁ hydroxides (reddish tones) fr6ﬁ1 cores (a) 1 and (b) 3. Simple
polarization with capacitor.

Tertiary zone: this is a discontinuous carbonation zone at the interface with the apparently
unattacked concrete (Figure 8).

Figure 8. Presence of carbonation (yellowish tones) at the interface between the attacked regions
(top) and apparently not attacked (bottom) cores (a) 1 and (b) 2. Cross polarization with capacitor.

BT

In both cores (Figure 9), the three zones show abundant microcracks, unfilled or partially filled by
low birefringence crypt to microcrystalline material, gypsum.

2. Simple polarization, with capacitor.

4.5 Scanning Electronic Microscopy - SEM

Microstructure analysis revealed considerable mineralogical changes on the attacked surface
(Figure 10). Crystals of crystalline sulfoaluminosilicate phases were identified in the sample,
containing Ca, Fe and K. In figure 10, the arrows point out to the locations of analysis by energy
dispersive system (EDS — Figure 11).
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K.

In the micrograph of the scraped material, the presence of portlandite crystals was not identified,
indicating that it has completely dissociated. Also, the acid has reduced the matrix to a more porous
material, consisting of smaller particles.
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Figure 11. EDS spectra indicated in figure 10 (a) and (b)

In the intermediate sample, two fragments of the light and dark portions were analyzed. In the
lighter portion, crystals of rectangular morphology of hydrated calcium sulfate were identified
(Figura 12.a), according to the EDS spectrum (Figure 13) with strong S and Ca signals, suggesting
gypsum as the main component and ettringite crystals (Figure 12.b).
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Figure 12. SEM intermediate sample - fragments of the clear portion (a) hydrated calcium sulfate
and (b) ettringite crystals.
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Figure 13. EDS spectra indicated in figure 12.a

In the analyzed fragments of the darker portion of the intermediate sample, crystals of calcium
aluminosilicate with sulfur or calcium sulfoaluminosilicate were identified (Figure 14).

Figure 14. SEM intermediate sample - ragments of the dark portion calcium aluminosilicate
crystals with sulfur or calcium sulfoaluminosilicate.
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Figure 15. EDS spectra indicated in figure 14 and b.

In the innermost sample, apparently not attacked, portlandite plates larger than 10pum can be
observed with non‘-patol ical ettringite needles in a C-S

Figur 16. SEM innermost saple - magni 1catiof (a) 10um and (b) 20um.
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4.6 X-Ray Diffraction —- XRD
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Figure 17. X-Ray diffractogram — scraped material.

In the scraped sample (Figure 17) the presence of Jarosite and Gypsum was identified in a higher
concentration. Similar results were found by Tazaki et.al., (1992) in severely corroded concrete
pipes. According to the authors, under extremely low pH conditions, bacterial activity can break
down Pyrite (iron disulfide, FeS:) to form Jarosite. Usually, the main microorganisms involved in
these reactions are identified as Thiobacillus ferrooxidans and/or Thiobacillus thiooxidans. In the
study by Song et.al., (2020), when the acid attack reaches the surface of the steel bars, the corrosion
process of the bars is accelerated by H,S forming iron sulfide, one of the compounds identified
being FeS.. Thus, it is possible that Jarosite formation comes from FeS:, formed by the oxidation
of the steel bars located in the attacked region. Gypsum was also identified as the most abundant
compound on the concrete surface by authors such as Fernandes et.al., (2012), Davis et.al., (1998),
Song, et. al., (2018) and Song et. al., (2020).
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Figure 18. X-ray diffractogram — intermediate sample.
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The results obtained by XRD confirm the presence of gypsum in the concrete in all analyzed layers.
The presence of gypsum identified in the innermost layer (Figure 19), apparently not attacked, also
indicates the beginning of degradation in this layer. From the intermediate sample, it is already
possible to identify the presence of ettringite, probably due to a higher pH capable of guaranteeing
the stability of that phase. The presence of calcite in the intermediate and innermost samples may
come from the product of the carbonation reaction between calcium hydroxide and carbon dioxide.
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Figure 19. X-ray diffractogram — innermost sample.
4.7 Chemical determinations
The results obtained in the chemical determinations of the materials, expressed on the original basis

and on the dry basis, are presented in Table 2.

Table 2. Results of surface chemical determination

Results, in %
Determinations at.t ac.k Wl.th water attack (water Difference
nitric acid . . .
(HNO3) soluble fraction) (acid-soluble fraction)
Residuo insolavel 65,1 56,7 8,4
Ferro (Fe) 0,73 0,01 0,72
Sodio (Na) 0,04 0,02 0,02
Potassio (K) 0,11 0,01 0,10
Célcio (Ca) 0,74 0,73 0,01
Magnésio (MgO) 0,01 0,01 0,00
fons silicato (S1032-) 0,49 0,38 0,11
fons sulfato (S042-) 0,41 0,40 0,01
fons cloreto (Cl-) 0,11 0,05 0,06

NOTE — (*) The missing amount for 100% in the results of table 2 refers to undetermined water.
It is emphasized that both results of the determinations are in the same calculation basis and,
therefore, it was possible to determine the difference between them.
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The elements found in the water-soluble fraction are associated with the acidic gel formed from
silicates, sulfates, sodium chlorides, potassium, magnesium, and calcium. The analyzed sample
presented pH 2.8 at 19.8°C. This condition favors the colonization of acidophilic sulfur-oxidizing
microorganisms (eg Acidithiobacillus Thiooxidans and Acidithiobacillus Ferrooxidans), which are
associated with severe oxidation of steel (Wu etal., 2020), justifying the steel bars
corrosion/dissolution of 16 mm diameter. The pH result also justifies the absence of ettringite in
the surface layer. Acidophilic microorganisms, in addition to oxidizing H,S in sulfuric acid, can
oxidize thiosulfate and elemental sulfur that may be deposited on the concrete surface (Wells et.al.,
2009).

As for the significant levels of elements found in the soluble fraction in nitric acid attack (HNO3)
(insoluble in water, under the attack conditions proposed in the aforementioned test), they are
associated with Jarosite [K,Fes(OH);,(S04),4] and the possible presence of hisingerite
[Fe;Si, 05(0H),. 2H, 0], ferrous hydroxide [Fe(OH),] and ferrous chloride [FeCl,]. According to
Alexander and Fourie (2011), aluminum hydroxide [AI(OH);] and iron hydroxide [Fe(OH);] can
precipitate in the layer after the dissolution of the aluminate and/or iron-aluminate phases
depending on the concentration of hydrogen ion in the solution - precipitates iron hydroxide at a
pH greater than 1.0 and aluminum hydroxide precipitates at a pH greater than 3.0.

The biogenic sulfuric acid causes the loss of concrete alkalinity that initially protects the steel bars,
leading to reinforcement corrosion. The traditional corrosion of rebar is an electrochemical process
that causes the dissolution of iron, forming various corrosion products, usually iron oxides, and
hydroxides. However, as pointed out by Song et.al., (2020), when the biogenic sulfuric acid reaches
the steel surface, the reactions and corrosion products can be different. In the authors' work, the
main corrosion products of steel bars included iron oxides, iron oxyhydroxides, iron sulfides, iron
chlorides, and iron sulfate.

Although iron-containing compounds are mostly formed from the dissolution of steel bars located
in the attacked region, these compounds may also come from the dissolution of cement paste, since
Portland cement contains about 3% Fe,03 (Jiang et.al., 2014). The formation of hisingerite, for
example, may indicate the interaction of Fe, a product of corrosion of steel and/or cement paste,
with Si from the dissolution of C-S-H.

S. CONCLUSIONS

From the inspection and results analysis of the Sewage Pumping Station the following conclusions
can be drawn:

1. Factors such as the temperature and turbulence of the wastewater influence the speed
degradation of concrete structures, due to the greater release of hydrogen sulfide in the air.

2. The compressive strength was preserved in the sounded part of the concrete, as well as its
alkalinity, despite the severe deterioration and carbonation in the outermost region of the
concrete.

3. The petrographic test shows that the attacked region presents zones of distinct alterations,
all with the abundant presence of microcracks.

4. Acid attack includes dissolution of cement phases, transport of dissolved chemical species,
and (re)precipitation as secondary minerals, as observed in XRD and SEM/EDS. Gypsum,
responsible for the whitish appearance observed on the surface of the concrete, and Jarosite
were the main compounds identified on the attacked surface. In addition to the
aforementioned compounds, ferrous hydroxide [Fe(OH),] and ferrous chloride [FeCl,]
and possible presence of hisingerite were identified, indicating the interaction of silica from
the dissolution of C-S-H with other products of steel corrosion and/or cement paste. The
results show that when the acid reaches the reinforcement, the steel bars lose their passive
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protection layer, allowing the existence of both corrosion products on the surface, from the
dissolution of the cement paste and the steel bars, as well as a possible interaction between
them. Ettringite was only detected from the intermediate layer of the concrete, confirming
it to be an intermediate product of the reaction.

5. The analyzed structure showed a rapid deterioration in a short period of construction and
the need for intervention before the end of the expected service life, indicating that the
standard specifications in force without other protection measures do not guarantee the
durability of the concrete in environments with high concentration of hydrogen sulfide.

6. ACKNOWLEDGMENTS

The authors would like to thank the Basic Sanitation Company of the State of Sdo Paulo (SABESP)
for allowing the availability of the structure analysis and for funding all the tests presented.

7. REFERENCES

Associagao Brasileira de Normas Técnicas. (2007). NBR 5739: Concreto — Ensaio de compressdo
de corpos-de-prova cilindricos. Rio de Janeiro, Brasil.

Associagdo Brasileira de Normas Técnicas. (2007). NBR 7680: Concreto — Extra¢do, preparo e
ensaio de testemunhos de concreto. Rio de Janeiro, Brasil.

Associagdo Brasileira de Normas Técnicas. (2009). NBR 9917:2009 Agregados para concreto -
Determinagao de sais, cloretos e sulfatos soluveis. Rio de Janeiro, Brasil.

Associac¢do Brasileira de Normas Técnicas. (1997). NBR 13810:1997 Agua - Determina¢io de
metais - Método de espectrometria de absor¢do atomica por chama. Rio de Janeiro, Brasil.
ASTM International. (2018). ASTM C114/2018 Standard Test Methods for Chemical Analysis of
Hydraulic Cement

ASTM International. (2017). ASTM C 856/2017 Standard Practice for Petrographic Examination
of Hardened Concrete

Alexander, M. G., Fourie, C. (2011), Performance of sewer pipe concrete mixtures with portland
and calcium aluminate cements subject to mineral and biogenic acid attack. Materials and
Structures, v. 44, pp. 313-330. DOI: 10.1617/s11527-010-9629-1

Davis, J. L., Nica D., Shields K., Roberts D. J. (1998), Analysis of concrete from corroded sewer
pipe. International Biodeterioration & Biodegradation, v. 42, pp. 75-84. DOL
https://doi.org/10.1016/S0964-8305(98)00049-3

Duchesne, J., Bertron, A. (2013), Leaching of cementitious materials by pure water and strong
acids (HCIl and HNO3). In: Performance of Cement-Based Materials in Aggressive Aqueous
Environments:  State-of-the-Art Report, RILEM TC 211 - PAE, 2013. DOL
https://doi.org/10.1007/978-94-007-5413-3 4

Estokova, A., Harbul'dkova, V. O., Luptakova, A., Stevulova, N. (2012), Study of deterioration of
concrete influenced by biogenic sulphate attack. Procedia Engineering, v. 42, pp. 1731-1738. DOL:
https://doi.org/10.1016/].proeng.2012.07.566.

Fernandes, 1. et al. (2012), Identification of acid attack on concrete of a sewage system. Materials
and Structures, v. 45, n. 3, p. 337-350. DOI: https://doi.org/10.1617/s11527-011-9769-y.

House, M. W., Weiss, W. J. (2014), Review of Microbially Induced Corrosion and Comments on
Needs Related to Testing Procedures. Proceedings of the 4th International Conference on the
Durability of Concrete Structures, pp. 94-103. DOI: https://doi.org/10.5703/1288284315388.
Jiang, G., Wightman, E., Donose, B., Yuan, Z., Bond, P., Keller, J. (2014), The role of iron in
sulfide induced corrosion of sewer concrete. Water research. V.49. pp. 166-174. DOI:
https://doi.org/10.1016/j.watres.2013.11.007.

204 Concrete degradation by the formation of biogenic sulfuric acid in a Sewage Pumping Station

Coni, G., Tafuri, A., Costa, A., Sakuma, G.


https://doi.org/10.1617/s11527-010-9629-1
https://doi.org/10.1016/S0964-8305(98)00049-3
https://doi.org/10.1007/978-94-007-5413-3_4
https://doi.org/10.1016/j.proeng.2012.07.566
https://doi.org/10.1617/s11527-011-9769-y
https://doi.org/10.5703/1288284315388
https://doi.org/10.1016/j.watres.2013.11.007

Revista ALCONPAT, 12 (2), 2022: 279 — 295

Monteny, J., Vincke, E., Beeldens, A., De Belie, N., Taerwe, L., Van Gemert, D., Verstracte, W.
(2000), Chemical, microbiological, and in situ test methods for biogenic sulfuric acid corrosion of
concrete. Cement and Concrete Research, v. 30, pp. 623-634. DOI: https://doi.org/10.1016/S0008-
8846(00)00219-2.

O’Connell, M., Mcnally, C., Richardson, M. (2010), Biochemical attack on concrete in wastewater
applications: A state of the art review. Cement and Concrete Composites, v 32, p 479-485. DOI:
https://doi.org/10.1016/j.cemconcomp.2010.05.001.

Scrivener, K., Belie, N. (2013), Bacteriogenic Sulfuric Acid Attack of Cementitious Materials in
Sewage Systems. In: Performance of Cement-Based Materials in Aggressive Aqueous
Environments, pp.305-318. DOI: https://doi.org/10.1007/978-94-007-5413-3 12.

Song, Y., Tian, Y., Li, X. Wei, J., Zhang, H., Bond, P., Yuan, Z., Jiang, G. (2018), Distinct
microbially induced concrete corrosion at the tidal region of reinforced concrete sewers. Water
Research. 150. https://doi.org/10.1016/j.watres.2018.11.083.

Song, Y., Wightman, E., Kulandaivelu, J., Bu, H., Wang, Z., Yuan, Z., Jiang, G. (2020), Rebar
corrosion and its interaction with concrete degradation in reinforced concrete sewers, Water
Research. DOI: https://doi.org/10.1016/j.watres.2020.115961.

Song, Y., Chetty, K., Garbe, U., Wei, J., Bu, H., O’moore, L., Jiang, G. (2021), 4 novel granular
sludge-based and highly corrosion-resistant bio-concrete in sewers. Science of The Total
Environment, 791, 148270. doi: https://doi.org/10.1016/j.scitotenv.2021.148270.

Tazaki, K., Mori, T., Nonaka, T. (1992), Microbial jarosite and gypsum from corrosion of Portland
Cement concrete. Canadian Mineralogist. v. 30, pp. 431-444.

Wells, T., Melchers, R. E., Bond, P. (2009), Factors involved in the long term corrosion of concrete
sewers. In: Annual Conference of the Australasian Corrosion Association, 49th.

Wu, L., Hu, C., Liu, W.V. (2018), The Sustainability of Concrete in Sewer Tunnel—A Narrative
Review of Acid Corrosion in the City of Edmonton, Canada. Sustainability. v. 10, 517. DOI:
https://doi.org/10.3390/su10020517.

Wu, M., et al. (2020), Microbiologically induced corrosion of concrete in sewer structures: A
review of the mechanisms and phenomena. Construction and Building Materials, v. 239. DOI:
https://doi.org/10.1016/j.conbuildmat.2019.117813.

Yuan, H. (2013), Degradation modeling of concrete submitted to biogenic acid attack. Tese de
Doutorado, Université Paris-Est. DOI: https://doi.org/10.1016/j.cemconres.2015.01.002.

Concrete degradation by the formation of biogenic sulfuric acid in a Sewage Pumping Station 295

Coni, G., Tafuri, A., Costa, A., Sakuma, G.


https://doi.org/10.1016/S0008-8846(00)00219-2
https://doi.org/10.1016/S0008-8846(00)00219-2
https://doi.org/10.1016/j.cemconcomp.2010.05.001
https://doi.org/10.1007/978-94-007-5413-3_12
https://doi.org/10.1016/j.watres.2018.11.083
https://doi.org/10.1016/j.watres.2020.115961
https://doi.org/10.1016/j.scitotenv.2021.148270
https://doi.org/10.3390/su10020517
https://doi.org/10.1016/j.conbuildmat.2019.117813
https://doi.org/10.1016/j.cemconres.2015.01.002

Revista ALCONPAT

www.revistaalconpat.org
eISSN 2007-6835

WA_CerNi

CISSN: 3007+ 6835

Revista de la Asociacion Latinoamericana de Control de Calidad, Patologia y Recuperacion de la Construccion

Diagnosis and solutions proposal to the damages present in the ceiling of the
Convent of Santa Clara de Asis

A. Hernandez Oroza'* "/, A. Diomedes Almeida', A. Romeo Saez!, P. R. Cuétara Pérez!
*Contact author: ahernandez@proyectos.ohc.cu
DOI: https://doi.org/10.21041/ra.v12i2.584

| Reception: 11/01/2022 | Acceptance: 20/04/2022 | Publication: 01/05/2022 |

ABSTRACT

For the restoration of the wooden ceilings of the Convent of Santa Clara, resistography and penetrometer
tests, biological studies of the wood, and geomatic techniques for analysis of deformation and
dimensioning of the beams were applied. In the present work, the results of the diagnosis showed that
65% of 98 beams is affected by rot and the presence of xylophagous organisms. Density studies by
comparison with reference values, showed a loss in the hardness of the wood. The results conclude in
the need to replace 17 beams, and the reinforcement of the wood pillars and sections of sliding beams.
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Diagnostico y propuesta de solucion a las lesiones presentes en el forjado del
Convento de Santa Clara de Asis

RESUMEN

El objetivo de este trabajo es diagnosticar y proponer solucion a las lesiones presentes en los
forjados de madera del Convento de Santa Clara. Para ello, se aplicaron ensayos no destructivos
de resistografia y penetrometro, estudios biologicos a la madera, y técnicas geomaticas para
analisis de deformacién y dimensionamiento de las vigas. Los resultados del diagndstico
demostraron que el 65% del forjado compuesto de 98 vigas, esta afectado por pudricion y
organismos xilofagos. Los estudios de densidad mediante comparacioén con valores de referencia
mostraron pérdida en la dureza de la madera. Los resultados concluyen que la restauracion implica
la necesidad de sustituir 17 vigas, y el refuerzo de los pies derechos y secciones de vigas de
corredera.

Palabras clave: ensayos no destructivos, diagndstico, edificaciones, patrimonio, geomatica.

Diagnostico e proposta de solucio para as lesdes presentes na laje do
Convento de Santa Clara de Asis

RESUMO

Para a restauragdo dos pisos de madeira do Convento de Santa Clara, foram aplicados
ensaios de resistografia ndo destrutiva e penetrometria, estudos bioldgicos da madeira e
técnicas geomaticas para analise de deformagao e dimensionamento das vigas. No presente
trabalho, os resultados do diagnostico mostraram que 65% da laje de 98 vigas ¢ afetada por
podriddo e organismos xiléfagos. Estudos de densidade por comparagdo com valores de
referéncia, mostraram uma perda na dureza da madeira. Os resultados concluem na
necessidade de substituicdo de 17 vigas, e do refor¢o dos pés direitos e secgoes de vigas
deslizantes.

Palavras-chave: ensaios ndo destrutivos, diagndstico, edificacdes, patrimonio, geomatica.
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1. INTRODUCTION

The conservation of heritage buildings continues to be one of the most complex problems in the
field of construction today. As a consequence of the centuries of exposure, these structures have
been subjected to the influence of the effects of climate change and the increase in the atmosphere
of corrosive gases (SO2, NOx, O3), leading to an accelerated deterioration of its constituent
materials (stone, metal, wood) due to chemical reactions, biological colonization and formation of
black crusts (Kherais et al., 2021; Kumar and Imam, 2013; Sesana et al., 2021). This can mean a
significant risk to the durability of cultural heritage, which must be duly evaluated by a
multidisciplinary work group, supported by different testing techniques, many of which are based
on destructive techniques such as extracting of test cores and carrying out coves. However, when
dealing with the conservation of the built heritage, this type of invasive studies should be avoided
in order to maintain the integrity of the work, its structural elements and, consequently, its heritage
value.

Currently there are new non-destructive testing (NDT) techniques that provide information with a
high level of precision, accuracy, repeatability and reliability. The applications developed are based
on different principles, such as electromagnetic (ultrasound, potential, resistivity), impact (Schmidt
hammer, penetrometer), geomatics (laser scanner, photogrammetry), emissive (thermography),
among others.

The quantitative analysis obtained from these results during the diagnosis allows identifying the
causes of deterioration, evaluating the degree of decay or rotting (Lifian et al., 2011) and then the
taking of necessary corrective and conservation actions.

The Convent of Santa Clara de Asis was inaugurated in Havana in 1644, becoming the first
religious convent founded in Cuba. In 2018, the Office of the Historian of Havana (OHCH) began
a restoration and recovery project that has involved professionals and students from different
branches of technical careers, and professionals linked to the field of construction and conservation
of built heritage. The results that have been obtained from these investigations allowed the
establishment of priorities and methodologies for its gradual intervention and recovery (Guevara
et al., 2019).

The objective of this work is to evaluate the state of conservation in the structure of the wooden
ceiling of the circulation gallery located on the upper floor of the first cloister, for which a series
of NDTs were combined that allowed identifying the pathologies present and determining the
magnitude of the injuries in the beams and wood stud that make it up. This implies a proposed
solution that is discussed at the end of the work.

2. CASE STUDY AND METHODOLOGY

2.1 Identification of the object of study

The structure is located on the upper floor of the first cloister, towards block A (Figure 1). It is
based on a wood and plank slab made up of 98 beams of 9 cm x 13 cm (base x height), spaced
between 43 cm and 45 cm with an inclination of 17 degrees from the wall towards the wood studs,
supported on the 3" axis on the rammed earth wall that forms the church, and along the axis 4 on
a sliding beam that rests on 13 wood studs. The slide beam is made up of 12 beams joined by scarf
joint, which rest on the right feet (Table 1). The roof is made up of red ceramic tiles.
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Figure 1. Floor plan sketch of the first cloister, signs and photograph of the gallery studied

2.2 Analysis and selection of non-destructive tests
The purpose of the NDT is to determine the quality and completeness of the material and its
component parts without affecting their properties, functions and usefulness through inspection,
measurement or evaluation (Helal et al., 2015; Workman and Moore, 2012). The application of this
type of techniques to study the state of conservation of historic buildings has gained validity,
mainly due to the advantage of not requiring additional deterioration in the structural elements of
the building, to know its state of conservation (Binda and Saisi, 2009; Lifidn et al., 2011; Ortega
and Ripani, 2007). Due to the fact that wood is an organic material, it is susceptible to degradation
processes caused by xylophagous insects, mechanical actions, exposure to weathering, rotting by
fungi or the action of fire.
In heritage buildings, the use of NDT adds a high value to the diagnostic study, because the
structural elements of wood are not affected or receive a negligible impact. As a result, it is possible
to obtain technical information with sufficient precision to estimate the state of conservation,
quality and durability of the work or work object studied (Hasnikovéa and Kuklik, 2014; Morales-
Conde et al., 2013; Palaia et al., 2008).
The techniques applied were:

- Visual inspection of the damages presents on the structural elements

- Measurement of environmental parameters and superficial moisture content of wood

elements

- Identification of wood species

- Sizing of the wooden elements that form the wooden roof

- Application of infrared thermography

- Detection of inner damages present inside the timbers by the use of resistography

- Estimation of wood hardness by the use of penetrometer

- Structural evaluation from 3D models obtained by terrestrial laser scanner (TLS)

- Preparation of floor plans and sections in CAD platform
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2.2.1 Infrared thermography

Infrared thermography is a non-destructive technique that allows pathological analysis through the
emission of heat energy by materials. The reading of the radiation emitted in the infrared band
makes it possible to interpret the temperature of the material based on the thermal conductivity or
the specific heat. Depending on the characteristics and exposure conditions, this material can retain
or emit heat. Emissivity is defined by the Stefan-Boltzman Law, which states that radiation is
proportional to the temperature of the body and the thermal properties of the material (Morales-
Conde et al., 2013). Images were taken with a FLIR E75 camera and post-processed using the
software FLIR Tools.

2.2.2 Resistography

The resistograph is a piece of equipment specially designed to easily identify areas with cavities,
deformations, softening, among other wood damages (Ortiz et al., 2017). An IML Resi PD400
equipment was used and the results were processed with the PD-Tools software. Resistography
was performed on the selected elements based on the damage found during puncturing and visual
inspection. In the beams, the measurements were made mainly at the ends of the beams that are
embedded within the wall, in three directions: diagonal, horizontal and vertical depending on the
pathologies of each element tested. In the wood stud, the measurements were made diagonally at
the bases to determine the state of conservation in the support, and horizontally at different heights,
from the base with a separation of 150 mm between each resistographic measurement point.

2.2.3 Hardness by Pilodyn penetrometer

It is a tool that allows estimating the hardness of wood through the penetration of a 1.5 mm diameter
steel rod, from a shot towards the wooden element (Palaia et al., 2008). The depth of penetration
of the rod varies depending on the density of the material. Due to the fact that the result obtained
is dimensionless, it is necessary for its correct interpretation to carry out several measurements on
the same element and reference it against a wooden specimen of the same species, at a known
moisture content (Kloiber, 2007; Kuklik, 2007).

2.2.4 Identification of timber species

The test was carried out to know the timber species present in the elements that make up the forging
of the gallery and the uprights that support it. Samples of 1 cm?® volume were taken from the wood
elements present in the analysis area. Histological sections were made in the three directions
(transversal, tangential and radial), to observe the disposition of the constituent elements by species
and they were compared with the reference anatomical descriptions and the identification keys
reported and classified within a xylotheque. The macroscopic anatomical characters evaluated were
color, texture, smell (in those that possessed it), luster and the presence of growth rings.
Microphotographs were taken with a Nikon digital camera model SMZ745 attached to a
microscope. The images were processed using the program IC Capture version 2.4. The wood
species were graphically identified using the following symbols (Table 1).

Table 1. Graphical representation of the wood species identified in the slab studied

Icon/Name

7 Acana Pine @ Caguairan
Cedar Baria Najesi
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2.2.5 3D Survey and digital processing

The laser scanner Z+F Imager® 5010c was used. Eleven positionings were made, with an average
distance between each one of 5 m. In the equipment, the resolution and quality during the sweep
were configured in “High” (High), in addition to the acquisition of photos. This configuration in
the TLS implies that at 10 meters from the emitter location, the maximum error distance between
the points marked by the laser is 6 mm. With this work scheme, the approximate delay time is 8
minutes for each positioning, in which a final model of points with known x and z coordinates is
obtained, with their RGB values.

2.2.6 Generation of 3D models and extraction of orthoimages

For the different types of analysis (geometric, structural, etc.), which can be done on a finite
element, it is necessary to obtain a 3D model that can be easily manipulated and measurable by
existing conventional programs. The information obtained from a 3D survey provides an almost
continuous description of the scanned surface, which makes it possible to identify and quantify
anomalies in the elements such as asymmetries, deformations, discontinuities, among other injuries
that may be difficult or impossible to identify with the naked eye (Tucci and Bonora, 2017).
Orthoimages can be extracted from the 3D models, which makes it possible to obtain an orthogonal
projection of the point model, which has the same metric validity as a traditional scale drawing
(Figure 2). Commercial software based on CAD allows the import of the orthoimage, making it
possible to make precise drawings that can later be viewed and analyzed in other digital
environments.

Figure 2. Orthonnage obtalned from the gallery of block A

3. RESULTS AND DISCUSSION

3.1 Results of visual inspection

From beam 1 to 17, the floor is supported by a shoring system due to the risk of collapse caused
by advance deterioration as a result of decay, as well as the absence of several boards and flashings.
This situation has caused a drop in the rest of the slab and the failure of some elements.

The roof is affected by the proliferation of invasive plants throughout the gallery, which leads to
an increase in the moisture content in the wood, mainly in rainy seasons, as well as the additional
weight that compromises the durability of the roof. The result of the diagnosis identified rotting as
the most recurrent lesions, mainly in the head of the timber due to colonization by fungi,
dismemberment as a result of the attack of subterranean termites of the genus Coptotermes, and
bending failures in beams associated with the loss of the bearing capacity of the element. The wood
studs that support the slab have a concrete base as support, which responds to an intervention
carried out in the 1980s. In most of these, the base is cracked as a result of the increase in volume
suffered by the section of embedded wood, as a consequence of the accumulation of moisture inside
of it. The concrete is not capable of absorbing the stresses generated within the material due to the
volume changes suffered by the wood, which causes them to fracture. Some wood studs are more
deteriorated than others due to the fact that woods of a different nature were used, which is why
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their absorption capacities and the stresses exerted vary in each case.

3.2 Sizing and deformation obtained from TLS data

The high precision of the data obtained by the laser scanner from the union of the point clouds and
the obtaining of the 3D model, allows the measurements of the slab elements to be carried out
without the need to intervene on them. To work with representative sections and the wood studs,
regions were established and the views were adjusted to obtain measurable images. In the case of
the wooden ceiling, a section between beams 35 to 49 was extracted, while for the support elements,
a section from studs 5 and 6 was selected. The results are shown in figure 3. Summary of the sizing
is indicated in table 2.

J
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— Wall Support

o 260 e \

Wood base

Wood stud —= ;!
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Slide 3:3. Lima
Slide 2:2. Lima Wood stud and Slide beam. axis 4
Figure 3. Dimensioning and deformation (in mm) of the wooden elements from the 3D models

Table 2. General dimensions of the floor elements

Element Base (¢cm) | Height (cm) Spacing (cm)
Wood beam 9-10 13 43-45
Table 45-48 18-24 -
flashing 45-48 5-6 31-38
Lima 16 21 -

Slide beam 15-16 21 -
Wood base 15-16 16-17 -
Wood rest-food 5 16 -
Wood stud 15-16 334-372 360-370
Wood stud’s base 30-40 27-30 -
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For the structural analysis of the slab beams, orthoimages were extracted using the Reconstructor
software, and cuts were made using the Autodesk Recap software from beam number 17 to 98. All
the beams that make up the slab present deformations to a greater or lesser extent, and some show
flexural failures due to a decrease in their bearing capacity. The Cuban standard (NC 53-179:88,
1988), establishes that the maximum admissible deflection is 1/,,, of length for full load. This

indicates that the admissible deflection for the wood beams is approximately 1.5 cm, but the values
obtained on site are 2 cm to 4 cm higher than those acceptable by calculation. The standard
establishes that the deflection of the beams will increase for load periods of more than 10 years by
50% for dry wood, and 100% for wet wood. Considering this, the allowable deflection would
increase by 2.25 cm and 3.0 cm, respectively, for which there are still differences between
allowable and actual values (Figure 4). It is important to note that not all the maximum
deformations found are located in the center of the span, for the reason that there are areas where
the element is more deteriorated than others; that is why the beams deform and fail in the most
vulnerable area. It was identified that not all the beams are of the same wood species, which is why
their hardness and resistance to bending also vary. In the right feet 1 and 7, the deterioration in the
joints has caused the displacement of the same and of all the elements that adjoin it. These vertical
movements that the right feet have suffered vary between 3.5 cm - 20 cm approximately, and the
separation in the scarf joint between the beams that make up the sliding beam ranges between 1 cm
to 2 cm, which represents considerable displacements.

To evaluate the deformation of the beams and the density they present, the identification of the
timber species was carried out, from the taking of samples directly from the beams and uprights.
The wood species were identified in a biological laboratory and the densities obtained with a
penetrometer were compared with the reference values reported by the National Institute of Agro-
Forest Research (INAF).

v-2s W88 V45 V55
Viga-25 Mg,

Figure 4. Deformations (in mm) of some wood beams

3.3 Identified timber species

Through the application of the comparative anatomy method from the histological sections made
in transverse, tangential and radial directions, it was obtained as a result that the species of wood
that form the structure of the roofing and the support system of the wood stud are: cedar (Cedrela
odorata), pine (Pinus sp.), baria (Cordia gerascantus), caguairan (Guibourtia hymenifolia) and
acana (Manilkara grisebachii). Figure 5 shows the histological sections made to identify the
existing wood species.
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Figure 5. Histological sections at 40x of the identified wood species: A- &4cana
(longitudinal cut), B- baria (longitudinal cut), C- caguairan (cross-section), D- cedar
(longitudinal cut), E- najesi (cross cut), F- pine (lengthwise cut)

3.4 Analysis of diagnostic results

The moisture content measured in the floor beams is between 9%-19%, in the wood studs between
11%-17% and the sliding beam between 11%-12%. The thermographic images obtained reflected
how the support wall presents areas of high humidity, which favors the absorption of water in the
wood as it is a hygroscopic material.

In the case of the uprights and the sliding beam, the elements were partially wet because they are
exposed to sunlight and their drying and ventilation conditions are more favorable than those of
the wood beams. However, in times of rain and extreme weather events, this same exposure causes
deterioration to be more accelerated and favors the proliferation and attack of wood-degrading
organisms.

In the analysis with the thermographic camera, temperature changes of £2°C were identified at
different points of the same element, which leads to thermal deformations of the roof. In the case
of the beams, the coldest values are found near the boards and in the wall of axis 3, where the most
considerable differences appear in the propped area and close to the floor. When it rains, the water
infiltrates mainly through the areas where the waterproofing system is least preserved and where
there is a greater presence of invasive plants, which causes the accumulation of water, both in the
roof and in the wall. The degree of saturation of the wood elements varies depending on the species,
the level of exposure and the environmental conditions, which leads to the triggering of
pathological processes that weaken their mechanical properties. Other injuries identified with the
thermography were temperature variations on the floor, associated with unevenness or damage that
favor the accumulation of rainwater, and favor absorption by capillarity in the right feet of the
gallery. Being embedded in a concrete base that works as a waterproof layer, drying inside the base
is very inefficient and accelerates the decaying of the wood.

The analysis carried out with the resistograph allowed us to identify that of the 98 beams that make
up the roof, 64 of them present different pathological manifestations associated with decay due to
exposure to wetting and drying cycles. The resistography began in the area of the junction because
it is the most vulnerable area, and depending on the damage detected, measurements were also
made in the center of the span or near the supports (Figures 6 and 7).
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Figure 7. Results of resistography tests and damages in wooden elements between beams 50-98

In the case of the wood studs, the resistography showed low penetration resistance values for all of
them, and anomalies similar to those detected in the wooden beams. The extension of the lesions
is between 150 mm and 750 mm from the concrete base upwards, and in more than 50% of the
wood studs, it is located in the first 150 mm of height.

The sliding beam, with an extension of 45.5 m, is made up of sections, and each section of beams
of different wood species. Due to the fact that the most vulnerable area is the exterior side, the
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resistography was carried out from the interior side (gallery) to the exterior (patio), with the purpose
of identifying the progress in the deterioration based on the width of the beam. In the section
between the wood studs 8 and 9, the resistography shows areas with defibration due to the attack
of termites. These xylophagous organisms feed on the wood and leave tunnels inside it,
consequently, the resistographic curve suddenly changes as a result of the lack of resistance during
their advance (Figures 8 and 9). When carrying out the penetrometer tests and the corresponding
adjustment calculations, it was evaluated that the wooden elements have a hardness lower than the
tabulated values for Cuban woods. These results are in correspondence with the low resistances
obtained in the resistography tests. Table 3 presents a sample of some of the elements studied.

Table 3. Hardness calculation results from the penetrometer

Moisture Penetration Calculated Tabulated
. Wood 12% density 12% | density 12%
Element | Location . content ‘1 - S s
species (%) humidity humidity humidity
(mm) (g/cm?) (g/cm’)
Lima axis 3 Pine 14 14 0.35 0.74
Beam 30 axis 4 Cedar 13 17 0.27 0.37
Beam 50 axis 3 Cedar 13 21 0.16 0.37
:tvlfé"é f‘;‘; f;l Obcar;le Pine 14 9.5 0.47 0.74
xg‘; 230 m | gy 13 3 0.43 0.84

*- reference values provided by INAF
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Figure 9. Results of tests on elements of the slab between wood stud 8-13, showing the
thermography of the gallery with a high level of humidity in the supports of the wood stud, and
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3.5 Solution proposals

In the floor beams, it was determined that 17 of them need to be replaced as a result of their
advanced deterioration. Additionally, another 45 beams must be structurally reinforced in different
areas, depending on the pathologies developed in each one. Of the remaining 34 beams for which
no significant injuries were identified, it will be necessary to disassemble and strip 2 of them due
to superficial damages, in order to subsequently recalculate the load for the new beam section
(Figures 10 and 11). All the wood studs showed deterioration that required structural reinforcement
actions, as well as in the sliding beams, where it will be necessary to replace two sections and
reinforce another 3 sections (Figures 12 and 13). The significant decrease in the density of the
wood is the result of exposure to wetting and drying cycles, mainly in the rainy months, with the
consequent proliferation of fungi and termite infestation. The deformations present in the beams
are not only the result of the increase in weight due to excess water and the growth of higher plants,
but also due to the loss of their timber properties, which increases the risk of structural failure.
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Figure 10. Proposal for a solution to the ceiling between beams 1-49
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Figure 12. Proposal for a solution to the wood stud 1-7 and section of the sliding beam

Figure 13. Proposal for a solution to the wood stud 8-13 and section of the sliding beam

4. CONCLUSION

The structure of the wooden ceiling of the gallery studied shows advanced deterioration, caused by
reasons such as excess of moisture and the growth of invasive plants on the roof. This situation led
to colonization by fungi and the attack of xylophagous organisms, which provoke losses in the
properties of the wood used,

Applied density studies showed affectations in hardness as a result of exposure to wetting and
drying cycles, and biological colonization. This had caused deformations in the beams and a
decrease in the bearing capacity of the structural elements.

As a result of the diagnosis carried out, the need to replace 17 roof support beams and the structural
reinforcement of another 45 was demonstrated. The wood stud must also be reinforced, while one
of them will have to be replaced due to advanced deterioration, as well as some slide beam sections.
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