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Resumen

En esta tesis se analiza la porosidad de 30 muestras de diferentes materiales, clasificados entre:
rocas de lava, ladrillos de arcilla, concreto y adoquines. Todas las muestras fueron obtenidas de la
ciudad de Ibarra, Ecuador, en particular, de lugares que demostraron variacién de coloracion en el
mismo material. La extraccion de los nucleos considerd cubrir un area de la superficie expuesta y
la profundidad varié dependiendo del material de origen. Mediante una microtomografia
computarizada, se logré reconstruir las muestras digitalmente y procesarlas para obtener
informacion del tamafio, forma, distribucién y ubicacion de poros en cada muestra. Este método
probd ser confiable para la determinacion de macro y meso poros, pero no tuvo suficiente
resolucion para la determinacion de microporosidad. Los resultados mostraron que las muestras
de concreto y adoquines tuvieron los poros de mayor tamafio. Debido al limite de la resolucion,
las muestras de arcilla presentaron la menor cantidad de poros, lo cual se presume ser lo contrario
de los resultados. Un andlisis mas de cerca demostrd que estas muestras pueden tener poros de
hasta menos de 5 um. Se corrobord que el método de microtomografia computarizada es mas
confiable para muestras de concreto. Adicionalmente, se logro relacionar la forma de poros con el
tamafio y su posicion a lo largo de la muestra. En conclusion, se determind que los poros
superficiales fueron formados debido a haloclastia, pero el efecto es agravante debido a las

caracteristicas climaticas de la zona.

Palabras claves: Haloclastia, Concreto, Adoquines, Meteorizacion por sales, Ladrillo, Lavas,

Materiales de construccién



Abstract

In this thesis, the porosity of 30 samples of different materials, classified as: lava rocks, clay bricks,
cobblestones and concrete; is studied. All samples were taken from the city of Ibarra, Ecuador,
especially from places that exhibited drastic changes in coloration in the same material. The
extraction of core samples considered the exposed surface and a certain depth that varied
depending on the source. With the use of micro computerized tomography, samples were
reconstructed digitally and processed to obtain information on size, shape, distribution and location
of pores in each sample. This method proved very reliable for determination of macropores and
mesopores but did not have enough resolution for microporosity. Results showed that concrete and
cobblestone samples mostly had the largest pores. Due to the resolution limit, clay brick samples
seemed to have the least amount of pores, yet under closer analysis, these samples presented pores
even smaller than 5 pum. It was confirmed that the method of computed microtomography is more
reliable for concrete samples. Additionally, it was possible to relate the shape of pores with their
size and position along the sample. In conclusion, it was determined that surface pores were formed

due to haloclasty, but the effect is severe due to the climatic characteristics of the zone.

Keywords: Haloclasty, Concrete, Cobblestone, Salt weathering, Brick, Lava Rocks, Construction

materials
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1 INTRODUCTION

The selection of materials for construction highly depends on the construction purpose and the
required physical and chemical properties of said material given the exposure it might have to
exterior forces, in order to avoid mayor deterioration. Every material has an expiration date. Yet,
despite deterioration is unavoidable, it can be slowed down significantly. As material science
advances, the incorporation of a multidisciplinary approach towards the study of material
performance gives an undeniably better understanding of the deterioration methods and the options
available for protection against these processes that weaken various constructions. One of the end
goals would be to reduce the frequency of required repairs and retouches, while the other would

be to save money in the long run.

In Ecuador, the construction sector accounts for one of the largest economical groups the country.
Most materials are elaborated and used for constructions all over the country. Since Ecuador is a
volcanic region, the rocks from which many materials are elaborated are volcanic rocks. This poses
a significant difference with the source of materials used in other countries, which tends to be
mostly from sedimentary rocks. Most of Ecuador's regulations are based on guidelines developed
in the United States of America. Therefore, it becomes important to study the mineralogical
characteristics of the rocks available here and their impact of the elaboration of materials for

construction given the needs of the area.

Since a great part of the territory is rural, many constructions do not even uphold to the national
norm established by the government, and many houses are self-constructed, with no use of a proper
and qualified construction team. Albeit, the importance of having reliable constructions in a
country that is affected by so many climate difficulties does not fade away.



Typically, several tests are already specified by international and national regulations in order to
confirm the proper physical characteristics needed for each construction material. These tests range
from chemical analysis to physical strength tests that are useful for analyzing behavior, yet all
require altering the sample. X-ray techniques are famous for being non-destructive. Though it is
not exactly new, it was mainly applied in the medical field before other uses were found. The
ability to observe the sample through X-ray provides a much wider scope of information about the
material and the state it is in. The debate on true porosity could be settled by application of micro
computerized tomography (micro-CT) with sufficient resolution.

Mineralogical and chemical characterization can provide a wider view of the true composition of
these building blocks and confirm if they are in line with the typical materials used and of the

quality stated by the manufacturers.

1.1 PROBLEM STATEMENT

Ecuador is a volcanic region that is prone to various natural hazards, including seismic activity,
volcanic eruptions, landslides, and floods, which all pose significant risks. To ensure stable and
reliable constructions it is necessary to count with the security of good construction materials.
Construction, in many cases, is done with no surveillance and/or guarantee, on any of the involved
parts, that it will meet the minimum required characteristics to be considered safe. More so, it is
common practice to use volcanic ash as a source of materials for construction, which does not
necessarily meet the required standards for safe building. Evidence of wall deterioration within
months of construction has been found in several structures across the country, particularly in
mountain regions. This problem has also been reported in previous studies>3# where the main
reason behind faulty structure behavior is related to the quality of the construction materials used,
that might not necessarily comply with the established national composition standards. Several
climate and overall geological factors also contribute to the damage of different buildings. This
project focuses on the study of certain samples taken from the city of Ibarra, Ecuador, to determine
the degree of the damage from haloclasty, and the relation it has with the construction materials

chosen.



1.2 OBJECTIVES

1.2.1 General objective
Study of deterioration by haloclasty upon the most used construction materials in the city of Ibarra,

Ecuador.

1.2.2 Specific objectives
> Identification of crystalline phases and location in construction samples through XRD.
» Analyze changes of porosity throughout the construction samples with micro-CT.
» Correlate the composition with the porosity and damage of different materials due to
haloclasty.

» Deduce salt composition and mineralogical source of construction materials used.

2 THEORETICAL BACKGROUND

Ecuador is situated on the South-American plate and east to the boundary between the South-
American and Nazca plate °. Seismic activity is common and intense mainly due to its location in
a subduction zone between the Pacific plate and South American plate which is commonly known
as the Ring of Fire ®. The Ring of Fire has also been referred to as the Circum-Pacific belt, since it
roughly surrounds the edges of the Pacific Ocean, and it is responsible for nearly 90% of

earthquakes all around the world’.

Since the Ring of Fire is mostly composed of a series of volcanoes, both above and below water,
earthquakes are not the only risk to human life near the Ring. The eruption from volcanoes can
spread ash made of minerals, rocks and volcanic glass. Either pyroclastic flow or volcanic debris
are able to cause destruction in large scales & One of the most devastating effects of volcanoes
comes from lahars, these flows of sediments combined with water can reach up to hundreds of

kilometers from the eruption at great speed and cause massive destruction’. Damage to



infrastructure from volcanic eruption can come in a variety of forms: burial, ballistic impact,

foundation failure, excessive wall or roof load, collapse, ignition, corrosion, etc. °.

While it’s true that volcanoes present many risk factors to adjacent communities, there are also

advantages. Cinder and basalt from volcanic eruptions can be used as material for concrete®,

According to local news, over 1,5 million Ecuadorians live in self-constructed homes that do not
rely on government approval*!, This makes them, in most cases, unsuited against natural disasters.
Additionally, the informality that comes with these constructions normally leads to an excess of
habitants per space, which increases damages on the property and surroundings, especially if there
is not a proper connection of basic services; unproper drainage can cause serious detriment to the

surrounding soil and weaken the foundations.

One of the most usual problems seen in houses all around the country is the excessive humidity in
both interior and exterior sides of walls. Though repairs never surpass the cost of construction, the
need for frequent repairs can become costly*!2. By paying attention to construction quality, these

costs can be mitigated.

Due to all of that and more, it is of the utmost importance to select the correct materials for

construction.

2.1 CONSTRUCTION MATERIALS

From building homes, offices, and even roads, the most sought out material for constructions is
typically cement. Cement can further be combined into concrete, variations on cement serve as
mortar for bricks. Along with other materials such as clay bricks, iron beams, glass and porcelain®?,
they all aid, and at times, combine for aesthetic and functional purposes. This work goes in depth
on particularly two different construction materials and furthermore, compares them: concrete and

clay bricks.



2.1.1 Cement

It is a binding material that can be activated on hydration. Its composition depends on the type of
cement, but in general cements contain calcium silicate, calcium sulfates and calcium, aluminum,
ferric and silica oxides'®. Cement is manufactured from limestones and clays, with a greater
concentration of limestones than clay; the geological age of whatever source is used does not
influence the outcome of the cement as much as the chemical composition. The amount of oxides,
particularly magnesium oxide, is regulated to ensure correct mechanical behavior of the cement
15 1t is mainly used as a binding material since alone it would be too costly and it can deform after

several wet-dry cycles'®.

Portland cement is a particular type of cement that is very popular worldwide due to its increased
strength, versatility and durability. It is fabricated from clay or shale mixed with limestone or marl
and burned at high temperatures; which is different from other types of cements’. It has up to 80%
tricalcium and dicalcium silicate, which comes from the mix of lime, silica, alumina and ferric
oxide!* (though sometimes alumina is replaced with a higher iron content, and lime can be replaced
to an extent by magnesia 7).

2.1.2 Concrete

Concrete is one of the most versatile construction materials. It is made from cement, water and
aggregates, and it is usually considered the cheapest of construction materials throughout the world
since it is typically used to form the foundations of any building. Using concrete as the matrix of
a composite is most beneficial to enhance certain physical properties depending on the particles or
fibers added!*. Since cement with water form a cement paste that stiffens overtime, physical
properties of concrete vary throughout time. If there is an excess of water then drying time becomes
slower and concrete takes longer to harden*®. Usually, certain chemicals are added to the cement
paste for different end goal consistencies that change the behavior of the final product?®. The nature,
proportion, placement, exposure conditions and quality of ingredients are all determining factors

that influence concrete behavior®.



The particle size of aggregates also has a fundamental contribution to physical properties.
According to German nomenclature of grain size (DIN 4022, 1987)'°2! the names of each particle

size range are defined as shown in Table 1.

Table 1: Nomenclature of soil particle size distribution

Name particle size
Clay <0.002 mm
Silt 0.002 — 0.6 mm
Sand 0.6-2.0mm
Gravel 2.0-60 mm
Stone > 60mm

There are different types of concrete depending on the end use, but mainly they must all comply
with certain standards of workability, durability, strength, air entrainment, shrinkage and creep, in
order to be applied for a determined construction project.

2.1.3 Clay Brick

Clay bricks were very popular for construction long ago and to this day. Their composition can be
as variable as concrete but mainly they have: sand, aggregates, clay and a binder; other additives
could also be included like organic or latex additives, pigments, etc.'*. Generally speaking, brick
is a raw industrial material that starts from a soil and goes through the process of being blended,
moistened, and even chemically modified to fit the required standards®®. In the end, bricks vary a
lot in composition and designs according to their application. Bricks can be classified by their
production method or their characteristics. Some bricks are even designed with spaces to make the

material more lightweight, improve on thermal properties and even reduce costs?.



The main requirement is that the materials used to fabricate bricks must behave plastically when
moistened so that it can fill a mold and then pass into a kiln to heat up and harden without
cracking®®. Yet, bricks can also be made by extrusion, and through this method they tend to be
stronger and less porous®®. The composition requires particles smaller than 53um to obtain
plasticity, combined with bigger particles up to 1168um to control cracking, warping and
shrinkage?. Bricks can be classified in three different groups: facing, commons and engineering
bricks. Facing and engineering bricks tend to be of higher cost since they are made from higher
quality clay and in the case of facing bricks, have higher demand to meet aesthetic requirements;
commons are bricks of lower clay quality that are cheaper yet aren’t necessarily as durable as the

other two'®1°,

Mortar is a material that behaves plastic while it set but after a certain period of time it begins to
harden. Since it is meant for filling gaps in order for the construction to resist air and water flow,
it’s made from a binder and a filler}*. The composition varies as much as with bricks, but its
function is similar to cement and sometimes even interchangeable to work with clay bricks. The
overall strength of the construction not only depends on the brick and mortar but also the pattern

in which the bricks are stacked.

2.1.4 Rock

Usually, rocks can fall into one of three categories, depending on their origins: Igneous,
Sedimentary or Metamorphic. Igneous rocks form from the solidification of magma?.
Sedimentary rocks are created by sedimentation of weathered rocks on the surface?®. However,
metamorphic rocks come from the reformation of an igneous, sedimentary or even another
metamorphic rock that has been subjected to high temperatures, pressure and/or hot fluids with
concentrated minerals. These factors cause the previous rock to change its mineral composition

and become denser?.



Rocks aren’t usually used directly in construction. With exceptions like armourstone, which is
picked from a quarry and transported to the shoreline with the sole purpose of distributing several
different sizes of dense and durable rocks? that will protect against erosion, but with no significant
processing of any kind. For construction, it’s preferable to choose rocks that have mostly uniform

cubic-like particles, that also comply with durability and strength standards®®.

2.2 PRODUCTION OF CONSTRUCTION MATERIALS IN ECUADOR

The construction sector in Ecuador has always been a significant contributor to the national Gross
Domestic Product (GDP) and 100% of the cement demand in the country is covered by national
production?®2°, The private sector covers most constructions while the public sector covers the

construction of streets, roads, etc?.

When the mechanical behavior of concrete fails, it’s plausible that it is due to the composition of
the cement used and its quality. Constructions not only depend on the materials used but also, they
must adequately foresee in the future what climatic characteristics might affect the infrastructure
to see what materials are better suited for the task. Given the diversity of environments in Ecuador,
the production of only a certain material to apply in all constructions might come at a high cost for

several structures *°.

Regardless of their differences, all cement producers go through the same three stages: recollection
of raw material, production of clinker, and final product cement. The raw material is crushed until
all pieces are of about the same size, and then heated in an oven to obtain clinker. The clinker is
the base material for cement production, so it is then put in a cement mill to finally be bagged and
dispatched. Mainly, there are two different cements produced: gray cement and white cement.
White cement is made from clinker mixed with gypsum and white limestone which are harder to
find and therefore this cement is more expensive. While on the other hand, gray cement is a mix
of clinker with gypsum, pozzolans, ash or slag in variable proportions to obtain a homogeneous

powder %,



2.2.1 Cement Plants in Ecuador

There are mainly three companies that make cement in Ecuador: Andean Union of Cements
(UNACEM), National Union of Cement Plants (UCEM), and Holcim. Only UCEM is not entirely
private and is also Ecuadorian, while the other two companies are private and foreign®. As for
their distribution all over the country, Holcim is the company with most cement plants, including
locations in Guayaquil, Quito, Latacunga, Cuenca, Manabi, Machala y Ambato®’. UNACEM is
mainly focused on Imbabura with a cement plant in Otavalo®?. UCEM has two cement plants, one
in Cafar and the other in Chimborazo®, yet they distribute their production through several

different commercial entities.

2.2.2 Cement regulations in Ecuador

According to the Ecuadorian Construction Norm (NEC), all construction materials have to abide
certain standards that can vary depending on the construction goal. The quality of the materials is
subjected to an assessment on behalf of the Ecuadorian Accreditation Organism (OAE) and should
be fabricated under the Ecuadorian System of Quality Law. Imported materials are also tied to
these same norms. These standards are specified in several documents from the Ecuadorian
Normalization Institute (INEN), each one tailored for a particular material **. All cements are made
from clinker, limestone, water or calcium sulfate, additives and air in the cases that apply; the

compositions can vary given the end use of the cement and they are specified as follows.

Building Technological Standards (NTE) INEN 152

This document specifies requirements for eight types of Portland Cement (PC). Chemical

composition standards can be seen simplified in Table 2.



Table 2: Guide to the maximum amount of silicate and oxides allowed in PC composition. Summarized from INEN
152-4 %

Type of PC

1 & 1A H&IHA | H&IHA v \Y
Aluminum oxide - 6.0% - - -
Ferric oxide - 6.0% - 6.5% -
Magnesium oxide 6.0% 6.0% 6.0% 6.0% 6.0%
Tricalcium silicate - - - 35% -
Dicalcium silicate - - - 40% -
Tricalcium aluminate (CzA) - 8% 15% 7% 5%
Sulfur trioxide: If C3A < 8% 3.0% 3.0% 3.5% 2.3% 2.3%
Or C:A>8% 3.5% 4.5%
Insoluble Residue 0.75% 0.75% 0.75% 0.75% 0.75%

In the same document, specifications of mechanical behavior requirements are specified for each
type of cement and the tests that can be made to assure the product complies with the norms *°.
There are several exceptions to the chemical composition, in particular when the properties of the
cement need to be adjusted for special applications. Therefore, Table 2 is more a general guide

than it is a limitation.

Building Technological Standards (NTE) INEN 490

Hydraulic cements are able to harden even under water; composite hydraulic cements (CHC)
achieve hardening underwater by combining two or more types of cements, one of which is not
Portland clinker nor Portland cement *®. Composite Hydraulic cements are classified in: Composite
hydraulic cement for general use, Type IS (blast furnace slag Portland cement), Type IP (Portland
Pozzolana cement), Type IT (ternary composite cement). Their chemical composition standards

are shown in Table 3.

10



Table 3: Guide to the maximum amount of chemical compounds in the CHC composition. Summarized from INEN
490 ¥

Type of CHC
IS (<70), IS (= 70), IT(S=>70) IP, IT(P>S)
IT(P<S<70)
Magnesium oxide - - 6.0%
Sulfate 3.0% 4.0% 4.0%
Sulfide 2.0% 2.0% -
Insoluble residue 1.0% 1.0% -

Table 3 shows chemical requirements that apply to all cements with air incorporators. With the
special case for amount of sulfate depending on the particular application of the cement. An extra
requirement for the mixture of different types of cement is to pulverize the rock source to the size
of grain desired in the final product and make sure that the different cements comply with the same

size grain.

These are just some of the specifications for cement chemical composition in Ecuador. Not all
norms contain indications for chemical composition, the focus tends to be on the physical
parameters, the mechanical behavior and response of the material.

2.3 (GEOLOGICAL CHALLENGES IN CONSTRUCTION

As mentioned before, the proximity of Ecuador to the Ring of Fire makes it prone to earthquakes
and also must deal with damage from volcano eruptions. In the 2016 Muisne earthquake, buildings
with a reinforced concrete (RC) frame were found to suffer greater damage than buildings with
timber or bamboo inside their structure®. Most of this damage was attributed to the use of sea sand
in construction, that led to high levels of corrosion of the steel reinforcements, yet bad design was
also one of the main causes for the degree of destruction®. On the other hand, ruins from volcanic

ash are far less researched compared to those caused by seismic events, yet they can still cause
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severe wreckage to infrastructure, among other health and economic risks*’. Volcanic ash is
considered the highest risk to buildings in the case of a volcanic eruption since of all the expelled
particles, ash is small enough to travel further in the direction of the predominant winds. Loading
of ash on top of roofs can be detrimental to buildings** but dissolved ash can release cations that
form sulphate and halide salts, which in contact with water, can disperse and impermeabilize roads
and increase fluvial erosion, or even cause corrosion damage“’. These factors make it challenging
to construct homes that are secure from geological hazards. Yet it is not the only damage that can
come to buildings in the country.

One primary source of damage towards construction that isn’t directly related to human activity
nor natural disasters is weathering. Weathering is a phenomenon that gains its name due to the fact
that it involves the action of weather upon rocks, or in this case, construction materials. It can be
divided in two different processes that complement each other: mechanical and chemical
weathering. Mechanical weathering is comprised of physical occurrences such as: freeze and thaw
cycles, decrease in pression from overlying rocks, salt crystal formations, or cracking from plant
roots. When mechanical weathering occurs, then fresh area of the rock is exposed and vulnerable
to chemical weathering . Chemical weathering is considered when there is a change of
proportions in the original components of the rock due to chemical transformations #2. These
changes are usually more drastic in warm and wet climates since it has a high dependance on the
presence of water, oxygen and carbon dioxide %. For both of these weathering processes, corrasion
and rain play fundamental roles. Corrasion, also known as erosion by action of the wind, is
effective as long as the wind can pick up abrasive particles that impact against a surface with
enough force to cause damage at a micro scale, that can later grow into macro scale damage after
continuous exposure. Particles between 100um and 600um are considered the ones that can cause
most abrasion damage since they are light enough for the wind to carry, yet dense enough to cause

a significant impact .

Much less mentioned is biological weathering. The presence of water can promote the generation
of organisms that can interact with minerals and cause weathering effects on the surface. These
organisms can be plants, microbes, and even fungi. Part of their metabolic activities interfere with

the integrity of the structure of certain constructions due to their effect on minerals®.
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When soluble salts are found inside porous materials, they can lead to deterioration of said material.
There are three key factors involved in the deterioration by weathering: environment, construction
materials and salts . More on the latter, salts can cause physical stress due to crystallization
inside pores, differential thermal expansion, osmotic swelling of clays, hydration pressure and
wet/dry cycles “6. In particular, when submitted to water and heat, water acts as a solvent and
carrier for several salts, while heat provides the necessary energy for several physical and chemical
processes to accelerate the rate of damage #’. This is the basis of damage caused by haloclasty,
also referred to as salt weathering.

Under salt weathering conditions, moisture can be held for a longer period of time at the boundaries
between two different types of rock, which can then cause the formation of salt crystals near the

boundaries “°.

Origin of salts

As stated before, construction products such as cement, concrete and brick clay come from quarries
that are filled with mostly limestones, gypsum or appropriate soil for clay. These rocks are made
from minerals with mostly carbonate, sulphate and silicate salts, which eventually combine when
making cement, concrete and other derived materials*® (see Table 2 and Table 3). In the process
of transforming raw material into a construction worthy substance, rocks mostly undergo fracture,
sieving, heating and compaction. The chemical changes come from the process of adding certain
admixtures that can provide the material of desired properties. Naturally, cement contains alkali
sulfates, and, if not fired at the correct temperature it may contain sodium sulfate as well 4. Sodium
salts such as sodium chloride, sodium nitrate and sodium sulfate are typically associated with
efflorescence, the latter being considered the most aggressive of all®®; these salts come from
groundwater or rainfall“8, Salts can also originate by other external sources, such as air pollution,
sea spray, interaction between other building materials or even from coatings that don’t have the

proper composition®L,

When rain hits a porous rock surface, different dissolved salts can fall into the pores. If the rate of
evaporation is lower than the rate of salt migration, then salts could travel and recrystallize. Once

salts migrate outwards, after a drying period, efflorescence can be spotted on the surface due to
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salt crystallization®®. The mere presence of water can allow dissolution of salts already present in
the material. In many ways, water can weaken the material by lowering mechanical resistance and

cause efflorescence and subflourescence®.

Pores

All materials contain pores. Their sizes, connectivity, distribution and form, become a determining
factor in several chemical and physical processes and the overall characteristics of the material,
like: thermal conductivity, durability, strength, density, etc °2>*. Pores are defined as void space
that is surrounded by walls *°. They can be either closed and isolated or open and connected. In
this sense, the connectivity between pores is fundamental for studies of diffusion of fluids

throughout a material*®2,

According to the International Union of Pure and Applied Chemistry (IUPAC), there are mainly

three size classifications for pores: microporous, mesoporous and macroporous (Table 4) %,

Table 4: Pore classification according to size.

Pore classification Size range
Macropores >50 nm
Mesopores 2nm -50nm
Micropores <2nm

The width of a pore is not necessarily a good measurement since it highly depends on the shape;
so, there is some leeway in the previous classification. Pore shapes often fall into one of three
categories: cylindrical, ink-bottle shaped or funnel shaped; all of which can be open (Figure 1 a))
or closed (Figure 1 (b), (c), (d), (e) and (f))**. The shape and size are determined by the formation
process of the material and the time and degree of exposure to external forces.
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Figure 1: Different types of pores according to their shape. (a) small closed pore. (b) blind or dead-end pore with an
ink bottle shape. (c) cylindrical open pore. (d) funnel shaped pore. (e) multiple open pore. (f)blind open cylindrical
pore. (g) surface ruggedness that does not classify as a pore since it is not deeper than it is wide. Source: Technical
Report published by the IUPAC %

Pores can also be characterized by their origin in primary and secondary porosity. Primary porosity
is composed by all the spaces between grains when a material first settles. It is affected by the
particle sizes, sorting, the compaction and degree of cementation?®. In the case of cementitious
materials in particular, these voids form due to the ratio between water and solid matter, the shape,
size and surface texture of the particles, the raw materials used and the chemical admixtures, as
well as the compaction and mixing method®®. Secondary porosity, on the other hand, develops as

time passes only after the material consolidates?; it can appear due to fractures or weathering.

Deterioration mechanism

The mere presence of salts is not enough to initiate deterioration upon natural or artificial materials.
In order for salts to move throughout the pores they rely on water in either liquid or gaseous state
49, One parameter that helps predict the transport mechanism is the moisture content, which is
mostly dependent on porosity and pore size distribution. For salts to enter the pores of a structure,
there are usually three sources, from the rise of groundwater, soaking from rain water or surface

condensation.
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There are many mechanisms that describe the transport of salts through a material. For salt
crystallization to damage porous materials, the salt solution must be supersaturated to act as a
driving force for the crystallization process. Salt damage can also be caused by surface scaling,
deep cracking, expansion, granular disintegration, surface powdering and microcracking *'. It is
not only a matter of where the salts recrystallize, but also how they crystallize and what stress does

that cause from within the structure “® that defines damage done by haloclasty.

2.4 CHARACTERISTICS OF STUDY AREA: IBARRA CITY

San Miguel de Ibarra, known as Ibarra for short, is the capital of the Imbabura province. Located
towards the northern part of the province, Ibarra lies at the foot of the Imbabura volcano. As the
largest city in the province, it stretches to cover an area of 242.02 km? 8 where approximately
181.175 people live *°. Sometimes, Ibarra is also called “The White City”, known for its mostly

white houses that contrast with cobblestone roads®.

The Decentralized Autonomous Government (GAD) of Imbabura states that Ibarra has mostly a
semi-humid mesothermal equatorial climate that usually has a temperature variation between 10

and 20°C ®L, Ibarra is around 2225 m.a.s.l. and has an average precipitation of 1784 mm per year®?,

In addition to its climate and geographical features, Ibarra also has seismological considerations.
For seismology studies, the determination of the Z factor is an essential indicator of seismic risk.
This factor represents the maximum acceleration in rock expected for a designed seismic event
and is presented as a fraction of the gravitational acceleration (g). Notably, Ibarra has a Z factor of
0.40, which falls within the high-risk zone for seismic movements, according to the Ecuadorian

Norm for Construction 2.
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3 METHODOLOGY

The methodology employed in this thesis aims to comprehensively investigate the porosity
distribution, shapes, and sizes of thirty construction material samples that were divided into 4
different categories. By employing micro-CT imaging, this study delves into the intricate details
of the internal structures of pores in each sample. The acquired data allows for a detailed analysis
and subsequent comparison of the porosity characteristics among the different materials. To
complement the obtained results, a modified variation of the Archimedes method was utilized for

determining pore volume.

3.1 SAMPLE ACQUISITION

Thirty samples of several materials including: cobblestones, brick wall, concrete, slabs and lava
rocks; were taken from the city of Ibarra on the 2" of November of 2021. The locations were
spread out throughout the city, taking samples specially of places where deterioration was visible
due to the color difference on the same surface. Each sample was roughly the same diameter and

with variable heights. Table 5 shows the construction material of each sample.

Table 5: Sample numbers according to the 4 categories of the studied construction materials

Material Sample number
Lava rock 7, 12-16, 24-27
Brick 5,6,8,9, 19
Cobblestone 1-4, 10, 11, 20-22
Concrete 17, 18, 23, 28-30

The samples were extracted with the use of an electrical drill. A hollow cylindrical bit was attached
to the electrical drill and used for in situ extraction of cylindrical cores with about 25 mm in
diameter and to a depth that varied according to each sample. The drill bit was lubricated with
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water and slowly lowered until a sufficient depth was reached. The process was similar to Stein
and Sander’s method ® to obtain histological core samples with the difference that the drill was

mobile in order to extract cores from different parts around the city (Figure 2).

Figure 2: Example of an extraction site for a core sample. Picture of a brick wall with signs of weathering due to
variation of colors on the bricks, particularly white spots that seem to indicate salt formation, and overall irregular
shaped bricks that add a rugged texture to the wall. a) Before drilling. b) After drilling.

All cobblestone samples were made from concrete, but were treated as a separate material in order
to compare and consider differences due to the use of concrete as a block or as a paving material.
Samples 1 to 4 correspond to cobblestones, taken in different spots of the same cobblestone
covering the outside and center of the stone. Samples 10, 11 and 22 are samples of different
cobblestones that were squared unlike the first 4 cobblestones which had a unique cross-like shape.
While, Sample 20 and 21 are also two samples of a cobblestone with discoloration towards the

center.

Sample 17 was from a part of concrete used to cover the wall of a ravine. While, samples 18, 28,

29 and 30 are from concrete blocks from the grounds of a house.

Sample 5 and 6 are both bricks, the first one from a loose brick that had come off a wall and the
latter was taken from a brick still in the wall. Samples 8 and 9 are other bricks from another part

of the city. And sample 19 is one of the newest brick samples taken close to the park Ciudad Blanca.
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All lava rock samples were taken nearby the city in two different sites. One site was in Quebrada
Seca where samples 7, 12, 13, 14, 15 and 16 were taken. The other site was in the river Jatunyacu,

where samples 24, 25, 26 and 27 were taken.

3.2 RECONSTRUCTION OF SAMPLE CORES

Each core sample was put inside the Bruker Skyscan 2211 micro-CT Scanner with a tungsten
target. The scanner can detect down to 100nm, though resolution of samples were of 20um.
Voltage, current, exposure time and rotation step used for each sample measurement is detailed in

Annex 1.

Parameters such as postalignment, smoothing, ring artifact reduction, and beam hardening

correction were adjusted by trial and error through the NRecon software (Annex 2):

» Postalignment was not necessary to adjust in most cases. It helps when the images from
the scan are blurred due to movement in the sample chamber while the analysis occurs, but
since the scans were pretty quick then point drifting was not a significant issue to correct.

» The smoothing parameter allows the reduction of noise but with the cost of resolution, in
that sense, no sample was smoothed over a value of 10.

» Ring artifacts relate to the appearance of concentric circles inside the volume that is
scanned. This can create issues when processing the image and detecting gray scale
correctly. The problem arises due to a faulty detector element behavior, that can happen
because of a change in temperature while the analysis occurs, beam-hardening, or any other
hardware related problems . To correct this, NRecon software allows the input of a value
between 1 and 20.

» Beam hardening is an artifact related to the effect of polychromatic x-rays on the sample.
Since the source of x-rays in the Bruker 2211 is not monochromatic, rather it contains a
range from 20 to 190kV®, the material that is analyzed tends to absorb low energy x-rays
creating a high energy photon environment that reflects upon reconstruction®’. Therefore,

beam hardening filters can correct this attenuation factor.
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Reconstructed images were verified through CTvox for an appropriate resolution (Figure 3).

Figure 3: Reconstructed core of sample 8, a clay brick, viewed in CTvox.

3.3 POROSITY ANALYSIS

The main focus was to analyze porosity in core samples with micro-CT. This method provided a
detailed amount of information on each pore individually and overall porosity information of each
sample. The overall porosity results were compared with the Archimedes method for determining
porosity by calculating the pore density with distilled water. Each method is described in detail in

the following sections.

3.3.1 Porosity analysis by micro-CT

Each sample had to undergo different processing. Thresholding, filters and despekle were different

operations applied to each sample according to the resolution needed to distinguish pores from the
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material core. CTan software was used to make calculations on the reconstruction of the different

samples.

Since all samples are cylindric with a similar diameter, a round region of interest (ROI) of 20.00
mm in diameter was chosen for all calculations, with which a volume of interest (VOI) was
extended from the surface of the sample to the bottom. Samples were separated by material and
analyzed by groups. Filtering, threshold and despekle was done to each sample through
observation, trial and error. Most samples required an anisotropic diffusion filter which adjusted
the noise well enough to apply a proper threshold for analysis (see Figure 4); the remaining brick
samples required a median filter for the same purpose. After filtering and applying a gray threshold,
a sweep despekle was applied in order to eliminate all but the largest object and further reduce
noise. A proper 3D analysis allowed the reconstruction of volumes inside the region of interest,
with a depiction of the structure and its pores. These 3D structures were then visualized with
CTvox (Figure 5), highlighting, when possible, the connected pores and distinguishing them from

all closed pores.

Figure 4: Effect of operations in CTan. a) Sample without filter. b) Sample after filtering. c) Distinction of matrix

without pores after applying a threshold and despekle.

An individual 3D analysis was run for the pores of each sample in order to obtain information on
the volume, surface, diameter, connectivity, and position of each pore as a separate object. The
output file was analyzed in Excel in order to compare pore distributions along each sample in the

Z direction. The volume along the Z axis was viewed as a sum of all pores for a given value of Z.
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Just as the amount of pores was seen in the same way along the Z axis. Additionally, sphericity

was analyzed in relation to the volume of pores and their position along the Z axis.

Figure 5: View of VOI in CTvox. a) Matrix inside VOI. b) Pores inside VOI.

3.3.2 Porosity analysis by a modified Archimedes method

To compare results from the computerized tomography analysis, 14 samples were weighed in a
precision balance and soaked in distilled water, at 21°C, in a beaker with enough water to cover
each sample (Figure 6). Initial and final volume was written down and the difference was
considered as the volume of the sample. The volume was also calculated by averaging the diameter
and height measurements and considering each sample a perfect cylinder, following the formula

for volume of a cylinder shown below.
V. = 2nr?h

Height and diameter of each sample was measured with an electronic vernier calliper at several
points of the sample to obtain an average. After 3 days of soaking in water, each sample was taken
out and lightly dried on all sides before weighing. The difference in weight between the wet sample
and the dry sample gave an estimate of the open pores and water uptake of each sample. The mass

difference was divided by the average volume to determine the porosity density which was
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transformed into a porosity percentage by using the density of water at room temperature as a

conversion factor.

Figure 6: Sample submerged in a 100mL beaker for determination of porosity through Archimedes method.

4 RESULTS

From the data obtained after a 3D analysis of each core, porosity was calculated as the volume
remaining from subtracting the reconstructed core from the VOI. This porosity was initially
compared with the porosity calculated from the Archimedes method. In the following sections, a
more detailed analysis is given for each construction material category. Finally, shape and sizes of

pores are discussed for all categories and compared to each other.

Due to a problem of insufficient resolution, sample 23 was left out of all analysis. Samples 10 and
11 presented the same problem for an individual pore analysis but an approximation on total
porosity was made.
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4.1 POROSITY METHODS COMPARED

Through micro-CT analysis, a threshold was established to differentiate the pores from the matrix
of each sample. The accuracy of this method heavily relies on the resolution of the images, which

is why some samples could not be correctly analyzed.

On the other hand, the modified method of Archimedes has been used many times to measure
apparent porosity, which includes interconnected pores. This method is particularly useful as a
way to determine permeability. The errors from using this method are related to the appreciation

of the measurement equipment and also the irregularity of the samples.

A comparison of both methods is shown in Table 6. For all samples except sample 14, the porosity
determined by Archimedes method was higher. One important distinction to make is that the
Archimedes method used the entire sample, while porosity for all samples determined by micro-
CT was calculated only in a specific volume of interest (VOI), which was smaller and located
towards the center of the sample. The reason why the entire volume of the sample was not taken
into account for micro-CT is because pores that are towards the edges are influenced by the
extraction process of the core. Also, the images for the reconstruction of the cores were not taken
immediately after the extraction of the samples, so, pores that are inherent of the material might
be confused with those that were created after the extraction, not only due to the extraction process
itself, but also because of improper handling and storage. To avoid misrepresentation of porosity
of each material, that could have been formed after extraction or during the extraction process
instead of being inherent to the original material porosity, the analysis was limited to a VOI that

excluded the exterior sides of the sample.
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Table 6: Comparison of porosity percentage by micro-CT method and Archimedes method, including the percentage

of connected pores.

Micro CT method Archimedes method )
Difference between
Sample ) Connected )
Porosity%o Water Porosity% methods
Pores %

7 0.187 0.049 19.29(9) 19.107

14 5.583 4.714 5.44(6) 0.145

15 5.0763 3.881 10.1(2) 4,985
Lava Rock

24 0.654 0.453 12.1(3) 11.387

25 4.181 3.831 9.98(3) 5.800

27 0.52 0.476 14.32(7) 13.797

5 2.742 0.924 43.6(9) 40.912
Brick

19 0.156 0.077 23.43(7) 23.273

1 4.551 3.005 14.54(3) 9.987

10 7.982 4.862 22.5(2) 14.567
Cobblestone

21 8.219 5.748 16.30(2) 8.087

22 6.449 4.417 13.58(5) 7.128

17 5.524 3.715 18.9(5) 13.416
Concrete

18 3.157 2.333 14.35(3) 11.195

The lava samples not only proved to have lower porosity in most cases, but also showed less

difference with the porosity obtained in both methods. The highest difference was observed in the

brick sample, which in part is also attributed to a lack of resolution in these samples. In particular,

sample 5 showed the highest difference between Archimedes method and micro-CT. This was due

to a particularly big pore towards the outside of the sample that was not taken into account. This

also confirms the particularity of clay samples having a lower compressive strength than concrete.
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4.2 LAVAROCK

In general, lava rock samples displayed some of the lowest porosities and also the least variation
between porosity calculated through both methods described previously (Table 6). Of all 10 lava
rock samples, samples 7, 12, 13, 24 and 27 presented the lowest amount of porosity (Figure 7). On

the other hand, sample 25 showed the highest porosity from all lava samples.

m Porosity% mConnected Pores %

Porosity %
OO =~ N W b 00 O N 0 © O

7 12 13 14 15 16 24 25 26 27
Lava Rock Samples

Figure 7: Percentage of porosity inside the VOI of the 10 lava rock samples. Total porosity is shown in blue, while

only the connected pores are shown in orange.

Taking a closer look to sample 7, (Figure 8 a)) a polished cross section is depicted, in which no
significant pores are distinguished. By looking at the sample under a 5x lens (Figure 8 b)) a few
small pores between 30 and 120 um in their mayor diameter can be seen surrounded by yellowish
crystals. This seems to indicate a sort of weak point in the structure, since these crystals are not
observed without a pore, or more, generally towards the center. This particularly is a sign that these
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pores might have formed due to the formation and evaporation of crystals, especially given their
irregular shape. Under the same resolution, sample 25 (Figure 9 b)) shows a difference in pore size
that varies significantly from sample 7. Pores from sample 25 are seen in a range of 70 to 420 pm
in diameter.
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Figure 8: Different views of Sample 7. a) circular view of an interior side of the sample. b) view of the sample under
a 5x increment lens. c) graph of the amount of pores along the Z axis. Top (surface) and bottom of the sample are

indicated in bold letters. d) reconstructed sample in CTvox. Pores are highlighted in blue.
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When comparing the amount of pores along the Z axis of samples 7 and 25, as the samples with
lowest and highest amount of pores respectively (Figure 8 ¢) and Figure 9 c)). There is a tendency
in which the surface has the most amount of pores and decreases significantly further into the
sample. The average of pores in a cross section inside the VVOI for sample 7 once past the surface
isaround 20 while for sample 25 the average is 30. These numbers aren’t overwhelmingly different
but they do support the fact that sample 25 has a higher porosity. What is significantly different is
the amount of pores at the surface of each sample. Sample 7 came up to 67 pores on the surface
cross section but sample 25 had a pore count of 149. While sample 7 seems to be denser and more
homogenous, sample 25 clearly has quartz incrustations of different sizes which contributes to the

formation of pores between the grains.

All reconstructed samples were observed in CTvox along different cross sections. In the case of
samples 7 and 25 there was noticeably a difference in pore sizes (Figure 8 d) and Figure 9 d)). In
the case of sample 7, the pores seem to get smaller towards the bottom of the sample. While in

sample 25 a tendency isn’t as clear.

Despite the evidence of more porosity in sample 25, the sample shows no unrefusable sign that
pores were made from haloclasty. On the exterior surface side there is a larger number of pores
but it does not account for the largest pore value. Furthermore, pores that were observed in sample
25 seem to have formed due to trapped gases and different sized grains instead of salt
crystallization being the driving force for their formation. Sample 7 on the other hand does show
signs of haloclasty, which establishes a precedent on how this phenomenon can affect somewhat
similar rocks, from the same class, in diverse ways. It’s natural to defend that this difference might

only be enhanced when comparing materials from different sources.
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Figure 9: Different views of Sample 25. a) circular view of an interior side of the sample. b) view of the sample under
a 5x increment lens. c) graph of the amount of pores along the Z axis. Top (surface) and bottom of the sample are

indicated in bold letters. d) reconstructed sample in CTvox. Pores are highlighted in blue.

To get a better picture, the volume of all pores was graphed against the position throughout the Z
axis. The total volume of pores of sample 7 seems to increase while closer to the surface (Figure
10 a)). This confirms the origin of these pores due to haloclasty and other external effects of the
environment. In the case of sample 25 the highest value of volume isn’t exactly at the surface of
the sample (Figure 10 b)). This could indicate a migration of pores from the surface, or rather a

deeper effect of haloclasty, if not the fact that the pores are unrelated to haloclasty altogether.
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Figure 10: Volume of all pores from the interior of the sample to the surface. Top and bottom of the sample are
indicated in bold letters. a) Total volume of pores of sample 7 along Z axis. b) Total volume of pores of sample 25

along Z axis.

It’s important to consider that igneous and metamorphic rocks tend to have the lowest porosity
since they form under great pressures, so most of their porosity is only secondary®. As both lava
samples showed a higher number of pores towards the surface this supports the evidence of the

pores forming after the formation of the rock.

4.3 BRICK

Brick samples seemed banded along a longitudinal plane. A visible discoloration was observed
from a darker orange towards the top of the sample, to a more faded light orange towards the inner
side of the wall. By the appearance of the state of the wall from which samples 5, 6, 8 and 9 were
taken (Figure 11), it’s most likely that they are common bricks made from low-quality clay. Yet,
the porosity found in these samples was surprisingly low (Figure 12), due to the fact that bricks
are made mostly from clay, which is a fine particle. The damage observed in the brick walls may

be more related to the impurities of the clay from which the bricks were made, than the porosity.
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Figure 11: Sites for brick sample extraction. a) Sample 5 belonged to a loose brick on the ground that showed visible
deterioration due to the deviation of its shape from a rectangle block. b) Sample 6 was taken from the lower half of a
brick wall with severe signs of damage and crumbling. c) Sample 8 comes from a brick wall with variation of orange
tones and white spots where crystals effloresce. d) Sample 9 was part of a less visibly deteriorated brick wall but also
shows slight variation of orange tones. e) Sample 19 was obtained from a more recent brick sample with barely any

sign of physical weathering.
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The sample with the lowest porosity was sample 19, which was also the youngest sample of clay
bricks taken. Conversely, sample 5 showed the highest porosity. The Archimedes method for
porosity determination varied a lot with brick samples in particular, yet the method agrees in
sample 5 having a higher porosity (Table 6).

m Porosity% ®m Connected Pores %

Porosity %
- N
- (@) N (@)

o
(&)

5 6 8 9 19
Brick Samples

Figure 12: Percentage of porosity inside the VOI of the 5 brick samples taken (see Figure 11). Total porosity is shown

in blue, while only the connected pores are shown in orange.

At plain sight no pores can be seen on the surface of sample 19 (Figure 13 a)), yet the amplified
image of the sample shows relatively shallow pores that range from 5 pm to 260 um (Figure 13
b)). Many small pores are seen on top of the darker areas of the sample, and the biggest pores seem
to form besides larger particles. This was also confirmed while observing the reconstructed sample
in CTan. Unlike lava samples, the majority of pores aren’t on the surface of the sample in the case
of brick 19 (Figure 13 c)). The resolution of the reconstruction was not enough to determine pores
under 20 pm, but from the amplified image it is clear that there are several pores under the
resolution limit. The view of the cross section doesn’t show many pores and it would seem that

the sample is rather dense, but it is also due to a lack of resolution (Figure 13 d)).
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Figure 13: Different views of Sample 19. a) circular view of an interior side of the sample. b) view of the sample under
a 5x increment lens. c) graph of the amount of pores along the Z axis. Top (surface) and bottom of the sample are

indicated in bold letters. d) reconstructed sample in CTvox. Pores are highlighted in blue.

When comparing the volume of brick samples along the Z axis (Figure 14), in general, there is no
particular tendency of the volume throughout the sample. Clay brick samples are more
homogenous, thus causing less variation in pore size. In particular, samples 5 and 9 show higher
volumes towards the surface of the sample, which is an expected sign of weathering by haloclasty.
Sample 19 remains the sample with lowest porosity and the cross section with highest volume is

shifted towards the bottom of the sample rather than the surface.
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Figure 14: Pore volume longitudinal profile of clay bricks. Bottom and top of samples are indicated in bold letters.

a)-e) Sum of pore volume along the Z axis for samples 5, 6, 8, 9 and 19.
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4.4 COBBLESTONE

Samples 10 and 11 showed the highest porosity even though, as mentioned before, the resolution
was too low to do an accurate analysis on individual pores (Figure 15).

m Porosity% mConnected Pores %

Porosity %

1 2 3 4 10 11 20 21 22
Cobblestone Samples

Figure 15: Percentage of porosity inside the VOI of the 9 cobblestone samples. Total porosity is shown in blue, while
only the connected pores are shown in orange. Samples 10 and 11 show approximated values due to the resolution

problem with micro-CT. The extraction site for cobblestone samples 1-4 is shown in Figure 16 a) and b), while samples
20 and 21 are seen in Figure 17 a).

Samples 1 to 4 are all from different zones of a same type of cobblestone (Figure 16 a) and b)). It
would seem that the center is the zone of most damage, which was where sample 4 was taken. But,

sample 4 has the lowest porosity according to the calculations with micro-CT (Figure 15).
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Figure 16: Analysis of volume of pores in samples 1-4. a) Extraction site of samples 1 and 2. b) Extraction site for

samples 3 and 4. ¢) Total pore volume along the Z axis of cobblestone samples 1-4.
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It’s interesting to see how the samples that have the largest volumen at a given value of Z near the

most inner side of each core are samples 3 and sample 20 respectively (Figure 16 ¢) and Figure 17

b)).
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Figure 17: Analysis of pores of samples 20 and 21. a) Sample 20 was taken from the center of the cobblestone. Sample

21 was from the outer ring. b) Total pore volume along the Z axis of samples 20 and 21.
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Recalling the pattern observed in the cobblestones, samples 1 to 4 were taken from different
colored parts of a cobblestone that was darker in the center and had a light colored ring that did
not equal the color towards the edges; samples 20 and 21 on the other hand were taken from a
cobblestone with the opposite color scheme, the center was a light color surrounded by a darker
colored ring. Sample 3 corresponds to the light colored ring while sample 20 corresponds to the

light colored center.
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Figure 18: Comparison of total pore volume in samples 3 and 20. Top and bottom of samples are indicated in bold

letters.

Considering that the samples differ in size and time since they were placed, they seem to share a
tendency to be more hollow the deeper it goes (Figure 18). On the other side, the darker areas in

both cobblestones would be represented by samples 4 and 21 (Figure 19). Though not identical,
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these samples also share similarities, with the important distinction that sample 21 has a higher
pore volume than sample 4. Due to the appearance of sample 4, it would seem that it is the most
damaged zone yet the porosity analysis shows that it has lower porosity than the other cobblestone
samples. This is important when relating degree of damage to porosity. Though most damage

occurs in more porous materials, damage isn’t represented completely by the amouth of pores in

each sample.
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Figure 19: Comparison of samples 4 (green triangle) and 21 (black triangle). The top and bottom of the samples are

indicated in bold letters.

When considering the pore distribution of these sample, for the first four cobblestone samples

(Figure 20), a general tendency of pores in samples 1 and 2 is shared. Sample 2 shows a higher
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percentage of pores than sample 1 in a range of 0.50 mm midpoint. While the larger pores get there
are fewer of them in total. Samples 3 and 4 were closer to the center of the cobblestone and though
sample 3, in particular, showed pores of a larger diameter than sample 4 which was taken from the
center of the cobblestone, sample 4 shows a higher percentage of pores that are wider.
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Figure 20: Percentage of pores of a given diameter in the VOI of samples 1-4 (Figure 16 a) and b)). Diameter was

approximated by the diameter of the sphere of equivalent volume as the pore.

A similar plot tendency was observed for the cobblestone samples 20 and 21. Sample 21 also had
a small percentage of bigger pores but sample 20 that came from the center of the cobblestone had

a slightly higher percentage for pores greater than 0.36 mm in diameter. Both of these samples
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were compared to sample 22, a squared cobblestone. Samples from the same type of cobblestone

follow a similar tendency, while sample 22 has a higher amount of small pores (Figure 21).
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Figure 21: Percentage of pores of a given diameter in the VOI of samples 20-22. Diameter was approximated by the

diameter of the sphere of equivalent volume as the pore.

Unlike the lava rocks and bricks, a preliminary view of sample 1 shows porosity without the need
to amplify (Figure 22 a)). However, Figure 22 b) distinctively shows two small pores of around
160 um in diameter near the edge of a larger particle. These pores are visibly deeper than in the
case of previous samples. A longitudinal view of the pores along the sample seems to display an
almost diagonal formation of pores from the surface (left side) to the deepest side of the core (right

side) (Figure 22 d)). From the previous analysis, this diagonal formation of pores seems to support
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the theory that the pores migrate from the center, which is most likely the place with highest pore
density.
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Figure 22:Different views of Sample 1. a) circular view of an interior side of the sample. b) view of the sample under

a 5x increment lens. c) graph of the amount of pores along the Z axis. d) reconstructed sample in CTvox. Pores are
highlighted in blue.
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In the case of sample 21, a darker area with a slightly circular shape covered part of the center of
the sample (Figure 23 a)). A closer look on that darker area shows an irregular pattern of macro
pores which is not seen in the rest of the sample (Figure 23 b)). This gives the impression that this
darkened area is indeed susceptible to a higher degree of damage.
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Figure 23: Different views of Sample 21. a) circular view of an interior side of the sample. b) view of the sample under
a 5x increment lens over the darker area of the sample. c¢) graph of the amount of pores along the Z axis. Top (surface)
and bottom of the sample are indicated in bold letters. d) reconstructed sample in CTvox. Pores are highlighted in

blue.
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By comparing the amount of pores of samples 1, 21 and 22 ((Figure 22 c), Figure 23 c¢) and Figure
24 c)) a similar trend remains in which a significantly larger number of pores rest on the surface
of the sample. This analysis took into consideration that the depth of the pores on the surface was
bigger than the width as to be considered a pore instead of just texture of the material.
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Figure 24: Different views of Sample 22. a) circular view of an interior side of the sample. b) view of the sample under

a 5x increment lens. c) graph of the amount of pores along the Z axis. Top (surface) and bottom of the sample are
indicated in bold letters. d) reconstructed sample in CTvox. pores are highlighted in blue.
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45 CONCRETE

In the category of concrete, sample 30 had the lowest porosity in contrast with sample 17 that
displayed the highest porosity (Figure 25). As explained in the sample acquisition, sample 17 came
from a concrete wall covering a ravine. This location exposes the wall to a higher amount of water
than for the other cases.

m Porosity% m Connected Pores%

Porosity %
w
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Figure 25: Percentage of porosity inside the VOI of the 5 concrete samples taken (see Figure 26). Total porosity is
shown in blue, while only the connected pores are shown in orange.

As the primary agent of transportation for soluble salts, water causes the formation of pores.

Furthermore, samples 28, 29 and 30 all came from similar sites yet sample 29 shows the highest
porosity among them.
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m{% 5RO X o ﬁ Y
Figure 26: Extraction sites of 5 concrete samples. Sample 17 was taken from concrete used to cover a ravine wall,
while samples 18, 28, 29 and 30 were taken from concrete blocks a) Sample 17. b) Sample 18. c) Sample 28 d) Sample
29 e) Sample 30.

From the extraction sites, samples 28 and 30 appear to be in similar deterioration conditions, with
a rugged surface and irregular pattern of dark and white areas (Figure 26). And while these
characteristics are shared with sample 29, they seem more pronounced for sample 29. This
observation is merely based on the outer appearance of the source of each sample but it does
coincide with the porosity calculated by micro-CT (Figure 25).

Conversely, samples 17 and 18 show a higher volume of pores compared to samples 28, 29 and
30. By analyzing the distribution of these pores, most of the pore volume for samples 17 and 18
are seen towards the surface of the samples (Figure 27). This seems to be due to higher exposure
to moist environments (Figure 26 a) and b)). For samples 28, 29 and 30, though there are signs of
haloclasty on the surface, this effect does not seem damaging enough on its own, given the fact

that there is a considerable amount of larger pores much past the surface.
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Figure 27: Pore volume longitudinal profile of concrete samples. Bottom and top of samples are indicated in bold

letters. a)-e) Sum of pore volume along the Z axis for samples 17, 18, 28, 29 and 30.
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4.6 SHAPE AND SIZE OF PORES

An individual analysis of pores revealed a strong correlation between the volume of the pores and
the sphericity. Smaller pores tend to be more spherical than larger pores; and the largest pore

volume tends to be towards the surface (Figure 28) This proved true specially for lava samples
where the number of small pores detected was higher
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Figure 28: Sphericity and volume of pores along the Z axis. a) Lava rock sample 7 (Figure 8). b) Clay brick sample
19 (Figure 13) c) Cobblestone sample 21 (Figure 23). d) Concrete sample 30 (Figure 26e)).
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4.7 DISCUSSION

Since the porosity of lava rocks is mostly secondary, these samples are a good point of comparison
with the rest of the samples that are subjected to similar weathering conditions. Of all samples,
bricks and lava rocks had the least amount of porosity calculated by the micro-CT method. For
samples with initial low porosity, effects of haloclasty were barely observed. These results agree
with another study in which salt crystallization was more prominent in rocks with higher porosity®.
Though porosity is linked to certain physical properties of the materials, the lack of porosity does
not immediately translate into a more durable material. Cobblestones had, in general, the highest
porosity. Considering that the cobblestone samples were made from a mixture of concrete not
much different to concrete blocks, it would seem odd that results are so different between the two
categories. Yet this might be indicative to the effects that the environment has on each sample
more than a difference in vulnerability. While cobblestones are designed by pressure on all external
sides of the block, leaving space for pores towards the middle, rectangular blocks are usually made
by compressing cement not only from all sides but also above.

The fact that pores were generally larger near the edges of bigger particles in the case of manmade
materials is evidence of the formation of the materials with different grain sizes. The same was not

observed in lava rock samples which form under great pressures.

Durability is an often sought out characteristic for construction materials, since it relates to how
the material can withstand weathering and decay over time. Durability and strength are often linked
with the lack of pores in the material and interlocking grains'®. That said, resistance of a material
like concrete is much more difficult to predict due to the complexity of its composition®.
Particularly, some damage can be hidden beneath an undamaged mortar coating®, therefore

making the task of seeking out damaged infrastructure more difficult.

Bricks on the other hand, have less compressive strength than concrete, but depending on the
environment, can be equally or more durable. It is known that bricks grow by the absorption of
moisture. This growth is highly dependent on the firing process over the clay composition®®.

Damage to clay walls is a sign of lack of cohesion between the particles of the matrix of the brick.
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This could indicate that brick samples taken were not high-quality bricks. Furthermore, the shape

of the bricks did not seem uniform which does not contribute to an overall durable wall.
In some cases, the combination of mortar does not aid to the cohesion of the bricks. (Figure 11 b).

In order to study the effects of weathering, it’s useful to compare the initial rock, to certain
intermediate stages and finally to the weathered product*. As found by Davison, haloclasty effects
can be boosted by significant variation in temperature cycles, though not much debris was
generated from samples subjected to a temperate climate, these samples were found to have a
deeper penetration of salts. Additionally, haloclasty acted in different stages according to the
degree of damage generated by the temperature cycles the samples were subjected to. This caused
the generation of different sizes of debris according to each stage’®. Though the samples chosen
for this project showed signs of salts on the surface, the climate conditions of Ibarra resemble more
temperate temperatures with slightly high levels of humidity’®, and the debris generated from the
samples in no case seemed relevant, which implies that the effects produced by haloclasty were

limited to an initial stage.

Finally, the determination of composition and crystalline phases with XRD was not made in order

to allow further research on the samples without destroying them completely.

5 CONCLUSIONS

Micro-CT is a widely used method to analyze inner structures of samples with the advantage of
being non-destructive. From the 30 samples analyzed, quantity, morphometry and distribution of
porosity was closely studied. Clay brick samples and some lava rocks demonstrated microporosity,
in particular, at the surface of each sample which was previously exposed to environmental
conditions. Cobblestone samples all exhibited a higher amount of pores at the surface compared
to the rest of the sample. Porosity was most accurately calculated for cobblestone and concrete
samples while resolution proved to be problematic for brick samples.
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6 RECOMMENDATIONS

This thesis centered on the analysis of samples limited to the city of Ibarra. The study contemplated
the samples after noticeable deterioration yet further conclusions can be made by a comparison
between the materials as they first settle against the deterioration that occurs time after, in order to
observe the progress of deterioration over set intervals of time. Also, it would be beneficial to pick

more samples that present the same effects to average the damage in each one.

For further investigations on the recollected samples in this thesis, petrographic analysis might
provide further insight on the geological frame surrounding each sample. A combination of
methods for porosity determination could serve to validate the results obtained by micro-CT. And

finally, an XRD characterization might give more information on the results obtained in this thesis.
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8 ANNEXES

Annex 1: Specifications used in sample imaging

Samples Voltage [kV] Current [UA] | Exposure [ms] | Rotation [deg]
1 90 140 70 0.300
2 90 140 70 0.300
3 90 140 70 0.300
4 90 140 70 0.300
5 90 140 70 0.300
6 90 140 70 0.200
7 90 140 70 0..300
8 90 100 100 0.200
9 100 140 100 0.200
10 80 140 100 0.200
11 50 200 250 0.500
12 100 100 100 0.200
13 100 100 100 0.200
14 100 100 100 0.200
15 100 100 100 0.200
16 100 100 100 0.200
17 80 100 200 0.500
18 90 170 200 0.500
19 100 170 140 0.500
20 90 170 200 0.500
21 90 150 200 0.500
22 90 170 200 0.500
23 70 150 200 0.500
24 80 150 200 0.500
25 80 150 200 0.500
26 80 150 200 0.500
27 80 150 200 0.500
28 80 200 200 0.500
29 80 200 200 0.500
30 80 200 200 0.500




Annex 2: Reconstruction parameters in NRecon

Samples Postalignment | Smoothing Ring Artifacts | Beam hardening
1 0.00 5 18 30
2 1.50 10 28 40
3 -0.50 3 23 75
4 0.00 2 40 41
5 -0.50 0 31 25
6 0.00 4 14 25
7 -1.50 6 20 25
8 -0.50 5 19 25
9 3.00 7 15 25
10 -5.00 3 15 28
11 -0.50 3 15 25
12 -0.50 7 15 35
13 -2.50 2 15 25
14 0.00 5 7 25
15 1.50 6 5 25
16 1.00 1 5 15
17 -0.50 5 5 25
18 -0.50 5 5 25
19 -0.50 4 5 25
20 -1.50 5 5 25
21 0.00 5 5 25
22 -1.50 5 7 25
23 -1.50 4 5 25
24 0.00 5 7 25
25 -1.50 5 7 25
26 -0.50 5 7 25
27 0.00 5 7 25
28 -1.50 3 5 25
29 0.00 5 5 20

30 -1.50 4 5 25
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