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The current economic panorama has been particularly adverse for the architecture
and civil engineering sectors. We firmly believe that the innovation and develop-
ment of new materials with enhanced and/or innovative properties will bring about
the opportunity of restoring these sectors.

However, the remarkable multiplicity and diversity of materials currently avail-
able in civil engineering put designers, architects, and civil engineers in a problem
of growing complexity—the selection of materials.

The selection of materials in civil engineering can be based, naturally, on
features such as suitability, cost, life cycle, and the materials recyclability. Never-
theless, the future of civil engineering lies in the higher value-added materials.
Hence, the selection of materials for a certain project is an iterative task, where the
optimization of solutions can only be obtained through the dialogue between the
project’s specialists, architectures, and civil and materials engineers.

Naturally, for such discussion to be possible, it is imperative that all the actors
dominate the same technical language and share a set of scientific knowledge,
which will allow for communication and optimized solutions.

The present work is intended to contribute to that platform of specialists that is
committed to the civil engineer/architecture project. We intend to offer its readers
information regarding the main groups of materials used in civil construction,
highlighting the nomenclature, properties, fabrication processes, selection criteria,
products/applications, life cycle and recyclability, and even normalization.

This book is the result of extensive work in a broad spectrum of subjects and
competences in the areas of materials and civil engineering, as well as architecture.
In its foundation there is a multidisciplinary team of several specialists of distinct
Portuguese institutions, such as LNEC, CTCV, ISEL, LNEG, and IST. Despite the
scientific edition of the work, it certainly reflects some level of heterogeneity in the
approach chosen by each author.

Chapters 1-5 include the structural and more traditional materials in civil
engineering—hydraulic binders, bituminous materials, concrete, plastering, and
renders; Chaps. 6-9 comprise structural materials and/or finishing materials like
steel, ceramic, glass, ornamental stones, polymers, and polymer matrix composites;
Chaps. 12 and 13 depict the natural materials such as wood and cork; in Chap. 14
we introduce nanomaterials; Chaps. 15 explain the corrosion phenomena and its
control; Chap. 16 introduces structural adhesives, while the main properties and the

v


http://dx.doi.org/10.1007/978-3-319-08236-3_1
http://dx.doi.org/10.1007/978-3-319-08236-3_5
http://dx.doi.org/10.1007/978-3-319-08236-3_6
http://dx.doi.org/10.1007/978-3-319-08236-3_9
http://dx.doi.org/10.1007/978-3-319-08236-3_12
http://dx.doi.org/10.1007/978-3-319-08236-3_13
http://dx.doi.org/10.1007/978-3-319-08236-3_14
http://dx.doi.org/10.1007/978-3-319-08236-3_15
http://dx.doi.org/10.1007/978-3-319-08236-3_16

Vi Preface

uses of paints and organic coatings are presented in Chap. 17. Chapter 18 presents
the life cycle of the different products, as well as the integrated waste management
of; and Chap. 19 concludes the book with the regulation and certification of
construction products. To the authors, we publicly express our sincere thanks for
their contribution, without which this book would not be possible. Thanks to the
first publisher, “ISTPress” the IST academic publisher, since day one. Very special
thanks to Springer, for its recognition and commitment on the publication of
the book.

Lisbon, Portugal M. Clara Gongalves
Fernanda Margarido
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A

Abrasion resistance (Plaster; render) Wear resistance of the surface of a hard-
ened mortar by mechanical action

Abrasive (Ornamental stone) Generic designation of hard and wear-resistant
substances used to wear and polish

Acid rock (Ornamental stone) Igneous rock with more than 66 wt% silica

Addition (Plaster; render; concrete) Finely divided inorganic material, which
can be added to the matrix (mortar, concrete, and others) with the purpose to
obtain or improve specific properties

Additive (Polymeric matrix composites; organic coatings; structural
adhesives; polymer) Substance added in small quantities to a formulation
(adhesive, polymer resin, paints, varnishes, etc.) with the purpose of improving
or modifying the processability (plasticizers, lubricants, stabilizers, release
agents, etc.), the external appearance (colors, pigments, etc.), the performance
(antioxidants, protection to ultraviolet radiation, the antistatic flame retardants,
foams, etc.), or the recycling processes (stabilizers, additives repairers, etc.)

Adherence (Plaster; render) Maximum breaking force per unit area of a mortar
applied on a support, which can be determined by applying a tensile force or
shearing

Adherence (Organic coatings) Property of a film used to evaluate the set of
binding forces that develop between that film and the substrate where it is
applied

Adhesion (Organic coatings) Property of a film, resulting from the binding forces
developed between the film and the substrate on which it is applied

Adhesion (Structural adhesives) Phenomenon by which two surfaces are held
together by chemical, physical, or physicochemical forces resulting from the
presence of an adhesive [NP 3672:1990]

Adhesive (Structural adhesives) Product able to maintain in a state of adhesion of
two surfaces of one or more identical or different materials [NP 3672:1990]

vii



viii Glossary

Adhesive failure (Plaster; render) Rupture that occurs at the interface between
the mortar and the support, or generally at the interface between the adhesive and
either glued surfaces

Adhesiveness (Structural adhesives) Capacity of a material to produce adhesion

Adhesives (Structural adhesives; polymer) Formulations usually involving
polymer, used to bind two or more surfaces together, providing a certain strength
to this union. Divided into adhesives of thermal, contact, and structural applica-
tion. Nonmetallic substance capable of joining materials by surface bonding
(adhesion), and the bond possessing adequate internal strength (cohesion)
[EN923:2005 + A1:2008]

Admixture (Render; plaster; concrete; polymer) Denomination given to
additions used in small amounts (<4 wt%; <5 % per cement weight in concrete)
to improve specific properties of the final product (see additives)

Agglomerate (Cork) Material obtained by agglomeration of granules (expanded
or not expanded) or possibly regranulates

Aggregate (Concrete and binders; Bituminous materials) Natural, artificial,
reclaimed, or recycled granular mineral materials used in construction

Air-entraining agent (Plasters; Stucco) Admixture that allows the incorporation
of a controlled amount of air bubbles distributed uniformly throughout the
mortar, which remain after hardening

Alkyd resin (Polymer) Alkyd resins (“al” as alcohol and “id” as acid) are made
from esters of unsaturated carboxylic acids and polyhydric alcohols; polymeri-
zation by radical attack to double links produces a coating (see resin)

Alternating copolymer (Polymer) Copolymer wherein the constituent monomers
are alternately distributed in the chain (see copolymer)

Anion (Corrosion) Negatively charged ion (e.g., CI” or OH™)

Annual ring (or Annual growth ring) (Wood) Cross section of a tree growth
layer, or part thereof, corresponding to the wood produced in a year

Anode (Corrosion) Electrode where an oxidation reaction occurs. This reaction
may involve molecules or anions from the environment or the atoms of a metal
(giving rise to positive ions or insoluble compounds)

Anodic current (Corrosion) Current caused by the occurrence of oxidation
reaction

Anodic inhibitor (Corrosion) Inhibitor that interferes with the anodic reaction.
Normally, these are anions that migrate to anode surfaces, forming protective
film layers

Anodic protection (Corrosion) Protection against corrosion is obtained by
increasing the electrode potential so as to achieve the material’s passivation. It
is only feasible if the material shows a passivation domain at the working pH

Anodizing (Corrosion) Corrosion protection method used in several metals in
which the oxidation of the metal is promoted in order to obtain a thick layer of
protective oxide
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Antireflective glass (Glass) Glass with a surface coating that allows to minimize
the light reflection component and maximize the transmitted component, so that
transparency and visibility in transmission are optimized (class of coated
glasses)

Arcade (Ornamental stone) Series of contiguous arches; dome

Atmospheric corrosion (Corrosion) Corrosion by exposure to the atmosphere,
usually to outdoors (see corrosion)

B

Bands (Ornamental stone) Strips or risers for coping

Banister (Ornamental stone) Small column usually used in support railings and
window sills

Bark (Wood) Generic term for all exterior tissues that involve the xylem

Basalt (Ornamental stone) Extrusive igneous rock of volcanic origin and usually
very hard, whose color ranges from dark gray to black

Basic rock (Ornamental stone) Igneous rock containing silica between 45 and
52 wt%

Belly or womb (Cork) Suberous inside part of the cork tissue corresponding to the
last annual growth that reproduces all the irregularities of the surface of the inner
bark. It is located inside relatively to the tree

Beveled (Ornamental stone) Wedge-shaped edge of a slab, tile, or plaque
obtained by a beveling operation

Bimetallic corrosion (Corrosion) See galvanic corrosion

Binder (Structural adhesives) Component of an adhesive that is primarily
responsible for the adhesion [NP 3672:1990]

Binder (Hydraulic binders) Substances that harden independently and that bind
other solid materials together conferring cohesion and resistance to the whole
system

Binders (Polymer matrix composites) Materials (usually resinous) that help the
fibers remain agglomerated, providing them with protection to degradation due
to environmental agents and also promoting the adhesion between the fibers and
the matrix

Biochemical rock (Ornamental stone) Sedimentary rock formed by sedimenta-
tion of organic deposits

Biological corrosion (Corrosion) Deterioration of a metal by corrosion processes
which result, directly or indirectly, from the activity of living organisms.
Biological corrosion is not in itself a type of corrosion, but is characterized by
the intervention of living organisms (see corrosion)

Biopolymer (Polymer) Polymer of biological origin (produced by living beings)
(see polymer)
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Bitumen (Binders and bituminous materials) Organic, very viscous, almost
nonvolatile material, adhesive and impervious to water, crude petroleum deriv-
ative or present in natural asphalt, completely or nearly completely soluble in
toluene

Bitumen emulsion (Binders and bituminous materials) Fine dispersion of bitu-
men in water, performed with the aid of an emulsifier

Bituminous binder (Binders and bituminous materials) Adhesive material
containing bitumen or natural asphalt, or a mixture of both

Bituminous mixture (Binders and bituminous materials) Mixture of stone,
sand, with or without filler, and a bituminous hydrocarbonated binder. The
following bituminous mixtures can be distinguished: (1) closed or dense, when
the percentage of voids is equal to or lower than 5 wt% after applying and
compacting (virtually impermeable); (2) semi-closed or semi-dense, when the
percentage of voids in work is less than 15 wt% and higher than 5 wt%, after
spreading and compacting; and (3) open, when the percentage of voids is greater
than 15 wt% after spreading and compacting

Bituminous mortar (Binders and bituminous materials) Mixture of sand with
bitumen (3—4 wt%). In Portugal, the percentage of bitumen is not previously
defined (see mortar)

Blended cements (Hydraulic binders) (1) Cements in which the clinker is par-
tially replaced with cementitious materials or minerals during the cement
manufacturing process, or (2) cements blended with cementitious materials or
minerals during the preparation of grout, mortar, or concrete (see cement)

Bleeding (Concrete) Particular case of segregation that corresponds to the rise of
water to the top concrete’s surface and can drag fine particles, namely cement

Block (Cork) Large piece with the shape of a rectangular parallelepiped compris-
ing one or more elements bonded

Block copolymer (Polymer) Copolymer whose chain is constituted by a sequence
of different blocks, each one being constituted by a homopolymer sub-chain (see
copolymer)

Bond, adhesive joint (Structural adhesives) Union of two adjacent substrates by
means of an adhesive [NP 3672:1990]

Bond strength (Structural adhesives) Force per surface unit necessary to bring
an adhesive joint to the point of failure, with failure occurring in or near the
plane of the bond-line [EN 923:2005 + A1:2008]

Bonding (Structural adhesives) Action of bond and the result of that action
[NP 3672:1990]

Breccia (Ornamental stone) Sedimentary rock consisting of fragments of natural
agglomeration, cemented together by calcite or silica

Brittle conchoidal fracture (Glass) Morphology of brittle fracture in vitreous
material. In brittle conchoidal fracture the fracture surface is similar to a shell
surface. In brittle fracture, the forming energy of a critical crack is much bigger
than the crack’s propagation energy
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Bush hammering (Ornamental stone) Surface finishing process that consists of
creating protrusions and depressions with a puncture from 4 to 25 teeth in
conical or pyramidal shapes. The finish can be made manually or automatically
using an especially designed device

Brushed (Ornamental stone) Finishing processed with steel brushes giving a
brushed aspect to stone

C

Calcite (Ornamental stone) Mineral composed of calcium carbonate (CaCOs)

Calibrate (Ornamental stone) Regulate the caliber of

Calibration (Ornamental stone) Operation of making the thickness of the statu-
tory plates uniform

Calibrator (Ornamental stone) Machine with a rotating diamond coated head
that performs the calibration

Capillarity (Plaster, Stucco; structural adhesives) Phenomenon associated with
the liquid flow in capillaries due to surface tension

Cathode (Corrosion) Electrode where a reducing reaction takes place

Cathodic current (Corrosion) Current involved in a reduction reaction

Cathodic protection (Corrosion) Corrosion protection achieved by a decrease in
the electrode potential (down to values close or even below the equilibrium
potential of the metal’s oxidation reaction). It can be achieved through the use of
a generator (protection through impressed current) or by the use of a less noble
metal (sacrificial anode)

Cation (Corrosion) Positively charged ion (e.g., H" or Fe

Cathodic inhibitor (Corrosion) Inhibitor that interferes with the cathodic reac-
tion. Typically, these are cations that migrate to cathode surfaces where they
react, creating deposits and polarizing reactions taking place here

Cavitation (Corrosion) Formation of vapor bubbles in a liquid under the action of
low localized pressures, followed by the instantaneous collapse of these bubbles,
producing extremely high localized pressures

Cavitation—Corrosion (Corrosion) Form of corrosion caused by the joint action
of corrosion and cavitation. Cavitation causes the removal of the corrosion
products, increasing the exposure of the metal to the corrosive environment
(see corrosion, cavitation)

Cement (Hydraulic binders; concrete) Hydraulic binder produced by heating
from a mixture mainly of limestone and clay—forming clinker and subsequently
finely grinded with gypsum (CaSO,4-2H,0) and, optionally, other additives.
When mixed with water, the hydration reactions lead to the setting and harden-
ing of the system with the ability to agglomerate other solid materials. The
hardened material retains its strength and stability both underwater and when
exposed to wet weather

2+)
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Cementitious materials (Hydraulic binders) Designation that includes both
pozzolanic materials and latent hydraulic binders, either naturally occurring or
from industrial wastes. These additions take part in the hydration reactions
altering the mechanical properties of the hardened cement-based materials

Ceramic tiles (wall and floor tiles) (Ceramic) thin plates made of clay and/or
other inorganic raw materials, used as coatings for pavements and walls.
Ceramic tiles are generally conformed by extrusion or pressing at room temper-
ature (but may be shaped by other methods), followed by the drying and firing at
temperatures high enough to obtain the required properties. Setts can be glazed
(GL) or unglazed (UGL); they are refractory and are not affected by solar
radiation (see tile)

Chamfer (Ornamental stone) Finished beveled or rounded edge

Characteristic strength (Concrete) Value of strength below which 5 % of the
population of all possible strength determinations of the volume of concrete
under consideration are expected to fall

Charges (Organic coatings) Inorganic substances in the form of particles, with
low covering power, used in the formulation of organic coatings to increase its
volume and modify their properties

Chemical tempering (Glass) Tempered produced by cation exchange between
the lithium ions (Li*) (located on the surface of the glass), and potassium (K*)
(outside environment), is performed by dipping the glass in a solution of
potassium nitrate, for ~16 h at 400 °C. The exchange of potassium ions for
lithium ions modifies the surface chemistry of the glass. The fact that potassium
ions are larger than lithium ions makes glass surface under compression. The
mechanical strength of the chemically tempered glass increases fivefold in
relation to ordinary glass

Chemical modification (Wood) A treatment where a chemical reacts with
components of wood (usually hydroxyl groups) resulting in a permanent chemi-
cal bond. An example of chemical modification of wood is acetylation

Clastic rock (Ornamental stone) Rock consisting of fragments from preexisting
rocks which were produced by alteration and erosion and usually conveyed to a
place of deposition

Cleaved or chipped slab (Ornamental stone) Facing slab with “coarse” appear-
ance, divided into plates

Closed assembly time (Structural adhesives) Time elapsed between the time the
substrates, with adhesive already applied, are brought into contact and the
moment when heat and/or pressure is applied [NP 3672:1990]

Coated glass (Glass) Class of glasses (including anti-reflection, mirror, and
low-emissive glasses) where a coating has been applied on a glass surface. It
does not include enameling. Most common coatings are composed of metal or
metallic oxide films. The coating process can be classified into two categories:
online, when it takes place during the manufacturing process (usually inside the
float chamber), and offline, when it occurs after the manufacturing process
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Coatings (Polymer) Thin layer of material deposited over a surface with the
purpose of protecting or decorating a substrate, in which case they are commonly
referred to as paints. Polymeric coatings may or may not contain a volatile
solvent, and the formation of the thin layer (film) may or may not involve a
chemical reaction

Cohesion (Structural adhesives) Phenomenon by which the particles of a sub-
stance are held together by intermolecular forces [NP 3672:1990]

Cohesive failure (Plaster; Render) Rupture occurring within the mortar (its
resistance being lower than that of the support), or rupture occurring at the
support (when the mortar’s resistance is higher than that of the support). In
general, a disruption that occurs outside of the interface between the adhesive
and the bonded surfaces

Column (Ornamental stone) Pillar based on appropriate base or executed directly
on the floor having a variety of shapes, including rounded, segmented, and
square, among others, serving to support vaults, entablatures, or as simple
adornment

Common cements (Hydraulic binders) Cements whose composition,
requirements, and conformity criteria are specified in the European standard
EN 197-1:2000. This standard defines 27 distinct common cements including the
composition of each product and the corresponding notation (that start with the
letters “CEM”). These cements are grouped into five main cement types and
described by their composition, main constituents, strength class, and rate of
early strength development (see cement)

Compaction (Plaster; Render) Manual or mechanical process aimed at increas-
ing the density of a fresh mortar

Compatibilizer (Polymers) Additive that lowers the interfacial tension in immis-
cible polymer blends and thereof enables control of their microstructure and
morphology

Composite cements (Hydraulic binders) Hydraulic binders in which (1) the
clinker is partially replaced with cementitious or mineral materials (in this
case these additions are considered major constituents of cement) or (2) the
cement is partially replaced by cementitious or mineral materials during the
preparation of grout, mortar, or concrete (see cement)

Compressive strength (Ornamental stone) Physical and mechanical characteris-
tic which assesses the ability of an element in rock (sample) to resist deformation
when loaded in compression

Concentration cell (Corrosion) Galvanic cell formed by two identical electrodes,
where the electromotive force is due to the difference in concentration of a
common species in the two electrodes

Concrete (Concrete) Material formed by a mixture of cement, fine and coarse
aggregates, and water, with or without the incorporation of admixtures,
additions, or fibers, developing its properties by means of the cement hydration

Conformity assessment (Concrete) Systematic examination to determine
whether the product satisfies the specified requirements
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Consistency (Plaster; Render; Organic coatings) Viscosity of a non-Newtonian
liquid at 1 s~ shear rate

Contact adhesives (Polymer) Adhesives constituted by complex formulations
including elastomers, fillers, adhesion promoters, etc.; they are currently used
at room temperature by putting a layer of adhesive over one contact surface and
pressing the second surface against the first one (see adhesives)

Coordination dimension (C) (Ceramic) Manufacturing dimension added to the
joint width

Copolymer (Polymer) Polymers consisting of more than one type of monomer
(see monomer, polymer)

Cork powder (Cork) Cork particles of particle size <0.25 mm (see cork)

Cork rubber or rubber cork (Cork) Agglomerate resulting from the agglomera-
tion of cork granules with rubber

Cornice (Ornamental stone) Salient decoration on the upper part of a wall

Corrosion (Corrosion) Naturally occurring phenomenon commonly defined as
the deterioration of a substance (usually a metal) or its properties because of a
reaction with its environment

Corrosion current (Corrosion) Anodic current corresponding to the corrosion
process of a metal at its open circuit potential. The value of this current is equal
and of opposite signal to the cathode current; in this way, the total current
flowing into or outside the system is zero

Corrosion fatigue (Corrosion) Fracture of a metal caused by the joint action of
cyclic efforts and of an environment that can electrochemically or chemically
attack it (see corrosion)

Corrosion in weldings (Corrosion) Localized corrosion of certain metals (partic-
ularly stainless steel austenitic) in areas near the weld beads (see corrosion,
intergranular corrosion)

Corrosion inhibitor (Corrosion) Substance which, when added in small
concentrations to the corrosive environment, decreases the corrosion rate

Corrosion of polymers (Corrosion) Although not corroding as metals do,
polymers also suffer deterioration by actions of the environment, suffering
from swelling, loss of mechanical properties, softening, hardening, discolor-
ation, etc., that fall within the definition of corrosion (see corrosion)

Corrosion potential (Corrosion) Electrode potential of a metal in a given envi-
ronment, under conditions of open circuit (no external flux of current). Under
these conditions, the anodic (corrosion) and cathodic reactions occur at the same
rate, i.e., the electrons produced in the oxidation are consumed in the reduction
(see corrosion)

Corrosion rate (Corrosion) Speed at which a metal deteriorates in a specific
environment, being related to the intensity of the corrosion process. It may be
presented as loss in mass per unit area and unit of time or, in the case of uniform
corrosion, as loss of thickness per time unit. Using Faraday’s equation, it can
relate to the corrosion current density, determined by electrochemical methods
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Corrosion of stone materials (Corrosion) Similarly to what happens in other
systems (see corrosion of polymers), this process is not limited to one electro-
chemical phenomenon and is often defined as “stone decay.” However, since it is
a phenomenon of degradation by the environment, it is within the definition of
corrosion (see corrosion)

Corrosivity (Corrosion) Aggressiveness of an environment for a given material

Cover thickness (Corrosion) Thickness of concrete cover applied over the
reinforcing steel

Creep (Concrete; Polymer) Increased deformation over time of a material sub-
ject to a constant load

Crosscut (Ornamental stone) Parallel cut to natural strata level

Cross-linked elastomers (Polymer) Elastomers formed by a network of polymer
chains bound to one another at selected points (cross-links). Cross-linking may
be promoted by chemical reactions (chemical cross-links) or by physical
interactions (physical cross-links) (see elastomers)

Cross-linking (process) (Polymer) Formation of a polymer chain network by
promoting chemical reactions between reactive groups belonging to different
chains (chemical cross-linking) or by physical interactions (physical cross-
linking). Chemical cross-linking includes vulcanization (cross-linking with sul-
fur), the use of polyfunctional molecules or monomers (cross-linking agents), or
others. Physical cross-linking is reversible and may be promoted by fillers or a
consequence of chain segregation in block copolymers. The amount of cross-
linking must be high enough to get a solid material but much smaller than the
one required for thermosets (see monomer, polymer, polymerization)

Crevice corrosion (Corrosion) Localized form of corrosion, very common and
dangerous, that occurs in occluded areas of passive metals, being associated to
the existence of zones with stagnant solution, which renovation and aeration are
difficult. A differential aeration cell is formed with the oxidation reaction being
located in the less aerated crevice, where the oxygen content is lower

Crown glass (Glass) Glass produced by a manual method where a piece of glass is
supported in a blow tube and quickly rotated to create disk or crown-glass pieces
in disk or crown-shaped forms

Cure (Structural adhesives) Process of development of an adhesive strength
properties trough a chemical reaction [NP 3672:1990]

Curing (Concrete) Set of procedures used to prevent the evaporation of water
from the concrete surface

Curing (Polymers; Polymer matrix composites) Term generally used to desig-
nate the cross-linking chemistry of thermosets. In cross-linking of thermosets
almost all of the reactive chemical groups preexisting in the resin are involved
resulting in a polymer network

Cork sheet (Cork) Product resulting from the lamination of cork blocks

Crafted slab (Ornamental stone) Slab with modified appearance as a result of
one or more treatments (e.g., thermal or mechanical) of its surface
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Cutback Bitumen (Binders and Bituminous materials) Bitumen whose viscos-
ity was reduced by adding a relatively volatile fluxing (CEN)

Cutter (Ornamental stone) Machine used for continuous cutting (milling); side
cutting tool, which is operated by a vertical or horizontal milling machine

Curing time, Setting time (Structural adhesives) Period of time necessary for an
adhesive in an assembly to cure or set under specified conditions of temperature
or pressure, or both [NP 3672:1990]

D

Decorated glass (Glass) Class of glasses (including silkscreen printed and rolled
plate glasses) that enables light transmission to be controlled, reduces solar
energy gain, and can create distinct environments, with or without visibility,
defining levels of privacy

Defect (Wood) Physical, morphological, or anatomical singularity of wood that
may limit its use

Deformability (Render; Plaster) Ability of a hardened mortar to be deformed
under the action of stresses without destruction of the structure

Degradation (Polymer) Deterioration of a material with loss of performance; the
development of the “degree of loss” may be monitored by successive
measurements of one or more selected properties (mechanical, electrical, opti-
cal, etc.). The mechanisms involved are multiple: hydrolysis, thermal degrada-
tion, rust, UV radiation, solvents, depolymerization of others

Degree of crystallinity (Polymer) Volume fraction of crystallized material
presented in a given volume of a polymer. In some civil engineering
applications, the degree of crystallinity is considered as the mass fraction of
crystallized polymer

Degree of polymerization (Polymer) Number of monomers per polymer chain
(see monomer, polymer)

Density (Ornamental stone) Mass that exists in certain unit of volume or surface
with length

Desboia (Cork) First extraction in the young cork trees

Diaclase (Ornamental stone) Natural crack in a rocky block, without having
occurred displacement throughout the crack

Diamond abrasive (Ornamental stone) Generic designation of hard and wear-
resistant substances used to wear and polish, in which the main component is
diamond

Diamond blades for sawing (Ornamental stone) Steel blades in which (welded
or brazed) diamond inserts or segments are integrated

Diamond disk (Ornamental stone) Tool whose circular contact surface with the
stone is diamond (continuous or segmented)
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Diamond drill (Ornamental stone) Tool whose circular contact surface with the
stone is achieved using diamond grit (continuous or segmented)

Differential aeration (Corrosion) Difference in dissolved oxygen concentration
at two points of the same system

Differential aeration cell (Corrosion) Concentration cell caused by a gradient of
oxygen concentrations between the two electrodes (see concentration cell)

Diluent (Organic coatings) Volatile liquid, partially or completely miscible with
its vehicle, which, added to a paint or varnish during the manufacturing process
or at the time of application, reduces its viscosity

Dispersion (Organic coatings) Intimate mixture of a liquid with a solid placed in
it in the form of finely divided particles

Dome (Ornamental stone) Construction raised in arch; arched ceiling

Double glazing (Glass) Structure consisting of two (or more) sheets of glass
separated by a spacer bar that hermetically seals the cavity width (usually filled
with dehydrated air) between the two glasses. In addition to the seal, the
presence of a desiccant agent is recommended for moisture absorption inside
the glass and to ensure long-term performance. The type of frame is crucial in
the performance of the double glass

Draining bituminous concrete (Binders and Bituminous materials) Bitumi-
nous mixture of discontinuous grain size, formulated so as to obtain a significant
proportion of empty interconnectors (20 % volume or more) to facilitate the
passage of water (CEN) (see concrete)

Dry cutting (Ornamental stone) Cutting process without the use of coolant

Dry pressed tiles (type B) (Ceramic) Tiles formed from a powder mix finely
milled, conformed in high-pressure molds (see ceramic tiles)

Dry strength (Structural adhesives) Strength of an adhesive joint determined
immediately after drying under specified conditions [NP 3672:1990].

Drying (Structural adhesives) Set of physical and/or chemical transformations
that cause an adhesive to pass from the liquid or pasty state to the solid state
[NP 3672:1990]

Drying oil (Organic coatings) Liquid animal or vegetable oils that react with
oxygen to form solid films

Ductile fracture (Glass) Type of fracture in which significant deformation (plastic
deformation) of the test specimen occurs before rupture. In ductile fracture, the
forming energy of a critical crack is much smaller than the crack’s propagation
energy

Durability (Plaster; Render; Concrete) Capacity of a building, system, compo-
nent, structure, or product to maintain a minimum performance for a given time
(lifetime) under the action of different chemical, mechanical, and climatic
conditions

Dynamic fatigue (Polymer) Test whereby the resistance of a test specimen to a
cyclic charge is measured
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E

Earlywood (Wood) Part of the growth layer formed in the initial phase of a tree’s
growth period. It is usually less dense and less dark than the xylem of latewood

Edge (Ornamental stone) Line determined by the intersection of the planes of the
faces of an element in stone. The edges may undergo different types of finishing
in the final stage of preparation of the product

Effective water content (Concrete) Difference between the total amount of
water present in the fresh concrete and the amount of water absorbed by the
aggregates

Efflorescence (Plaster; Stucco) Formation of salt crystals on the surface of a
mortar

Elastic recovery (Polymer) Test whereby the response (deformation) after inter-
ruption of a fluency test is measured (response to a rectangular voltage wave)

Elastomer (Polymer; Structural adhesives) Designation that encompasses
polymers with a mechanical behavior similar to that of natural vulcanized rubber
at room temperature: they can endure high deformation (over 100 %) without
snapping and quickly recover their initial shape and dimensions after cessation
of application of the load

Electrochemical series (Corrosion) List of chemical elements, ordered according
to the value of their standard electrochemical (reduction) potentials

Electromotive force (Corrosion) Potential difference of a galvanic cell when the
current flowing through the system is null

Embedding (Ornamental stone) Carving; damascening; introducing pieces of a
different color or texture in furniture, floors, etc.

Embossing (Ornamental stone) Carving with chisel; to mark with stamp

Emulsion (Organic coatings) Intimate mixture of two nonmiscible liquids, one of
them (the emulsionized) being dispersed in the other (the dispersing liquid) in
the form of droplets

Enamel (Organic coatings) Finish that generates a film with a more or less shiny
appearance and characterized by a good lacquering

Engobed tiles (Ceramic) Tiles to which a surface coating based on clay is applied
with a matte finish that can be permeable or impermeable. These are classified as
glazed (UGL) (see ceramic tiles)

Environmental actions (Concrete) Those chemical and physical actions to which
the concrete is exposed and which result in effects on the concrete or reinforce-
ment or embedded metal that are not considered as loads in structural design

Environmentally induced cracking (Corrosion) Corrosion involving a synergis-
tic effect between the corrosive environment and the applied mechanical stress
(see corrosion)

E-pH diagram (Corrosion) The same as the Pourbaix diagram

Equilibrium moisture content (Wood) Stabilized moisture content
corresponding to the environmental conditions of the site of application

Erosion-Corrosion (Corrosion) Increase of the rate of attack on a metal due to
relative motion between a corrosive fluid and the metal surface (see corrosion)
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Extruded tiles (type A) (Ceramic) Tiles whose pulp is conformed in the plastic
state at an extruder, with the bar being cut into tiles with predetermined
dimensions (see ceramic tiles)

Extrusive rock (Ornamental stone) Igneous rock brought to the surface of the
earth in a cast product condition

F

Facade (Ornamental stone) Vertical envelope of a building

Face (Ornamental stone) Surface of an exposed piece of stone

Falca (Cork) Virgin cork, usually from pruning and mechanically or manually
extracted (ax, adze), lengthwise according to the branch, presenting adherent
fragments of inner bark and xylem

False joint (Ornamental stones) Finishing process where nonexistent joint is
reproduced (see joint)

Fatty oil (Organic coatings) Name given to vegetal or animal oils whose basic
components are triglycerides of fatty acids

Feedstock (Ornamental stone) Material which can give rise to one or more types
of products

Fiber (Wood) Long and narrow cell (or group of cells) constituting a large part of
the xylem (mainly arranged parallel to the axis of the trunk or branches)

Fiber (Polymer matrix composites) Material with a geometry in which the
length/diameter ratio is >100 and is used as a reinforcing element

Fiberglass (Plaster; Render) Inorganic and amorphous fiber generally from sil-
ica, or modified silica, obtained by different methods (“spray,” drawing of glass
test specimen, etc.) and usually used for reinforcement, either in fabric or mesh
form

Filiform corrosion (Corrosion) Occurs very often in coated or painted surfaces
and consists in the development of very fine filaments between the metal and the
coating, which propagate along the surface, causing delamination of the coating
(see corrosion)

Filler (Structural adhesives) Relatively inert solid substance, generally inor-
ganic, added to an adhesive to improve its working properties, permanence,
strength, or other qualities (EN 923:2005 + A1:2008)

Filler (Organic coatings) Inorganic substance in the form of particles with weak
coverage power that, incorporated into a matrix (paint, among others), alters its
characteristics

Filler (Hydraulic binders; Binders and Bituminous materials) Addition of
finely grinded and chemically inert, which modify the mechanical properties
of the materials in which they are incorporated (cement, bituminous materials,
etc.) by filling the pores

Fillers (Polymer) Substances added in order to occupy the free volume of the
piece with lower cost materials (calcium carbonate, silica, kaolin, etc.)



XX Glossary

Filler (or stuffing) (Polymer matrix composites) Material that is usually inor-
ganic and relatively cost-reduced, added to the polymer resin, which tends to
reduce the final cost of the product and to improve performance relative to some
properties

Filonian rocks (Ornamental stone) Igneous rock that crystallized under interme-
diate conditions between plutonic and volcanic rocks

Filter press (Ornamental stone) Equipment that forms part of the water purifica-
tion system and separates the water from the sludge

Fining (Glass) Stage during which chemically and/or physically dissolved gases
in the vitreous molten glass are eliminated (inside the melting furnace)

Finishing (Organic coatings) Top layer in a painting scheme

Finishing (Ornamental stone) Final work normally made on a stone product
surface

Finishing with sand blasting (Ornamental stone) Superficial finishing in which
an abrasive mixture with sand is used and sprayed with pressure (see finishing)

Fire-retarding glass (Glass) Safety glass that prevents the passage of smoke,
flame, and heat (class of Safety Glass)

Flank (Ornamental stone) Surfaces of a slab, perpendicular to the larger faces
(see face)

Flaw (Ornamental stone) Fractured rock mass with vertical and horizontal
movement

Flexible pavement (Binders and Bituminous materials) Pavement with asphalt
and concrete top layer, supported on a base layer of non-treated granular
materials, or treated with bituminous binders

Flexural strength (Plaster; Render) Tensile strength of a mortar, determined by
the application of a three-point bending force

Flexural strength (Ornamental stone) Physical and mechanical characteristic
which assesses the ability of an element in rock (sample) to resist deformation
in the direction perpendicular to the actuating force

Float (Glass) Current process of flat glass forming. The vitreous molten
(~1,150 °C) is poured into the float chamber over a molten metallic tin (Sn®)
bath. The atmosphere in the interior of the float chamber is extremely reductive
(N, with 0.5 % H,). Glass and molten tin are immiscible, exhibiting a flat contact
surface. Over the molten tin, a flat polished sheet of glass is formed, which, as
progress in the float chamber is made, cools and solidifies (patent-pending by
Pilkington Brothers, UK)

Folded chamfer (Ornamental stone) Continuous slot made on one side of a plate
to allow the introduction of anchoring systems (see anchor)

Fossil (Ornamental stone) Biological samples (animal or plant) from past ages
that have been preserved by integration into rocks of contemporary forming
Fracture (Ornamental stone) Defect or crack in a stone. Growth and propagation
process of a crack to the surface of the piece, causing its fragmentation into two

or more pieces

Fresh concrete (Concrete) Completely mixed concrete still in a condition of
being workable (see concrete)
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Fretting corrosion (Corrosion) Acceleration of corrosion by the joint action of a
corrosive medium and the movements of slipping or vibration that occur in the
contact areas between materials (see corrosion)

Frost resistance (Ornamental stone) Number of cycles in which stone resists to
frost, whereas the main causes of failure are loss of bending resistance >20 %,
volume loss in more than 1 %, or the decrease in resonance frequency of 30 % or
more. To this end, cycles of exposure of ice to ice must be undertaken (typically:
—12.5 °C) and thaw in water (typically: +20 °C)

Functionality of the cross-linking point (Polymer) Number of substrings
connected to a cross-linking point (network node of polymer network with
minimum value 3)

Fiber saturation point or FSP (Wood) Moisture content of wood when its cell
walls are saturated with water without evidence of the presence of water in its
cellular cavities (lumens). Moisture content corresponding to the fiber saturation
point, for forest species of temperate climates being about 28-30 %

Fissure (Wood) Separation of wood fibers in the longitudinal direction

G

Galvanic corrosion (Corrosion) Electrochemical corrosion of a metal due to
electrical contact with a more noble metal in a corrosive environment. The
less noble metal oxidizes, while the more noble metal acts as the cathode (see
corrosion)

Galvanic series (Corrosion) List of metals and alloys arranged according to the
increasing value of its corrosion potential in a particular environment. A metal
that is higher in the galvanic series is nobler and behaves as a cathode when in
contact with those who are below, less noble and, therefore, tend to corrode

Galvanizing (Corrosion) Zinc coating, typically applied on steel by immersion in
a bath of molten zinc or electrolytic deposition (electrogalvanizing)

Gasket (Cork) parts whose shape and thickness are suitable as connecting
elements intended to dampen vibration, compensate for dimensional variations
of adjacent parts, and/or to ensure the watertightness of the connection

General purpose mortar (Plaster; Render) Mortar that meets the general
requirements without having special features (see mortar)

Glass (Glass) Noncrystalline (or amorphous) material traditionally obtained by
rapid cooling of a melt and characterized by glass transition temperature

Glass transition temperature, T, (Structural adhesives) Temperature to which
an adhesive or an assembly is subjected to cure the adhesive [ASTM D 907-04]

Glass transition temperature, T, (Glass; Structural adhesives; Polymer) Tem-
perature characteristic of an amorphous material (glass, polymer), below which
it is no longer in thermodynamic equilibrium; as a result, during cooling, a sharp



XXii Glossary

increase in viscosity (glass) or elastic moduli (polymer) in the value of several
orders of magnitude can be observed (103, 104, or more). In addition to the
structure and chemical composition, T, depends on the cooling rate and the
thermal history of the sample

Glazed tiles (Ceramic) Tiles that receive a surface vitreous coating that is water-
proof. These are classified as glazed (UGL) (see ceramic tiles)

Gloss (Organic coatings) Capacity of a film to reflect or diffuse the light

Glued laminated timber (Wood) Structural product obtained by gluing wood
lamellas, usually 30 to 45 mm thick each, with the wood fibers oriented parallel
to each other

Gneiss (Ornamental stone) Regional slime metamorphic rock, shale, gray-
colored granite-like with dark-colored granular texture

Graft copolymer (Polymer) Copolymer constituted by a main chain of a given
polymer, in which substrings constituted by other monomers are grafted (see
copolymer)

Grain/Texture (Wood) Visual appearance of the wood, depending on its
anatomical structure and the width and regularity of growth layers

Grain direction (Wood) Direction of the general arrangement of wood fibers

Grain size (Ornamental stone) Average size of the grains or crystals in a rock

Granulate (Cork) Cork fragments of various sizes, from grinding, crushing, or
milling, followed by summary sieving

Granules (Cork) Fragments obtained by grinding, milling, or crushing of raw
cork, prepared cork, or cork transformed by carving and/or its waste materials
with a particle size from 0.25 to 45 mm

Gravel pit (Binders and Bituminous materials) Place from which to draw
aggregates with alluvial origin

Green wood (Wood) Wood which has not yet undergone the drying process until
or below the fibers’ saturation point

Grinding machine (Ornamental stone) Machine that prepares plates and
introduces a primary polishing before initiating the polishing operation

Grit (Ornamental stone) Small fragments in the form of granules or vanes to
which the weld metal (steel or iron) is reduced. Grit can also be formed by
corundum (mineral based on aluminum oxide, which represents a value of 9 in
the Mohs hardness scale)

Grout (Structural adhesives) Aqueous mixture of materials such as cement and
bentonite, clay, and chemicals, among others that form a suspension, an emul-
sion, or a solution

Growth layer (Wood) Layer of wood produced during one growing season. The
width of the growth layer depends on the species and growth conditions. In
species of the temperate zones each layer reflects a full year’s growth and is
called annual growth ring

Growth rate (Wood) Growth expressed by the average width of the annual
growth rings
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H

Handrail (Ornamental stone) Piece that runs along a staircase with a supporting
function bar that serves as a backboard or a parapet in any balcony

Hardened concrete (Concrete) Concrete in the solid state that has developed
some mechanical resistance (see concrete)

Hardener (Structural adhesives) Substance that initiates and/or regulates the
cross-linking reactions in adhesives [NP 3672:1990]

Hardening (Concrete) Phenomena following setting of cement paste where the
mixture (paste, mortar, or concrete) is in a solid state and is developing a certain
strength

Hardness (Plaster; Render; Ornamental stone; Polymer) Characteristic prop-
erty of a solid material, which expresses the surface resistance to permanent
deformation (penetration, risk) usually caused by a puncture

Hardwood (Wood) Wood from broad-leaved trees

Head (Ornamental stone) Mechanical drive of many machines that holds the tool

Heartwood (Wood) Part of the xylem/wood of the standing tree that does not
contain living cells or no longer conducts crude sap. The heartwood is usually
darker than the sapwood, but is not always clearly differentiable from this

Heavy aggregate (Concrete) Aggregate with >3,000 kg/m® density after drying
in oven (see aggregate)

Heavy concrete (Concrete) Concrete with a dry density of >2,600 kg/m® (see
concrete)

Hiding the (Organic coatings) Capacity of a coating to cover the color or color
differences in the substrate underneath

High strength concrete (Concrete) Concrete with a compressive strength class
higher than C50/60, in the case of normal concrete or heavy-weight concrete,
and higher than LC50/55, in the case of lightweight concrete (see concrete)

Homogenizing (Glass) Process that occurs inside the glass melting furnace and
aims to obtain a melt of uniform composition without any temperature gradient

Homopolymer (Polymer) Polymer obtained by polymerizing a single type of
chemical monomer

Hot applied adhesives (Polymer) Polymer mainly composed of thermoplastic
adhesives, applied in the form of melt and whose adhesion occurs after cooling
(see adhesives)

Hydration of cement (Concrete) Series of reactions that occur with the cement
when in contact with water causing the mixture to harden, even underwater (see
cement)

Hydraulic binders (Hydraulic binders) Substances that chemically react with
water converting the water-binder system with plastic consistency into a solid
matrix with the ability to agglomerate other solid materials. This hardening
process occurs spontaneously at room temperature. The hardened materials are
stable, both underwater and exposed to wet weather
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Hydraulic lime (Hydraulic binders) Construction material obtained through
thermal activation of limestone with significant clay content (between 6.5 and
20 % by mass) in its constitution. The clay provides the hydraulicity and the
plastic properties to the lime

Hydrogen embrittlement (Corrosion) Loss of a material’s ductility due to the
presence of hydrogen (atomic or molecular). Hydrogen can also penetrate the
metal from hydrogen-rich atmospheres, for instance, during thermal treatment or
weldings, and its presence in the crystal lattice will lead to a degradation of the
mechanical and metallurgical properties of the metal

Hydrophilic film (Glass) Film (or coating) of hydrophilic nature, i.e., with affinity
towards the water molecule (from the Greek hydros (water) and philia (affinity
towards)). A hydrophilic film deposited on a glass alters the contact angle of a
drop of water (from 30—40° to 4—7°), thereby forming a continuous thin film of
water on the glass, easier to remove

I

Igneous rock (Ornamental stone) Rock formed by the solidification of molten
material (magma)

Immiscible polymer mixtures (Polymer) Mixtures in which it is thermodynami-
cally impossible to form a single stable phase, thus occurring separation in
phases corresponding to each one of its components. That trend can be hindered
(but not eliminated) through appropriate formulation (use of “compatibilizers”)
(see polymer)

Immunity (Corrosion) State of a metal that is under the conditions that corre-
spond to its thermodynamic stability, so that corrosion is not thermodynamically
possible. It occurs when the metal’s potential is lower than the equilibrium
potential of its oxidation reaction

Impact resistance (Polymer) It is a measure of the energy per unit crack surface,
needed to break a specimen by impact, i.e., by application of a given load in a
very short time lapse. Its determination involves the measurement of the rupture
energy per unit crack surface of a representative sample extracted from a
statistical population of specimens of the same material. The impact resistance
is estimated from the required energy per unit crack surface, needed to break
50 % of the elements of the representative sample. Since the critical growth of a
crack involves a complex sequence of processes, impact resistance estimations
improve as the test conditions become closer to real situations of impact

Impermeability (Plasters; Render) Ability of mortar to prevent water penetra-
tion under a given pressure
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Impregnability (Wood) Impregnation capability of wood by liquids, for example,
a preservative

Impressed current (Corrosion) Current supplied by an external generator in a
cathodic protection system

Inorganic polymers (Polymer) Polymer whose main chain does not have carbon
atoms (see polymer)

Insect (Cork) Defect caused by larvae or insects that create galleries inside the
cork, making it usable only for granulates and/or agglomerates

Intergranular corrosion (Corrosion) Localized corrosion in the grain boundaries
(see corrosion)

Interstitial electrolyte (Corrosion) Liquid phase existing in concrete pores

Intrusive rock (Ornamental stone) Igneous rock which crystallizes in pockets of
deeper levels or between layers of other rocks

J

Joint (Ornamental stone) Connection, line, or surface where two or more objects
adhere; insert aimed at connecting two pieces or objects

K

Knot (Wood) Portion of a branch contained in the piece of timber

L

Lacquer (Polymer) Coatings consisting of polymer suspensions in which the film
formation results from evaporation of the suspension medium alone

Laminate (Polymer matrix composites) Composite material consisting of sev-
eral sheets or layers

Laminated glass (Glass) Glass consisting of two (or more) sheets of glass held
together by one (or more) of synthetic film of polyvinyl butyral (PVB). After the
placement of the film between the glass sheets, the adhesion is promoted in
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autoclave by thermal treatment under pressure. Once sealed, this composite
material (a glass and PVB sandwich) behaves like a cohesive unit and has the
appearance of a single glass. If fractured, it retains vitreous fragments with sharp
edges, preventing its fall, potential cause for accident, while continuing to act as
a barrier to the entry of people or objects (class of safety glass)

Latent hydraulic binders (Hydraulic binders) Compounds consisting of cal-
cium silicates and aluminates which harden spontaneously by reacting with
water. However, the hardening process only becomes significant in the presence
of an alkaline activator

Lathe (Ornamental stone) Cutting and sawing machine in which a frame is
integrated, made of several metal blades used for cutting stone blocks by
abrasion, caused by the blades’ traversing movement, which can be diamonded
in the case of marbles and steel only in igneous rocks (granite)

Lenticels or pores (Cork) Cylindrical or conical profile channels with irregular
section, with walls sometimes filled with powdery cortical cells that cross the
suberous tissue, from the belly to the outer layer, and that allow gas exchange
between the atmosphere and the various cell layers

Life cycle (Plaster; Render; Concrete, Bituminous binders and materials;
Ornamental stone; Env. Imp. and LCA) Period of time during which the
performance of a product remains at a level that is compatible with the function
for which it was designed, ending due to malfunction or obsolescence

Light concrete (Concrete) Concrete with a dry density between 800 and
2,000 kg/m®. It is produced partially or completely using lightweight aggregate
(see concrete)

Lightweight aggregate (Render; Plaster; Concrete) Aggregates with density
<800 kg/m’ [concrete] whose aggregate density, after drying in is
<2,000 kg/m3, and bulk density is <1,200 kg/m3 (see aggregate)

Lime (Hydraulic binders) common name of calcium oxide (CaO). To be used for
construction purposes it is obtained through thermal activation of limestone and
may include all forms of calcium and magnesium oxides or hydroxides (CaO,
MgO, Ca(OH),, Mg(OH),)

Limestone (Ornamental stone) Sedimentary rock comprised essentially by
carbonates. The two most important are calcite and dolomite

Longitudinal shear strength (Structural adhesives) Force per unit area neces-
sary to bring an adhesive joint to the point of failure, under specified conditions
by means of a force applied parallel to the joint (i.e., in a shear mode)
[NP3672:1990]

Latewood (Wood) Part of the growth layer formed in the final phase of a tree’s
growth period. It is usually denser and darker than the xylem of earlywood
Low-emissivity glass (Glass) Glass where one of the surfaces is coated with an

invisible metallic film that reflects UV radiation (class of Coated Glasses)

Layer (Organic coatings) Continuous deposit of a paint or equivalent, achieved in
one application stage only
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M

Manual molding (hand layup or wet layup) (Polymer matrix composites)
Manufacturing process in which the reinforcing layers pre-impregnated or
subsequently impregnated by the matrix are placed manually into a mold and
subsequently cured with the desired shape

Manufacturing dimension (W) (Ceramic) Specified length, width, and thickness
of a tile which must be consistent within allowable tolerances

Marble (Ornamental stone) Metamorphosed limestone of granular sugar-type
texture formed by the recrystallization of a carbonate rock. Commercially, the
group of marbles includes rocks that are prone to develop polishing, such as
limestone, crystalline, and microcrystalline

Marbling (Cork) Cork area infested by a bluish fungus, sometimes frequent,
providing a visual change which is disadvantageous for some applications (see
cork)

Mat (mats and fabrics) (Polymer matrix composites) Reinforcement geometry
embodied in a flat form in which fibers may be disposed in various directions
through a large array of products with short or continuous fibers arranged
randomly (chopped strand mat or continuous strand mat, respectively), biaxially
(typically 0°/90° or 45°/—45°) or triaxially (typically 0°/45°/—45°) oriented
continuous fibers, which may or may not be interlaced (woven fabrics or
nonwoven fabrics, respectively)

Matrix (Polymer matrix composites) Material, usually polymeric in nature, that
embeds the reinforcing fibers

Melting (Glass) Raw materials (weighted, mixed, and pre-heated), after being
introduced into the melting furnace, suffer heating, dehydration, decomposition,
and solid state chemical reactions, yielding a viscous and glassy molten material

MEMS (Nanomaterials) According to the Anglo-Saxon nomenclature, it refers to
Micro-Electro-Mechanical Systems

Metamorphic rock (Ornamental stone) Includes all the rocks that were formed
from parent or preexisting rock by a type of metamorphism

Mill column (Ornamental) Vertical cutting machine (with pedestal and
countertop)

Milling machine (Ornamental stone) Machine for manufacturing special shapes,
computer controlled; pantograph

Mimic (Nanomaterials) In nanotechnology, it means to copy a natural (biological
or mineral) nanostructure

Mineral plastering mortar (Plaster; Render) Mixture of one or more inorganic
binders, aggregates, with eventual additions and/or admixtures, used for indoor
plastering or outside (see mortar)

Mirror glass (Glass) Float glass with a surface coating which gives it specific
optical and thermal performances. Mirror glass allows the maximization of the
reflection component of light and minimization of the transmission component
(class of Coated Glasses)

Miscible polymer mixtures (Polymer) Thermodynamic equilibrium mixtures
constituting a single phase (see polymer)
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Mixed inhibitor (Corrosion) Inhibitor which acts both on the anodic and cathodic
areas of the metal

Modified Bitumen (Binders and bituminous materials) Bitumen whose rheo-
logical properties were modified during the manufacturing process through the
use of a chemical agent such as natural rubber, synthetic polymer, sulfur, and
certain organometallic compounds. Modified bitumens can be used directly or in
the fluidized or emulsified form or even, for example, with natural asphalt

Modular dimension (M) (Ceramic) Tiles and dimension-based modules M, 2 M,
3 M, and 5 M and also in their multiples or subdivisions, except tiles with surface
area <9,000 mm?. Note: M =100 mm

Modulus of elasticity or Young’s modulus (Concrete) The load that is necessary
to apply on concrete, under a pure elastic regime, to obtain a unit elongation

Moisture content (Wood) Mass of water in wood, expressed as weight percentage
relative to the oven dry mass of that wood

Monolayer coating (Plaster; Render) Mortar designed for coating, applied in a
single layer, which fulfills all the protective and decorative functions achieved
by a multilayer system

Monomer (Polymer) It can be used in various purposes: (1) “chemical monomer,”
that is, the smaller chemical unit that is repeated throughout the polymeric chain;
(2) in chemical engineering jargon, “monomer” designates the feedstock
introduced into the polymerization reactor, even consisting of oligomers and
does not coincide with the ‘“chemical monomer”; and (3) in the physical
modeling of polymer chains, it denotes the Kuhn segment or thermodynamic
segment (physical monomer)

Mortar (Structural adhesives) Product able to maintain in a state of adhesion two
surfaces of one or more materials which are far apart from one another. Due to
the high volume that mortar must make up, it must have special characteristics: it
should be a penetrating material in order to fill inaccessible areas; it should be
able to eliminate the air trapped during curing, and be sufficiently stable to avoid
the separation of the components under gravity (i.e., segregation)

Mortar (Plaster; Render) Mixture of one or more organic or inorganic binders,
aggregates, fillers, additions, and/or admixtures

Mortar made on site or traditional mortar (Plasters; Render) Mortar compris-
ing primary constituents (e.g., binders, aggregates, and water) dosed and mixed
on site (see mortar)

Mosaic (Ornamental stone) Tile

Mounting holes (Ornamental stone) Openings that allow the realization of a
fixing operation through bolting or clamping systems

Mud (or sludge) (Ornamental stone) Concentrated slurry produced by the pro-
cesses of sawing, cutting, and polishing. Usually, mud is the product originating
from carbonate rocks and sludge from siliceous rocks

Multiblade (Ornamental stone) Cutting machine that uses a variable number of
diamonded disks

Multidisk cutter (Ornamental stone) Bridge sawing machine using multiple
disks simultaneously
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N

Nano (Nanomaterials) (Symbol n) is a prefix meaning one billionth. It was first
used in the metric system, for example, a nanometer (nm) is one billionth of a
meter, i.e., 10” m, and equals the length of 10 hydrogen atoms or 5 silicon atoms
aligned. Nano originates from the Greek word for dwarf (véwog)

Nanomaterial (Nanomaterials) Artificial nanomaterial (or nanostructure) with at
least one critical dimension (height, length, depth) below 100 nm. Nanomaterials
may be classified into OD (nanoparticles), 1D (nanotubes, nanofibers, and
nanofilaments), 2D (nanofilms and nanocoatings), and 3D (bulk), which repre-
sent the number of dimensions not confined to nanoscale

Nanotechnology (Nanomaterials) Focuses on the study and development of new
functional artificial materials/systems whose structures and components
exhibited novel and significantly improved physical, chemical, and biological
properties, due to their nanoscale size

Natural durability (Wood) Intrinsic resistance to attack by wood destroying
organisms (fungi, insects, and marine wood borer)

Neutral rock (Ornamental stone) Igneous rock containing more than 52 wt% and
less than 66 wt% silica

Noble metal (Corrosion) Metal that is resistant to corrosion and oxidation in
moist air and that can be found in nature under its metallic (unoxidized) form

Nominal size (Ceramic) Dimension used to designate the product

Nominal size (Ornamental stone) Any specific measurements for the manufac-
ture of a slab, for which the actual dimensions should be set within the tolerances
allowed

Nonreactive coatings (Polymer) Produced from hot applying polymeric waxes,
so as to obtain a convenient viscosity

o

Obsidian (Glass) Natural glass, usually of volcanic origin, which by its relative
abundance has supposedly been the more commonly used in artifacts throughout
prehistory

Onyx (Ornamental stone) Zoned mineral, with dullness, which is considered a
variety of fine agate

Opacity (Organic coatings) Ability of a paint to cover, after drying, color or
differences in color in the applied basis; also called Hiding power.

Open circuit potential (Corrosion) The same as (see corrosion potential)

Open time, open assembly time (Structural adhesives) Maximum time interval
between adhesive application to the adherents and assembly of the adhesive joint
for the adhesion to be effective [NP 3672:1990]
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Ordinary glass (Glass) (Float) Flat glass just annealed (the simplest manufactured
flat glass)

Ovendry wood (Wood) Wood with a moisture content of 0 %. The anhydrous
state of wood is achieved through its drying in a ventilated oven at a temperature
(103 2 °C) until a constant mass is achieved

Oxidation (Corrosion) Electrochemical reaction in which a species loses
electrons

P

Paint system (Organic coatings) Set of paints, lacquers, or similar products that,
when applied sequentially in a convenient order, correspond to the coating

Parquet (Cork) Agglomerated cork tiles of various sizes for floor coatings, with a
density usually greater than 400 kg/m® (see cork)

Passivation (Corrosion) Very significant decrease in the corrosion rate of a metal
due to the formation of a protective film of corrosion products (oxides/
hydroxides) (see corrosion)

Passivation potential (Corrosion) Minimum value of the potential that allows
passivation of a given metal in a particular environment (see corrosion)

Passive metal (Corrosion) Metal that, once oxidized, forms a protective film of
oxides/hydroxides. Although being in thermodynamic conditions corresponding
to its oxidation, the corrosion rate of the metal is very slow (passive corrosion)
due to the shielding effect of the protective film

Pavement (Binders and bituminous materials) Part of the road specially
prepared for vehicle traffic

Peel strength (Structural adhesives) Force per unit width applied at an angle
between 90 and 180° relative to the adhesive joint needed to bring an adhesive
joint to the point of failure or to maintain a specific rate of failure
[NP 3672:1990]

Permeability (Organic coatings) Capacity of a dry film to let substances such as
oxygen, water, and ions to diffuse across it

Photocatalytic film (Glass) Film (or coating), generally consisting of titania
deposited on one surface of the float glass. This film is photo-activated by UV
radiation; the oxygen species produced in the photocatalytic reactions crack, in a
gradual yet continuous manner, chemical bonds of the organic compounds
deposited on the glass

Piece (Cork) Piece of cork of small dimensions (<400 sz)

Pith (Wood) Central core of the tree trunk surrounded by the first growth layers,
formed mainly by parenchymal tissue

Pitting corrosion (Corrosion) Localized form of corrosion that causes holes with
a small area and that can reach a considerable depth. It is usually associated with
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passive metals in environments containing aggressive ions such as halides
(see corrosion)

Plank (Cork) Prepared cork of a quality susceptible to further transformation
through hoist

Plaster and lime mortar (Plaster; Render) Mortar containing at least 50 %wt
calcium sulfate as a main binder and more than 5 % lime (calcium hydroxide)
(see mortar)

Plaster mortar (Plaster; Render) Mortar containing at least 50 wt% of calcium
sulfate as a main binder and no more than 5 wt% of lime (calcium hydroxide)
(see mortar)

Plaster system (multilayer) (Plaster; Render) Sequence of mortar layers applied
on a substrate, possibly reinforced and/or pre-treated

Plastic viscosity (Concrete) Angular coefficient of the curve representing the
shear stress versus shear strain rate above the yield stress value

Plasticizer (Plaster; Render; Concrete) Admixture that allows a reduction of the
amount of mixing water without affecting the consistency, or allowing an
increase in fluidity, without affecting the amount of mixing water, or both effects
simultaneously

Plate (Cork) Rigid or semirigid piece generally rectangular-shaped whose thick-
ness is significantly smaller than other dimensions

Plate (Ornamental stone) Flat surface of a semifinished product without finished
edges and obtained by sawing or cutting disks

Polymer (Polymer; Polymer matrix composites; Structural adhesives)
Macromolecules (large molecules) consisting of chains of small identical
molecules, monomers, which are chemically linked together. [Glossary of
basic terms in polymer science—IUPAC Recommendations 1996]

Polymer alloys (Polymer) Polymer blends thermodynamically immiscible, visu-
ally homogeneous, with a controlled morphology in a reproducible manner. The
control of morphology is usually achieved by the use of “compatibilizers” that
stabilize the interfaces

Polymer mixtures (Polymer) Mixtures of chains of at least two different
polymers (see polymer)

Polymer network (Polymer) Network formed by polymer chains; network nodes
are designated by cross-linking points

Polymeric biomaterials (Polymer) Polymer used as biomaterials (which can be
in direct contact with living tissues without adverse effects) (see polymer)

Polymeric fiber (Polymer) Synthetic fiber produced from thermoplastic polymers
of high molecular weight, in which a high degree of crystallinity was induced by
suitable processing methods (spinning, drawing by draw rolls, etc.)

Polymerization (Polymer; Polymer matrix composites) Chemical reaction lead-
ing to the formation and growth of macromolecular chains from smaller
molecules (monomers) or smaller chains formed by a reduced number of
monomers (oligomers) also designated prepolymers (see monomer, polymer)

Polymerization agent (Polymer matrix composites) Product added to the base
resin in small amounts to induce polymerization reactions
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Porosity (Cork) Area occupied by lenticular channels, measured by flat cut

Porosity (Plaster; Renders) (Ornamental stone) Ratio between the volume of
pores and/or interstices and the material’s total volume, usually expressed as a
percentage

Pot life, Working life (Structural adhesives) Period of time during which an
adhesive, prepared for application, can be used [NP 3672:1990]

Pourbaix diagram (Corrosion) Graphical representation of the equilibrium
potential of the various species of a metal as a function of pH. It allows defining
areas of immunity, corrosion, and passivation

Pozzolan (Hydraulic binders; Concrete) Siliceous or aluminosilicate
compounds that react with water in the presence of calcium hydroxide—
liberated upon cement hydration—and forming additional hydrated calcium
silicates and aluminates. For example, natural, pozzolan, fly ash, and silica fume

Precast concrete product (Concrete) Concrete product cast and cured in a place
other than the final location of use (factory produced or site manufactured)

Pre-dosed mortar (Plaster; Render) Mortars whose components are dosed at the
plant and supplied at work, where they are mixed (see mortar)

Preparation (Cork) Sorting, classification, boiling, cutting of extracted cork

Prepolymer (Polymer) Chains consisting of a small number of monomers
(oligomers) that are to be subsequently polymerized (see monomer, polymer,
polymerization)

Preservative (Wood) Substance or mixture of chemicals that, once adequately
applied, prevent or hinder for a certain period of time the action by some or
several organisms capable of destroying or affecting wood

Preservative treatment (Wood) Treatment with a product that aims to increase
the resistance of wood to biological alterations

Pressed mud (or sludge) (Ornamental stone) Product (concentrated slurry)
resulting from the pressing filter

Primer (Organic coatings) Organic layer applied directly onto a substrate to
improve adhesion and/or durability of the painted system

Primer (Structural adhesives) Coating applied to a substrate, prior to the appli-
cation of an adhesive, to improve adhesion and/or durability of the bond
[NP 3672:1990]

Printed glass (Glass) Float glass, colorless or colored, printed with a motif on one
side. The printed glass is obtained by drawing and rolling right after the float
chamber (offline). It is in the rolling step that the engraving of the motif (present
on one of the working rolls) occurs (class of Decorated Glass)

Producer (Concrete) Person or entity that produces fresh concrete

Prospecting (Ornamental stone) Geological and mining work for recognizing the
economic value of a reservoir or a mining region

Pultrusion (Polymer matrix composites) Continuous process for manufacturing
composite materials of constant cross section, wherein the reinforcing fibers are
pulled to the interior of a heated mold with the shape required to be produced and
impregnated (either before or simultaneously) by the polymer matrix
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Pumice (Ornamental stone) Eruptive or magmatic rock with vitreous texture,
with low density, also known as pomito, used to polish or clean and in some
regions is used as a construction material for coverings and external paving

Q

Quality assurance (Structural adhesives) All planned and systematic actions
necessary to ensure that the final product will perform the intended function
Quality control (Structural adhesives) Activities related to the characteristics,
methods and procedures of materials to monitor the compliance of
predetermined quantitative and qualitative criteria

Quartzite (Ornamental stone) Metamorphic rock comprised of quartz grains
bound together by a siliceous cement

R

Random copolymer (Polymer) Copolymer wherein the constituent monomers
are randomly distributed in the chain (see copolymer)

Ready-mix concrete (Concrete) Concrete delivered to the user in a fresh state.
According to NP EN 206-1, the following are also considered ready-mix
concretes:(1) concrete produced outside the construction site by the user, (2) con-
crete produced in the construction site, but not by user (see concrete)

Ready-mix mortar (Plaster; Render) Mortar dosed and mixed in plant (see
mortar)

Real dimension (Ornamental stone) Any of the dimensions of a slab obtained by
direct measurement

Reduction (Corrosion) Electrochemical reaction in which a chemical species
gains electrons

Regranulates (Cork) Granules obtained by grinding, milling, or crushing of
agglomerated cork

Reheating (Glass) Mandatory cooling process after forming (unitary operation),
in which the glass is subjected to a slow and controlled cooling in order to reduce
internal stresses

Reinforcement (Plaster; Render, Polymer; Polymer matrix composites, Con-
crete) Products that are added to the matrix (resin, mortar, plaster, etc.) with the
aim of improving mechanical properties (glass fibers, carbon fibers, Kevlar
fibers, among others); steel rebars introduced into the concrete to enhance the
tensile strength to the composite

Resilience (Polymer) Material’s ability to externally return the elastic deforma-
tion energy stored during deformation



XXXV Glossary

Resin (Polymer; Polymer matrix composites; Structural adhesives) In the
narrow sense, it means a viscous liquid exuded by various plants (particularly
conifers) which solidifies in the presence of air. In a broad sense, it is a solid,
semisolid or liquid, amorphous, thermoplastic, or thermosetting organic sub-
stance, which is a poor conductor of electricity, generally insoluble in water but,
under specific conditions, soluble in certain organic solvents or water. They can
be natural, artificial, or synthetic [NP 3672:1990]

Resin (synthetic; thermosetting) (Polymer; Polymer matrix composites) Syn-
thetic resin obtained by a polymerization chemical reaction, which results in a
(cross-linking) three-dimensional molecular structure with cross-links, complex
and partially amorphous; as a result of its irreversible nature, thermosetting
resin, once cured, cannot be reprocessed (see resin)

Resin (synthetic; thermoplastic) (polymer; polymer matrix composites) Plas-
tic resin is an utilitarian name for the “compound” which feeds the polymer
processing units (extrusion, injection, thermoforming, etc.); it includes the
“pure” polymer, additives (processing aids, plasticizers, antioxidants, pigments,
colorants, anti-foaming agents, antistatic agents, etc.), fillers, and
reinforcements. The “formulation” of thermoplastics before processing is cur-
rently named compounding: resins are compounded thermoplastic polymers (see
resin)

Resistance to segregation (Concrete) Ability of concrete to remain homogeneous
while in the fresh state

Resistance to wear by abrasion (Ornamental stone) Physical and mechanical
characteristic assessing the degree or strength in a rock to breakdown, caused by
all sorts of materials with which it is in contact

Rest potential (Corrosion) The same as (see corrosion potential)

Retarder (Plaster; Render) Adjuvant that inhibits the onset of the setting up

Rheology (Concrete) Science that studies the deformation and flow of matter,
describing the relationships between stress, deformation, deformation rate and time

Rigid pavement (Binders and bituminous materials) Pavement with top layer
performed in cement concrete

Riser (Ornamental stone) Riser background strip, perpendicular to the surface of
the riser

Roughness (Plaster; Render) Characteristic of surface texture in a mortar

Rubber (Structural adhesives) Raw material, natural or synthetic elastic polymer
(elastomer) which forms the basis of the compound used in many rubber
products. In products, family of polymeric materials which are flexible and
elastic; rubber can be substantially deformed under stress, but recovers quickly
to near its original shape when the stress is removed; it is usually made from a
mixture of materials (solid or liquid); and in most products the base polymer is
cross-linked by either chemical or physical links [ISO 1382:2012]
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S

Sacrificial anode (Corrosion) Active metal used as an anode in cathodic protec-
tion, corroding or dissolving over time

Safety glass (Glass) Class of glass with a safety/protection performance regarding
property, spaces, or persons (Laminate glass, Tempered glass, and Fire-retarding
glass are included)

Sandblasted or shot blasting (Ornamental stone) Surface finishing, etching or
the like using sand, steel grit, or iron

Sapwood (Wood) Part of the xylem (wood) that in the standing tree contains
living cells and leads the crude sap. The sapwood is usually lighter/paler than
the heartwood but not always clearly distinguishable from this

Schistose rock (Ornamental stone) Rock that has minerals with an arrangement
in parallel layers, e.g., slate, schist

Scrap (Cork) Reproduction cork with inferior quality, incapable of further use in
the production of natural stoppers cork (see cork)

Screen-printed glass (Glass) Float glass decorated by screen printing technique.
The frit is applied serigraphically in three distinct patterns—dots, lines, or full
coverage. Depending on the standard, the end product is transparent, translucent,
or opaque (class of Decorated Glass)

Sealant (Structural adhesives) Adhesive material, used to fill gaps where move-
ment can occur in service and which, when set, has elastic properties. The term
“sealant” is also used for a material filling a void against the ingress or egress of
a fluid under pressure [EN 923:2005 + A1:2008]

Seals (Polymer) Used in isolating one or more components (or a determined
region of space) preventing penetration of liquids or gases in the region to be
isolated. They play no structural function, beyond that which can directly result
from the isolation needs

Selective leaching (Corrosion) Preferential dissolution of one constituent element
of an alloy (see corrosion)

Self-Cleaning glass (Glass) Glass with a surface coating bearing hydrophilic or
photocatalytic properties, giving it self-sufficiency when it comes to cleaning,
reducing maintenance costs of buildings (class of Coated Glass)

Self-healing (Nanomaterials) Property of a system or device which has the ability
to detect faults and make the necessary adjustments to repair them without the
need for human intervention

Service class (Wood) Class established according to the environmental conditions
to which the structure, or part of it is exposed, intended to derive timber design
stresses and allow calculation of deformations in these environmental conditions

Setting up (Concrete) Progressive loss of plasticity of the water-cement mixture

Shaving (Cork) Dry and hard outer part of cork consisting of dead tissues in parts
of the cork oak previously subjected to extraction and that are externally
adherent to the new suberous tissue formed



XXXVi Glossary

Shear strength (Plaster; Render) Resistance determined by the application of a
force exerted parallel to the plane of adhesion

Sheets (Cork) Rectangular pieces with a thickness between 1 and 5 mm, resulting
from the flat cut of cork blocks

Shelf life; Storage life (Structural adhesives) Time interval during which the
adhesive retains intact its initial characteristics under certain environmental
conditions [NP 3672:1990]

Shipping-dry wood (Cork) Wood having a moisture content sufficiently low to
prevent the action of chromogenic molds and fungi or rot during its transport
(usually water content below 20 %)

Shock resistance (Ornamental stone) Physical and mechanical characteristic
which assesses the resistance to impact. It uses a standard methodology in
which a previously controlled mass is dropped in the rock’s surface from
initially set heights until a fracture becomes apparent

Shrinkage (Plaster; Render; Concrete; Wood) Dimensional reduction of an
element relative to its original size. Shrinkage occurs during, e.g., the hardening
of a mortar or by reduction of moisture content of wood

Shrinkage Coefficient (Wood) Shrinkage in a given anatomical direction of wood
due to a reduction of 1 % of its moisture content, in the range between 0 % and
the fiber saturation point

Single blade machine (Ornamental stone) Equipment that has only one blade,
which is used for primary sawing and block trimming

Sizings (Polymer matrix composites) Chemical treatment apply to fibers’
surfaces in order to enhance their surface resistance and protect them from
damage during the manufacturing process

Slab (Ornamental stone) Any element in natural stone used as a paving material
whose nominal width usually exceeds 150 mm and, generally, is twice the
thickness

Sleeks (or lines) (Ornamental stone) Thin inclined joints almost imperceptible
on a stone

Slip resistance (Ornamental stone) Friction between the floor and a friction tester
in a sliding test under well-defined circumstances and in accordance with the
applicable standard

Slubbed (Ornamental stone) Surface finish via a thermal change that alters and
modifies the structure of the grains and pores of the stone giving it a rough visual
aspect; the process can be done manually by torch or by automatic machine

Slurry seal (asphalt slurry) (Ligand and bituminous materials) Surface treat-
ment consisting in situ application of a mixture of mineral aggregate, bituminous
emulsion, and additives

Soft (Cork) Agglomerate consisting of cork, usually with a density <350 kg/m?
and used for decorative or special purposes

Softwood (Wood) Wood from trees of the botanical group of Gymnosperms,
conifers

Soleto (Ornamental stone) Thin slate plate

Solid materials (Ornamental stone) Products that usually have a thickness
greater than 100 mm
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Specification of concrete (Concrete) Final compilation of documented technical
requirements given to the producer in terms of performance or composition
Static fatigue (Polymer) Test whereby the breaking strength of a test specimen

subjected to a constant load, i.e., under flow conditions, is measured

Steel (Steel) Alloy primarily constituted of iron and carbon (2 wt%). It may
contain other metallic elements

Strands (or beams) (Polymer matrix composites) Geometry of reinforcing fibers
materialized by sets of quasi-parallel continuous filaments, non-twisted
(rovings) or twisted (yarns)

Strength class (Wood) Result of the classification of structural timber based on
particular values of its mechanical properties and density

Structural adhesive (Structural adhesives) Adhesive involved in the integrity of
a structure that is able to withstand high loads without failure over extended
periods [NP 3672:1990] (see adhesive)

Stress corrosion cracking (Corrosion) Deterioration of the material due to the
synergic action of applied or residual tension and a corrosive environment. The
fracture occurs in the time interval shorter than expected from the sum of
isolated actions of stress and of the aggressive environment (see corrosion)

Stress relief (Polymer) Test which measures the time response to a degree of
mechanical deformation

Stripe (Ornamental stone) Narrow mineral body in relation to other dimensions,
which runs across some rocks

Stripping or extraction (Cork) Periodic extraction of the bark (cork) of the trunk
and branches of the live cork oak

Structural adhesives (Structural adhesives) Adhesive forming bonds capable of
sustaining in a structure a specified strength for a defined long period of time
[EN923:2005 + A1:2008]

Substrate, Adherend (Structural adhesives) Material (surface) that is, or is
intended to be, held to another material by an adhesive [NP 3672:1990]

Superplasticizer (Plaster; Render; Concrete) Admixture that allows a strong
reduction of the amount of mixing water without affecting consistency, or
allowing an increase in fluidity, without affecting the amount of mixing water,
or both effects simultaneously

Supplementary cementitious materials (Hydraulic binders) See cementitious
materials

Support (Plaster; Render) Surface on which the mortar is applied

Surface coating (Bituminous binders and materials) Surface treatment
consisting in successively applying at least one layer of binder and at least one
layer of gravel

Surface tension (Structural adhesives) Reversible work required to create a unit
area on the surface of the material

Swelling (Wood) Increase in size/volume of wood due to the increase of its
moisture content
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Tack coat (Binders and bituminous materials) Application of a bituminous film,
intended to ensure the connection between two layers, so as to improve thick-
ness. It can sometimes be done by applying gravel

Tempered glass (Glass) Safety glass treated chemically or thermally to improve
its mechanical performance. Tempered glass is two to five times more resistant
than ordinary glass (float glass simply annealed). Tempered glass fractures into
small pieces of not sharp edges, preventing injury to persons (class of safety
glass)

Tensile strength (Plaster; Renders) Capacity of the mortar to withstand a tensile
force applied perpendicular to its surface

Thermal dynamic mechanic analysis (Polymer) Dynamic-mechanical tests
where the temperature varies with time at a constant rate (heating or cooling)

Thermal insulation material (Plaster; Renders) Low heat transfer coefficient
material that makes it possible to reduce heat transfer between two media

Thermal linear expansion (Ornamental stone) Physical characteristic which
evaluates the expansion/shrinkage of the stone by the action of temperature
variations

Thermal shock resistance (Ornamental stone) Assesses changes in rocks caused
by abrupt alterations in temperature. Usually, the test consists of 20 alternating
cycles of heating at 105 °C and immersing in water at 20 °C

Thermoplastic (Polymer) Polymer consisting essentially of linear chains, even-
tually with some ramifications. When heated, it becomes plastic and can be
molded reversibly

Thermoplastic elastomers (Polymer) Are elastomers physically cross-linked
through segregation effects. They consist of block copolymers presenting segre-
gation, and constituted by two or more blocks having very different glass
temperatures. At low temperature, all blocks are glassy; at high temperatures
all blocks become molten and can be processed as thermoplastics. At intermedi-
ate temperatures, some blocks are molten and others not; if the microstructure is
constituted by a continuous phase of molten blocks, and the glassy blocks are
segregated as nodules dispersed in the molten phase, these nodules act as active
fillers, chemically bound to the molten subchains, and the material behaves like
cross-linked elastomers (see elastomers)

Thermoset (Polymer) polymer network obtained by polymerization of multifunc-
tional monomers; each monomer reacts with three or more other monomers, and
the final result is a tight network (high mesh number). As the polymerization
proceeds, the material hardens irreversibly

Thick cork (Cork) Cork (board) that has a thickness of 18-25 lines (see line)

Thin cork (Cork) Cork (plank) having 9-12 lines (see line)

Thixotropy (Structural adhesives) Decrease of apparent viscosity under
shear stress, followed by a gradual recovery when the stress is removed
[EN 923:2005 + A1:2008]
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Tightness (Ornamental stone) A characteristic of something that is resistant to
penetration; does not allow gas exchange

Tile (Cork) Part, usually square or rectangular, for floor or wall covering

Tile (Ornamental stone) Plates or tiles in square or rectangular format, for floor

To age (Ornamental stone) Manufacturing processes which give a visual aspect
of the aging stone, either through mechanical, washing, or release processes for
chemicals that corrode stones

Topcoat (Organic coatings) Paint, varnish, or lacquer that can be used as a final
layer in a paint system

Top face (Ornamental stone) Slab surface within view, when applied (see face)

Total dosage of water (Concrete) Sum of the amount of water introduced into the
mixer with the water present inside and on the surface of the aggregates, in the
additions and admixtures used as a suspension and with the added ice or steam
heating

Transversal deformability (Renders; Plaster) Flexion recorded at the center of a
mortar specimen of mortar subjected to a load at three points.

Travertine (Ornamental stone) Sedimentary carbonate rock of chemical origin,
in which the limestone is distributed in layers in a compact set

Trimming (Ornamental stone) Face milling and trimming of blocks or pieces of
stone before manufacture

Thermal modification (Wood) Treatment of wood at elevated temperatures
(above 150 °C) in the absence of oxygen. The process changes the chemical
composition of wood, and in particular the hemicellulose components

Thermal tempering (Glass) Ordinary glass (simply annealed glass) is subjected
to a heat treatment where it is reheated to the softening point (~680 °C for soda-
lime silicate glasses), and then rapidly cooled. Minimum surface pressure is
69 MPa. For the temper to be considered effective, after fracture the area of the
ten biggest pieces of glass should not exceed 6.5 cm?. If, after heat treatment,
cooling is slow, the glass will become only two times stronger than ordinary
glass and if it breaks, it will do so in linear fragments with an area higher than
that of tempered glass, but still easy to keep in the support (thermally toughened
glass). Surface compression is then between 21 and 69 MPa

U

Unglazed tiles (Ceramic) Tiles that receive no superficial vitreous coating. They
are classified as unglazed (UGL) (see ceramic tiles)

Uniform corrosion (Corrosion) Corrosion that develops at the same rate over the
entire metal surface (as opposed to forms of localized corrosion) (see corrosion)

Use class (Wood) Scenario with higher or lower probability of an attack to wood
by the main biological agents capable of degradation (taking into account their
preferred development conditions) that can be associated to the various
environments of wood application in construction
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Vascular cambium (Wood) Tissue forming a narrow bed of meristematic cells
that in the living tree generates phloem cells to the outside and xylem cells
(wood) towards the interior

Ventilated facade (Ornamental stone) External application of stone to walls of
buildings by a system of metal anchorage by which the latter receive ventilation
(natural or forced) (see front)

Verification (Concrete) Confirmation by examination of objective evidence that
specified requirements have been satisfied

Visual strength grade (Wood) Result of sorting timbers by means of visual
inspection (according to set limits for defects and singularities) into a grade to
which characteristic values of strength, stiffness, and density may be allocated

Vitreous relaxation temperature or vitreous glass temperature, T, (Glass;
Structural adhesives; Polymer) Characteristic temperature of an amorphous
material (glass, polymer), below which it is no longer in thermodynamic equi-
librium; as a result, during cooling, a sharp increase in viscosity (glass) or elastic
moduli (polymer) in the value of several orders of magnitude can be observed
(103, 104, or more). In addition to the structure and chemical composition, T,
depends on the cooling rate and the thermal history of the sample

Volcanic rock (Ornamental stone) Class of igneous rocks that leaked or were
ejected to the earth’s surface or close to it

Vulcanization (Polymer) Elastomer cross-linking process (natural rubber and
others) with the use of sulfur. In the broadest sense, it is sometimes used to
refer to the general process of elastomer cross-linking, even without using sulfur

W

Waiting time (Structural adhesives) Minimum time required between applica-
tion of the adhesive and the union of substrates [NP 3672:1990]

Wane (Wood) Portion of the original surface of the trunk, with or without bark,
present in a piece of sawn timber

Warping (Wood) Distortion of a timber piece resulting from the sawing, drying,
or storage process

Washing with acid (Ornamental stone) Process used to give an antique look to rocks

Water absorption (Ceramic) Weight percentage of absorbed water according to
EN ISO 10545-3 Norm

Water jet (Ornamental stone) Cutting process using water at high pressure

Water retention (Plaster; Render) Ability of a fresh hydraulic mortar to retain mixing
water when exposed to the support’s suction, allowing its normal hardening

Water vapor permeability (Plaster; Render) Flow of water vapor that traverses
mortar, under conditions of equilibrium, per surface area and vapor pressure unit
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Water/cement ratio (Concrete) Mass ratio between the effective water content
and cement content in fresh concrete

Wear layer (Binders and bituminous materials) Top layer of a pavement in
direct contact with traffic

Wedding veil (surface veil) (Polymer matrix composites) Mat with reduced
thickness with short fibers arranged randomly usually applied to the surface of
the laminate

Wet cutting (Ornamental stone) Water- or liquid-based sawing or cutting process

Wet strength (Ceramic) Resistance of a glued joint determined immediately after
removal of a liquid in which it has been immersed under specified conditions
[NP 3672:1990]

Wet strength (Structural adhesives) Strength of an adhesive joint determined
immediately after removal from a liquid in which it has been immersed under
specified conditions [NP 3672:1990]

Wettability (Structural adhesives) Ability of a liquid (adhesive) to spread on a
specific solid surface [EN 923:2005 + A1:2008]

Wetting power or wettability (Plaster; Render) Ability of a fresh mortar to wet
the associated support or material, facilitating adherence

Wired glass (Glass) Glass that incorporates a square metal mesh. If fractured, it
retains glassy fragments of sharp edges, preventing its fall, potential cause for
accident, while continuing to act as a barrier to the entry of people or objects
(class of safety glass)

Workability (Plaster; Render; Concrete) Greater or lesser ease with which a
concrete or mortar is transported, placed, consolidated, and hardened,
maintaining its homogeneity during these operations

Working region (Glass) Range of viscosities (103 and 106.5 Pa-s) where it is
possible to mould the glass

Weld decay (Corrosion) Localized corrosion of certain metals (particularly aus-
tenitic stainless steel) in areas near the weld beads (see corrosion, intergranular
corrosion)

Wood modification (Wood) Process whereby permanent changes occur in the
chemical structure of the chemical components, so altering behavior and
performance

X

Xylem/Wood (Wood) Cellulosic matter lying between the pith and the bark of a
tree
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Y

Yield stress (Concrete) Minimum tension to start the flow of concrete

Yellow spot (Cork) Yellow or light gray stain, sometimes with mildew odor,
which thrives in moist environments from the back to the belly of the board,
caused by a fungus. It is a defect that excludes the use of cork for cork stoppers
(see cork)
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Abstract

Hydraulic binders play a vital role in the economic and social development
because they are essential components of concrete, the most widely used con-
struction material. Nowadays, Portland cement is the most predominantly used
hydraulic binder due to its properties and widespread availability. Cement
manufacture consumes large amount of non-renewable raw materials and
energy, and it is a carbon-intensive process. Many efforts are, therefore, being
undertaken towards the developing “greener” hydraulic binders. Concomitantly,
binders must also correspond to market demand in terms of performance and
aesthetic as well as fulfill mandatory regulations. In order to pursue these goals,
different approaches have been followed including the improvement of the
cement manufacturing process, production of blended cements, and testing
innovative hydraulic binders with a different chemistry. This chapter presents
a brief history of hydraulic binder’s discovery and use as well as the environ-
mental and economic context of cement industry. It, then, describes the chemis-
try and properties of currently most used hydraulic binders—common cements
and hydraulic limes—and that of the more promising binders for future
applications, namely special Portland cements, aluminous cements, calcium
sulfoaluminate cements, and alkali-activated cements.

Keywords
Hydraulic binders « Common cements ¢ Hydraulic lime binders ¢ Aluminous
cements * Calcium sulfoaluminate cements ¢ Alkali-activated cements

C. Costa (X))

Department of Civil Engineering, Higher Engineering Institute of Lisbon (ISEL), Rua Conselheiro
Emidio Navarro, 1, Lisbon 1959-007, Portugal

e-mail: carlacosta@dec.isel.pt

© Springer International Publishing Switzerland 2015 1
M.C. Gongalves, F. Margarido (eds.), Materials for Construction and Civil
Engineering, DOI 10.1007/978-3-319-08236-3_1


mailto:carlacosta@dec.isel.pt
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1.1 Introduction

The expression binder material designates substances that harden independently
and bind other solid materials, conferring cohesion and resistance to the system
[1]. Binders can agglomerate solids or join them along their contact surfaces. This
expression comprises construction materials of distinct nature and properties, with
different applications and economic importance.

Hydraulic binders are substances that chemically react with water, by converting
the water-binder system with plastic consistency into a solid matrix with the ability
to agglomerate other solid materials. This hardening process takes place spontane-
ously at room temperature, both underwater and exposed to wet weather.

Table 1.1 presents the classification of binder materials, according to their
affinity for water, and presents examples of materials and their applications.

Hydraulic binders, particularly cement, are a commodity in mankind’s economic
and social development, due to their relevant role in the constitution of concrete,’
which is the most currently used material in the world.

Table 1.1 Classification of binder materials, according to their affinity for water

Binder | Affinity for water Examples
Materials Applications
Hydrophile Aerial « Plaster  Ceramic
Solid inorganic « Sets and hardens in « Air lime * Mortar
substance that contact with air. Hardened
chemically material is not stable in
reacts with water
water Hydraulic » Cement » Concrete
« Sets and hardens both in | « Hydraulic * Mortar
contact with air and limes » Grout
underwater. Hardened « Blast furnace
material retains stability slag
and resistance in both
environments
Hydrophobe « Hydrocarbon » Waterproofing
(bitumen, tar) * Flooring
Organic substance that is a viscous liquid or a | * Polymer * Surface
colloid which hardens by heat treatment, (glues, resin) coating

solvent evaporation, or chemical reaction
between the components. Water does not
interfere with the hardening process and the
hardened material repels it

! Concrete is a composite material composed of a hydraulic binder, inert aggregates (fine and
coarse), water and, sometimes, additives. When the mixture contains only fine aggregates (with
maximum dimension up to 4 mm), the resulting material is a mortar. If no aggregates are added,
the resulting material is a grout. In this chapter, these construction materials—concrete, mortar,
and grout—are indiscriminately referred to as “cement-based materials.”
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SiO,
Silica fume
Clays Natural pozzolans
Blastfurnace \ Siliceous fly
slag ashes

Calcareous fly Metakaolin

ashes
Common cements
Natural cement \
Hydraulic lime / /\\ Aluminate cements
CaO

ALOs

Fig. 1.1 Ternary CaO-SiO,—Al,O3 phase diagram showing the composition of the hydraulic
binders and other often-associated materials

Hydraulic binders are mainly composed of silica (Si0,), alumina (Al,O3), and
lime (CaO). The specific chemico-mineralogical composition of each binder
determines its reactivity with water, and thus its binding properties. Figure 1.1
schematically presents the composition of the hydraulic binders and other materials
that are often associated with them (and that will be examined in this chapter) in the
Ca0-Si0,—Al,03 phase diagram.

Hydraulic binders are classified according to their reactivity, in:

e Active, if they have the ability to react spontaneously with water (e.g., hydraulic
lime, cement)

e Latent, if they require the presence of a suitable alkali activator (Sect. 1.4.2.1) to
present a significant hydration extent (e.g., blast furnace slag)

Combined active and latent hydraulic binders originate composite hydraulic
binders [2]. There are other materials that, in spite of not spontaneously reacting
with water, acquire hydraulic properties in the presence of calcium hydroxide.
These materials are called pozzolans or pozzolanic materials (Sect. 1.4.2.1) and
can be both of natural origin or industrial by-products such as fly ash and
silica fume.

The geographic abundance [3] of limestone and clay, which are the raw
materials for the manufacture of hydraulic binders has certainly determined the
beginning of their use as building materials since ancient times. This has also led to
the discovery of their hydraulic properties, albeit in a semi-empirical way.

The first identified hydraulic binder—designated by hydraulic lime—was
obtained from heat treatment (calcination) at about 1,000 °C of impure limestone,”

2The thermal activation of limestone containing impurities below 5 % gives rise to a binder
product without hydraulic properties, which is called air lime.
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containing from 6.5 to 20 % of clay (Sect. 1.5.1). This binder was the precursor of
another hydraulic binder designated by natural cement. This binder is produced
from limestone containing higher clay content (between 20 and 40 %) activated at
higher temperatures (between 1,000 and 1,300 °C) [4, 5] leading to improved
mechanical properties [6]. In fact, the term cement was introduced to designate
hydraulic binders whose mortars showed higher strength than those obtained from
hydraulic lime [7].

Technological advances in the cement manufacturing, namely using calcination
temperatures higher than 1,300 °C led to the developments of the Portland artificial
cements (Sect. 1.4) with even improved mechanical properties.

Portland cement has a very expressive current global consumption of 2,800
million tons in 2007, which is equivalent to about 400 kg/per capita [8] and is
still the most predominant hydraulic binder used in construction. Moreover, it is
possible to establish a direct relationship between the consumption of cement and a
country’s standard of living [9]. The widespread use of cement in the future still
seems unavoidable. In fact, it is estimated a significant increase in the cement
consumption worldwide, in the coming years, despite the slowdown in its exponen-
tial consumption growth in the latest years due the current global crisis.

However, from an environmental perspective, the best available technology for
the production of Portland cement is inherently vulnerable, particularly considering
CO, emissions (Sect. 1.3). Current sustainability concerns include greater consid-
eration for environmental impacts and for long-term consequences of constructive
interventions, as well as the need for a rational management of limited material and
financial resources. It is, therefore, urgent to develop innovative hydraulic binders.

Future binders should: (1) have an environmentally optimized production pro-
cess, using smaller amounts of natural raw materials and fuel, as well as having
lower CO, emissions, (2) use by-products from other industries, thus contributing
to the mitigation and valorization of solid wastes, (3) have higher durability,
(4) have a less costly maintenance, and (5) be more diversified and technologically
oriented to the market requirements, concerning aesthetics and multi-functionality.

The new twenty-first-century approach in regard to construction materials
foresees that cement will be one of a wide range of substances, with or without
hydraulic properties, synthesized and employed by the cement industry. This will
correspond to a paradigm shift: the “cement industry” will transform itself in the
“hydraulic binder’s industry” [9].

Understanding hydraulic binders at their fundamental level—to which the pres-
ent chapter aims to contribute—provides: (1) researchers with scientific basis to
support the development of novel, sustainable and inexpensive materials that are
able to meet their functional requirements during their whole service life, and
(2) engineers and architects with knowledge to support more correct decisions on
design, execution, and site maintenance considering ecological and socio-economic
costs of their interventions.

This chapter starts with an overview of the hydraulic binder’s historical evolu-
tion (Sect. 1.2) followed by the economic and environmental context of their
production industry (Sect. 1.3). Thereafter, it describes the hydraulic binders with
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a more generalized use—namely, common cements (Sect. 1.4), hydraulic limes
(Sect. 1.5.1), and special Portland cements (Sect. 1.5.2), and finally, presents the
most promising binders for the future—namely, aluminous cements, calcium
sulfoaluminate cements, and alkali-activated cements (Sects. 1.5.3—1.5.5).

1.2  History of Hydraulic Binders

The early use of natural inorganic materials in construction dates back to the
Neolithic period (8000-25008c) [5, 10]. The discovery of hydraulic binding
properties of calcareous materials must have been fortuitous. Later, their applica-
tion became generalized, with remarkable quality, in the Roman Empire. Many of
the constructions where they were used by the Romans still remain in good
condition. However, with the fall of this Empire, the use of those binders was
interrupted and the knowledge of its production process was lost.

In the eighteenth century, the interest for these materials reappeared. Systematic
studies made henceforth and the subsequent technological progress has granted
their chronological evolution. Calcareous materials used as hydraulic binders
evolved from hydraulic limestone to natural cement and finally to artificial cement.
The chemical composition of all these hydraulic binders is not significantly differ-
ent, as evidenced by the schematic representation in the CaO-SiO,—Al,O; phase
diagram (Fig. 1.1). Their differences are essentially found at the mineralogical
level, due to raw materials composition and production process. There are, how-
ever, some important differences: hydraulic lime as high levels of free calcium
oxide (CaO); natural cements contain significant quantities of calcium silicates,
especially dicalcium silicate (2Ca0-Si0,) and contemporary artificial cements
present a greater amount of tricalcium silicate (3Ca0-Si0,) in relation to dicalcium
silicate [11]. The hydraulicity of these binders is related to the amount of calcium
combined with other constituents, namely in the form of silicate [6].

Table 1.2 presents the most significant events in the history of hydraulic binder’s
evolution.

1.3  Hydraulic Binder’s Industry Context

This section addresses the economic and environmental importance of the hydraulic
binder’s industry. As already mentioned, more than 95 % of hydraulic binders
consumed worldwide are common cements [12—17]. Therefore, the only data
available concerning the production of common cements may be considered as
good indicators of the hydraulic binder’s industry context.

Figure 1.2 shows that the global cement production has had an exponential
growth from ten million tons in 1990 to 2,814 million tons in 2007 [5, 8]. Moreover,
the cement production, which became more significant after the 1960s, more than
duplicated in the last two decades. Considering the current global economic crisis,
this growth trend is expected to slow down. However, a significant overall growth
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Table 1.2 Chronology of the most significant events in the international history of the hydraulic
binder’s evolution of [5, 6, 9, 20, 32]

Year
2500 BC

800 BC
300-500 BC

Middle Ages

1756

1796
1812-1813

1824

1877

1887 and 1897

1900

Twentieth
century

Event

Egyptians: used mortars made with a binder obtained by gypsum calcination
in, for example, the Pyramids of Giza

Greeks and Cretences: used slaked lime mortars with sand

Romans: used mortars made with volcanic origin soils, grinded lime, and sand.
These mortars besides having higher strength were able to harden in water.
Since the best volcanic soil for this purpose was found near the Italian town of
Pozzuoli, this soil was designated as pozzolan. Later on, this designation
included other substances with similar cementitious properties. These mortars
were used, for example, in the construction of the Patheon (127 Bc) and the
Coliseum (82 Bc), in Rome, and the structures still stand today

In the Middle Ages, the knowledge to produce high-quality mortars was lost,
and its use was discontinued

John Smeaton (English): identified and (re)used the hydraulic properties of
lime mixed with pozzolans, for the first time after the Roman Empire, when
was rebuilding the Eddystone Lighthouse in Cornwall

James Parker (English): patented the discovery of natural hydraulic cement
production from calcined impure limestone containing lime

Louis Vicat (French): established the principle of artificial hydraulic lime
manufacture from synthetic mixtures of limestone and clay

Joseph Aspdin (English): registered the first artificial cement patent, which he
named “Portland cement,” by analogy with a stone quarried on the English
Island of Portland, which had a similar color, and reputation for quality and
durability. This patented cement was produced by burning limestone with
finely ground clay in a kiln until the occurrence of CO, emissions. This
synthesized product was then ground into finished cement with higher
mechanical strength than previously prepared binders. The cements currently
referred to by the same name are technologically more evolved

The association of German cement manufacturers, Verein Deutscher
Zementwerke (VDZ), published the first Cement Standard to provide cement
quality guarantee

Le Chatelier (French) and Tornebohm (Swedish): began the first scientific
studies in the field of cement chemistry

* The first rotary kiln to produce cement was built in Essex, England. Inside
this kiln, the material’s temperature profile allows the formation of
mineralogical different products that contribute to increase the strength of the
final materials. This kiln also allows the production of more homogeneous
cements and on a larger scale

* Pierre Giron (French, working in the USA) added, for the first time, gypsum
to cement during the final grinding, which resulted in a significant
development of the cement’s chemical composition and allowed the
optimization of cement hardening

Mechanical properties of cement were consolidated by rapid scientific and
technological developments. The most relevant factors were: (1) increase of
the tricalcium silicate/dicalcium silicate ratio (although the content in silicates
remained unchanged), (2) increase of cement particle’s fineness,

(continued)
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Table 1.2 (continued)
Year Event

(3) development of organic additives, including superplasticizers (synthetic
polymers with exceptional ability to disperse cement particles). These changes
lead to a 4-5 times increase in the strength of the concrete prepared with
cement (Sect. 1.4.1)

2000 The European Committee for Standardization (CEN) published the first
standard—EN 197-1:2000—to harmonize the quality of common cements
among the member states of the European Union (Sect. 1.4) and to eliminate
technical barriers in cement trade

Fig. 1.2 World production 3000 -
of cement [5, 8]
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in cement production is still anticipated, at least until the mid-twenty-first century
[5, 8, 12].

Such significant values of cement production require that the cement industry
addresses its environmental impact in a global context. The major factors
contributing for the ecological fragility of this industry are [18, 19]:

» Consumption of raw materials: about 1.7 tons per ton of cement produced.

e Fuel consumption: about 1.8 GJ per ton of cement produced. This value is
relatively low when compared to other building materials, such as iron, which
consumes 40 GJ per ton. However, the large amount of cement produced makes
this industry responsible for about 2 % of global primary energy consumption
and for almost 5 % of global industrial energy consumption.

e CO, emissions: about 1 ton of CO, emission per ton of cement produced. CO,
sources are mainly the fuel and the decarbonation of limestone. This industry
contributes for 57 % of global CO, anthropogenic emissions.

In this context, opportunities to mitigate the environmental impact of cement
industry include: the use of alternative raw materials, namely by-products from
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other industries; the optimization of the plants energy consumption; the reduction
of limestone proportion in cement products as well as the use of industrial
by-products as partial surrogates of the cement itself. Similarly, it is necessary to
promote improvements in cement durability in order to increase their service life
and thus minimize the need for replacement as well as to develop other “greener”
hydraulic binders.

1.4 Common Cements

Nowadays, a wide variety of cements is produced in almost all countries of the
world. Raw materials, mainly clay and limestone, are rigorously proportioned and
heated to about 1,450 °C to form a product consisting of calcium silicates and
aluminates, called “clinker.” This product, is finely ground with gypsum to produce
the “Portland cement.” The use of cementitious materials or minerals either as
partial replacement for clinker or as additions to cement produces “blended
cements” (Sect. 1.4.2). The current available technology and knowledge ensure
the production of cements with a statistically homogeneous and reproducible
composition.

The terms “clinker” and ‘“Portland cement” have a widespread acceptance.
However, there are a number of other terms, namely to designate blended cements
and other hydraulic binders whose definitions are not consensual in scientific and
technical literature. This lack of consistency in terminology and in the criteria for
the evaluation of materials properties is extensible to quality standards set by
different countries, among which there is often no equivalence.

In the European Union, the European Committee for Standardization (CEN®)
elaborated the standard EN 197-1:2000 [20] which specifies the composition, the
requirements (mechanical, physical, chemical, and durability), and the conformity
criteria that cements and their constituents must meet to be certified. These cements
are designated as “common cements,” abbreviated CEM and are classified based on
the composition and strength.

Regarding the composition, there are 27 products in common cements family,
grouped into five main types. Cements are always made of clinker and gypsum
(Sect. 1.4.1) and, depending on its type, they can also contain the following addition
(s): blast furnace slag, silica fume, pozzolans, fly ash, burnt shale,4 and limestone
(Table 1.3). According to the standard EN 197-1:2000, if these additions content is
higher than 5 % by mass, they are also considered main constituents (Sect. 1.4.2).
When especially selected inorganic materials are added at less than 5 % by mass,

3 CEN arises from the French designation “Comité Européan de Normalization.”

“Silica fume, fly ash, and burnt shale are also pozzolanic materials (or pozzolans). However, the
standard EN 197-1:2000 adopts the terminology “pozzolan” for natural pozzolanic materials, with
the exception of burnt shale. Silica fume and fly ash have pozzolanic properties but they are
industrial by-products, not naturally occurring (Sect. 1.4.2).
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Table 1.3 Designation, notation, and composition of the main types of common cements defined
in the standard EN 197-1:2000 [20]

Composition (%, by mass)

Clinker®
Main types Notation | (%) Other main constituent rather than clinker
Portland CEM I 95-100
cement
Portland CEM II 65-94 Up to 35 % of an addition”
composite
cement
Blast furnace CEM III |5-64 36-95 % blast furnace slag®
cement
Pozzolanic CEM IV | 45-89 11-65 % of pozzolanic materials (of one type or a
cement mixture of several types)ﬂl
Composite CEM V 20-64 Mixture of: (1) 18-50 % of blast furnace slag and
cement (2) 18-50 % of natural pozzolan and/or fly ash

“Content of gypsum in cements composition is not specified by the standard. However, since
gypsum is always present (Sect. 1.4.1), it is considered as being included in the percentage set by
the standard to the clinker

"Considers different subclassifications depending on the addition(s) present on cement constitution
“Considers subclassifications depending on the slag content

dConsiders subclassifications depending on the additions present

they are designated “minor additional constituents” and do not affect cement’s
classification. Common cements can also include organic compounds in their
constitution which are added to improve the manufacturing process or the cement
properties. These compounds shall not exceed 1 %, by mass, of cement.

Common cements are also classified into six reference strength classes
depending on the value of their compressive strength at 28 days of hydration.
Annex I includes a table presenting the correspondence between the designation
and notation of common cements with the respective composition and mechanical
and physical requirements, as defined in the standard EN 197-1:2000
[20]. Examples of common cements identification are also given.

Figure 1.3 shows the percentage of the different types of common cements
produced and sold in the European market over the years. There is a clear progres-
sive decrease in production and sale of cement type CEM I accompanied by an
increasing production and sale of blended cements, mainly type CEM II. This
change in the type of common cement used is due to the environmental, economic,
and technological reasons listed in Sect. 1.4.2.1.

Chemical and mineralogical composition of cements determines the microstruc-
ture of the hardened materials and hence their macroscopic properties. The under-
standing of the correlation between the microstructure and the properties
contributes to a proper assessment of the behavior of the cement-based materials
throughout their life and service (Sect. 1.4.1.3).

Cement-based materials have a complex microstructural organization, which is
highly heterogeneous on local chemico-mineralogical composition. As such, in the
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Fig. 1.3 Types of common cements (according to standard EN 197-1:2000) produced and sold in
the European market [8]

Table 1.4 Oxides symbols in accordance with the notation used in the cement chemistry

Oxide CaO 8102 Ale'; FeZO3 MgO NazO Kzo SOg C02 Hzo
Symbol |C S A F M N K 3 c H

Table 1.5 Abbreviated notation of the main chemical components of cement

Impure
Composite Composition Abbreviation | phase
Tricalcium silicate 3Ca0-Si0, C5S Alite
Dicalcium silicate 2Ca0-Si0, C,S Belite
Tricalcium aluminate 3Ca0-Al,05 C3A
Tetracalcium aluminoferrite 4Ca0-Al,05-Fe,03 | C4AF Celite
Calcium hydroxide Ca(OH), CH Portlandite
Calcium sulfate CaSO, CS -
Gypsum CaS0,4-2H,0 CSH, -
Calcium silicates hydrated (variable xCa0-SiO,-y H,O C-S-H

chemical composition)

domain of the cement chemistry, the compounds are referred to by the use of a simplified
notation (different from the usual nomenclature of chemical formulas) in which:

e The chemical elements are expressed in terms of their oxide forms.

» The oxides are represented by the first letter of their chemical formula (Table 1.4).

» The proportion in which the oxides are present in the compound is written in
index (Table 1.5).

However, it should be noted that the notation does not mean that the oxides have
a separate existence in the structure, i.e., it has no chemical meaning.
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1.4.1 Portland Cement

This section addresses the manufacturing process, the composition, the hydration
mechanism, and the microstructure—properties correlation of the Portland cement
type CEM I, specified in the standard EN 197-1:2001 [20].

1.4.1.1 Manufacturing Process

The physical and chemical phenomena that occur during the cement manufacturing
process determine the chemico-mineralogical composition of the final cement prod-
uct and its compliance with the compulsory specifications. Figure 1.4 shows a scheme
of the manufacturing process of Portland cement which main steps are:

* Raw materials preparation
* Clinker production
» Final grinding of clinker with gypsum

Raw Materials Preparation
» Raw materials constituents

Cement is produced mainly from a mixture of limestone (about 75 %) and clay
(about 25 %). Quarried limestone is a rock consisting of calcium carbonate
(CaCO;3) containing impurities such as silica (SiO,), clay (Mx/n
[xA1203~Si02]-zH20),5 iron oxide (Fe,03), and magnesium oxide (MgO) [2].

To ensure the appropriate chemical composition of the final product, the
mixture proportions of these raw materials may require a correction of some
chemical elements by adding, small amounts of corrective materials such as
quartz and iron ore [21].

Limestone and clay are extracted from the quarries in blocks with a maximum
size of 1-2 m and crushed to reduce their size until 25-200 mm [22]. Thereafter,
they are stored into silos equipped with pre-homogenization systems. Good
homogeneity of each raw material is essential for final product quality and
plant efficiency [22].

¢ Raw materials blend mill

The fineness and particle size distribution of the raw materials blend also
influence the clinker manufacture process and, hence, the quality of the final
product. As such the production of clinker requires that in the raw materials
blend, the limestone particles size is less than 125 pm and that the other raw
materials particles size is less than 45 pm. Typically, 85 % of the raw materials
particles size is less than 90 pm [2, 21, 23].

The finely ground raw materials blend, known as raw meal, is, then, stored in
other silos also equipped with homogenization systems [22] before to proceed
for the following step which is the clinker production.

5 Clay is a natural hydrated aluminosilicate Mx/n[xAl,0O5-Si0,]-zH,0, wherein M represents metal
ions, usually alkali (Na*, K*), Mg®*, and Fe**.
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¢ Quality control of raw materials

To minimize the variation in cement quality its manufacturing process requires
a rigorous and effective control of raw materials processing, proportioning, and
characterization—namely, in terms of chemical composition and particle size
distribution. As such, raw materials quality checks are, typically, carried out at
regular predetermined intervals of time that can be of 1, 2, or 4 h in different
sampling points: both before and after the raw mill and after the raw meal silo.

Currently, most of cement plants has at-line and online technologically
advanced control systems equipped with automatic sampling systems, real-
time chemical analyzers, and the ability to access to specific software, from
remote locations, that automatically determines the necessary corrections. Clin-
ker production is also strictly controlled—namely, the temperature profile in the
preheater, kiln, and cooler.

To produce Portland cement clinker the chemical composition of the kiln feedstock
must respect the relations, between the main oxides present in raw materials, shown
in Table 1.6.

The Lime Saturation Factor (LSF) is a theoretical relationship that quantifies the
lime content available in raw material to combine with the silica and alumina.
Therefore, the control of this ratio value is important to ensure the absence of “free
Ca0.” Theoretically, when the value of LSF is equal to 1, the total CaO react, and
when it is higher than 1 there is an excess in the lime content that will persist in the
final product in the form of “free CaO” (see below “clinker production”).

The Silica Ratio (SR) is an empirical relationship that governs the silicates
phases in the clinker. The SR value is inversely proportional to the amount of
liquid formed in the kiln because only the alumina and ferric phases melt. There-
fore, the higher the value of this ratio, the lower is liquid content in the kiln and,
thus, the occurrence of chemical reactions is more difficult (see below “Production
of Cement Clinker”).

The Alumina Ratio (AR) determines: (1) the proportion of alumina to ferric
phase in the clinker, which affect the properties of the final product (2) the temper-
ature at which the liquid is formed in the kiln.

Production of Cement Clinker
* Chemical-mineralogical transformations in the preheater and the kiln
The transformation of raw material’s constituents into the clinker’s constituents
comprises a complex set of interdependent, simultaneous or successive, chemico-

Table 1.6 Relations between the main oxides present in raw materials to produce Portland
cement clinker [2]

Designation Ratio® Values
1 1 CaO |
Lime saturation factor (LSF) 350 SOTTI8 ALCiT065 Fo;0; 0.92-0.98
o - Si0, —
Silica ratio (SR) ALOAE0; 2-3
Alumina ratio (AF) ALO; 14
Fe, 03

“Chemical formulas denote the corresponding oxide mass percentage
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mineralogical transformations. These transformations which mechanisms are not
yet totally clarified [2, 5, 23, 24] occur, essentially, in two of the plant’s
equipments: preheater tower and kiln, as represented in Fig. 1.5.

The raw meal enters at the top of the preheater tower (which is set of cyclones)
[5, 25] and falls in counterflow with the hot gases coming from the kiln. During
this process, the heat is transferred efficiently from the hot gases to the raw meal
leading to the occurrence, mainly, of dehydration and decomposition of the clay
and the decarbonation of about 40 % of the limestone (CaCO3; — CaO + CO,).

Thereafter, the raw meal enters into a large cylindrical kiln whose diameter and
length are about 5 and 80 m, respectively. The kiln is installed with an inclination
from 2.5 to 5 % and is animated with a rotation speed of 1.5-2.5 r.p.m. to facilitate
the slightly move of the material from the entrance towards the heated output end.

1 — | —

Preheater Calcination transition clinkerization Cooling
zone zone zone zone
(1 min) (28 min) (5 min) (10 min) (2 min)
g 14:20"
= " ¢ -+ 1400
= ' [5)
9 | _
= o« O 1200
i 5T
& £ 2l 1000
17} =]
3 S5
> 221 800
= 5=
.% . = L 600
2 e T
§ Silica i 1 400
2 =<
z a4 200
A& C,AF
1 :
T T T T T T Hi T T T
Retention time 5 10 15 20 25 30 35 40 45 (min)

Fig. 1.5 Schematic representation of phase transformations occurring in the preheater and kiln
during clinker production
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Figure 1.5 shows that at the kiln entrance the material’s temperature is
typically between 700 and 800 °C. Throughout more than half the length of
the kiln—calcination zone—occurs the decarbonation of limestone. Since this
reaction is strongly endothermic, the temperature does not increase significantly.
Simultaneously, begin the formation of belite (C+S — C,S), of calcium alumi-
nate (C+ A — C;,A5) and of calcium aluminoferrite (C + A + F — C,(A,F)) from
the reaction of the newly formed CaO with the other phases of silica, alumina,
and ferrite.

When the decomposition of limestone is completed, the following kiln zone
called transition zone begins, in which at around 5 min and at about 10 % of
kiln’s length, the temperature of the materials increases rapidly from 900 to
1,250 °C. In this zone, there is a significant additional formation of belite and the
aluminate phases, which were formed earlier, begin to originate tricalcium
aluminate (C3A) and tetracalcium aluminoferrate (C4AF).

Thereafter, the materials proceed to the hottest kiln zone called clinkerization
zone, where, at the approximated temperature of 1,330 °C, the aluminate, ferrite,
and part of belite phases melt [23, 24]. Thus, henceforward the chemical
reactions take place in a semisolid state that facilitates the atomic diffusion
and reaction between the elements, providing the necessary conditions to the
formation of alite, mainly from the reaction of the belite with residual CaO (C,S
+C — C35). This compound is mainly responsible for the high mechanical
strength of modern cements.

The highest temperature reached in the kiln is approximately 1,420 °C
(Fig. 1.5) at about 4/5 of the kiln’s end [26]. The material that emerges from
this zone is called clinker and is, mainly, composed of various phases of which
the most important are alite, belite, and aluminate and ferrite. Theoretically, the
reaction of C3S formation consumes all the CaO still available in the kiln.
However, approximately 0.5-1 % of CaO always remain uncombined and is,
often, referred to as “free CaO” or “free lime.”

Cooling of clinker
The thermal history of clinker cooling—which occurs in the kiln’s cooling

zone—has a significant influence on its mineralogical composition and is impor-

tant to achieve the best strength-giving properties of the final product. As such, it
is essential, that the clinker is cooled down very quickly [24, 27], mainly at the
beginning (occurring a decrease from the clinkering temperature to about

1,350 °C in 1 s) in order to:

Preserve, in a metastable state, the more reactive polymorphic forms of the

C\S and B-C,S (these compounds are only thermodynamically stable at

temperatures above 670 °C and 1,275 °C, respectively).

— Ensure that there is no significant transport of material between clinker
phases, i.e., that the different phases crystallize with little mutual
interference.

— Promote nucleation of more crystals (instead of crystals growth) that
facilitates the subsequent grinding phase.

The clinker of common cements emerging from the kiln is rounded nodules
having a typical diameter up to 40 mm (Fig. 1.6).
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Fig. 1.6 Clinker at kiln exit

Table 1.7 Crystal size of tricalcium and dicalcium silicate clinker phases, which typically are
individualized [27]

Crystals
Phase Size (pm) Morphology
C5S 25-65 Hexagonal
C,S 20-40 Rounded

* Composition and microstructure of clinker

As previously referred, clinker is composed essentially by the following
phases: C3S—30-70 %; C,S—10-30 %; C3A—5-10 %, and C4AF—5-15 %
(values represents the percentages, by mass, of their typical occurrence). The
standard EN 197-1:2000 specifies that Portland cement clinker shall consist of at
least two-thirds, by mass, of calcium silicates (C3S and C,S), the mass ratio C/S
shall not be less than 2 and that the content of magnesium oxide (M) shall not
exceed 5 %, by mass.

Typically, clinker particles larger than 3-5 pm are polymineral [28],
consisting of silicate crystals—which size and morphology are described in
Table 1.7—surrounded by an interstitial matrix consisting of aluminate and
ferrite phases. Nature, size, and morphology of crystals formed are determined
by the composition of raw materials and the manufacturing process conditions.
Figure 1.7 shows an image of a clinker particle cross-section obtained by optical
microscopy.

The potential mineralogical composition of a Portland cement clinker can be
estimated from the results of its chemical composition analysis [2, 29] using
Bogue’s equations, shown in Table 1.8. However, it should be kept in mind that
these relations were established based on CaO-SiO,—Al,O3-Fe,O; phase dia-
gram at clinkerization temperature, considering two assumptions which are
unlikely to occur:
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Fig. 1.7 Cross-section
image of a clinker particle
obtained by optical
microscopy

Table 1.8 Bogue’s equations (chemical formulas represent the mass percentages of the oxides)

Phase Oxides content (obtained by chemical analysis)

C4AF =3.043 (Fe,03)

CiA =2.650 (Al,03) — 1.692 (Fe,03)

B-C,S =—3.071 (CaO) + 8.602 (5i0,) +5.068 (Al,03) + 1.0785 (Fe,O3) or
=2.8675 (Si0,) — 0.7544 (C5S)

CiS =4.071 (Ca0) — 7.602 (SiO,) — 6.718 (Al,0O3) — 1.430 (Fe,05)

— Chemical equilibrium between crystallized phases is maintained during and
after the cooling of the clinker.

— The main phases of clinker are pure, i.e., no alterations in phase diagram are
considered due to the presence of interstitial or substitutional ions in the
crystal structures of clinker phases.

Despite the mineralogical composition estimated by the Bogue’s equations is
not absolutely accurate (typically underestimating C;S content and
overestimating C,S content), the calculations are so easy to perform that these
relations are still commonly used in industry [2]. However, nowadays, most
cement plants are equipped with the experimental X-ray diffraction technique, to
perform a quantitative analysis of clinker phases automatically and in real time.

As referred above, the compounds that constitute the clinker are not as simple
as the chemical formulas written above might indicate. In fact, they are not pure,
often containing other elements in their crystal lattices. In addition, free oxides
may also exist, for example, CaO and MgO. The minor constituents present in
the clinker can: (1) be originated from the raw materials, (2) be introduced
during the manufacturing process, particularly from fuel or from the refractory
lining inside the kiln, or (3) be deliberately added. Although their content, in
general, does not exceed 1 % by mass [2, 23, 30], these compounds influence the
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Fig. 1.8 Gypsum at clinker
mill inlet

production process and chemico-mineralogical composition of the clinker, and
therefore affect the properties of the final product.
¢ Final grinding of clinker with gypsum

Cement is the product obtained by intergrinding the clinker with 3-8 % by
mass of gypsum (CaSO,4-2H,0 or CSH,). Figure 1.8 shows a typical photo of the
gypsum at the clinker grinding mill inlet. In most cement plants, the final
grinding of the clinker/gypsum blends are carried out in ball mills consisting
of a tube rotating about a horizontal axis and that uses steel balls as grinding
media [31].

Gypsum is added to the cement as set regulator, since it:

— Slows down C3A hydration, preventing the occurrence of “quick” (flash) set
of cement (Sect. 1.4.1.2).
— Accelerates calcium silicates hydration leading to an increase in the compres-

sive strength development, mainly, during the early ages [2].

However, excess of calcium sulfate added to the cement is likely to promote
dimensional instability in the hardened cement, due the formation of expansive
hydrated compounds, such as ettringite (C¢AS3Hz,).

The increase of the specific surface area of the cement particles, i.e., the
increase of fineness, accelerates the hydration rate and therefore, accelerates
strength development, mainly at early ages. As such, the final grinding is a major
factor influencing the class of strength of the cement. Figure 1.9 shows a photo of
Portland cement type CEM 1 52.5 R, at the clinker mill exit.

The specific surface area (SSA) of cement particles of the ordinary early
strength Portland cements (as defined in standard EN 197-1) ranges from
300 to 340 m?/kg, whereas SSA of cement particles of high early strength
cements ranges from 400 to 550 m*/kg [29]. For cements with additions content
lower than 20 % by mass, 90 % of cement particles should be finer than 90 pm
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Fig. 1.9 Portland cement
type CEM I 52,5R

[23]. When the content of additions is higher than 20 %, 90-95 % of the particles
should be finer than 45 pm [30].

The other main constituents, beside clinker, considered in standard EN 197-1
for common cements—namely, blast furnace slag, silica fume, pozzolan, fly ash,

shale, and limestone—may be added to the cement at this final grinding step
(Sect. 1.4.2).

1.4.1.2 Hydration

The mixture of cement with water initiates a series of chemical hydration reactions.
These reactions occur at different rates and mutually influence each other, leading
to chemical, physical, and mechanical changes of the system. The hydrated
compounds bind to each other, giving adhesive and cohesive properties to cement.
At the macroscopic scale, the hydration process leads to the conversion of the
water-cement system into a solid matrix. This matrix is microscopically uneven and
porous and serves as a binder in cement-based materials. The cement hydration
mechanism is complex and is, still, not fully understood.

The hydration reactions of cement constituents—C3S, C,S, C3A, and C4AF and
CS—are exothermic [32]. Figure 1.10 shows a scheme of the typical evolution of
heat released as a function of hydration time.

It is commonly accepted to divide the scheme shown in Fig. 1.10 into five
distinct areas and associate each of them with a distinct period (stages) of the
hydration mechanism of a polymineralic cement particle. These periods (phases)
are described below [2] and schematically represented in Fig. 1.11:

Pre-induction—In the first few minutes after mixing cement with water, there is a
short period of fast reactions. In this period, mainly C3A and C4AF react with
water and CS leading to the formation of a layer of an amorphous gel, rich in
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Fig. 1.10 Schematic heat evolution as a function of cement hydration time (and correspondence
with the periods (or stages) of the cement hydration mechanism)

alumina, around the cement particles. Short rods of ettringite (AFt) are also
detectable. This reaction is responsible for the initial significant amount of heat
released.

Induction (or dormant) period—Chemical reactions occur in a small scale
originating a negligible heat released.

Acceleration (or post-induction) period—there is a reacceleration of hydration
reactions and heat release which reaches a maximum at a time that is usually
less than 12 h after the initial mixing. This behavior is mainly due to the
hydration reactions of calcium silicates, namely C3S forming a layer of C-S-H
gel around the cement particles, which are commonly called “outer C-S-H.”
These reactions induce a lost of plasticity in the cement paste that becomes a
non-deformable rigid material (without, however, significant strength) in a
process called setting. At the end of this period, about 30 % of the cement has
hydrated, and the cement paste has undergone both initial and final setting.

Post-acceleration period—there occurs a gradual decrease in hydration reaction
rate leading to a progressive decrease of heat release. The hydration of calcium
silicates continues with a progressive increased contribution of the hydration of
B-C,S. The C-S-H gel begins to deposit inside of the hydration shell formed in
the previous hydration periods and is called “Inner C-S-H.” After about 18 h of
cement hydration, a secondary hydration reaction of the aluminates (C3A and
C4AF) restarts, forming additional AFt crystals which are markedly more acicu-
lar than those formed earlier. Sometimes, this process has associated a signifi-
cant heat released.

Diffusion-limited reaction period—After 1-3 days of cement hydration, reactions
significantly slow down owing to the diffusional limitation of compounds in the
solid state. “Inner C-S-H” continues to form and a new aluminate phase appears,



1 Hydraulic Binders 21

Unhydrated Cement Pre-Induction / Acceleration
particle Induction Period Period

"‘ l'l
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Post-acceleration
Period

AFt AFm 'Inner CSH'".
Outer C-S-H

Fig. 1.11 Scheme of the different periods (or stages) of the hydration mechanism of a
polymineral cement particle: CsS tricalcium silicate, C,S dicalcium silicate, C3A tricalcium
aluminate, C,AF tetracalcium aluminoferrite, C-S-H calcium silicate hydrate, AFt calcium
trisulfoaluminate hydrated, AFm calcium monosulfoaluminate hydrated

the calcium monosulfoaluminate hydrated (AFm). Hydration of cement pro-
ceeds throughout years, essentially forming additional “inner C-S-H” from
B-CsS.

Table 1.9 shows the hydration reactions of clinker main constituents, assuming
that they are pure.

Calcium silicates hydrated (C-S-H), formed from the hydration of C;S and C,S,
constitute 50-60 % of the solid phases present in hardened Portland cement pastes.
They are the primarily responsible for the binding properties and high mechanical
resistance developed by these materials.

When C3;A comes into contact with water tends to hydrate rapidly, forming
C3AHg and causing a “quick” (flash) setting that gives rise to a material with low
mechanical strength. Moreover, the premature material’s stiffening makes difficult
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Table 1.9 Hydration reactions of clinker main constituents

Compound Reaction
C5S C3S+(3+y—x)H— C,SHy+ (3 —x)CH
(portlandite)
C,S CS+(24+y—x)H— C,SHy + (2 —x)CH
(portlandite)
C:A Without gypsum 2C3A + 21H — C4AHy3 + C,AHg — 2C3AHg + 9H
With gypsum C3A + 3C§H2 + 26H — C6A§3H32 — 3C4A§H]2
(ettringite) (AFm)
C4A‘F C4AF + 3C§H2 +xH — CG (A7 F) §3H32 - 3C4(As7 F)ngz
(AFt) (AFm)

Note: Calcium silicates hydrated have a variable chemical composition, CxSHy. In the domain of
the cement chemistry, these compounds adopted the abbreviated notation C-S-H (Table 1.5)

the hydration of the other cement constituents to proceed. As such, gypsum, CSH,,
is added to control C3;A hydration (Sect. 1.4.1.1). In the presence of gypsum, the
hydration of C3A forms ettringite (Table 1.9) that act as a protective barrier against
the continuation of the C;A hydration and that allow the hydration of other cement
constituents. Gypsum is, therefore, a regulator set that is always added to the
common cements.

Both, the hydration of C;A and C4AF ends up forming a calcium mono
sulfoaluminate hydrated, AFm, more stable than AFt phases such as ettringite
(Table 1.9).

1.4.1.3 Correlation Microstructure-Properties

The microstructure of the cement-based materials is essentially determined by the
compounds formed during the hydration reactions of the clinker’s constituents
(Table 1.9). The mechanism of cement hydration, whose periods (stages) have
been previously described (Sect. 1.4.1.2) depends on different factors, such as:
(1) type of cement used, in terms of its chemico-mineralogical composition and
fineness, (2) water/cement ratio, (3) mixing procedure, (4) environmental
conditions; (5) nature, number, and size of aggregates or other additives.

Figures 1.12 and 1.13 show images obtained by scanning electron microscopy
(SEM) of the microstructure of hydrated cement pastes. The image shown in
Fig. 1.12 was obtained by SEM in the secondary electron mode (SE) from a fracture
surface of a hardened cement pastes. SEM-SE imaging of cement pastes provides
images with low contrast. As such, observations have to be made in the inner
surface of the pores and cavities, where products were able to freely crystallize
[33]. Figure 1.12a shows acicular AFt crystals dispersed in a fibrous matrix of
C-S-H. Figure 1.12b, and Fig. 1.12(c) show AFt crystals and dendritic (plate-like
snow) crystals, corresponding to the typical crystallization morphology of CH. As
expected, cement pastes with higher hydration time show more numerous as well as
longer and thicker acicular AFt crystals (compare Fig. 1.12a with b and c).

In the images obtained by SEM in the backscattering electron mode (BSE), from
polished flat surfaces, the contrast is mainly due to the differences in the chemical
composition of the phases present in the hydrated cement pastes. Chemical
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Fig. 1.12 Images of the microstructure of Portland cement pastes obtained by scanning electron
microscopy in secondary electron mode (JEOL JSM-7001-F) from a fracture surface. (a) Az 2 days
of hydration: acicular crystals of calcium sulfoaluminates hydrated (AFt) dispersed in a fibrous
matrix of calcium silicates hydrated (C-S-H); (b, ¢) at 28 days of hydration: acicular AFt crystals
and crystals showing the dendritic typical crystallization morphology of calcium hydroxide (CH)

Fe
A - Au Au

KeV

Fig. 1.13 Image of the microstructure of a Portland cement paste (at 28 days of hydration)
obtained by scanning electron microscopy in backscattered electron mode from a flat-polished
surface and corresponding energy-dispersive X-ray spectra (Jeol JSM-7001-F). Note: Peaks were
standardized to the calcium peak high and the intensity has arbitrary units

elements with higher electron density (heavier atoms) give rise to higher brightness.
Thus, SEM-BSE images can be used to detect contrasts between areas with
different chemical composition providing relevant information on the chemical
composition, namely if associated with local chemical analysis using energy-
dispersive X-ray spectroscopy (EDX).

Moreover, the analysis of flat-polished surfaces also provides information on
spatial distribution of solid phases and pores, as well as their interrelation mode in
the internal structure, in a wide range of magnifications (~20-100,000x). There-
fore, SEM-BSE imaging is effective to study the microstructure of cement-based
materials [33, 34].

Figure 1.13 shows an SEM-BSE image of the microstructure of a hardened
cement paste, as well as EDX spectra of some local chemical analysis. Since the
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unhydrated compounds have an average atomic number higher than the hydrated
compounds, they exhibit higher brightness. Consequently, since there are still
unhydrated compounds in the inner core (region A) of cement particles, this area
exhibits higher contrast than the layer of hydrated compounds around the cement
particles (region C). The calcium aluminoferrite phase, (spectrum B in Fig. 1.13b)
exhibits the highest contrast due to the presence of iron in its composition (the atom
of iron is heavier than most of the atoms present in cement pastes).

Hardened cement pastes have a complex microstructural organization, with local
variations in terms of chemical composition, size, morphology, and crystallinity of
the solid phases. In fact, the microstructure of these materials is even more complex
than described, due to the presence of minor constituents that interfere with
hydration mechanisms. Moreover, the microstructure is dynamic, changing over
the lifetime of the material, as a result of physical processes and chemical reactions
with both endogenous and exogenous compounds.

In brief, the phase composition of the hardened cement pastes is as follows (in
which the values between brackets correspond to the estimated volume percentages
of the phases present in a 14-month-old saturated paste prepared with a typical
Portland cement hydrated at a water to cement ratio of 0.5.) [2, 28, 32]:

o Solid phases, namely products of the hydration reactions, C-S-H (48.7 %), CH
(139 %), AFm (11.1 %), and AFt (3.6 %) and unreacted cement particles
2.6 %).

e Pores (16.0 %), with variable size, shape, and connectivity as well as unevenly
distributed.

» Water, inside the pores network or bonded to the hydration products

Macroscopic scale properties, such as compressive strength, dimensional stabil-
ity, and durability, are determined by the microstructure. Table 1.10 shows a brief
description of the microstructure—property relationships of cement-based materials.
These relationships are not still fully understood and quantified. However, evidence
of its relevance originated their current intense scientific scrutiny by teams of civil,
chemical, and materials engineers.

1.4.1.4 Chemical Degradation Reactions

Deterioration of cement-based materials is due to the occurrence of chemical and
physical processes leading to changes in the microstructure and, therefore, in the
properties and durability. Table 1.11 systematizes the main chemical degradation
reactions of cement-based materials. These chemical reactions occur either
between the constituent phases or between these constituents and other substances,
endogenous or exogenous. The physical degradation processes—such as
overloading, thermal gradients, impact, freeze thaw cycles, erosion, and abra-
sion—are out of the scope of this chapter.
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Table 1.10 Relationships between the microstructure and properties of cement-based materials

[2, 32, 81]

Constituent
C-S-H

CH

AFt and
AFm

Porosity

Water

Compressive strength

» Mainly responsible for
mechanical strength due
to van der Waals
interactions which
ensure the cohesion and
adhesion between the
solid phases

* This compound fills
the pores, contributing
to the reduction of
porosity and, hence, to
increase the strength

* On the other hand, its
microstructure presents
well-defined cleavage
planes that may
contribute to the
decrease of the
mechanical strength

« Fills pores contributing
to the reduction for
porosity and, hence, to
increase strength

¢ Determining factor for
the mechanical strength:
strength decreases with
increasing porosity

* By increasing the
water/cement ratio in
the preparation of the
material increases the
porosity of the hardened
material, and thus,
decreases its strength

Dimensional stability

« In the hardened cement
paste, it induces
shrinkage, and creep by
establishing additional
van der Waals
interactions (after water
removal from the
micropores)

» Compound
dimensionally stable
that restricts the
volumetric changes
associated with C-S-H

The swelling associated
with AFt phases
contributes to expansion

« Particularly, small
pores associated with
the C-S-H gel phase
plays a critical role in
shrinkage and creep
(due to water lost from
this pores system)

» The water removal
from the pore system
associated with the C-S-
H gel phase induces
shrinkage (due to the
formation of van der
Waals interactions)

Durability

« Its final intrinsic
porosity affects the
diffusion both of
endogenous and
exogenous substances
and, therefore,
influencing the
occurrence of
deleterious reactions

* Decreases the
diffusion of endogenous
and exogenous
substances by filling the
pores

* Leaches out over time
in the presence of water,
increasing the porosity
« Participates in alkali-
silica reactions (ASR),
carbonation, and reacts
with acids

* Participates in
chemical reactions
associated with sulfates
attack

« Affects the diffusion of
both endogenous and
exogenous substances
and, therefore,
influencing the
occurrence of
deleterious reactions
 High water to cement
ratio results in higher
porosity and, therefore,
higher permeability
which, negatively
affects durability
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1.4.2 Blended Cements

Blended cements are hydraulic binders in which cementitious materials
(Sect. 1.4.2.1) or minerals (Sect. 1.4.2.2): (1) partially replace the clinker in the
cement manufacturing process or (2) are added during the grout, mortar, or concrete
preparation as partial substitutes for cement or fine aggregate.

In the cases that:

¢ The cementitious materials are blast furnace slag, silica fume, pozzolan, fly ash,
or burnt shale, or else the mineral is limestone

» These additions meet the requirements and criteria set out in EN 197-1:2000 and
EN 197-1:2000/A3: 2008 [20, 35], they can be interground with the clinker and
gypsum in the clinker mill (Sect. 1.4.1.1) producing, common cements of types
CEM I, III, IV, and V (Sect. 1.4). As such, the additions are considered main
constituents of the cement. Figure 1.14 shows a picture of some of these
additions at the clinker mill inlet.

1.4.2.1 Blended Cements with Cementitious Materials

Cementitious materials are compounds that participate in the hydration reactions by
forming additional hydrated binder phases of calcium silicates hydrate (C-S-H) or
calcium aluminosilicate hydrate (C-A-S-H) [2, 36—39]. These phases contribute for
cement matrices densification and thus, to improve the mechanical properties and
durability.

(a) b

Cement Additions

l (c)

Fig. 1.14 Additions of common cements (a) pozzolan from the Sdo Miguel Island in Azores, (b)
fly ash, and (c) limestone
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) ¢ < Compound Reaction
t tit .
reactions of cementiions Siliceous S+CH+H— CSH
materials
Aluminosilicate® AxSy + CH+ H — C-A-S-H

*These compounds exhibit variable chemical composition, AxSy

Cementitious materials can be classified as [2]:

Pozzolans or pozzolanic materials—siliceous or aluminosilicate compounds that
react with water and calcium hydroxide (CH) to form calcium silicates hydrate
(C-S-H) or calcium aluminosilicates hydrate (C-A-S-H) (Table 1.12). CH used
in this reaction can be the product of the hydration reaction of calcium silicates
present in the cement (Table 1.9). Pozzolans may come either from the nature
(natural pozzolan) or from artificial sources such as the industrial by-products fly
ash and silica fume.

Latent hydraulic binders—calcium aluminosilicates that harden spontaneously
through slowly reaction with water. Therefore, for the hardening process become
significant requires the presence of an alkaline activator. This compound breaks
the chemical bonds in the binder’s amorphous (or glassy) phase and promotes
the dissolution of ionic species and the formation of C-A-S-H phases.
Granulated blast furnace slag is an example of a latent hydraulic binder.

Latent hydraulic binders have chemical compositions broadly intermediate

between those of pozzolans and Portland cement, as schematically represented in
the diagram phases CaO-SiO,—Al,0O5 (Fig. 1.1). Table 1.13 lists typical chemical
composition and physical properties of selected cementitious materials.

Cementitious materials are also referred to in literature as supplementary cemen-

titious materials (SCM) or mineral additions. However, the term “mineral
additions,” although commonly used in the context of cementitious materials, is
not rigorous because to exhibit pozzolanic activity these materials have to be
essentially in amorphous state and minerals are typically crystalline compounds.

Partial replacement of clinker or cement with cementitious materials has the

following potential advantages:

¢ Environmental: Reduce the CO, emissions and fuel consumption associated

with the process of clinker manufacture. When cementitious materials are
industrial by-products, they also concur to mitigate the amount of quarried
natural resources as well as the dust, noise, and vibration associated with the
raw material preparation for clinker manufacture. In concomitance, the reuse of
by-products reduces the amount of waste disposed of to landfills.

Economic: (1) reduce the cement manufacturing cost, and (2) in the case of using
an industrial by-product there is an increase in profits by adding value to a waste.
Technological: (1) mechanical properties improvement due to the additional
formation of C-S-H or C-A-S-H phases that contribute to the cement paste
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Table 1.13 Typical chemical composition and physical properties of cementitious materials [43]

Natural Latent
pozzolan Artificial pozzolans hydraulic
Fly ash Granulated

S. Miguel Silica . blast furnace
Island, Azores® | fume Siliceous | Calcareous slag

SiO; (% by mass) 60 90 52 35 35

AL O3 (% by mass) | 18.2 0.4 23 18 12

Fe,05 (% by mass) | 4.3 0.4 11 6 1

CaO (% by mass) 1.4 1.6 5 21 40

SO; (% by mass) 0 0.4 0.8 4.1 9

Na,O (% by mass) | 4.7 0.5 1.0 5.8 0.3

K50 (% by mass) 5.1 2.2 2.0 0.7 0.4

Specific surface ~6,000° 20,000 |420 420 400

area (mzlkg)

Density 0.8 2.54 2.65 2.65 2.94

“Cimentacor—Cimentos dos Acores, Lda
Highly variable in the natural state. The table presents the SSA value with which it is incorporated
in cement

matrix densification, (2) decrease of rate and total amount of heat released
because the hydration reaction of cementitious materials is less exothermic
than that of cement, (3) durability improvement, since the densification of the
cement/pozzolans blended paste matrix hinders the diffusion of both endogenous
and exogenous substances reducing the likelihood of deleterious reaction occur-
ring. In addition, the partial replacement of clinker with cementitious materials
that, typically, have low alkali content or that have the ability to trap alkali ions
reduce the risk of alkali-silica reactions. Moreover, the consumption of CH in the
pozzolanic reactions reduces the availability of the reagents required for the
formation of C¢AS3Hs, (Table 1.11) and thus, mitigates sulfates attack.

Although, cementitious materials incorporation, typically, is favorable to the
hydraulic binder’s properties, the effect of each material depends on: (1) reactiv-
ity—determined by the chemical and mineralogical composition; (2) particles
size—in terms of fineness level, particle size distribution, and specific surface
area; (3) clinker composition and fineness; (4) water to cement ratio of cement
paste; and (5) the presence of other constituents and additives.

Next follows a brief description of cementitious materials with greater commer-
cial and technological importance. Table 1.14 systematizes the main effects of
incorporating these materials on the properties and durability of blended cements
properties.

¢ Natural pozzolans
The use of hydraulic binders containing natural pozzolans to improve their
mechanical properties became widespread in the Roman Empire, based on
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Table 1.14 Blended cements containing silica fume, fly ash, and blast furnace slag: comparison
of blended cement-based materials properties in relation to those of plain cement pastes

Cementitious Compressive
Materials strength Durability Others References
Silica fume « Increases the » Decreases the » Decreases the heat [2,5, 28,
strength (often diffusion of generated by 37, 38, 83]
used as a endogenous and hydration reactions
constituent of high | exogenous
strength cement) substances and thus
the likelihood of
deleterious reactions
* Increases the « Improves the
resistance against workability of the
ASR and sulfates pastes in the fresh
attack state (due to the
spherical
morphology of the
particles)
« Accelerates the
hydration of alite
(and thus, accelerates
the setting time)
 Decreases the
bleeding
« Densifies the
interfacial transition
zone between
cement paste and
aggregate
Fly ash * Decreases the * Decreases the * Decreases the heat [23, 28,
strength at 2 and diffusion of generated by 38, 43]
28 days endogenous and hydration reactions
exogenous and delays the time
substances of peak temperature
* Achieve similar * Increases resistance | » Worsens the
long-term strength | against ASR workability of fresh
than that of plain pastes
cement
Blast furnace » Decreases * Decreases the » Decreases the heat [2,5, 39,
slag hydration reaction | diffusion of generated by 40, 43]

rate: decreases
early-time strength

endogenous and
exogenous
substances

* Achieve similar
strength than that
of plain cement at
28 days

« Achieve higher
strength than that
of plain cement
(at a cement
replacement level
>50 %)

« Increases resistance
against ASR and to
attacks by sulfates
and acids (often used
as sulfate-resistant
cements)

hydration reactions
and delays the time
of peak temperature
(often used when low
heat of hydration
important
requirement)
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empirical knowledge (Sect. 1.2). Currently, it is known that heating these
compounds at temperatures between 400 and 900 °C (calcination) causes dehy-
dration and the destruction of its crystal structure. In this process, natural
pozzolans are converted into amorphous phase materials in order to increase
their pozzolanic reactivity [2, 40]. The optimal activation temperature is depen-
dent on the actual pozzolan chemico-mineralogical composition. Above a cer-
tain temperature value, the compounds adopt a crystalline structure, and the
pozzolanic reactivity decreases again.

Pozzolans include a wide variety of materials with different chemical
compositions, mineralogical nature, and geological origins; therefore, their
classification is not consensual [38]. In some literature, for example, the ther-
mally activated natural pozzolans are considered artificial. This was not the
criteria followed in the Standard EN 197-1:2000 [20] and that was adopted in
this chapter. Table 1.13 shows typical chemical composition and physical
properties of natural pozzolans that meet the requirements of the standard EN
197-1:2000 [20].

Typically, the use of natural pozzolans in blended cements leads to the
technological and environmental advantages described in Sect. 1.4.2.1. How-
ever, the high diversity in pozzolans composition determines the need to evalu-
ate the actual effect of each pozzolan on the properties and the durability of the
blended cements.

The draft of the European standard EN 197-1:2009 [41]—resulting from the
review of the standard EN 197-1:2000, currently underway—considers that
some common cements of type CEM IV (Annex I) containing natural pozzolan
classified, as sulfate-resisting common cement.

Silica fume

Silica fume is an industrial byproduct of the production of silicon metals and
ferrosilicon alloys. This small spherical particles consisting of amorphous silica
is obtained from the condensation of vapors produced during the melting process
of high-purity quartz to silicon, at elevated temperatures. Table 1.13 shows the
typical chemical composition and physical properties of silica fume.

Silica fume is a very reactive pozzolanic material, mainly, due to the high
specific surface area of its particles. In addition, these particles fill the inter-
granular void between cement particles (filler effect) and thus densify and
homogenize the cement paste microstructure [42]. Table 1.14 systematizes the
main effects of silica fume incorporation on the properties of cementitious
materials.

Silica fume is also referred to in literature as microsilica or condensed silica
fume (although this term often refers to extremely pure synthetic silica).

Fly ashes

Fly ashes are industrial byproducts collected in the dedusting unit after
combustion coal in electric power plants. Fly ashes cover a large family of
powders which composition is basically located in the ternary CaO-SiO,—
Al,O3 system (Fig. 1.1) although they can have a wide range of chemico-
mineralogical compositions depending on to the source and properties of the
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coal burned. Table 1.13 shows their typical chemical composition and physical
properties.

According with standard EN 197-1:2000 [20], fly ashes are categorized as:
siliceous (V) and calcareous (W). The main difference between these classes is
their content in calcium oxide. Siliceous fly ashes contain less than 10 % of
calcium oxide and are pozzolanic materials. Calcareous fly ashes contain more
than 10 % of calcium oxide, and therefore is often referred to as “high calcium”
fly ash. Class W fly ashes have enough calcium to be a latent hydraulic binder,
i.e., only needs water to hydrate and harden [5, 43]. The effects of incorporating
fly ashes on cement-based materials properties depend on their exact composi-
tion, content, and size and shape of their particles; however, their most common
effects on the cement pastes are systematized in Table 1.14.

The draft of a European standard EN 197-1:2009 [41]—resulting from the
review of the standard EN 197-1:2000, currently underway—considers that
some common cements of type CEM II (Annex I) containing class V fly ashes
may be classified as sulfate-resisting common cements.

Blast furnace slag

Blast furnace slag is an industrial by-product generated in the manufactures of
pig iron from iron ore. This slag is obtained in liquid state, at high temperatures,
in the lower part of the blast furnace. The chemical composition of this slag is
basically located in the ternary CaO-SiO,—Al,O5; system (Fig. 1.1) and its
mineralogical composition is determined by the cooling rate [2, 40, 44]. If the
molten slag is fast-cooled tends to mainly form amorphous calcium
aluminosilicates which are latent hydraulic binders. Slow cooling rate leads to
a polycrystalline solid with no cementitious properties. In this case, the slag can
be incorporated in cement-based materials as fine aggregate [5].

The hydraulic reactive slags are also referred to in literature as granulated
blast furnace slag (GGBFS or GGBS), or high-slag blast furnace. In this
chapter, the term slag will also be used as a synonym.

To comply with the European standard EN 197-1:2000 requirements, slag
shall contain at least two-thirds, by mass, of the sum of CaO, MgO, and SiO,
with the ratio (CaO + MgO)/SiO, greater than 1.0. The remainder contains Al,O3
together with small amounts of other oxides. Table 1.13 shows the typical
chemical composition and physical properties of the slag.

In general, the hydraulic reactivity of these compounds increases with:
(1) amorphous phase content, (2) alkali content, mainly CaO, and (3) particles
fineness. Latent hydraulic properties of the slag can be promoted by the follow-
ing alkaline activators: Ca(OH),, clinker, Portland cement, NaOH, KOH,
Na,CO3, and Na,SiO3 [40]. All these compounds break the chemical bonds of
the amorphous phases, causing the dissolution of ionic species and the
subsequent formation of C-A-S-H phases.

CS is also an effective activator, in high alkaline environments, acting as a
Ca®" source and leading to significant amount of ettringite ( C¢AS3H3, )
formation. Table 1.14 describes the most frequent effects of the slag as partial
replacement of Portland cement clinker.
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The draft of the European standard EN 197-1:2009 [41]—resulting from the
review of the standard EN 197-1:2000, currently underway—considers that
some common cements type CEM III containing slag (Annex I) might be
classified as sulfate-resisting low early strength common cements.

1.4.2.2 Blended Cements with Limestone

Blended cements may contain mineral additions—both from natural and artificial
sources—neither with pozzolanic nor latent hydraulic properties (Sect. 1.4.2.1).
Thus, strictly speaking, mineral additions are not cementitious materials, although
they are often referred to as such in literature. High-purity limestone is an example
of such additions (Fig. 1.14).

When a limestone—that fulfills the requirements laid down in the standard EN
197-1:2000 [20]—is interground with the clinker and gypsum in the clinker mill
(Sect. 1.4.1.1), it is produced Portland-limestone cement type CEM II (Annex ).
The consumption of this type of cement has been steadily increased in Europe in the
last decades and, currently is the most widely used (Fig. 1.3).

Mineral additions are often referred to as “fillers” in a reference to its physical
effects, in terms of: (1) complete the granulometric curve of the fine aggregates, and
(2) fill the pores in hardened state of the cement-based materials.

Traditionally, fillers were considered chemically inert. However, it is currently
accepted that they can participate in chemical reactions to a limited extent.
Namely, fillers react in particular with C;A, forming various carboaluminate
phases—C4AEH11 as well as accelerate the hydration rate of the clinker constitu-
ent C3S, probably due to the multiplied nucleation sites [2, 43, 45].

The effects of limestone on cement-based materials properties depend on its
chemical composition as well as on the particles size distribution. Table 1.15
systematizes the most frequent effects of partial clinker replacement with this
mineral.

1.5  Other Hydraulic Binders’ Families

In addition to the family of common cements as specified in standard EN
197-1:2000 (Sect. 1.4), there are other hydraulic binders’ families which include
hydraulic limes and other special cements. These cements have distinct or addi-
tional properties than those of common cements and were designed to address
specific technological, environmental, economic, and aesthetic needs. Some of
these special cements are already commercially available, although on a small
scale, satisfying particular market niches [40].

The following sections describe other families of hydraulic binders that have
been selected on the base of traditional widespread use in certain market sectors,
namely hydraulic lime (Sect. 1.5.1) as well as other binders that have been reported
as promising alternatives to common cements (Sects. 1.5.2—1.5.4).
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Table 1.15 Blended cements containing limestone: comparison of blended cement-based

materials properties in relation to those of plain cement pastes

Addition
Limestone

1.5.1

Compressive
strength

« Effect on early age
strength depends on
particle size
dimensions (PSD):
greater fineness =
increase strength

« Optimized
limestone cement
achieve similar
long-term strength
than that of plain
cement

Hydraulic Limes

Durability

« Contributes to
increase porosity.
However, in
optimized limestone
cement, the
diffusion of
endogenous and
exogenous
substances is
equivalent to that of
plain cement

« Typically increases
resistance to attack
by sulfates, because
the consumption of
C3A decreases
ettringite formation
However, there is a
higher potential risk
of thaumasite
formation

Others

« Increases
cement’s
hydration rate

* Increases the
heat generated by
hydration
reactions and
accelerates the
time of peak

* Setting time
regulator: can
partially replace
gypsum

* Decreases the
water bleeding

References
[40, 45]

Chronologically, the first family of hydraulic binders identified and used as
such was the hydraulic lime (Sect. 1.2). These binders are obtained by calcining
(thermal activation between 1,000 and 1,250 °C) limestone with a significant clay
content (between 6.5 and 20 %, by mass) [4, 46]. Clay may be present, in enough
amount, in the earthy or impure argillaceous limestone or has to be added to the

limestone.

The thermal activation process occurs in a lime kiln comprising the following

steps:

¢ Clay decomposition (Al,03:Si0, — Al,O3 + SiO,).

¢ Limestone decarbonation (CaCO5; — CaO + CO,).

¢ Reaction of CaO with SiO, and Al,O3, forming calcium silicates and aluminates.
The main hydraulic phase formed Phase is C,S. A significant amount of CaO
(above 3 %) does not react, remaining under the name of “free CaO”. Small
amounts of other phases are also formed, such as C5A, C,AS, C5S, and C4,AF

[23, 46].
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Hydraulic limes set and harden due to the hydration reactions of these
compounds. Therefore, the hydraulic properties depend on the composition of the
hydraulic phases which were determined by clay content in raw material as well as
by temperature profile and permanence time in the lime kiln.

The hydration reaction of the free CaO (quicklime) to Ca(OH), (quenched or
slaked lime) on kiln lime exit leads to material’s expansion, since Ca(OH), density
is, sensibly, half of that of CaO. Therefore, sufficient water should be provided at
kiln exit to hydrate the available quicklime but not to cause calcium silicates and
aluminates phases hydration and set at this stage. This slaking step in hydraulic lime
manufacture has two advantages: (1) the mechanical effect of expansion contributes
to increase the fineness of the final product, facilitating the subsequent grinding
process and (2) prevents harmful subsequent expansions. In the subsequent milling
step, gypsum is usually added to regulate the setting (Sect. 1.4.1.1).

Setting and hardening of hydraulic lime occur in two stages. Initially, the process
is predominantly hydraulic, i.e., associated to the hydration reactions of the calcium
silicates and aluminates, that occur when mixed with water and/or under water.
These reactions are for conceptually similar to those presented in Table 1.9 and lead
to the formation of C-S-H phases, C-A-H, and AFm. Subsequently, the
recarbonation, i.e., the reaction of the slaked lime with atmospheric carbon dioxide
(Ca(OH), + CO, — CaCO3 + H,O0) is also part of the hardening process [4, 47].

European standard EN 459-1:2002 [48] specifies the composition, the
requirements (mechanical, physical, chemical, and durability), and conformity
criteria that hydraulic limes and their constituents must meet to be certified for
civil engineering applications. Typically, lime hydraulic mortars exhibit: (1) lower
mechanical strength, reduced shrinkage, increased workability, and longer time
period between the initial and final set than common cement-based mortars and
(2) good adhesion to cement substrates.

Hydraulic lime has a wide range of applications, namely: (1) as filler in bitumen
pavements [49], (2) in soil properties improvement [50], (3) in renders, plaster, and
masonry mortars both for new construction and rehabilitation [46].

1.5.2 Special Portland Cements

The term “special Portland cements” is adopted to identify families of hydraulic
binders that, although not in compliance with the standard for common cements,
EN 197-1:2000 (Sect. 1.4), are made with common cement clinker, or with a clinker
which manufacturing process is basically the same. As such, the hydration pro-
cesses of the “special Portland cements” are also similar to those of the common
cements and their binding properties arise mainly from hydrated calcium silicates.

So far, the European Committee for Standardization (CEN) elaborated standards
to define the composition, specifications, and conformity criteria for the following
“special Portland cements”: very low heat special cement, EN 14216:2005 [51];
masonry cement, EN 413-1:2006 [52]; and supersulfated cement, EN
15743:2010 [53].
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Table 1.16 systematizes possible modifications in the common cements compo-
sition—in regard to the prescribed in the standard EN 197-1:2000—to produce
“special Portland cements,” as well as describe corresponding required alterations
in the clinker manufacturing process and the effects on the properties of the final
product (Sect. 1.4.1).

The current awareness that the reinforcement of sustainable construction is
dependent on the ability to address economic and environmental issues in an
integrated way have been promoting studies on the reuse of pozzolanic wastes
(not considered in the standard EN 197-1:2000 [20]) as partial surrogates for
cement clinker.

In this scope, the cementitious properties of several industrial wastes, such as
rice husk ash, sugar cane straw [54, 55], paper sludge [56], and a waste from oil
industry [57, 58] is being under scrutiny. The results of these studies show that,
typically, these wastes exhibit the advantages of the other pozzolanic materials
(Sect. 1.4.2.1).

As such, although the use of these wastes is not yet widespread, it might be
anticipated that they will play a relevant role in the future of the hydraulic binder’s
industry (Sect. 1.1), in line with the progressively increasing use of blended
common cement (types CEM II to V) in relation to plain Portland cement type
CEM I (Fig. 1.3).

1.5.3 Aluminous Cements

The family of aluminous cements includes several hydraulic binders—whose main
constituent is the monocalcium aluminate CaO-Al,05; (CA)—that have a chemistry
completely different from that of the family of common cements. Cements of this
family are also referred to as “high alumina cements,” and “calcium aluminate
cements” (CACs).

Aluminous cements were first patented by Jules Bied (French) in 1908, with the
main objective of minimizing the problems associated with sulfates attack. Its
industrial production began in 1918, in the French company Lafarge, under the
trade name “Ciment Fondu Lafarge” [59]. Its current production is far below that of
common cements, and it is considerably (eight to ten times) more expensive
[5]. Their mostly used application is in precast, but they are also used as a refractory
material and in specific constructions, in which common cements do not perform
adequately.

The typical chemical composition of aluminous cements, expressed in mass
percentages, is as follows: CaO, 36-42 %; Al,0O3, 3642 %; Fe,03, 12-20 %; and
Si,0, 3-8 %. There may also exist other minor constituents such as Ti,O <2 %,
MgO <1 %, SO; <0.5 %, and alkalis <0.5 % [59]. In terms of mineralogical
composition, their typical phases are: CA, 40-50 %; C4AF, 2040 %, and a
combination of other minority crystalline phases including C;,A;, CA,, B-C,S,
C,AS, FeO, TiO,, and pleochroite Caz(,Al32,).Fe2+X Si,O¢g (x ~2.5-3.5) [60]. The
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Table 1.16 Special Portland cements: differences in cements composition, in clinker
manufacturing process and in the properties of the final product in relation to those of common
Portland cements [40]

Composition Production Properties
High >C;S content |+ LSF*> 1 « High initial
C5S strength
<C,S content « >Energy consumption « High hydration
heat
>C3A content « Fast heat release
rate
High >C,S content « LSF*=0.8-0.9 « Slow strength
C,S development
<G5S content » <Energy consumption and pollutant * Low hydration
emissions heat
« Clinker easier to grind « Slow heat
release kinetics
High >C3A content | « Silica ratio decreases » Expansive
C3A « Alumina ratio increases cement
Low <C3A content « Silica ratio decreases « Resistant to
C3A sulfates attack”
« Low hydration
heat
Low Fe,053 <0.5 % | * Alumina ratio >10 « White cement
iron content « Clinkerization temperature increases » <Setting time
content « Higher
compression and
strength
resistance
 Highly
susceptible to
sulfates attack
High >Fe,03 * Alumina ratio decreases « Very dark gray
iron content « Clinkerization temperature decreases « Resistant to
content sulfates attack
Low NayOcquivatent. | * Use of raw materials with low alkali « Increases the
alkali <0.6 % content resistance against
content ASR

« Partial removal of hot kiln gases (with
significant alkalis content) that would
ordinarily enter the preheater

« Increases free
CaO content
 Disfavor
pozzolanic
reactions

#Abbreviation of “Lime Saturation Factor” (Sect. 1.4.1.1)
"The draft of the European standard 197-1:2009 [41] considers that some cement clinkers type
CEM II and CEM 1V (containing siliceous fly ash and natural pozzolans, respectively Annex I)

with limited maximum C;A content are sulfate-resisting common cements

°NaZOequivalem =Na,0 +0.66 K,O0, i.e., total sodium and potassium oxides content expressed as

equivalent of sodium oxide
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content of the minority individual phases is less than 10 % [2]. Figure 1.1 shows the
composition of these cements in the ternary CaO-SiO,—Al,O5 diagram of phases.

When an aluminous cement is mixed with water occur strongly exothermic
chemical reactions giving rise to hydrated compounds, mainly calcium aluminates
hydrates (C-A-H) and insoluble alumina trihydrate (AH3). These compounds con-
vert the suspension water/cement into a solid matrix through a hardening process
similar to that of the other hydraulic binders.

The hydration process of these cements, at room temperature, has an initial
induction (dormant) period lasting 2-3 h during which the reactions proceed to a
small extent. After this, the hydration reactions become very fast with two
consequences: a huge amount of heat release and a fast strength development
with the final strength being reached within 1 or 2 days (at higher temperatures,
this period can be still significantly shortened). This high amount of heat released in
a short period of time limits their application in some engineering works, where the
heat dissipation is more difficult, e.g., in massive structures construction [40].

The products of the hydration reactions of the main aluminous cements
constituents, CA and other calcium aluminates, are temperature dependent [5,
59]. As such,

« Below 10 °C: the product is essentially, CAHj.
« Between 10 and 25 °C: the products are C,AHg and AHj;.
¢ Above 25 °C: the products are C3AHg and AHs;.

CAH,, and C,AHg phases are metastable, thus, with time, they inevitably and
irreversibly convert themselves in C3AHg, which is the only calcium aluminous
hydrated phase thermodynamically stable. The kinetics of conversion of these
reactions (Table 1.17) is also highly temperature dependent: the extent of the
reactions may not be significant for days or years at temperatures below 40 °C
and at higher temperatures they occur in few hours [40, 59].

The conversion process of the metastable phases into the stable hydrated phase
(Table 1.17) is associated to a decrease in the solid volume of the hydrated
compounds. This reduction is, typically, around 10-12 % [59] and, as a conse-
quence, the porosity increases and the strength of the aluminous cement may
significantly decrease with time. An effective way to mitigate the inconvenience
of this chemical shrinkage is to prepare the aluminous cement pastes with insuffi-
cient water/cement ratio, i.e., less than 0.4 [59] (the typical water/cement ratio
needed to reach complete hydration is 0.7) to avoid the full hydration of calcium
aluminates. As such, the water produced in conversion reactions (Table 1.17) will

Table 1.17 Conversion reactions of metastable phases, CAH;q and C,AHg, initially formed in
the hydration process of aluminous cement into the thermodynamically stable phase, C3AHg
Reactions

3CAH|() - CgAH(, + ZAHg + 18H

3C2AH3 - 2C3AH6 + AH3 + 9H



40 C. Costa

react with the still anhydrous cement, forming additional amount of metastable
phases. These compounds are less dense than stable products increasing the solid
volume and, therefore, preserving the dimensional stability and low porosity of the
hardened material [59].

One type of cement belonging to this family—the CAC—is standardized in the
European Union by the standard EN 14647:2005+ AC: 2006 [61] which specifies its
composition, requirements (mechanical, physical, chemical, and durability), and
conformity criteria. This standard also includes a guide for the correct use of CAC
in concrete and mortar.

The properties of the aluminous cements that make them particularly attractive
for some applications in civil engineering are:

* High initial strengths: the fast hydration rate of calcium aluminates phases leads
to high early strength gains. These cements can achieve a compressive strength
of 20-40 MPa within 24 h. This is the reason for its large application in
pre-casting.

e Strength development at low temperatures: the fast heat released during these
cements hydration promotes self-heating that supports the progress of the hydra-
tion, at low temperatures. Therefore, at temperatures down to —10 °C, these
cements exhibit normal setting followed by fast strength gains.

* Resistance at high temperature (refractory materials): The binding C-A-H phase
maintains its stability at high temperatures, up to around 110 °C (on the contrary
to the hydration products of common cements). As such, aluminous cements are
extensively used as refractory materials.

* Resistance to aggressive environments (acid, sulfates, maritime environment as
well as natural water with high content of dissolved CO,): the most important
feature determining the high resistance of these materials in aggressive environ-
ment is related to cement matrix compactness. However, to achieve this such
compactness requires, as previous mentioned, pastes being prepared with water/
cement ratio lower than 0.4, in order to minimize the increase porosity and, thus,
permeability, of material over time, inherent to the conversion reactions shown
in Table 1.17.

In addition, the resistance of these cements in aggressive environments is also
due to: (1) the absence of CH and ettringite which contribute to the high resistance
to sulfates attack [40, 59], (2) the binding C-A-H phases are stable in a wide range
of acidic solutions until pH ~4 for pH < 7, whereas the main hydration products of
common cements, C-H-S and C-H, are quickly decomposed for pH < 7, (3) thick-
ness of the carbonation layer (Sect. 1.4.1.4) is typically thin because the calcium
carboaluminate hydrates formed during the reaction of the binding C-A-H phases
with CO, also contribute to the densification of the paste matrix making the reaction
more difficult to proceed.
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1.5.4 Calcium Sulfoaluminate Cements

Calcium sulfoaluminate cements (shorthand, CSA cements, or CSAC) constitute
another family of hydraulic binders which binding ability arises from the formation of
ettringite— CgAS3Hz3, —instead of from C-S-H as with the common cements
(Sect. 1.4). These cements were mainly developed in China in the 1970s aiming to
develop self-stressed concrete pipes making use of the expansive properties of
ettringite. The current production of CSA cements is expressive: one million tons
per year [62]. Cements of this family are also referred to as “sulfoaluminate cements.”

The main advantage of this cement family is the lower environmental impact of
its manufacturing process since it: (1) emits less amount of CO,; (2) consumes less
fuel (due to the clinkerization at lower temperatures and to the easier-to-grind
clinker) (3) may use various industrial by-products as raw material such as
phosphogypsum, fly ash, blast furnace slag, and red mud.

CSA cements technological benefits mainly rely on the possibility of some
taylormade properties for particular applications—namely, the initial strength and
the dimensional stability. In fact, these cements can be either expansive or have a
controlled shrinkage.

CSA cement clinker is prepared by heating a mixture of limestone, bauxite
(or aluminous clay), and gypsum at 1,300-1,350 °C [62]. The result is a friable
easy-to-grind clinker whose composition is included in the CaO-Al,03;-SiO,—
Fe,03-S0Oj3 system. The major phases present are: C,S, C4AF, C4A;S (also called
yeelimite), and CSH, (gypsum) [40, 63]. These cements may also have other
minority phases in their constitution, such as C4AF, Ci;A-, C,AS, and CS.
Table 1.18 shows a comparison of these cements typical compositions with those
of common Portland cements (Sect. 1.4.1).

When the CSA cements is mixed with water, their constituents hydrate and
convert the water/cement suspension into a solid matrix through a hardening
process conceptually similar to those of the other cements.

The hydration of C,S and C4AF forms C-S-H and CH; the hydration of C4AF
forms Cg(A,F)S;Hs, and C4(A,F)SH;, (as has been seen for Portland cement
hydration, Table 1.9); and the hydration of C4A3S and CSH, forms ettringite—Cs A
S3Ha,—which is, in the case of CSA cements, the main binding compound. However,

Table 1.18 Comparison

£ tvpical Portland Cement
o typlcf:l~ ort an; Phase CSA (%) Portland (%)
compositions with
sulfoaluminous cement [5] €3S 0 50-70
C,S 10-60 10-30
C3A 0 5-10
C4AF 0-40 5-15
C4A3S 10-90 0

CSH, 15-30 3-8
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Table 1.19 Hydration reactions of the main calcium sulfoaluminate constituent, C4A3S
depending on calcium hydroxide (CH) content

CH content Reaction
CH (<24-25 % by mass) C4A; S +2CSH, + 36H — C¢AS;Hs, + 2AH;
(ettringite)
CH (>24-25 % by mass) C4A; S+ 8C§H2 + 6CH + 74H — 3C6A§3H32
(ettringite)

the hydration reaction mechanism and the microstructure of ettringite strongly depend
on the presence of CH [2, 40, 62] as it is systematized in Table 1.19. In fact, if:

1. CH content lower than 24-25 % (by mass): the hydration reaction rate is fast and
the formed ettringite is dimensionally stable raising significantly the cements
early strength (e.g., 15 MPa after 2 h of hydration [63] and 40 MPa after 6 h of
hydration [64]).

2. CH content higher than 24-25 % (by mass): the formed ettringite is low dense,
exhibiting expansive behavior or with controlled shrinkage.

The production of cements with high early strength versus expansive cements
can also be controlled by the following variables: (1) manufacturing conditions,
(2) purity and relative amount of the main phases present, and (3) content and
nature of minor phases.

The technological characteristics of CSA cements, which make them attractive
for some applications in civil engineering are: (1) high early strength, particularly
suitable for precast construction, (2) set and harden at low temperatures, (3) frost
resistance, during the harden process and in service, (4) sulfates attack and salt
water resistance [28]. However, these cements are very susceptible to carbonation
[65], increasing the risk of corrosion (Sect. 1.4.1.4).

The use of expansive CSA cements is particularly important in water reservoirs
and concrete water pipes because their self-stress contributes to minimize water
leaking risk [2]. They are also recommended for use in repair systems because they
strongly adhere to common cements (Sect. 1.4), even if carbonated [62].

1.5.5 Alkali-Activated Cements

Alkali-activated cements, or alkaline cements, constitute a family of hydraulic
binders which binder’s ability is due to hydrated aluminosilicate compounds—
geopolymers or inorganic polymers—with the chemical formula:

Mn|[(SiO;). - AlO,|, - wH,O,

wherein M is a cation, usually Na*, K*, and Ca®"; n, the polymerization degree; w,
is the hydration degree; and z may assume the values 1, 2, or 3 [66]. Geopolymers
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have a chemical composition similar to that of zeolites,® but they have an essen-
tially amorphous microstructure [66].

The setting and hardening processes of these binders result from an alkali
activation of an aluminosilicate precursor by an alkali activator solution, typically
at a temperature slightly higher than room temperature [67]. Theoretically, all
aluminosilicates materials are potential precursors of these alkali-activated binders.
The exact mechanism of the activation reaction is not still completely understood
[68—71] but includes the dissolution of the precursor aluminosilicate producing a
complex mixture of silicate, aluminate, and aluminosilicate species. These species,
present in a supersatured solution, copolymerize to form the geopolymers which are
amorphous to semicrystalline three-dimensional aluminosilicates.

Examples of precursors already scrutinized are either natural aluminosilicates
such as kaolin [72] or industrial by-products including blast furnace slags [70, 73],
fly ashes [67, 70], and tungsten mine waste [74].

The properties of geopolymers are determined by [67, 72, 75]:

e The chemico-mineralogical composition and fineness of aluminosilicate
precursors. However, the relative importance of these parameters is not consen-
sual. Typically, higher calcium content, higher amorphization degree and higher
fineness degree of the precursor lead to geopolymers with improved binding
properties. As such, in some cases a prior thermal treatment of the precursor is
required in order to increase their amorphization degree.

» The composition and concentration of the alkali activator solution. The most
used activators are sodium hydroxide (NaOH), potassium hydroxide (KOH),
sodium waterglass (Na,0-nSi0,), potassium waterglass ( K,0-nSi0O,) or a mix-
ture of these compounds.

e The mixing procedure and curing conditions, the presence of other constituents
(such as CaO or additives), the order in which the constituents are mixed and the
curing temperature.

Often alkali-activated binders reveal technological advantages over ordinary
Portland cements (Sect. 1.4) such as: (1) better both early age and long-term
mechanical strength, (2) grater durability against attack by sulfates, acids, and
bacteria; and (3) refractory properties [71, 75].

In addition, the use of these binders have environmental benefits because they have
amuch smaller environmental impact compared to common Portland cements in terms
of non-renewable raw materials and energy consumption as well as in terms of CO,
footprint. Moreover, if the aluminosilicate precursor is a waste from other industry,
geopolymers production also diverts the wastes from being disposed of in landfills.

The interest on the alkali-activated cements family has been identified in the
early 1940s of the last century [12, 68, 76]. However, the research activities focused

6 Zeolites are crystalline aluminosilicates which basic structural units are [Si04] and [AlO4]™
tetrahedra bonded to each other by sharing of oxygen atoms. The negative electrical charges of
[AlO4] tetrahedra are compensated by extraframework cations. Typically, these cations are
derived from elements of the 1 or 2" group of the Periodic Table.
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on these binders only became significant after the 1980s mainly due to the Joseph
Davidovit’s research work that support the patent of a binder based on alkali-
activated metakaolin [77]. Thenceforward, the number of studies on this subject
has grown exponentially resulting in different commercial trademarks such as
PYRAMENT®, PZ-Geopoly™, and Geopolycem® [77, 78].

Beyond the enormous potential that this binders family present, it is still
necessary to increase the knowledge on these binders to make them economically
viable for widespread use and to minimize their technological disadvantages
(significant shrinkage, low workability, and high dependence on curing conditions,
namely temperature) [12, 68].

1.6 Final Remarks

Construction is a vital sector since the beginning of the civilization that contributed
over time to improve human well-being and social equity. Since hydraulic binders
are constituents of the construction materials most commonly used, their properties
and performance determine the constructive solutions adopted as well as economic
and environmental impacts resulting from this industrial sector.

The awareness of the very high ecological footprint associated with the common
cements manufacturing has been the main driving motivation towards the develop-
ment of alternative binder systems with lower environmental impact. Moreover, the
innovative binders shall comply with construction materials standards, performance
targets, market needs as well as meet criteria of cost-benefit analysis.

Within this scope, it has been assessed the available opportunities to both
improve the manufacturing process of the common cements and to change their
chemical composition—namely, incorporating by-products from other industries
(Sect. 1.5.2). Concomitantly, it has been under intense scientific scrutiny the
viability of large-scale industrial use of other hydraulic binders based on a chemis-
try different from that of common cements (Sects. 1.5.3-1.5.5) [9, 12, 79, 80].

Hydraulic binders are grouped into families of materials depending on their
chemistry. These families, in turn, include different binders, each of which is
constituted by multiphase systems that are influenced by the preparation conditions,
the environment, and the conditions in service. As such, the variety and complexity of
the binders’ systems required a systematization and synthesis during the writing of this
chapter. The selection criteria adopted intended to present the more generalized use
and the most promising materials. In this way, this chapter aimed to provide the
fundamental knowledge to contribute to a better understanding of the hydraulic
binders. This should help to correctly support the decisions to be made at the project
design level as well as during the execution and maintenance of engineering works. It
will also allow the monitoring of scientific and technological advances that lie ahead.

Annex |
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Table A1.2 Mechanical and physical Requirements for the common of cements as defined in the

standard EN 197-1:2000

Comprehensive strength (MPa)

Standard
Strength Early strength strength Initial setting time | Soundness
class 2 days |7 days |28 days (min) (expansion) (mm)
325N - >16.0 | >325 | <525 | >75 <10
32.5R >10.0 -
425N >10.0 - >42.5 | <625 | >60
42.5R >20.0 -
525N >20.0 - >525 |- >45

52.5R >30.0 -

Table A1.3 Examples of identification of common cements according to standards EN
197-1:2000 and EN 197-1: 2000/A 1:2004

Example

Portland cement EN 197-1 CEM 1
52.5R

Portland-limestone cement EN 197-1
CEM II/B-L 32.5N

Portland-composite cement EN 197-1
CEM II/A-M (S-V-L) 32.5 R

Blast furnace cement EN 197-1 CEM
11I/B 32.5N-LH

References

Description

Portland cement conforming to EN 197-1 of strength
class 52.5 with a high early strength

Portland-limestone cement conforming to EN 197-1
containing between 65 and 79 % by mass of limestone
with a TOC content not exceeding 0.50 % by mass
(L) of strength class 32.5 and an ordinary early
strength

Portland-composite cement containing in total a
quantity of granulated blast furnace slag (S), siliceous
fly ash (V), and limestone (L) of between 6 and 20 %
by mass and of strength class 32.5 with a high early
strength

Blast furnace cement conforming to EN 197-1,
containing between 66 and 80 % by mass of
granulated blast furnace slag (S) of strength class 32.5
with an ordinary early strength and a low heat of
hydration (LH)

(Note: the heat of hydration of common cements
defined as low heat of hydration should not exceed—
according to EN 197-1:2000/A1:2004—the
characteristic value of 270 J/g evaluated (1) at 7 days
(according to the EN 196-8) or (2) at 41 h (according
to EN 196-9))
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Abstract

This chapter includes a brief history of coatings and mortars. Then, several
classifications are presented, in terms of the main functional purpose, binder
type and production site. Renders’ performance characteristics, in fresh and
hardened state, are described, focusing on requirements, testing methods and
standards. Design and construction recommendations are synthetized in terms of
materials (binders, aggregates, admixtures and additions/fillers), design details/
technical specifications for construction and also characteristics of each coat in
the render systems for traditional and industrial renders. Finishing layers are also
presented. The pathology and diagnosis of these coating systems are
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2.1 Historical Introduction

The first mortars made of lime only might have been used in Jericho, Palestine
(7000 ac) [1]. Several studies indicate clearly the use of mortars in construction in
the Etruscan epoch (1100-501 ac). At that time the use of terracotta and small-sized
stones agglutinated with slaked lime allowed cutting and applying great stone
blocks, with little labour [2].

The Romans (800 ac—474 pc) improved this technique, introducing “cement”,
fine aggregate, capable of being agglutinated by lime, thus making mortars that,
confined by stone blocks or filling their joints, conferred the construction great
resistance, especially when natural pozzolans were added to lime [2].

After the Roman Empire came a very convoluted period of the Western
European history; the Roman civilization did not have such brilliant followers
and their technologies were partially lost, so that today little is known about these
mortars’ composition. However, some written documents remained, named the Ten
Books on Architecture by Vitruvius [3], an architect contemporary of Julius Caesar.
The work of various researchers that have analysed the mortars from this epoch, of
which there are countless remains, demonstrates their strength and durability. From
experiences that have been made, air lime was the main binder of these mortars [4],
and it was very common to find scraps of bricks, roof tiles and other materials with
pozzolanic characteristics that conferred a good hydraulic behaviour [5, 6]. The
causes of the hydraulicity remained obscure for a very long time, and the reasons
why some limes hardened under water are unknown. However, the use of impure
limes seems to have been frequent, conferring some hydraulicity, mainly in the
cruder mortar works but also in coatings and finishes. The main reason was the use
of natural pozzolans—volcanic materials—or artificial ones, such as brick powder
and brick fragments [7].

The Romans did not know the chemical and mineralogical composition of the
materials they used in construction. However, their mortars showed such a good
performance after many centuries that the new material that came up in the
eighteenth century was “Roman cement”. This material was a superior quality
lime, in terms of hardening and water resistance, and anticipated the well-known
Portland cement of today [7].

In 1756 John Smeaton pioneered the use of “hydraulic lime” (a form of mortar
that will set under water) and developed a technique involving dovetailed blocks of
granite in the building of the Eddystone Lighthouse.

It was only after the Industrial Revolution that important scientific works
surfaced on hydraulicity and the industrialization of the production of air and
hydraulic limes [8]. The discovery of cement by Louis-Joseph Vicat occurred in
1812—1818. From the 1920s on, with the introduction of the concept of hydraulicity
and the understanding of natural cement, the distinction was made between air
limes, those more or less hydraulic and natural cements [9].

The scientific efforts put into the nineteenth-century studies came together with
the creation of artificial Portland cement, in 1824 by Joseph Aspdin (or Aspden),
allowing the simulation and control of all its production stages. Besides these
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qualities, this new material had the advantage of allowing manufacturing mortars of
much greater strength and quick setting.

In Portugal, since almost the beginning of the twentieth century with the
introduction of Portland cement, there was a progressive decline in the use of
lime (in particular air lime) in mortars production and an increasing use of cement,
very often as the only binder. This binder allowed greater strength, improved
adherence and much faster setting (since the mixed-binder mortars had much higher
setting times) [10]. The use of cement and sand mortars also facilitated the organi-
zation of the construction site in terms of materials stocking. However, the exces-
sive use of mortars with cement only created another type of problems, associated
with excessive shrinkage and consequent cracking of renders.

The emergence, between 1950 and 1960, both in Europe and the United States,
of renders based on premixed products was due to the need to suppress the
operations of formulation and dosage on-site [11]. At an initial stage these products
produced in factories and sold as powder (ready to mix) had a similar composition
to that of traditional renders. The first generation of these premixed products
resulted directly from the current habits on-site, related with the execution of
very strong renders, made exclusively with cement and with high binder contents.
These products contained few admixtures, essentially to improve the adherence
(resins) and the waterproofing capacity [12].

However, the development of new substrate materials allowed improving the
characteristics of these products (e.g. the enhancement of the mortars’ water
retention or the reduction of the mechanical characteristics through the use of
lightweight fillers to apply in aerated cellular concrete masonry substrates). There-
fore, the evolution in the manufacturing of these products was towards more
deformable mortars (in which part of the cement was replaced with lime, usually
air lime, and the reduction in binder was compensated by the incorporation of filler
to maintain a good workability) [12].

In the last decades the industry gained a deeper knowledge of the on-site
behaviour of these products and on the use of admixtures (e.g. the introduction of
more stable air entrainers as a function of the mortar type, the use of water retainers
in order to simplify the operations of substrate preparation and the incorporation of
lightweight fillers in products for mechanical spraying). Experience has shown that
the trend is the formulation of premixed renders with intermediate characteristics,
adequate for different types of application [12].

Finally it should be referred that there has been a return to including air lime in
the composition of rendering mortars, due first to a better understanding of the
problems that resulted from ceasing using it and also to the need to perform
rehabilitation works in ancient masonries where the cement mortars have led to
unsatisfactory results [13]. The rate of new construction has significantly slowed
down in the last few years, while buildings rehabilitation has slightly increased but
it has a great growth potential in the near future. In this context, the number of
Portuguese national research studies on the specification of hydraulic and air lime
and mixed-binder mortars to be applied in ancient buildings (currently called
ancient mortars) [14] has been growing, as well as that of studies focused on the
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Fig. 2.1 Synthesis of the history of mortars [16]

use of various constituents of these mortars, such as the influence of adding
pozzolans to lime mortars [15], or on the procedures related with the production
of lime mortars (e.g. the influence of the lime’s maturation time on its quality [7]).

Additionally, other challenges concerning the mortars formulation come up,
such as improving their energy performance by incorporating insulating
compounds or aggregates, in the context of energy efficiency of construction
elements, or aspects related to their life cycle, environment and sustainability
(recycling and reuse). Figure 2.1 presents a synthesis of the history of mortars,
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from their onset to CE marking, after 2004 for construction mortars (but compul-
sory after February 1, 2005 for rendering mortars, through system 4 of evidence of
conformity).

It is thus concluded that the subject of construction mortars is much diversified,
since various types of constituent materials may be involved, with specific technol-
ogy. Presently, construction mortars have various uses and may be associated with
traditional technologies or competitive new technologies that thrive to answer the
present demands at the construction sites, or even integrating maintenance and
rehabilitation activities.

2.2 Mortars Classification

Construction mortars are classified in five groups, according to their application
scope [11, 16, 17]: masonry bedding mortars, rendering mortars, cement-glues,
joint mortars and pavement smoothing mortars (screeds). This chapter is focused on
walls coating mortars, currently called renders or plasters (a mixture of one or more
binders, aggregates and eventually additions and/or admixtures, used to coat exte-
rior and interior walls; they can be mineral or organic according to the binder’s
nature; these mortars, with or without water-repellent admixtures, can be finished
with ceramics, paints or a variety of finish treatments).

2.2.1 Functional Classification

The classification currently used in Portugal for coating mortars and adopted by
LNEC (National Laboratory for Civil Engineering in Lisbon) is focused on their
main functions. In exterior coatings, the classification considers the following four
categories [18]:

» Watertightness coatings—they have the capacity of guaranteeing by themselves
the watertightness of the wall to rainwater; theoretically even if the wall is
cracked, this coating type will prevent water entry to the inside (non-absolute
criterion, e.g. elastomeric membranes—reinforced synthetic binder coatings—
have this capacity up to a given level of cracking of the wall).

¢ Waterproofing coatings—they provide a significant contribution to the global
watertightness of the wall but do not ensure by themselves that watertightness.

¢ Thermal insulation coatings—their main function is thermal insulation, instead
of watertightness; in what concerns their water protection capacity, they are
generally watertight or waterproofing coatings.

 Finishing mortars—their main function is to finish the walls, and their contribu-
tion to watertightness is of little significant (e.g. water-based paints).
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Table 2.1 Classification of walls exterior surface coatings [19]

Functional classification Main types of exterior walls coatings

Natural stone plates mechanically fastened to the substrate, with cavity

Watertightness coatings | Plates of other materials mechanically fastened to the substrate, with cavity

Reinforced synthetic binder coatings

Traditional renders

R Pre-dosed renders (one-coat or others)
Waterproofing coatings

Mixed binder renders (dement and resin)

Synthetic binder coatings

. . Claddings of independent discontinuous elements with insulation in the cavity
Thermal insulation

Claddings with insulating components

coatings - - n -
Coatings applied over insulation (EIFS systems)

Claddings of discontinuous elements glued or mechanically fastened without cavity
Finishing coatings (tiling, decorative tiles)

Paint coatings

Table 2.1 presents a classification of walls exterior surface coatings [19] where
the coatings that are the object of this chapter are shaded, with a functional
classification of “waterproofing coatings”.

For interior coatings, this classification considers the following four categories
[20]:

* Smoothing coatings—they give the wall planeness, verticality and surface
regularity.

» Finishing coatings—they give the wall a smoothing complement, also
guaranteeing in most cases a pleasant visual aspect.

¢ Water-resistant coatings—they make up the finishing coat of the walls in
locations where water is present frequently or cleaning is wet.

* Decorative coatings—they provide the aspect intended by the users in terms of
visual comfort, when the underlying layers do not do so by themselves.

Similarly to exterior coatings, the main types of walls interior coatings dealt with
in this chapter are traditional and premixed renders. In this case, interior coatings
are classified as “smoothing coatings”, since their main function is to provide
interior walls with planeness, verticality and surface regularity [19].

2.2.2 (Classification According to the Binder Type

In the production of mortars, various types of binders may be used, leading to a
classification according to the binder type [11, 20]:

e Slaked air lime and sand mortars—with high ultimate deformation, low shrink-
age, friable structure, very slow hardening and wide use in rehabilitation works.
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Natural hydraulic lime and sand mortars—with intermediate characteristics
between cement and sand mortars and slaked lime and sand mortars.

Artificial hydraulic lime and sand mortars—with compressive strength similar to
that of natural hydraulic lime mortars and less ultimate deformation.

Gypsum mortars—mortars made with binder and eventually other binders with
weak mechanical strength and sensitive to humidity (used only in interiors).
Cement and sand mortars—with high strength, great compacity, high shrinkage
and stiffness and great propensity to cracking.

Cement, lime and sand (mixed-binder) mortars—with greater workability, ulti-
mate deformation and porosity and lesser cracking propensity compared to
cement and sand mortars; it is mostly the cement that confers strength and the
initial mechanical characteristics.

Mixed-binder mortars, made with mineral and synthetic binder (e.g. polymer) in
a proportion over 2.5 %—generally with better characteristics of adherence,
deformability, waterproofing capacity and tensile strength; with growing use in
walls coatings (to repair existing renders or integrate other coating systems, such
as exterior thermal insulation systems, where a thin layer of cement and resin
mortar is applied over a thermal insulation substrate).

2.2.3 Classification According to the Properties and/or Purpose

There are classifications used in European normative documents that also include
codes associated to the various coatings taking into account their properties and
purpose (Table 2.2).

2.24 (lassification According to the Production Site

In the classification according to the production site, mortars are divided in three
groups as follows [17]:

e Industrial mortars—mortars dosed and mixed at the factory; they come “in

Table 2.2 Classification

o

powder” (requiring only water to be added on construction site) or “in paste”
(ready to apply mix).

i n . Designation Code
::13(/); lgfr;t)(())ste e(glr\? 2691;? General purpose rendering GP
2010) Lightweight rendering Lw

Coloured rendering mortar CR
One-coat rendering mortar oC
Thermal rendering T

Renovation rendering R
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+ Semi-finished industrial mortars—industrial mortars to be modified on-site, such
as:

— Pre-dosed mortars—their components are dosed at the factory and made
available on-site, where they are mixed according to the instructions and
conditions of the manufacturer (e.g. multi-chamber silo).

— Premixed mortars—their components are dosed and mixed at the factory,
made available on-site, where other components that the manufacturer
specifies or provides as well (e.g. cement) are added.

¢ Made on-site or traditional mortars—mortars composed by primary constituents
(e.g. binders, aggregates and water), dosed and mixed on-site.

2.2.5 Simplified Nomenclature Adopted in This Chapter

In order to simplify the nomenclature in the next sections of the chapter, the
following global classification of exterior and interior rendering mortars (renders)
is used:

¢ Traditional renders, dosed on-site and performed according to conventional
procedures and mostly manual application

¢ Pre-dosed mortars, in which the constituents are pre-selected and dosed at the
factory, in a mixture provided in powder (in this case it is necessary to add water
on-site) or in paste (provided in silos, ready to use), whose application is
generally made by mechanical spraying

2.3 Functional Requirements and Performance Parameters
2.3.1 Functional Requirements

The Community Directive relative to construction products, 89/106/CEE of
December 21 and 93/68/CEE of July 22, transposed to the national context by
Decree-Law 113/93 of April 10, changed by Decree-Law 4/2007 of January
8, establishes the following six essential requirements for building construction
works (that include various products, materials and systems): stability (EE1); safety
against fire risks (EE2); hygiene, safety and environment (EE3); safety in use
(EE4); protection against noise (EES); and energy savings (EE6), taking into
account an economically viable period and current maintenance (durability and
adequacy to use). This Directive (CPD) is repealed by the Construction Products
Regulation (CPR) No. 305/2011 of the European Parliament and of the Council of
March 9, 2011, laying down harmonized conditions for the marketing of construc-
tion products and including other essential requirement conditions related with the
sustainable use of natural resources. This chapter scopes the requirements of
renders in general, with exterior and/or interior application, and the following
main requirements [21-23]:
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¢ Protection of the walls against external actions (weather related and resulting
from the building’s normal use)—a render must adhere to the substrate and have
a mechanical strength adequate for that function (i.e. show adequate values of
internal mechanical strength; resistance to deformations and dimensional
variations; and resistance to abrasion, scratching, shock actions, among others);
interior walls confining with pavements must be protected with baseboards,
whenever the interior renders of those areas do not have satisfactory resistance
to the actions related to the use and maintenance of interior spaces.

¢ Waterproofing and water resistance of the walls—an adequate resistance to
water of various origins (rain, damp, capillary and water vapour); exterior
renders, in over-the-ground walls must promote the passage of water vapour
generated in the building’s interior to its exterior, even though guaranteeing
waterproofing against rainwater; in the case of inner surfaces where there are
water devices, renders must be protected with wainscots at least 1.5 m high.

* Walls finishing—a render must provide coated walls with a regular and plane
defect-free surface, with characteristics that facilitate their cleaning, taking into
account the users’ visual comfort and the aesthetic value of the walls.

¢ Adequate durability, bearing in mind maintenance—a render must guarantee the
previous functions for a period of time (service life) compatible with the
difficulty and cost of the in-service maintenance actions; therefore, the capacity
to obtain adequate performance levels depends a lot on the guarantee of geomet-
ric and physical-chemical compatibility between the render, its substrate and the
final finish.

On the other hand, the contribution of renders is not as significant as that of other
wall elements (masonries or other types of coating) in the following situations [21]:

« Fire safety—renders only contribute to complying with the fire reaction of the
surfaces’ constituent materials because they are non-combustible materials
(mineral renders with little organic matter in their composition); an important
role in fire resistance of coated walls is assigned to masonries; renders belong to
fire reaction Euroclass A1, because they have a small content of organic matter
according to EN 998-1: 2010 and the 2000/147/CE Directive.

¢ Protection against noise—the extra sound reduction resulting from adding a
coating to a wall is usually not important, unless it is a lightweight wall [24].

« Economy of energy and heat retention—a mortar coating has a limited effect on
heat transmission through a current external wall, since its thermal conductivity
is relatively high and its thickness is small; the contribution to thermal insula-
tion, treatment of thermal bridges and thermal inertia of opaque surfaces
becomes significant when a coating system including an insulation layer is
applied (e.g. coating over insulation or coating of hydraulic binders with
aggregates of an insulating material) (BRE Digest 196; Cahier 1633); rendering
mortars have thermal conductivities between 0.07 and 1.28 W/m K, according to
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the material’s density, which is given in EN 1745: 2012. The requirements of EN
998-1: 2010 include: (a) declaration of the tabled values (VT) for mortars GP,
LW, CR, OC and R; (b) categories T1 <0.1 W/m K and 72 <0.2 W/m K for
thermal insulation mortars (7).

Finally, the non-negligible contribution of renders to the environment is
highlighted, in terms of recycling and reuse of mortars during their life cycle,
accounting for the environmental impacts that these mortars have on the environ-
ment during their production, application and/or demolition (e.g. a deficient control
of the final destiny of washing water of the mixers and of the waste resulting from
the production of traditional cement mortars contributes to the contamination of
natural resources, namely the pollution of water and soil).

2.3.2 Prescriptive Specification/Performance-Based Formulation

For a proper evaluation of the adequacy to use of applied renders, a performance-
based approach must be followed comprising three main steps:

¢ Definition of the functions to be performed by the render (functional
requirements)

 Identification of the most relevant performance characteristics (i.e. performance
parameters quantifiable whenever possible and capable of being monitored in
service)

¢ Definition of the methods of quantification and evaluation of the previous
parameters, resorting to in situ or laboratory tests

In fact, the application of this approach is easier in non-traditional renders
because there is backing from harmonized European standards (requirement
standards) or homologation/application documents produced by LNEC (additional
requirements) or other national entities. Concerning traditional renders, their
specification still puts emphasis on a prescriptive formulation, through the recom-
mendation of volumetric or weight proportions.

According to EN 13914-1:2005, the choice of the render type, its composition,
the number of coats and their thickness depends on the intended aspect, the
exposure conditions, the nature of the substrate and the requirements. To specify
the composition (proportions), it must be stated whether they are determined by
weight or by volume and whether dry or damp sand is used. This European standard
does not define proportions, due to the technological and climatic differences
between the various countries. However, it typifies mortar mixes (used in exterior
renders), as a function of the substrate:

* Strong mixes—they yield strong, impermeable, high shrinkage mortars, conse-
quently highly susceptible to cracking; their use should be restricted to stronger
substrates.
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e Moderately strong mixes—they probably lead to satisfactory results in most
renders; they are more permeable and have less drying shrinkage than the former
ones; their strength is adequate in most situations; the mixes with lower cement
content are less prone to cracking, but may not be strong enough to withstand
severe abrasion.

¢ Weak mixes—adequate for weak substrates under protected conditions and for
repair work of less compact lime-based renders.

Table 2.3 presents a synthesis of the volumetric proportions of the base and
finishing coats of renders applied on brick masonry substrates [20], taking into
account the type of finish of the rendered surface and the exposure conditions.

It is stressed that prescriptive specification, even though providing relevant
information (about the various coats, exposure conditions, types of substrate and
types of finish), is clearly insufficient for periodic monitoring of the in-service
performance [21]. Therefore, technical documentation has gradually changed from
prescriptive to performance based, in which the functional requirements are trans-
lated into quantifiable performance characteristics.

2.3.3 Performance Parameters and Test Methods

Based on the literature analysed, a set of performance parameters was defined for
coating mortars at the application phase, in the fresh state and of transition to
hardened state, and the complete coating system (constituent layers and eventual
surface finish), in the hardened state.

2.3.3.1 Workability
The workability is a fresh-state mortar’s characteristic that allows its proper
application (compacity and yield), its capacity to adhere to the substrate and the
possibility of modifying the surface to achieve the intended finish. In practice this is
the most determining property for renders on-site, since unlike concrete wall
rendering mortars do not generally require great strength. This property is deter-
mining for the in-service performance of renders since if, on the one hand, it allows
and facilitates their application on-site, in reality it conditions the render’s perfor-
mance at other levels, namely in what concerns shrinkage and waterproofing [26].
This contradiction is easy to perceive if one considers that, in order to get a better
workability, a greater water content relative to cement or an increase in the sands
fines content is needed. At the drying stage, however, the greater the amount of
water lost, the bigger the consequent volume loss and the associated shrinkage. On
the other hand, an unbalanced water/cement ratio may lead to an excessively wet
render and a deficient curing with implications on the cohesion of the mortar [26].
To control this problem there are today in the market admixtures that promote a
mortar’s workability (plasticizers and air entrainers that simultaneously improve
the mortar’s behaviour in terms of freeze/thaw cycles), but as various authors stress
their effects are not always predictable and therefore it is important to test them
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Table 2.3 Coating systems adequate for brick masonry substrates [20]

Type of

finish of the

rendered

surface Exposure conditions Base coats Finishing coats

Smooth Severe (unprotected 1:3-4 1:5-6 1:5-6

floated exposure to rain water 1:0.5:4-4.5 1:1:5-6 1:1:5-6

(wooden driven by wind)

float) Moderate (partially 1:5-6 - 1:5-6
protected walls) 1:1:5-6 1:1:5-6
Favourable (regions 1:5-6 1:5-6
with little rain and 1:1:5-6 1:1:5-6
protected walls)

Rough with Severe (unprotected 1:5-6 1:5-6 1:5-6

fine texture exposure to rain water 1:1:5-6 1:1:5-6 1:1:5-6
driven by wind)
Moderate (partially 1:5-6 - 1:7-8
protected walls) 1:1:5-6 1:2:8-9
Favourable (regions 1:5-6 1:7-8
with little rain and 1:1:5-6 1:2:8-9
protected walls)

Exposed Severe (unprotected 1:3-4 1:34 1:3-4

pebble exposure to rain water 1:0.5:4-4.5 1:0.5:4-4.5 1:0.5:4-4.5
driven by wind)
Moderate (partially 1:3-4 - 1:3-4
protected walls) 1:0.5:44.5 1:0.5:4-4.5
Favourable (regions 1:34 - 1:34
with little rain and 1:0.5:4-4.5 1:0.5:4-4.5

protected walls)

Note: The upper proportions refer to cement and damp sand mortar and the lower ones to cement,
lime and damp sand mortars [25]

on-site before their application [27, 28]. For example, using 0.15 % of
superplasticizer in a hydraulic lime mortar contributes to a relatively stable increase
of workability. The influence of air entrainers depends on the amount added, and
the use of only 0.10-0.15 % has been proved to contribute to the increase of
workability of air lime mortars [29].

To measure the workability of mortars, a rheometer is sometimes used (for the
analysis of the mortar’s rheology, i.e. the study of its fresh-state deformation and
flow, including the properties that influence the mixing, transportation and applica-
tion process), even though the use of the slump flow test (EN 1015-3: 1999)
(Fig. 2.2) is more frequent.



2 Renders 65

Fig. 2.2 Slump flow test to evaluate the consistency of fresh mortar [30]

2.3.3.2 Water Retention

The water retention, characteristic of a fresh-state mortar, translates the mortar’s
capacity of retaining the mixing water, when subjected to the substrate’s suction,
allowing its normal hardening [17] in contact with absorbent surfaces. This prop-
erty is important for the adequate cement hydration and for the chemical reactions
to occur under the best conditions during curing. Its control allows prolonging the
plastic state of fresh mortar, increasing the workmanship’s productivity [29].

When compared to cement mortars, lime mortars have a high water retention
capacity, and adding a small amount of cement to these mortars is enough to
drastically reduce this property [31].

From the analysis of existing requirements [21] for current rendering mortars it
is found that water retention (U) must be high (U >80 %), and there are some
specific conditions that require an even higher value, such as drier weather during
application (H, < 80 %) or high temperatures (25 °C < T < 30 °C) with strong wind.
The type of substrate is also relevant to this parameter, i.e. the render’s water
retention must be higher than the usual (U >91 %) in more absorbent or weaker
substrates, but the maximum value must be controlled in little absorbent substrates
(U <94 %). The water retention (%) is measured in laboratory (prEN1015-8: 1999)
(Fig. 2.3).
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Fig. 2.3 Water retention test in cementitious mortar, in the fresh state

2.3.3.3 Shrinkage
Shrinkage or contraction is a characteristic related with the decrease of volume of a
mortar, either by mixing water evaporation or by phenomena related to hydration
and carbonation of the binder [29]. Knowing the shrinkage phenomenon and its
evolution is extremely important to control its causes and try to minimize its effects,
which range from micro-cracking to cracking of the mortar, with consequences on
loss of waterproofing capacity, negatively affecting this coating’s durability [32].
Global shrinkage occurs by desiccation, hydration and carbonation throughout
the mortar’s service life, with a continuous interaction between these phenomena,
almost always resulting in a contraction. In mortars, thermal-related shrinkage is
not as relevant, due to their small thickness. These phenomena are now succinctly
described [18, 32]:

» Desiccation—it corresponds to the exit of water from the capillary vases and
then from the smaller pores, leading to contraction coupled with mass reduction,
leading to water loss that may reach 22 % of the cement paste [33]. Desiccation
is mostly due to evaporation and absorption by other elements in contact with the
coating, namely its substrate [34]; this type of shrinkage is partially reversible.

e Hydration—it corresponds to shrinkage from hydration reactions, with the
formation of new chemical compounds, coupled by exothermy and self-
desiccation (consumption of the water from the pores) in the resulting chemical
reactions: this type of shrinkage, due to the importance of the chemical compo-
nent, is mostly irreversible.

o Carbonation—it is due to the combination of carbon dioxide from the atmo-
sphere with the hydrated components of cement (a reaction with water release,
whose rate depends on the air’s hygrometry, with a maximum of 50 % of H,
[34]), in particular calcium hydroxide, which originates solid products such as
calcium carbonate, whose global volume is lower than the sum of the volumes of
the cement components that are used in the reaction, but whose mass is higher;
the renders are very prone to carbonation, due to their small thickness and high
permeability to gases that favour the combination of carbon dioxide from the air
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Fig. 2.4 Free shrinkage test with (a) measurement of the relative displacements of the tops; (b)
bracket test to evaluate the render’s cracking propensity [35]

(however, this permeability decreases in depth, slowing down carbonation of the
inner layers relative to that of the external layers).

The relative predominance of the preceding phenomena depends on the render’s
age: desiccation influences global shrinkage and is much more influencing after the
beginning of setting (a period when shrinkage by desiccation is much higher than
shrinkage by hydration) and after hardening (when hydration is practically over and
causes little deformation). Right after the end of setting, the interaction between
these two phenomena is important. The dimensional changes due to hydration are
preponderant during hardening. Finally, shrinkage by carbonation occurs through-
out the mortar’s life, becoming relevant, the more permeable to air the mortar is and
the more favourable the environmental conditions are to the carbonation
reaction [32].

The analysis of shrinkage in laboratory has been made by measuring the free
and/or restricted shrinkage, representing the mortar’s volume reduction, without
(free movement) or with substrate (restricted movement), during its hardening
[17]. The free shrinkage of the render must be moderate and the restricted shrinkage
medium to weak, for a better resistance to cracking.

In the analysis of free shrinkage, one-dimensional variations are measured in
specimens in moulds with devices that allow measuring the relative displacements
of the tops, along the longitudinal axis, and their weight variation is evaluated
(prEN 1015-13: 1993) (Fig. 2.4a). It is frequent to measure linear shrinkage by
applying mortar inside a metal bracket-shaped profile [30, 35] (Fig. 2.4b).

Renders are applied on a substrate, generally very stiff, to which they adhere. As
the mortar dries, shrinkage develops, normally under very unfavourable conditions:
fast evaporation and suction of the substrate, which is restricted by the adherence to
the substrate, inducing stresses in the mortar. Therefore, mortars are subjected to
stress fields that result from restricted shrinkage, whose determination implies
knowing the capacity of relaxation of the mortar. The stress installed within the
mortar varies over time, due to the variation of shrinkage and modulus of elasticity
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and the influence of this ratio, but the tensile strength of the mortar also varies with
time, depending on the degree of hydration [32].

A test procedure (FE Pa 37:1998, methodology to evaluate cracking susceptibil-
ity of renders) was developed in LNEC that includes the design and execution of
specific equipment capable of restricting the shrinkage of a mortar specimen,
measuring the forces generated. The results of this test allow parameterizing the
mortar’s cracking susceptibility, taking into account the following coefficients [18]:

» Safety coefficient concerning the opening of the first crack (CSAF), determined
as follows:

Ri(?)
F.(t)

where R, = tensile strength of the mortar and F, = force generated by the restricted

shrinkage.

e Coefficient of resistance against the evolution of cracking due to restricted
shrinkage (CREF), determined as follows:

CSAF =

G

T max

CREF =

where G = failure energy and F' ,,,x = maximum force generated by the restricted
shrinkage.

The cracking propensity of renders made on-site is measured by their class of
susceptibility to cracking: medium (CSAF > 1 and 0.6 mm < CREF < 1 mm) or
weak (CSAF > 1 and CREF > 1 mm) [18].

2.3.3.4 Adherence to the Substrate

Adherence is the property that allows render to withstand normal and tangential
stresses acting in the interface with the substrate, even after the hardening process.
The adherence of render to its substrate is fundamental to fulfil the functions of
waterproofing and protection of the walls over time, as well as the adherence
between constituent coats of the coating system. Furthermore, it greatly influences
the cracking resistance, in the sense that it conditions the stress distribution within
the mortar [18, 36].

In traditional admixture-free renders, adherence occurs by penetration of the
mortar’s fine elements into the substrate’s pores, forming a system of “mechanical
anchorage” [37]. Therefore, the adherence is influenced mostly by aspects related to
both the rendering mortar and the substrate. The richer in binder the mortar and the
greater its fine content, the greater its adherence will be. However, such contents
lead to greater cracking by shrinkage that may by itself cause loss of adherence. The
purpose is then to find a balance between these two factors [38]. In non-traditional
renders it is possible to add admixtures that work as adherence promoters,
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Loss of adherence due to the low  Adequate adherence due to mechani-  Desiccation of the mortar due to
absorption of the substrate cal bonding conferred by an adequate  excessive absorption of the sub-
absorption strate

Fig. 2.5 Mechanical adherence of the render, according to the substrate’s suction [18]

improving this characteristic in the hardened state; however, the adherence of these
coatings is still sensitive to the application conditions and the substrate’s
preparation.

Since adherence depends on the penetration of the mortar’s laitance into the
substrate, it seems natural that the latter’s porosity and capillary suction are also
influential. Therefore, adherence will be better in absorbent substrates since they
allow a better mechanical bonding. However, an exaggerated absorption capacity
will tend to rapidly desiccate the coating, stopping the hydration of its constituents
and favouring the formation of a pulverulent interface (Fig. 2.5). This eventuality
may be prevented by the previous humidification of the substrate, even though not
excessive to the point that it prevents mechanical adherence from occurring [18].

Still concerning the substrate, rough textures confer better adherence, because
they increase the area of contact between render and substrate [39]. The compati-
bility with the substrate, in terms of strength and modulus of elasticity, is also
important, in order to prevent the generation of stresses in the interface that impair
adherence. Finally, the coating’s curing must also be careful, in order to prevent the
generation of harmful stresses caused by shrinkage [40]. An expedient method of
evaluating adherence consists on tapping the surface (non-adherent areas have a
“hollow” sound) [41]. However, this technique is only qualitative and that is why
generally the render adherence (of the coat in contact with the substrate) is
evaluated through tensile pull-off tests (Fig. 2.6), in dry and damp conditions
(N/mm?), according to EN 1015-12:2000, or after an accelerated ageing test
(EN 1015-21: 2002).

This technique’s drawback is that it is locally destructive, but it allows
quantifying the adherence stress and the failure type—cohesive (in the mortar or
the substrate, because of the lack of “internal cohesion”) or adhesive (in the
interface between them, because of the lack of ‘“adherence”) (Fig. 2.7). The
evaluation of the failure type allows analysing the balance between the render’s
strength and its adherence to the substrate (when failure is predominantly cohesive
in the tests, the material’ strength is smaller) [21].

Cementitious renders generally have an adherence stress (f,) between 0.3 and
0.5 N/mm?; existing requirements demand a value above 0.3 N/mm? or cohesive
failure (Table 2.4) [42].
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Pull-off

Fig. 2.6 (a) Pull-off equipment [18]; (b) test in cementitious mortar

Type a adhesive failure Type b cohesive failure

Type ¢ cohesive failure
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1 - Metal disk; 2 - Epoxy resin layer; 3 - Mortar; 4 - Substrate

Fig. 2.7 Types of failure after pull-off test (EN 1015-12: 2000)

Table 2.4 Adherence requirements for mortars [18, 21]

Requirements

Reference

fu>0.3 N/mm? or cohesive failure

LNEC report 427/05

fu.> VD (value declared by the manufacturer) and a cohesive
type of failure

EN 998-1: 2010

f.>03 N/mm?, and none of the individual values lower than
0.2 N/mm?>

DTU 26.1: 1994 (NF P
15-201-2)

£.>0.3 N/mm?, for renders with painting or ceramics

NBR 13528: 1995

2.3.3.5 Internal Mechanical Resistance

The internal mechanical strength of a render concerns its capacity of going through
an internal hardening process to make it capable of withstanding mechanical
actions and the associated stresses [37]. The mortar’s strength is a function of the
induced stress level and of the resistance characteristics of the material. In princi-
ple, a mortar’s strength grows with its binder’s content. However, an excess of
binder leads to high shrinkage and to cracking of the mortar. So that the mortar is
resistant to cracking, it must have a high tensile strength and a low modulus of
elasticity, thus better withstanding the stresses installed [10, 18].
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Fig. 2.8 (a) Strength test equipment [30]; (b) flexural strength test; (¢) compressive strength test

Likewise, the greater the rendering mortar’s compacity (that depends on the
incorporated air content), the greater its resistance to actions and stresses; the lower
the incorporated air content, the more compact the mortar is and greater the
apparent bulk density and the internal mechanical strength and the modulus of
elasticity are [43].

The internal mechanical strength of a rendering mortar is determined in labora-
tory, by analysing the compressive and flexural strength of prismatic specimens
(Fig. 2.8):

e Compressive strength (N/mm?)—value at failure of a mortar (in hardened state)
determined by applying a compressive force in two opposite points [17], at
28 days (EN 1015-11: 1999)

« Flexural strength (N/mm?)—value at failure of a mortar, determined by applying
a bending force in three points [17], representing the bending stresses that lead to
cracking of the mortar, at 28 days (EN 1015-11: 1999)

Cementitious mortars have compressive strength values (R.) between 2 and
10 N/mm?, depending on the mortar type (Table 2.5) [42]. The lower limit is
adequate for substrates with a weaker mechanical strength; in current masonry,
the render’s compressive strength should be medium, with values above 4 N/mm?
[21]. However, values below 2 N/mm? may be used in the case of more specific
mortars, such as those for renovation or thermal insulation; for renders applied at
the bottom of walls, this parameter’s requirement is higher (R.>6 N/mm?)
(EN 13914-1:2005).

In the technical specifications the compressive strength of air lime renders does
not exceed 1.0 N/mm?, while in hydraulic lime renders this parameter has an upper
limit of 2.5 N/mm” [44].

The tensile strength of cementitious mortars is variable but preferably medium
to guarantee good cracking resistance (427/05 from LNEC) [45]. In the technical
specifications the flexure strength falls between 1.5 and 3.5 N/mm? [21]. The lower
limit is recommended in the following situations: walls exposed to shocks and
deterioration, basement walls, up to 3 m and over 18 m above the ground and
application in cold weather and sprayed finish. However, the flexure strength must
be higher in the following specific situations: wall exposed to shocks near a public
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Table 2.5 Renders’ compressive strength requirements [18, 21]

Requirements Reference
1.5 <R. < 5.0 N/mm? for renovation and thermal insulation | EN 998-1: 2010 (Classes CSI,
mortars CSII, CS III, CS 1V)

35<R.<175 N/mm? for lightweight mortars

R. > 6.0 N/mm? for general use and one-coat mortars (in any
case, the mortar must not have a higher strength than the
masonry)

R.>2.5 N/mm? for high-strength mortars DIN 18550-1: 1985%
R > 1.0 N/mm? for moderately hydraulic lime mortars

R. < 2.5 N/mm? for hydraulic lime masonry mortars

R.<10.0 N/mm2 for cement-based mortars

R.>12.0 N/mm? for strong and high shrinkage mortars BS 5262: 1991°

R. > 6.0 N/mm? for moderately strong mortars

R.>4.0 N/mm? for average-strength mortars, less prone to
cracking

R. > 6.0 N/mm? for low- to moderate-strength mortars
“Due to CE marking/ European standards, these documents have been replaced by DIN V

18550:2005-04; DIN EN 998-1:2010:2010-12
®The same occurs here, i.e. BS EN 13914-1:2005 replaces these BS standards

pathway and/or in zones with concentration of people, wall exposed to vibrations
(R,>2.7 N/mm?) and renders with ceramic finish (R, > 2.0 N/mm?). On the other
hand, this characteristic must be limited, particularly in very absorbent substrates
(R <27 N/mmz), application with dry or hot weather (R, < 3.5 N/mmz) and damp
weather or sprayed finish (R, <4.5 N/mmz).

Finally, the dry bulk density in the hardened state (kg/m’) is also of interest,
corresponding to the ratio between the dry material’s mass and its volume after
28 days of curing; the volume can be measured by the size of the specimens,
according to Cahier 2669-4 from CSTB, or based on the saturated mass and its
hydrostatic weight (EN 1015-10:1999).

Like the compressive strength the density is ranked in classes. Therefore, the
value declared by the manufacturer for pre-dosed renders is an important require-
ment in terms of design specification. According to the technical specifications,
there are factors that contribute to a greater demand from this parameter [21], such
as a wall exposed to shocks near a public pathway and/or in zones with concentra-
tion of people; application in walls up to 3 m and over 18 m above the ground
(M, > 1,200 kg/m?); basement walls or application in cold weather
(M, > 1,400 kg/ms); and walls exposed to vibrations (M,, > 1,600 kg/m3). The
type of finish of the rendered surface also conditions the value of the bulk density,
namely in increasing order: floated (M,,> 1,000 kg/m3), scraped or dry dash
(Mop> 1,200 kg/m?) and sprayed (M,, > 1,400 kg/m’). On the other hand, the
bulk density that may reach values around 2,000 kg/m> (EN 1745:2012) must be
limited in renders applied in substrates whose mechanical strength is very weak
(M, < 1,400 kg/m3) or that are very absorbent (M,, < 1,600 kg/m3).



2 Renders 73

2.3.3.6 Cracking Resistance/Deformation Capacity

The distribution, nature, size and depth of cracking condition several aspects of the
service life of rendering mortars, namely their waterproofing capacity; the chloride
penetration rate; and in some cases, when there is differential shrinkage of the
various render surfaces, their adherence to the substrate [26]. Their emergence is
due to the coating being unable to withstand the stresses installed (generally
tensile), which result from the separate or simultaneous action of the following
situations: substrate movements, temperature changes, vibrations or shocks, expan-
sive chemical reactions (carbonation or sulphate attack) and physical changes
(freezing water or soluble salts crystallization) [18]. Therefore, renders must have
a good deformation capacity (the ability of the rendering mortar to deform without
failure), so that no cracking or micro-cracking occurs that compromises the adher-
ence, waterproofing and in-service performance capacity (durability).

This deformation capacity of hardened render is conditioned by the modulus of
deformation or of elasticity, shrinkage and tensile strength [18]. The greater the
render’s modulus of elasticity, coupled with its internal cohesion, the better its
capacity to withstand external aggressions will be, resulting, for example, from
use—a high modulus of elasticity also allows a better resistance of the render to
stresses generated in the interface with the substrate that arises from the drying and
shrinkage process of this material. However, the evaluation of the deformation
capacity should not be done based solely on the modulus of elasticity, since this
represents the ratio between existing stress and the deformation produced by that
stress, thus giving no indication about the failure deformation.

The modulus of elasticity may be determined through static and dynamic tests,
depending on application rate if the actions and the way the response are measured.
The static modulus of elasticity corresponds to the slope of the stress-deformation
graph, obtained by loading a specimen and simultaneously measuring the deforma-
tion. On the other hand, the dynamic modulus of elasticity corresponds to very
small instantaneous deformations and is considered equal to the initial tangent
module determined in the static test and therefore greater than the static modulus
of elasticity [46]. The dynamic modulus of elasticity (E4) can be determined
resorting to the ultrasonic pulse velocity or the frequency of resonance of the
mortar (Fig. 2.9), since these parameters directly depend on the “elasticity” of the
material.

Cementitious rendering mortars have dynamic modulus of elasticity (E4) values
ranging from 3,500 to 10,000 N/mm?. The highest values are recommended in
coatings frequently acted by shocks or vibrations, while the lowest values are
adequate for weaker substrates (Table 2.6) [42].

Various studies refer that the dynamic modulus of elasticity of lime mortars,
with a long slaking period and 60 days of curing, ranges from 1,150 to 2,050 N/mm?
[47]; for air lime mortars (volumetric proportion 1:3) it is around 2,350 N/mm? and
for moderately hydraulic mortars around 2,330 N/mm? [48].

In traditional renders, which are multi-coat systems, the application of
superimposed layers with characteristics that vary from the substrate to the surface
reduces the occurrence of cracking and the probability of coincidence of the cracks
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Fig. 2.9 (a) Specimen under longitudinal vibration in both sides; (b) measurement of the
resonance frequency to determine the dynamic modulus of elasticity [21]

Table 2.6 Premixed mortar deformation capacity requirements [21]

Requirements Reference
E4<10,000 N/mm? LNEC (report 427/05)
E4< 10,000 N/mm? for current mortars MERUC classification for pre-dosed

E4>5,000 N/mm? for wall coatings exposed to | mortars (CSTBat R T 18/02) Cahier 2669-4
shocks and deterioration

E4>17,500 N/mm? for coatings in locations near a
public pathway with circulation of people

E4 < 10,000 N/mm? for coatings with very
absorbent substrates

E4<7,000 N/mm? for coatings with substrates of
very weak mechanical strength

E4> 12,000 N/mm? for coatings in walls exposed
to vibrations

in between layers [20]. In pre-dosed renders, the single coat may aggravate the
effects of the emergence of cracking; however, these products include admixtures,
e.g. water repellents, which stop water from entering their structure, even if there
are some types of micro-cracks.

2.3.3.7 Surface Resistance

Impact and friction actions lead to premature degradation of the render, under given
in-service conditions. Therefore, the surface of facade renders must withstand the
actions resulting from normal occupation and circulation, such as those associated
with the users’ mobility and current cleaning and maintenance operations, without
significant deterioration (loss of planeness and occurrence of defects).

The surface resistance will grow with the render’s cohesion. In principle,
traditional mortar coatings have a resistance to shock capable of withstanding
actions associated with normal use. Besides risk situations, there are no specific
reasons to evaluate the surface resistance except when the coatings are applied in
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very thin coats, such as in one-coat coatings, or on very deformable substrates, or
yet still when used as decorative coatings without any other finishing coat [49].

The evaluation of this property is made using tests of hard body impact resis-

tance, scratching and abrasion and there are several test techniques. In this section
the Martinet Baronnie test technique is highlighted for the evaluation of the surface

resistance of wall renders. With this technique, this property is evaluated in terms of

hard body tests, cutting resistance (grid cutting) and impact resistance (sphere
impact), taking into account the minimum impact energy (E) that the coating
must withstand, relative to the damage caused. The various tests and the measuring

parameters are summarized in Figs. 2.10 and 2.11:

» Dent diameter—the result of the sphere impact test is expressed by the diameter
(mm) of the dents resulting from five hits (FE Pa 25: 1980 from LNEC—test

procedure; for further literature about this technique, see reference [49]).

e Grid cutting index—the result of the grid cutting test is expressed by the
numerical value of the highest mass that the coating withstands, i.e. without
scaling or debonding of the little grid squares; it can be equal to 0, 250, 500 or
1,000; the “0” value is assigned to coatings that do not withstand the cutting
action with the smallest mass, 250 g (FE Pa 26: 1980 from LNEC—test

procedure; for further literature, see reference [49]).
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» Scratching index—the result of the scratching test is expressed by the numerical
value (0, 250, 500 or 1,000) of the highest mass that the coating withstands,
i.e. even though there may be scratching, there is no detachment (FE Pa 27: 1980
from LNEC—test procedure; for further literature, see reference [49]); a coating
that has detachment traces in the least severe test (without any additional mass in
the arm of the Martinet Baronnie device) is classified as “null”, from the point of
view of scratching resistance; some studies refer as measuring parameters the
depth of the resulting groove, the amount of detached material (g) or the number
of little squares damaged.

e Abrasion index—the result of the abrasion test is expressed by the numerical
value (0, 250, 500 or 1,000) of the highest mass that the coating withstands,
i.e. the friction action does not affect the substrate in a uniform way; a coating
that does withstand the friction action without any additional mass is classified as
“null”; some studies refer measuring the depth of the resulting groove and the
amount of detached material (g) or even a ratio between that amount and the
coating’s thickness (NT BUILD 281: 1984).

The requirements for surface resistance of interior renders are developed in the
gypsum plasters chapter, in terms of gypsum-based coatings’ surface resistance.

2.3.3.8 Water-Related Performance

Renders are porous mortars, through which water can penetrate by capillarity or
permeability, according to the pores’ size, mostly when wind and rain occur
simultaneously. This possibility implies considering the waterproofing of the render
and its drying capacity in crack-free areas, besides the minimization of water entry
through surface cracking [26].

A porous coating with rough finish, with thickness and composition adequate to
the weather exposure type, has the right conditions to retain uniformly the rainwater
in its whole surface and lose it again by evaporation, when the weather conditions
improve; a small porosity (very compact render, with high content of binder) is
associated to significant cracking by shrinkage, allowing a great deal of water to be
washed through the cracks [20].

A render must allow water vapour exchanges between the substrate and the
environment (resulting from the construction works, from the absorbed water or
hygrothermal exchanges between the inner and the outer space), minimizing the
occurrence of condensations on the render and substrate’s surfaces. Additionally
the water vapour permeability of the finishing coat—especially in the case of
paints—must be accounted for, since it functions as a first barrier against water
entry into the render and it also allows the wall to “breathe” as a result of the human
activities within [26].

The waterproofing capacity of the renders, concerning the water that penetrates
them due to the effect of rain and wind acting simultaneously on their surface, is
defined as its capacity to (FE Pa 38: 1999, from LNEC—waterproofing test):
(a) delay the instant when water reaches the substrate; (b) limit the water amount
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Fig. 2.12 (a) Open and (b) closed porosity [50]

that reaches the substrate; and (c) retain the water near the substrate for the shortest
possible period of time, favouring the drying of the coating.

In this context, the parameters concerning the water-related performance of
renders, with emphasis on exterior renders, are porosity/porometry, capillarity,
water permeability and water vapour permeability.

Porosity/Porometry

The durability of mortars is related to their porous structure (number of pores and
their connectivity) and porometry (pores’ distribution and size); these properties
influence the water performance of renders in terms of the way the wetting phase
(absorption) and the drying phase (evaporation—related to water vapour perme-
ability) progress [29, 51].

The nature, importance and layout of these pores allow defining different types
of porosity: global, closed and open porosity (Fig. 2.12). Global porosity is the ratio
between the volumes of pores within the mortar and global volume EN 1015-7:
1999 (contained air) [17]. Open porosity is related to the voids that intercommuni-
cate, allowing the circulation of fluids inside (the material is more or less permeable
as a function of the size and geometry of the pores and of the connectivity in the
pores’ net) [51].

The open porosity of cementitious mortars corresponds to around 20 % of the
pores volume, comprising around 75 % of micro-pores (diameter less than 0.1 pm)
and 25 % of macro-pores (diameter more than 0.1 pm); mixed-binder mortars fall
between cementitious and lime mortars (the latter have the largest pores volume,
comprised mostly of macro-pores) [52]; the open porosity of air lime at a 1:2
volumetric proportion varies as a function of the lime slaking time (35 % for
quicklime with 10 months of slaking time and 40 % for 16 months slaking
time) [47].
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Fig.2.13 (a) Capillary absorption test on lime mortar specimens [21]; (b) water permeability test
[53]

The apparent or open porosity may be measured by intrusion techniques or
microscopy. The most current ones are water immersion or mercury porosimetry,
the latter also allowing obtaining information on the pore distribution (size and
shape of the pores) [53].

Capillarity

Capillarity is the property that a hardened mortar has of absorbing water naturally
without pressure exertion [17], measured by the water mass absorbed by capillary
forces per area unit of the material. The capillary absorption test consists generally
on the periodic measurement of the mass variations of samples over a period of
time, positioned with one face in contact with a thin water layer (Fig. 2.13a) and
cleaned with a cloth after each weighing. The cyclic procedure of surface cleaning,
weighing and repositioning is maintained throughout the test over several measur-
ing periods.

The capillarity coefficient corresponds to the slope of the specimen mass versus
time graph at 10 and 90 min and is expressed in kg/m? min® for the mortars scoped
by EN 998-1: 2010, except for renovation mortars, for which this coefficient is
expressed in kg/m? after 24 h (or when the linear relationship referred to does not
exist); the capillarity coefficient (C), at 28 days, is determined according to EN
1015-18: 2002, and the standard requirement is summarized in Table 2.7 (the
standard does not include mortars whose main binders are calcium sulphate or air
lime).

From technical specifications, mostly on pre-dosed renders, it is found that the
capillarity coefficient (C) has an upper limit of 0.4 kg/m? min’~, which may be
exceeded in general use mortars (products that usually have a finish layer of another
material that provides an additional protection against capillary suction).

The upper limit of 0.4 kg/m* min®~ is also recommended for application in damp
or cold weather and for sprayed finish. However, a stricter control of capillary
absorption must be made under specific conditions, such as [21]:
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Table 2.7 Requirements for the performance (water resistance characteristics) according to EN

998-1: 2010

Characteristics
Capillarity
coefficient
(0), in

kg/m? min®’

Water
penetration
after
capillarity
tests (mm)
Water under
pressure
permeability,
after climatic
cycles
(mL/cm? after
48 h)

Water vapour
permeability
coefficient ()

Type of Requirements
requirement GP LW CR oC R T
Classes | Average | WO-W2 | WO-W2 | WO-W2 | W1-W2 | >0.3 kg/ | W1
values m? after
W0 No 24 h
demand
Wil C<04
W2 C<0.2
Measurement after _ _ _ <5 mm
capillarity test
Value after the test _ _ <1 _ _
Value declared by | <VD <VD <VD <VD <5 <15

the manufacturer

(VD)

 Wall exposed to shocks, in locations next to roadways or railways
(C <0.15 kg/m* min~)

* Render applied at the bottom of walls (height of 15-30 cm) or in severe
in-service conditions (C < 0.20 kg/m2 min®)

e Strong exposure to rain, medium/high pollution and/or without protection
elements against runoffs, very absorbent substrates or those with very weak
mechanical strength, facade areas below 3 m or above 18 m and paint finish
(C < 0.25 kg/m* min®®)

Traditional renders, because they do not use water-repellent compounds, have
higher capillarity coefficients, even cementitious ones. According to Cahier 1778
from CSTB, hydraulic binder coatings are divided in three categories: strong capillarity
(C > 0.4 kg/m* min®?); weak capillarity (0.15 kg/m? min®® < C < 0.4 kg/m? min°);
very weak capillarity (C < 0.15 kg/m* min®~). For example, studies on hydraulic lime
mortars obtained capillary coefficients between 0.90 and 1.58 kg/m* min®’ [54],
similar to those obtained in air lime mortars with 1:3 volumetric proportion, in the
range between 1.14 and 1.58 kg/m? min®’, at 28 days [7].
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Fig. 2.14 (a) Moisture measurement test, drying phase [55]; (b) water vapour permeability test
[21]

Permeability to Water

Permeability to water is the property of the material being passed by water under a
pressure gradient. According to EN 998-1: 2010, the permeability to water under
pressure for a period of 48 h under climatic cycles is considered; in this laboratory
test (Fig. 2.13b), a height of 10 cm of water is created over each of the specimens
and then the amount of water passing through the specimen is measured against
time, according to Cahier 2669-4. For standard EN 1015-21: 2002, this measure-
ment is made after accelerated ageing associated to climatic cycles, leading to a
requirement for pre-dosed one-coat decorative mortars (Table 2.7), which is also
referred in report 427/05 from LNEC for all industrial mortars.

According to Veiga [23], the values obtained using the EN 1015-21: 2002
technique are not directly comparable between multi-coat and one-coat renders,
because what is measured is the water absorbed by the material and not the water
that reaches the substrate, which may be concentrated almost only in the last coat
and therefore not really affect the render’s performance, which may remain good
because of the effect of the various coats. Therefore, an equipment to measure
moisture was developed at LNEC, allowing evaluating the time rainwater takes to
reach a substrate and the time it takes to dry afterwards (FE Pa 38: 1999—
waterproofing test) (Fig. 2.14a); the parameters evaluated by this technique are
wetting delay (M); dampening period (S) and wetting rate (H). Sa [44] shows
results using this technique for air lime mortars at 28 days (e.g. an air lime mortar
with siliceous sand with 1:3 volumetric proportion with M =0.17 h; S=30 h;
H=924mV hx1073).

Permeability to Water Vapour

In theory, the level of water vapour permeability demanded from a render grows
with its water permeability, so that the ease with which water is released is
proportional to the amount that has passed through the coating [20]. The water
vapour permeability can be measured, taking into account constant temperature
conditions, different vapour pressures in environments with distinct air relative
humidity levels and the surface and the thickness of the material [52]. By definition,
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it is equal to the flux of water vapour that passes through the mortar, under balanced
conditions, per unit of surface and vapour pressure [17].

The permeability can be measured by the coefficient of resistance to water
vapour diffusion (u), which is a characteristic value of the materials, obtained by
the non-dimensional ratio between the air water vapour permeability and the
material’s water vapour permeability, and it indicates how many times the resis-
tance to diffusion of a specimen of this material is greater than that of a still air layer
of equal thickness and subjected to the same environmental conditions [56]. The
current test method resorts to standard models “cup shaped” partially filled with a
liquid (Fig. 2.14b); the determination of the coefficient of resistance to water vapour
diffusion (u) is made based on the water vapour permeability (A) in kg/(m2 s Pa), at
a temperature of 20 °C and atmospheric pressure of 101,325 Pa (EN 1015-19:
2005); the water vapour permeability can be expressed by the thickness of air layer
with a diffusion equivalent to 0.10 m of render (Sy), i.e. Sq=pu * e, where the
thickness e is in metres [45].

In technical specifications it is found that the water vapour diffusion coefficient
(1) can be equal to 5, 15, 20 or 30 for coating mortars, according to EN 1745: 2012
(mortars with density between 200 and 2,000 kg/m’ and thermal conductivity
between 0.07 and 1.28 W/m K); the requirements for this characteristic depend
on the value declared by the manufacturer; however, an upper limit is
recommended for the water vapour diffusion coefficient (u < 15) (Table 2.7) or
the air layer with diffusion equivalent to 0.10 m of render (Sq<0.15 m) for
industrial renders (427/05 from LNEC); the current u values in lime and cement
mortars are 15-35 (density between 1,800 and 1,900 kg/m3 ) and in cement mortars
15-41 (density between 1,900 and 2,100 kg/m3) [56]; for mixed-binder and lime
mortars the current values are 20 and 10, respectively [52].

2.3.3.9 Chemical Resistance

The mortar’s durability depends on its chemical resistance (to the salts and pollut-
ant agents action), and no situations that favour a physical-chemical and consequent
biological attack must occur. To guarantee this, various chemical parameters must
be studied in non-degraded and degraded specimens, to establish acceptable values
for the soluble salts content, the pH value and the conductivity (a fast increasing
field of research).

Soluble Salts Content

Efflorescence is a crystalline deposit that takes shape on the surface or in the
internal coats of a coating, due to physical-chemical actions made possible by the
presence of water, affecting the aspect of the surface but also able to generate
chemical and physical degradation (salts crystallization). The most common salts
found in efflorescence occurrences are carbonates (from limes and cements),
sulphates and chlorides (from ceramics, aggregates and additions, mixing water
or brick-cement reactions) and also nitrates from fertilized or contaminated
soils [57].
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Fig. 2.15 (a) Test by contamination of mortars by capillary rise of a solution of sodium chloride
at 15 %; (b) sample at the end of the test [photos by R. Nogueira]

The simplest methods for salts detection resort to the water solubility these
compounds have, to a greater or lesser degree; if there are insoluble compounds
(such as calcium or magnesium carbonates, which result from the carbonation of
lime lixiviated from the mortar or from non-carbonated lime), other analysis
methods are used (based on the chemical reactivity these compounds have with
acids). Generally, the laboratory evaluation of the mortars’ performance in terms of
salts crystallization is made in prismatic specimens that are repeatedly
contaminated with saline solutions, usually sodium chloride, and subjected to
various drying conditions, which essentially lead to a degradation of the specimens’
volume as a whole, with consequent loss of mass (Fig. 2.15); studies refer losses of
mass in the sulphates resistance test between 30 and 40 % in air lime mortars with
90 days of curing [47].

Very often the degradation caused by these tests does not come close to the
degradation pattern of mortars in service, since the contamination with soluble salts
occurs slowly and continuously; the evaporation of saline solutions and the location
of the “drying front” may vary, as a function of the environmental conditions and
the percolation of the solution, among other factors. On the other hand, the use of
more specific laboratory techniques may more reliably characterize the identifica-
tion of the soluble salts (e.g. sulphates, chlorides and nitrates), the nature of the
constituents, the binders percentage, the constituents morphology, the diagnosis of
the deterioration processes and the nature of the organic compounds present [55].

There are no performance criteria for the concentration of soluble salts in
mortars. Generally, the salts that most contribute to hygroscopicity phenomena
are nitrates and chlorides in contents higher than 0.1 % or 0.09 %, respectively, of
the weight of the specimen analysed [58]. A Brazilian study of mortars traditionally
used in a given region found out that the presence of nitrates was rare, sulphates had
contents below 100 g/m* of mortar and chlorides occurred with contents around
180 g/m® of mortar; after this study, the authors found that chloride and sulphate
contents of 100-500 g/m® did not change the properties of the mortars in the
hardened state [59].
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Fig. 2.16 (a) Measurement of the pH in a fresh industrial mortar; (b) measurement of the
carbonation depth of a lime mortar with the help of a calliper, after a phenolphthalein test

pH and Conductivity Values

The determination of the pH and conductivity is made resorting to an electrometric
process in a mortar sample (Fig. 2.16a), from the dilution of a small quantity of
product resulting from the scraping of a rendered surface; this technique is vastly
used in the evaluation of the quality of water (“clean or wastewaters”), soils and
lixiviated compounds [21].

The pH of a fresh mortar (cementitious or mixed-binder) mixed with water is
around 11-12 because of calcium hydroxide (Ca(OH),) in its composition; there-
fore, the pH value can give clues about the mortar’s alkalinity at any given moment,
if analysed with the percentage of existing calcium hydroxide; alkalinity is the main
responsible for the deterioration of the acid pollutants in the atmosphere [52]. The
variation of pH may occur in service, e.g. by dropping to values close to 7 by
carbonation (absorption of carbon dioxide from the atmosphere) that depends on
the porosity and service life (in the case of cement mortars, this may take several
years); since this transformation occurs only in the superficial layer in contact with
the environment, the pH variation does not provide information on the internal
performance of the render system (inner coats’ behaviour). The carbonation depth
can be determined by spraying the specimen with phenolphthalein (pH indicator:
pink in non-carbonated samples with pH > 10 and colourless in carbonated samples
with pH between 8 and 10) [21] (Fig. 2.16b). On the other hand, the pH analysis
may characterize areas prone to biological attack (bacteria thrive at an optimum pH
between 4 and 6, while fungi favour the 7-9 range, and most algae develop with a
pH of 8).

2.3.3.10 Surface Condition (Finish)

Renders must comply with uniformity and surface flatness requirements; they must
not show perceptible surface defects or irregularities, such as localized recesses or
protrusions, cracks, swelling, debonding or pulverulence. The surface texture must
be regular and uniform [20]. From the requirements collected, it is concluded that
[21]:
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* A good smoothing capacity of the render can be guaranteed with maximum
geometrical deviations of 10 mm, for global planeness, and 2 mm for local
planeness (measured with a ruler); the verticality of surfaces must limit vertical
deviations to 15 mm (measured with a plumb line 3 m long); these requirements
increase when the points and lines application technique is used (5 mm for global
planeness and 10 mm for verticality), according to DTU 26.1:1994 (NF P
15-201-1); standard EN 13914-2: 2005 recommends limits for these parameters
in interior renders.

¢ The differences in texture (roughness) of the coating should not be significant,
even though there are no specific requirements.

e The colour and glow homogeneity can be controlled when limited to the global
difference in colour by coefficient AE <2+0.6 and in gloss by coefficient
Ap <5 % [60].

* The surface must be free of features that may decrease the render’s performance,
such as cracks (more than 0.2 mm in current areas), detachments and stains. In
areas especially designed for concentration of cracks (e.g. joints, grooves),
greater widths may be tolerated [20].

¢ The solar radiation absorption coefficient (@s) depends on the surface’s colour,
and it is recommended that it should be below 0.7, conditioning the use of dark
colour coatings in exterior surfaces (this may considerably increase the coating’s
surface temperature, with a consequent greater sensitivity to thermal shocks; the
effect of the surface’s roughness or of the dirt deposits should not be
underestimated) [61].

2.3.3.11 Durability (Service Life)
The durability design of rendering mortars must take into account the following
parameters: service life (period of time, in years, after the construction during
which the performance requirements are reached or exceeded, under normal use
and maintenance); maintenance needs; ease of performance of maintenance
actions; resistance to exposure conditions (e.g. climatic actions). Renders require
normal maintenance actions, namely cleaning the rendered surface and small repair
work in cracked or detached areas; if these actions are performed periodically and
when needed, the expected service life of this coating type ranges from 20 to
60 years, with values between 30 and 35 years for cementitious mortars. Addition-
ally, the project tender (including details) must take into account the in-service
conditions that may significantly reduce the expected service life, namely in
industrial environments, polluted or maritime or substrates with soluble salts.
There are no durability requirements in EN 998-1: 2010, except for the verifica-
tion of the adherence and of the permeability to water under pressure (EN 1015-21:
2002), after climatic cycles, for one-coat mortars (in these tests the compatibility of
the mortar with the substrate is also evaluated and the eventual degradation of the
mortar after the climatic cycles is also looked into) (427/05 from LNEC).
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24 Design and Execution

This section comprises a comparative analysis between renders made on-site
(traditional renders) and pre-dosed in a factory (industrial or non-traditional
renders), in terms of design, manufacturing technology, preparation and applica-
tion, constituent layers of the coating system and types of finish. The use of good
quality traditional renders implies execution demands hardly compatible with the
needs of present working sites; the main constraints of this render type relative to
non-traditional renders are the following [12, 16, 18, 20, 21]:

e Qualified workmanship is necessary to choose, use and dose the appropriate
materials (sands and binders) and to conveniently prepare the compositions; very
often it is difficult to procure various materials (natural limes and sands with
well-adapted size distributions); on the other hand, non-traditional renders
(premixed products) are subjected to an internal quality control that guarantees
uniform quality and the maintenance of the characteristics.

e The ever faster pace demanded from construction leads to non-compliance of
execution procedures of traditional renders (execution in unfavourable weather
conditions and systematic disrespect of the drying periods and of the number or
thickness of the coats); on the other hand, non-traditional renders are formulated
in such a way that they can theoretically perform with one coat the functions of a
traditional render applied in three coats; if they are pigmented, they can do
without paint application (very common in traditional renders); the execution of
non-traditional renders is faster, since it consists only on the mixing of a powder
with water and most of the times on applying a single coat by mechanical
spraying.

e The emergence of new substrate materials with very different mechanical
strength and dimensional stability (and others) characteristics, not compatible
with traditional renders.

* The space needed at the working site may be significant for traditional products
(e.g. materials stocking), and there are other constraints; on the other hand, the
use of premixed contributes to the organization of the working site and the
rational use of public space; its use is less aggressive to the environment, namely
through the reduction of waste; mortars in bags or in bulk (for silos) guarantee
stocking demands of around 3 and 6 t/m?, respectively, values that are unattain-
able in traditional procedures.

Notwithstanding the previous limitations, traditional renders have some
advantages relative to industrial renders. The latter have a much higher initial
cost of the material, demand specialized workmanship and a strict planning
on-site and very plane masonries; pigmented renders are not painted and therefore
require special care after application, namely at the level of work planning, since
later repairs significantly affect the final aspect of this coating type. When their
technology is imported, these products may have final aspects that do not match the
surrounding architecture, and the experience on their use is smaller than for
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traditional renders (however, its knowledge has been increasing with the growing
experience and reliance of the manufacturers on research, as well as the growing
application of European standards on requirements, attribution of CE marking and
recommendations at the level of design, preparation and application of these
products).

2.4.1 Constituent Materials

The term “mortar” corresponds to the mixture of one or more organic or inorganic
binders, aggregates, fillers, additions and/or admixtures and water [17]. In this
section the categories of constituent materials of rendering mortars are succinctly
characterized.

2.4.1.1 Binders

Binders are materials that participate in the hardening reaction of a mortar; they
must be selected and dosed in order to minimize the coating’s shrinkage and the
modulus of elasticity; binders used in rendering mortars are essentially inorganic:
air binders (air lime and gypsum), hydraulic binders (hydraulic lime, cement and
blast furnace slag) and other binders (clay soils, natural pozzolans and fly ashes)
[62]; the last group includes materials that by themselves do not have a binding
function, unless other components that react with water and provide that property
are added [63]; a binder has a hydraulic behaviour when, after having reached a
stage of hardening, it does not lose it in permanent contact with water; a binder has
an aerial behaviour when, after reaching a given hardening degree, it totally or
partially loses it when in permanent contact with water. The main types of binder
are described [12, 20, 21], differentiated in terms of their use in traditional and
non-traditional renders (Table 2.8):

¢ Cement—it can be Portland normal (CE I), Portland composite (CE II), blast
furnace (CE III), pozzolanic (CE IV), white (with similar characteristics to type I
Portland, except that it does not contain iron oxides that are the cause of the grey
colour) or other types; cements are hydraulic binders made of anhydrous
constituents, crystallized or vitreous, essentially composed by silica, alumina,
lime and iron oxide (essential constituents of natural raw materials such as
limestone and clays); the percentage of the main compounds of cement is
approximately 55 % 3CaOSiO, (bicalcium silicate), 20 % 3CaOAl,O;
(tricalcium aluminate), 8 % 4CaOFe,Al,O4 (tetracalcium ferroaluminate),
12 % 3Ca0OAl,05 (tricalcium silicate) and 5 % CaSO,4-2H,0 (calcium sulphate,
resulting from the incorporation of gypsum to regulate the cement’s hardening
rate); to produce cements other constituents may yet be incorporated, such as
industrial products (e.g. fly ashes from electric power plants) or natural products
(e.g. fillers or pozzolans).

e Hydrated or slaked air lime—it results from the decomposition by heating of
limestone with a content no lower than 95 % of calcium carbonate (CaCQO3) or
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Table 2.8 Constituent materials of traditional and non-traditional renders [21]

Materials

Cement
(in compliance with
EN 197-1: 2000)

Hydraulic or slaked air
lime (in compliance
with EN 459-1: 2010)

Other binders

Aggregates
(in compliance with
EN 13139: 2002)

Admixtures
(in compliance with
EN 934-3 + A1: 2012)

Additions

Water (in compliance
with EN 1008: 2002)

Traditional renders

Portland composite (clinker and
fly ash, slag or pozzolans); in
some cases other types may be
used (Portland normal, Portland
white or blast furnace cement)

Used as binder, as a complement
of cement

Not applicable

Natural sands extracted from the
riverbed or sandpits, of siliceous,
calcareous, silica-calcareous or
clayish nature; the size
distribution must be continuous
and well balanced, so that the
fine elements content (size from
0 to 0.2 mm) is around 15 %

Relatively low use, except for
water-repellent compounds

Relatively low use

Without impurities

Non-traditional renders

Portland normal, Portland
composite, white cement (due to
colour requirements, it includes
lower percentages of melting
agents, alumina and iron, which
forces heating at higher
temperatures than grey cement—
1,550 °C)

Natural hydraulic lime and/or
slaked air lime in powder (binder
with low mechanical
characteristics and shrinkage that
is used mixed with cement or
hydraulic lime)

Other special mineral binders

Sands of the same nature as those
used in traditional renders,
namely of siliceous and
calcareous nature; the criterion
of continuous size grading is not
as imperative, since the sand’s
characteristics may be conferred
or modified by the incorporation
of lightweight fillers or
admixtures

Some admixtures act temporarily
during application and setting,
while others change permanently
the product’s characteristics. The
ones most used are water
retainers, plasticizers,
adherence-promoting agents, air
entrainers (very common),
hydrophobic, fungicide agents,
among others

Small contents of lightweight
fillers (expanded polystyrene
granules, expanded perlite,
expanded vermiculite, expanded
glass granules) and in some cases
mineral fibres (e.g. glass,
cellulose or polyaramid fibres)
and natural or artificial
pozzolans; use of mineral
pigments (EN 12878: 2005)

Without impurities
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calcium and magnesium carbonate (dolomitic limestone); by heating the lime-
stone at around 900 °C, the endothermic reaction of lime calcination occurs with
formation of calcium oxide or quicklime (CaO):

CaCOs3 +42.5 calories = CaO + CO,

In the reaction of slaking of quicklime (expansive exothermic reaction), by water
spraying or immersion, slaked lime in powder or in paste (calcium hydroxide, Ca
(OH),) is obtained. The calcium oxides and hydroxides are basic or alkaline
(pH > 12) products:

CaO + H,0 = Ca(OH), + 15.5 calories

The hardening of slaked lime occurs by carbonation (exothermic reaction),
i.e. reaction of the atmospheric carbon dioxide (CO,) with the calcium hydrox-
ide leading again to calcium carbonate (CaCOs) and release of water (H,O); the
carbonation process is effective only in humid ambient:

Ca(OH), + CO, = CaCO; + H,0

Setting and hardening of lime-based mortars are slow (the concentration of
carbon dioxide on air is very low, around 0.03 %), depending on the lime’s
hydraulicity (linked to the clay content, which is defined by the hydraulicity
index that measures the ratio between the amount of oxides within marls’ clays
and the amount of oxides within the marls’ limestone).

¢ Hydraulic lime—it has medium mechanical characteristics, adequate to most
substrates, and is obtained by firing marly limestone (with clay content between
5 and 20 %); it can be natural or artificial; the hydraulic limes available in
Portugal are natural, eminently hydraulic with hydraulicity index over 0.42;
natural hydraulic limes result from firing clayish limestone rock (with 10—
20 % of clay), followed by slaking of the quicklime and pulverization; between
1,200 and 1,500 °C, calcium oxide forms and part of the calcium is combined
with silica and alumina, forming silicates and aluminates; these limes have the
property of hardening in water and are the more hydraulic the greater the clay
content in the raw material; they harden slower than cement, providing a greater
plasticity; artificial hydraulic limes, with very distinct characteristics from
natural limes, are in fact lean cements obtained by adding filler (generally
limestone aggregates) to Portland cement clinker.

2.4.1.2 Aggregates

Aggregates are granular materials that have no intervention in the mortar’s harden-
ing reaction: they can be classified as coarse and fines (sands), according to whether
they are retained in the 4.75 mm sieve [20]. In rendering mortars, sand is mostly
used as aggregate (Table 2.8), even though some types of finish require various
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percentages of sands of various sizes or even coarse aggregates (e.g. very rough
finish demands a small content of aggregates with size above 5 mm).

2.4.1.3 Admixtures

Admixtures are organic or inorganic materials added in small amounts with the
objective of modifying the fresh and hardened mortar properties. Most of them may
perform simultaneously several functions, and therefore a compromise is needed in
terms of the admixtures to be used. Admixtures must not harm the render’s strength
and durability nor its application and hardening (EN 13914-1: 2005). Out of the
admixtures found useful in rendering mortars, the following stand out [12, 18, 20]
(Table 2.8):

¢ Adherence promoters—generally made of resins (polyvinyl acetate, acrylic
polymers, styrene-butadiene or latex), they are used to improve the adherence
without increasing the cement content; they also increase the tensile and flexural
strength, contributing to the reduction of the modulus of elasticity.

» Hydrophobic (water repellent)}—generally made of fine insoluble particles (nor-
mally metal salts of organic acids in emulsion such as stearates of calcium, zinc,
aluminium or magnesium), in contents below 2 % of cement mass, they are used
to clog the capillary vases, reducing capillary and improving the mortar’s
waterproofing capacity.

e Air entrainers—they are generally sodium alkaline salts, soluble in water, of
organic compounds (wood resins, lignosulphonate acid, sulphonated
hydrocarbons, fatty acids); during mixing, they cause the development of
small closed air bubbles, stable, approximately spherical and with diameters
around 10 pm to 1 mm, that function as capillarity barrier, improving the
mortar’s waterproofing capacity, the freeze/thaw resistance and the salts resis-
tance (in particular to sulphates); they allow reducing the mixing water, decreas-
ing the density and modulus of elasticity, improving cracking behaviour; on the
other hand, they reduce the tensile and compressive strength and may negatively
affect adherence.

» Plasticizers—they are extremely fine powdery products (e.g. colloidal clay,
bentonite, fatty lime, ground limestone, colloidal products, polyvinyl acetates
or stearates) that cause the dispersion of cement particles in the mortar’s aqueous
phase, increasing its specific surface and facilitating its hydration; they increase
the mortar’s workability and decrease segregation, allowing a reduction of the
mixing water and eventually the binder content, which results in lower shrink-
age; as a side effect, they may retard setting and reduce initial strengths.

* Water retainers—they are generally cellulosic derivatives and may act simulta-
neously as thickening agents, modifying the rheology of fresh mortar; they limit
the risks of premature desiccation of the mortar by water absorption of the
substrate and by evaporation in hot weather, making it less sensitive to weather
conditions and too absorbent substrates.
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» Fungicides—presently, they are made of organic compounds based on nitrogen
heterocycles; they stop the settlement of micro-organisms (moulds, mosses and
lichens) on the mortar; in painted renders, these admixtures are incorporated in
the paint.

2.4.1.4 Additions

Additions are inorganic materials finely divided that can be added to mortars to
obtain or improve specific properties. Of the additions considered useful in render-
ing mortars, the following stand out [12, 18, 20] (Table 2.8):

* Pigments—they are generally metal oxides (iron, chromium, cobalt or manga-
nese oxides or hydroxides) that are added to the mortar in small amounts, lower
than 10 % of the binder mass, to confer colour; these additions should not be
easily affected by lime, exposure to light or water lixiviation nor have an adverse
effect on cement or the remaining mortar constituents (EN 13914-1: 2005).

» Fibres—they are normally alkali-resistant glass fibres or fibrillated polypropyl-
ene fibres and sometimes cellulose fibres; they are primarily intended to increase
the coating’s tensile strength and ductility, improving their cracking resistance,
and to increment their shock resistance; they also influence the fresh mortar
rheology (thixotropy, consistency) and possibly the hydration and carbonation
process; they generally improve the cohesion and water penetration resistance;
these constituents should not affect the render’s physical and chemical stability.

» Lightweight fillers—they are expanded polystyrene granulates, expanded ver-
miculite (density between 65 and 350 kg/m?), expanded perlite (density between
45 and 350 kg/m’), pumice (density between 300 and 600 kg/m?) and expanded
glass granules; these fillers decrease the coating’s modulus of elasticity, its bulk
density and its mechanical strength, allowing the manufacture of very deform-
able renders; they considerably increase the mixing water and shrinkage, which
does not necessarily result in an increased cracking susceptibility, namely due to
the reduction of modulus of elasticity and increase of ductility; as their main
drawback, they reduce the renders’ shock perforation resistance.

e Natural and artificial pozzolans—they are silico-aluminous materials that by
themselves do not harden under water but when finely divided and in the
presence of water react chemically at current temperatures with the free calcium
hydroxide of hydrated cement, forming compounds with cementitious properties
[15]; they can be natural (some volcanic materials such as some pumices and
perlites) or artificial (some industrial subproducts: fly ashes, blast furnace slags,
silica fume); these additions improve the resistance to sulphates and silica-
aggregates reactions; their incorporation has other favourable effects: it
improves the mortar’s workability and cohesion and according to some authors
it reduces shrinkage; on the other hand there may be negative effects, among
which the frequent increase of setting time and especially the delay of hydration
and pozzolanic reactions, which may force drying periods longer than those
recommended under normal conditions; recent studies have characterized the
behaviour of hydraulic limes with artificial pozzolans (metakaolin) in the reha-
bilitation of ancient buildings [15].
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2.4.1.5 Water
Mixing water must be potable and free of impurities (materials in suspension,
dissolved salts and organic matter) above a given limit (Table 2.8).

2.4.2 General Aspects of Design and Execution of Rendering
Mortars

To use traditional and non-traditional renders, some main design and execution
aspects must be taken into account [21]:

* Adequacy of the render to the project (EN 13914-1: 2005), the project must
include drawings and specifications with sufficient detail, bearing in mind: the
substrate’s nature, the render’s nature and exposure conditions, the
requirements, the render type and the finish type; the influence of embedded
metal elements; the influence of architectural details, among others. Some of the
aspects referred are described in further detail:

— The substrate significantly contributes to the render’s in-service performance;
in this context, its mechanical strength (modulus of elasticity and tensile
strength) and water absorption must be compatible with the render applied
(including the mechanical, geometric and chemical compatibility between
substrate, render and final finish); additionally, the various fagade elements
must allow admissible tolerances in terms of mechanical, thermal and
dynamic actions; in this sense, the design must guarantee the compatibility
between the structure and the substrate (partition walls) displacements, as
well as the displacements of the masonry blocks and the interfaces with the
bedding mortar.

— The final render finish is another element that can influence the performance
requirements of the coating; sprayed finish is the most demanding; however,
applying a final paint compatible or a “heavy” coating (e.g. ceramic tiles)
leads to a greater demand control; in the first situation, the type of paint must
be correctly specified (water based or synthetic; water vapour permeability in
the case of membrane-like elastomeric paints); in the second situation, the
render’s mechanical characteristics are relevant as seen before (category
CSIV according to EN 998-1: 2010).

— Correct building solutions of various wall elements, particularly in what
concerns additional water protection (Fig. 2.17), are a crucial factor for a
good performance of exterior renders; architectural shapes and drainage
devices should evenly protect the facade from the water action, precluding
preferential water paths on the surface.

¢ Reinforcement—to improve the mortars’ performance (to support the coating
and strengthen specific areas), several types of nets are used: distended metal,
with meshes between 15 and 30 mm, protected against corrosion; glass fibres,
which must have an anti-alkali treatment to protect from the chemical attack of
the mortars [25]; the critical areas are mostly the interface between different
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1 - Eaves; 2 and 3- Fascia board, 4 - | 1 - Brick wall (section); 2 | 1 - Window; 2 - Wall; 3 -
Eaves; 5 - Soffit - render; 3 - Window sill Sill

Fig. 2.17 Architectural details relevant for water protection in rendered fagades: Eaves and
verges (left) and window sill with throat minimum dimensions (centre and right) (EN 13914-1:
2005)

Fig. 2.18 Application sequence of a glass fibre net in the transition zone between a concrete
column and a brick masonry wall [64]

Fig. 2.19 (a, b) Application of a glass fibre net near filled grooves [65]; (¢, d) execution of
corners with a levelled PVC corner profile [64]

materials (Fig. 2.18) and singularities (Fig. 2.19), such as corners of window
openings, blinds boxes, sharp edges, coating or structural joints and verges tops;
EN 13914-1: 2005 summarizes the reinforcement materials, referring the
specifications to prEN 13658-2.
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Fig. 2.20 Scaffolding mobilized during the application of exterior renders (left) and stocking of
pre-dosed products on-site (right) [21]

Fig. 2.21 (a) Removal of protrusions; (b) checking planeness with a ruler; and (c¢) verticality with
a plumb line [64]

¢ Adequacy to on-site local conditions (existing means, regional weather
conditions during application, scaffolding (Fig. 2.20a) or other access means,
curing times needed, among others).

* Reception of materials (in the case of traditional renders) or industrial products
(made in factory), checking all the acceptance criteria (good packing—
Fig. 2.20b, and valid term of use).

¢ Substrate preparation—check its surface regularity, planeness and verticality
(Fig. 2.21), surface flatness, cohesion and strength of the substrate, eliminating
friable particles in ancient and/or degraded substrates; there must be enough time
to inspect the substrate, especially in terms of strength, suction, cleanliness,
joints, cracks, dimensional stability, durability (existence of soluble salts or
corrosive elements) and adequacy (need of previous treatments, such as applica-
tion of adherence primer in substrates with bad adherence conditions for render
application), EN 13914-1: 2005.

» Application weather conditions—the application of renders must be avoided in
unfavourable weather conditions (temperature below 5 °C or over 30 °C, when
the wind is strong or when in hot weather the surfaces are exposed to the direct
solar radiation) [13]; if the substrate is too hot, it must be previously wetted; on
the other hand, render must not be applied on substrates that are saturated with
water (e.g. after rainy weather).
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2.4.3 Constituent Coats of Renders

Traditional renders must be applied in two or three coats, according to technical
recommendations, with different functions and exposure conditions’ severity
[24]. The need to make these coatings with more than one coat derives from the
impossibility of the required characteristics (good workability, good adherence to
the substrate, good compacity, low propensity to cracking by shrinkage) being
integrally achieved if they are applied with a single coat [20]; another reason is
the need to have a thick coating to make an efficient barrier against water penetra-
tion. Additionally, cracking that may affect one coat does not necessarily occur in
the next one thanks to the discontinuity between coats [20, 62].

According to EN 13914-1: 2005, renders may comprise at least two coats and
each one must be weaker than the preceding ones; the number of coats depends on
the substrate type, the more or less severe conditions of weather exposure, the type
of finish intended and the degree of protection required by the walls; the constituent
coats of traditional renders in current facades recommended by Portuguese techni-
cal literature are the following [12, 18, 20] (Fig. 2.22a):

 First coat—spatterdash, used to provide good adherence of the coatings to the
substrate and reduce/even the substrate’s suction; it must be a mortar rich in
cement (1:2 volumetric ratio), very fluid (so there is no risk of desiccation of the
product by the suction capacity of the substrate and weather conditions), with
high content of coarse fillers and applied discontinuously (non-uniform thick-
ness between 3 and 5 mm) and roughly; this coat does not contribute to
watertightness and its cracking does not jeopardize the render’s task.

* Second coat—smoothing or base coat, whose function is to ensure planeness,
verticality and smoothing of the surface and gives the most significant contribu-
tion to the watertightness of the wall (low capillarity coefficient, good compacity
or admixtures that decrease capillarity, high water vapour permeability), capable
of resisting cracking (mortars with low shrinkage and modulus of elasticity); it

Fig. 2.22 (a) Constituent coats of a traditional render; (b) application of a single coat of a
non-traditional render directly on the brick masonry substrate
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Fig. 2.23 (a) Mixing traditional renders in a mixer [64]; (b) mixer used to spray premixed mortar
[21]

can be applied in a single or a double layer and it should not be more than 20 mm
thick; it must be very rich in cement, homogeneous and compact and use sand
with a significant content of coarse grains; if in double layer the second one must
have less binder than the first one; current volumetric ratios are: 1:1:5 to
6 (cement: air lime: sand); 1:1:6 to 8 (cement: hydraulic lime: sand); 1:3
(hydraulic lime: sand) and 1:5 to 7 +IA (cement: sand + air entrainer).

e Third coat—finishing coat, used to protect the underlying coats and confer the
adequate finish (decorative function), because it is directly exposed; this coat
also contributes to the wall’s watertightness and resistance to shocks and fric-
tion, and it must be apt to resist cracking (mortars with low shrinkage and
modulus of elasticity); it must be a much weaker mortar (less rich in cement,
with a significant content of slaked lime) than the last base coat layer (decreasing
cement content from the inside to the outside); current volumetric ratios are:
1:1:6 or 1:2:9 (cement: air lime: sand); 1:1:8 or 1:2:12 (cement: hydraulic lime:
sand); 1:4 (hydraulic lime: sand) and 1:6 to 7 + IA (cement: sand + air entrainer).

» Finish—adequate paint system taking into account the physical and chemical
characteristics of the substrate made of lime and/or cement mortar, namely
alkalinity; water absorption and water vapour permeability; porosity and capil-
larity; high content of salts soluble in water [66].

The constituent coats of non-traditional renders have the following
characteristics [20] (Fig. 2.22b):

» They are almost always applicable in a single coat, often applied in two layers,
with total thickness around 15-20 mm; renders with embedded metal net should
be applied in two layers and with a minimum thickness of 15 mm, measured
from the outer face of the net, according to EN 13914-1: 2005.

e They may require a protection or decorative finishing coat, when their mechani-
cal strength is low or for aesthetical reasons.

o The finishing layers, when pigmented, may guarantee the wall’s final finish, with
no paint (currently named one-coat pigmented renders).
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Table 2.9 Manufacturing and application technology of traditional and non-traditional renders

[21]

Operations Traditional renders Non-traditional renders
Manufacturing | On-site, dosed according to In factory, dosed and prepared
volumetric ratio prescription, according to precise and controlled
resorting to in most cases to methods
empirical methods to determine the
amounts of the materials
Preparation On-site, with manual preparation, in | On-site by adding water to the
(mixing) a mixer (Fig. 2.23a); mechanical powder (dry mortars) with
mixing improves the homogeneity of | mechanical mixes (Fig. 2.23b),
the mix and reduces the water maintaining constant the water
content content (recommended by the
manufacturer in the technical file of
the product, expressed in litres of
water per kg of product), the process
and length of the mixing
Application Manual or mechanical, with Manual or mechanical with spraying
and drying application in three coats, respecting | device, with application of one coat
time the rule of decreasing binder content | in one or two layers with a waiting

so that the stresses transmitted due to
shrinkage do not tend to crack the
underlying coat and to reduce
cracking propensity; each coat must
be pressed during application to
improve its compacity; waiting
period must be sufficient for drying
and the greatest part of shrinkage to
occur

period generally between 2 and 5 h,
according to the finish type intended

Mechanical spraying allows
obtaining renders with better
characteristics of homogeneity (less
susceptible to cracking, more
hydrophobic), with various aspects
and finish types

2.4.4 Technology of Manufacturing, Preparation and Application

The recent

European standard EN

13914-1:

2005 includes technical

recommendations concerning the materials and execution procedures; this standard
applies to exterior rendering mortars (traditional and industrial) that contain
cement, lime or other mineral binders, aggregates, water, admixtures and additions.
In Table 2.9 traditional and non-traditional renders are compared in terms of
technology of manufacturing, preparation and application.

After preparation, i.e. at the application stage, the sequence of operations differs
in these two render types. In the case of traditional renders, it includes [13, 20, 21]:

e Application of spatterdash (3—5 mm)—applied after a significant part of the
drying shrinkage of the substrate has occurred, with greater or smaller dampen-
ing of the substrate, according to the weather conditions, including cares
concerning curing; the mortar must be slapped vigorously against the substrate,
manually (in this case using a mason trowel or a float) or mechanically (with a
spraying device); the substrate must be thinly covered and the surface must be
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Fig. 2.24 (a) Points and lines technique for rendering mortars: masonry points in masonry before
the application of interior plaster; (b) execution of a mortar line; and (c) checking its verticality
with a bubble level [64]

left rough after spraying; after the application, this coat must be sprayed periodi-
cally with water to prevent premature desiccation.

« Execution of points (reference points made of brick pieces bond to the wall with
mortar) and lines (filling of a thin strip of mortar, well pressed and aligned,
between the reference points) to control the thickness of the base coat (Fig. 2.24)
and prepare the singularities (structural joints, verge tops, among others), using
reinforcement nets.

* Application of the base coat—under favourable conditions and after a significant
part of the drying shrinkage of the spatterdash has occurred (with a time interval
of no less than 48 h); previously, the spatterdash must be dampened without
causing water runoff; this coat must be slapped vigorously against the substrate,
or pressed energetically and uniformly with a float, to improve its compacity; the
rugosity needed for the adherence of the following coat must be guaranteed,
including checking the thickness of the fresh mortar and the precautions during
curing; in the points and lines technique, the space between the lines is filled with
mortar, pressed with a trowel or mechanical float, leaving it slightly protruding
from the lines and then removing the excess mortar with a ruler supported by the
lines. Figure 2.25 illustrates the application of sprayed mortar on substrates with
spatterdash, using reference points and a ruler to press, smooth and check the
verticality.

¢ Application of the finishing coat—application under favourable conditions and
after a significant part of the drying shrinkage of the base coat has occurred (after
4-7 days after the base coat’s application); the finishing coat must comply with
the final aspect intended for the surface and the precautions during curing; before
the application of this coat, the surface of the coat base must be evenly
dampened.

» Application of a final paint coating.

For non-traditional renders, which are pre-dosed in factory and mixed with water
on-site (Table 2.9), the following procedures are recommended [16, 21, 68]:
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Fig.2.25 (a) Application of the base coat with spraying device, reference points; (b) pressing and
smoothing/levelling the mortar’s coat; (c¢) checking the render’s verticality with a reference
support [67]

Fig. 2.26 (a) Application of one-coat render by spraying; (b) pressing and levelling with
aluminium ruler; (c) final aspect of a mortar joint

» The application of a single coat (20 mm average thickness) is made directly on
the substrate (Fig. 2.26a), except when it presents planeness irregularities
incompatible with the thickness of the coat; in the case of application in two
layers:

— Application of the first layer—application under favourable weather
conditions, with control of thickness and planeness of the fresh mortar by
the applier; surface conveniently straightened if a second layer is to be
applied or a surface treatment is to be made, complying with all precautions
during curing.

— Application of the second layer—application under favourable weather
conditions, a few hours after the application of the first layer; resulting surface
perfectly homogeneous and complying with all precautions during curing.

e Pressing and levelling of the fresh mortar—operation made with a wooden,
plastic or aluminium ruler (Fig. 2.26b) that is decisive for a good mechanical
performance of the mortar (guarantee of a uniform thickness), namely its
adherence to the substrate; the mortar must not be smoothed with a trowel so
that there is no reflow of the cement laitance to the surface, which would lead to
additional shrinkage of that pellicle.
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» Points and lines technique—to better control the mortar’s thickness and in
applications in two layers, the points and lines technique may be used
(Fig. 2.24), as for traditional renders.

* Mortar joints—to obtain a uniform aspect of the surface, casting joints must be
conveniently located or the mortar must be fractioned; this can be done with
wooden or plastic pieces (Fig. 2.26¢) with a trapezoidal or half-circle cross
section, in order to ease its retrieval after the render hardens, without damaging
the edges; alternatively, an adequate cutting tool may be used [64].

e Types of finish—the final finish includes the treatment of the rendered surface
and/or the application of a final paint coating; in the first case, the render’s drying
time and the tools used depend on the type of finish intended [64].

2.4.5 Types of Finish

Textured finishes are preferable to smooth finishes (EN 13914-1: 2005). A very
smooth finish is very prone to the development of superficial cracking and the
occurrence of water runoff lines, making it difficult to guarantee obtaining a final
uniform aspect during execution [12]. A rough finish is more prone to dirt deposits
but is more resistant to the establishment of preferential runoff paths in the walls;
this finish is also less susceptible to shock and friction actions.

The render’s natural colour greatly depends on the type of cement, lime, fine
aggregates and mixing water content and can be modified by adding pigments or
using a final paint coating; a coloured finish is more prone to cracking due to heat
absorption (and consequent increase of thermal movement); colour changes in this
type of finish can be greater, namely as white stains, due to the formation of a
calcium carbonate skin. EN 13914-1: 2005 divides finishes in several categories,
taking into account the surface texture:

* Smooth finish—the surface is finished using fine aggregates, applied with a
metal trowel, sometimes after the surface is dry.

¢ Plain finish—the planeness of the finish depends on the maximum particle size
of the sand used; this type of finish requires high specialized workmanship in
order to reduce the risk of cracking and irregular discoloration.

* Rough finish—the traces made on the final surface are produced by applying
coarser aggregates.

o Textured finish—different textures may be obtained by using different tools and
techniques.

e Scraped finish—the texture and pattern are determined by the type of tool used
and the type of scraping action.

» Sgraffito—application of acrylic paints with various colours and themes.

* Roughcast—rugosity depends on the shape and size of the coarse aggregate in
the mortar mix.

* Dry dash—surface roughness is determined by the size of the pebbles or other
stones, cast against the still fresh render coat.
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Sprayed finish—texture depends on the render material used, the type and size of
the sprayed particles and the application rate.

Tables 2.10 and 2.11 summarize the most often used finishes in Portugal,

respectively, in traditional and non-traditional renders, illustrated in Figs. 2.27,
2.28 and 2.29.

2,5 Pathology and Diagnosis

2.5.1 General Characterization of the Pathology

Out of the current anomalies in renders (with and without paint), cracking, runoffs,
detachments, damp stains, dirt, colour changes and biological growth stand out. It is
also stressed that the type/occurrence of these anomalies may vary according to the
render system applied (traditional, pre-dosed, with paint as finish) [19, 21, 69]:

In traditional renders (mortars with cement and sand, with two or three coats)—
mapped cracking, oriented cracking, cracking of the substrate, loss of adherence
(debonding, bulging, detachment), efflorescence and cryptoflorescence, fungi
and moulds growth, “ghosts”, damp stains and dirt stains; the anomalies of this
type of render are caused mainly by the short application deadlines imposed by
the works pace (disrespecting drying periods of the masonries and coats) and by
inadequate composition and incorrect application.

In premixed one-coat renders (mortars with cement, sand, admixtures, additions
and pigments)—carbonation (surface crystallization of the calcium carbonate
salts); stains associated to aspect (colour and texture) heterogeneities, dirt,
broken edges (they are mechanically less resistant, despite their greater cracking
resistance and waterproofing capacity); the anomalies referred above for tradi-
tional renders may also occur.

Paints—yellowing, bronzing, dirt collection, discoloration, detachment (delam-
ination, peeling or exfoliation), efflorescence, bulging, exudation (diffusion of
one or more constituents of the undercoats or the base coat onto the finishing
coat), cracking, intumescence (volume increase of the skin due to absorption of a
liquid or vapour), stains, stickiness, loss of gloss, loss of coating protection
capacity, pulverulence (chalking) and saponification (total or partial dissolution
of a paint coating due to the transformation of its fixed vehicle into soluble
soaps).
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Table 2.10 Types of finishes most current in traditional renders in Portugal [13, 20]

Rough finishes

Garnishing with a sand
mass

Scraped

Polished

Scraped and polished
Scraped or grooved

Rolled

Sprayed

Sprayed and polished

Sprayed and abated

Tyrolese

Scottish

Dry dash

Fine texture finish, resulting from light smoothing of the finishing coat
using a float or a wooden ruler, eventually wrapped in a cloth to better
absorb the cement laitance that occurs on the surface. It may be of two
types:

(1) “Roscone”—rough fine sanded finish obtained by rubbing a rough
cloth over the surface garnished with a sand mass

(2) Sponged or sanded—rough finish obtained by rubbing a sponge
over the surface garnished with a sand mass

Obtained by scraping the whole surface with a toothed blade, a timber
board with nails, a timber float lined with a distended metal net or
other tool, soon after the mortar starts hardening (2-3 h after
execution). Scraping must be done in dry weather and the cement
laitance skin must be removed. After scraping, the surface must be
scrubbed to remove the loose particles

Obtained by using abrasives on the whole surface while the mortar
hardens (2-8 days after execution)

Scraped finish that is then polished with abrasives

Finish obtained in mortars with a small amount of aggregates coarser
than the others, which are forced to roll over the hardened base coat
using a float, creating grooves as they slip

Obtained by pressing the still fresh finishing coat with a roll adapted
according to the intended decoration shape

Fine texture finish obtained through mechanical spraying of the
mortar over the surface. This finish should have a uniform aspect, and
its texture depends on the type of device and mortar used

Finish in which the protrusion peaks resulting from spraying are
polished with abrasives. The polishing is made 2—-8 days after
execution

Finish whose protrusion peaks are abated and smoothed with metal
float while the coating is still fresh

Rough finish, generally markedly so, obtained by manual spraying of
the mortar on the surface using a broom. The application must be
performed in more than one layer, in order to obtain a marked
rugosity. It can be obtained directly by spraying or lightly tapped with
a trowel or slightly polished with abrasive, in order to reduce the
rugosity

Very rough finish obtained through vigorous application on the
surface, using a trowel, of a mortar with a great content of coarse
aggregates (5 mm < maximum size < 15 mm). The ratio between
coarse and normal aggregates should be between 1:1 and 1:2

Very rough finish obtained by casting coarse aggregates on a still
fresh mortar coat previously smoothed with a ruler. The aggregates
remain exposed and are afterwards lightly tapped with a timber float
to better penetrate the mortar. They are usually marble or quartz with
maximum size between 5 and 15 mm

(continued)
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Table 2.10 (continued)

Washed crushed
marble mortar

Smooth finishes
Floated

Polished crushed
marble mortar

Coat obtained by applying cement, stone powder and stone granulates
(it must be pressed and smoothed but not roughly), with a surface
treatment by washing (with a scrub and as little water as possible),
while the mortar is still plastic. The natural or artificial aggregates are
selected in terms of nature, size grading, colour and shine in order to
get the intended decorative effect. The maximum aggregate size is
generally between 5 and 15 mm

Obtained by successive passages with a wooden float on the coat’s
surface until it is flat and uniform

Washed crushed marble mortar whose surface is polished, manually
or mechanically, with an adequate abrasive. The first polish with
water is done 3 days after the coating’s application, not to loosen the
aggregates. After the crushed marble mortar is washed and pores are
filled with cement paste with a trowel, the second polish is made with
a softer and finer abrasive than the one used initially

Table 2.11 Types of finishes most current in non-traditional renders in Portugal [20, 68]

Rough finishes

Scraped
(Fig. 2.27a, b)

Rolled

Sprayed

Sprayed and
abated

Dry dash
(Fig. 2.27¢)

Smooth finishes

Floated or
smoothed

Obtained by scraping the whole surface with a toothed blade, a timber
board with nails, a timber float lined with a distended metal net or other
tool, soon after the mortar starts hardening (2-3 h after execution).
Scraping must be done in dry weather and the cement laitance skin must be
removed. After scraping, the surface must be scrubbed to remove the loose
particles

Obtained by pressing the still fresh finishing coat with a roll adapted
according to the intended decoration shape

Fine texture finish obtained through mechanical spraying of the mortar over
the surface. This finish should have a uniform aspect thanks to specialized
workmanship, and its texture depends on the type of device and mortar used
Finish whose protrusion peaks are abated and smoothed with metal float
while the coating is still fresh

Very rough finish obtained by casting coarse aggregates on a still fresh
mortar coat previously smoothed with a ruler. The aggregates remain
exposed and are afterwards lightly tapped with a timber float to better
penetrate the mortar. They are usually marble or quartz with maximum size
between 5 and 15 mm

Obtained by successive passages with a wooden float on the coat’s surface
until it is flat and uniform
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Fig. 2.27 (a) Execution of scraped finish: floating and (b) scrubbing; (c) application of finish in
stone in pre-dosed renders [64]

Tyrolese

A3 -“—_:-M‘ —
Dry dash Washed crushed marble mortar Scraped or grooved

Fig. 2.28 Illustration of some traditional renders finishes

Low rugosity Medium rugosity High rugosity
(sanded) (scraped) (oak bark)

Fig. 2.29 Rugosity of premixed mortar coatings [42]
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2.5.2 The Most Common Anomalies in Renders and Their Probable
Causes

2.5.2.1 Anomalies Associated with Water

Water is the deterioration agent that most affects construction (it is the primary
cause of many anomalies and the secondary one of many others) [70]; humidity
leads to the action of other degradation agents, such as pollutant gases dissolved in
water, migration of salts dissolved in water; biological growth of organisms in
damp environments [26]. The most probable causes may be application of the
render before adequate drying of the substrate (construction damp), areas in contact
with the soil (ground damp), renders with high water permeability (rainwater
damp), hygroscopic salts that draw water in and random causes (rupture of plumb-
ing, downspouts, among others) [19, 21, 26, 30, 70].

2.5.2.2 Cracking and Fissures

Cracking is the most influencing anomaly on the performance of exterior renders
(Fig. 2.30), since it affects their waterproofing capacity, seriously harms adherence
and, by allowing water/other agents’ infiltrations and micro-organisms settlement,
reduces the durability of the coating and of the wall itself [26, 42, 70, 71]. A crack is
any longitudinal opening that spans the whole render’s thickness, breaking it and
dividing it into two areas apart; instead, a fissure is a superficial opening, fine and
with a discreet development [24, 42]. These anomalies are common in renders and
their occurrence is associated to various causes, resulting from the render itself
(shrinkage, hygrothermal expansions and contractions, freeze/thaw, deficient content
during the mortar’s execution, inadequate mortar thickness, excess mixing water)
and the substrate, the bond between them (displacements of the substrate, reaction of
salts within the substrate, excessive absorption of the substrate) and others (stress
concentrations near openings, metal elements corrosion) [19, 21, 70, 71].

2.5.2.3 Efflorescence and Cryptoflorescence
An efflorescence is a saline deposit on the coating’s surface, resulting from the
migration of soluble salts from the render or the masonry, due to various causes

Fig. 2.30 (a) Mapped cracking/fissures; (b) oriented cracking in traditional render [71]; (c)
cracking in pre-dosed render [65]
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Fig. 2.31 (a) Cryptoflorescence in painted traditional render [21]; (b) carbonated stains in
industrial render [64]; (c) settling of algae in traditional render [21]

(prolonged dampening; soluble salts from the render, the substrate or infiltrated
water; non-carbonated lime) [19, 21, 26, 70]. They can show up as pulverulent
deposits or incrustations, with colour changes on the coating’s surface, white, grey,
green, yellow or black, according to the salts that give rise to them. Generally
efflorescence is just unaesthetic, but its presence may indicate that in another spot
crystallization is occurring inside the render’s porous structure (cryptoflorescence)
(Fig. 2.31a), causing the disaggregation of the surface layer due to the volume
increase that is generally associated with salts formation. Sometimes there are other
white deposits, non-soluble efflorescence, due to calcium carbonate carbonation,
which are told apart for being effervescent in contact with hydrochloric acid [21];
this phenomenon, very common in pre-dosed renders (Fig. 2.31b), is due to
unfavourable weather conditions (cold and damp weather) during the render’s
application, which hinder the combination of free calcium hydroxide [19], or to
excessive mixing water.

2.5.2.4 Biodegradation

The presence of organisms or micro-organisms, animal or vegetable (Fig. 2.31c), is
harmful to the render, since they deteriorate it, either by their presence, the products
they expel or direct attack. Generally, micro-organisms coming from the soil, air or
water settle on the coating surfaces, if the conditions are right (prolonged dampen-
ing; lack of ventilation/lighting; collection of dust, earth, dirt and pollutants on the
rendered surface; high render porosity) [19, 21, 70]. The metabolism products of
these organisms progressively attack the render, transforming its surface into a
“soil” that allows the germination of plants, which have a mechanical action,
namely because of their roots. Finally, an ecosystem is established with the
presence of specialized microfauna [72]. The action of small girder animals is
also highlighted, such as pigeons that, besides a mechanical action, also attack
chemically the render via their excrements [21].

2.5.2.5 Dirt
Surface dirt on renders is very common, since they are exposed to very aggressive
conditions. Dust, soot or pollutants settle on the render, making surface deposits
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Fig. 2.32 (a) Loosening; (b) pulverulence; (c) erosion [36]

that, even though not attacking mechanically the render, are severely unsightly. The
accumulation of dirt is favoured by wind and water transportation, leading to the
formation of preferential runoff paths (areas of dirt accumulation in contrast with
washing/lixiviation areas). The render’s rugosity and porosity are also influential,
since they affect the ease of dirt accumulation as well as greater or lesser cleaning
difficulty [19, 21, 42, 70].

2.5.2.6 Loss of Adherence

The loss of adherence between render and substrate may be associated to various
causes (damp or salts; thermal expansions and contractions; substrate movements;
execution errors—excessive mixing water, lack of preparation of the substrate,
inadequate mortar composition; substrate’s watertightness (liquid or in vapour))
and reveals itself in several manners [36, 70]; the loss of adherence may be
characterized by debonding between the render and the substrate, identified as
render’s bulging/swelling; the render may still completely detach itself from the
substrate (Fig. 2.32a).

2.5.2.7 Loss of Cohesion or Disaggregation

Loss of cohesion (Fig. 2.32b) consists on the separation of the render’s components,
followed by a considerable loss of particles, transforming it into a fragile material
prone to degradation [70]. This anomaly is due essentially to the render’s low
surface hardness that can result from the content or washing of the binder; however,
many of the anomalies referred may cause disaggregation, thus being secondary
causes of this anomaly (salts crystallization; insufficient render’s surface hardness;
organism and micro-organisms action; chemical reaction of the render with the
natural or artificial materials or environmental pollution) [42].

2.5.2.8 Erosion

Erosion (Fig. 2.32c) results from the action of physical, chemical or mechanical
agents on the render’s surface, causing its wear and possibly material loss; this type
of anomaly may be associated to loss of cohesion referred above, the action of
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environmental agents (rain, wind, temperature changes) or human agents (shock
and friction actions) [36].

2.5.3 C(lassification of Diagnostic Methods

In situ tests are a precious auxiliary means of visual inspection and allow a better
characterization of [73]:

e Degradation mechanisms of the surfaces (e.g. dirt, efflorescence, damp,
cracking)

e Properties changes of the render directly related with its performance
(e.g. mechanical strength, water absorption coefficient)

 In situ conditions (e.g. environmental parameters)

¢ Type of materials applied, in conjunction with laboratory tests, on samples
collected in situ (e.g. characterization of the mortar’s constituents, binder
content)

Therefore, performing them allows reducing the subjectivity of visual
inspections and more precisely evaluating the effective maintenance needs; it also
allows detecting small changes that may be associated to pre-pathology symptoms
(modification phenomena prior to the emergence of anomalies that are visible with
the naked eye). However, these tests have some constraints, namely increase the
inspection time or produce confusing and hard to interpret results, associated to less
reliable techniques [73]. The combination of various in situ techniques during
visual inspection allows reducing the uncertainty of some of the techniques [21]
(Tables 2.12 and 2.13).

The use of more advanced test techniques may significantly improve the col-
lected data and consequently the diagnosis. However, it has another type of
limitations, namely the need of specialization of the operator, difficult interpreta-
tion of the results and increase of the inspection costs; recent studies identify as
advantages of the use of these techniques, offsetting the disadvantages referred, the
analysis of the global performance of the facade and the reduced or null intrusion
risk [74].

Laboratory tests include tests in specimens, reduced models or real-scale
models; they may have two objectives: materials and elements characterization
and study of the variation of these characteristics over time through accelerated
ageing tests, in particular in elements whose long-term performance is still not
characterized. Most of the previous tests resort for practicality reasons to the
analysis of specimens and/or reduced models, which makes the analysis of
in-service performance difficult (since it significantly depends on the interaction
between elements, as in the case of rendered fagades).

Another experimental method that complements the interpretation of the less
intrusive means, such as visual inspection and in situ methods, consists of collecting
samples in in-service conditions. This method allows studying the material
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Table 2.12 In situ tests for the analysis of in-service mechanical parameters of renders

Test technique/in-service
parameters

Technique illustration

Potential on-site

Pull-off resistance to determine
the ultimate adherence stress
and corresponding type of
failure (adhesive or cohesive)

Intrusive technique that allows
“probing” the system applied;
the analysis of the ultimate
stresses of the mostly cohesive
failures provides data on the
compressive strength

(=10 x failure stress); after the
test the samples can be tested
for other parameters

Surface resistance using the
Martinet Baronnie device that
measures the dent diameter and
the grid index, associated to
impact tests of hard bodies

Characterization of the surface
resistance (surface
deformability in the 3J sphere
impact test) and of the internal
resistance (grid test up to 6J) of
the mortar applied; evaluation
of the depth of the
pulverulence-related anomalies

Surface “hardness” given by the
pendulum hammer that
provides the pendulum hammer
index; impact energy of 0.88J
for types P, PT and PM
sclerometers, but with different
impact bodies

Technique with low intrusion
degree, allowing mapping with
swift detection of poor
performance areas (e.g. bulged
or detached areas); indirect
measure of the compressive
strength of the product; need to
evaluate the contribution of the
substrate to results obtained
on-site

Ultrasounds (indirect method)
that measure the transition time
of ultrasonic waves, allowing
the determination of their
apparent velocity

It evaluates the internal
heterogeneities of the mortar
applied; it allows establishing a
relationship between the
decrease of velocity measured
in areas visually sound and
those with anomalies (very
sensitive to cracking); sensitive
to damp on the surface

effectively applied and not the one produced in laboratory (under controlled
conditions very different from real ones) and also obtaining information on the
characteristics that are not evaluated by other verification methods (Table 2.14);
another advantage of collecting samples is the calibration of some of the in situ
techniques through the correlation between their results in samples collected and in
specimens produced in laboratory; despite the advantages referred, samples collec-
tion has some limitation due mostly to their intrusive nature. The choice of the tests
to be performed on the collected samples and the number of samples depend on the
type of analysis and on the technical and economic resources needed.
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Table 2.13 In situ tests for the analysis of in-service physical-chemical parameters of renders

Test technique/in-service
parameters

Technique illustration

Potential on-site

Karsten tube that measures the
absorption of water under
pressure for 60 min, in a crack-
free area; it allows analysing the
water permeability, through an
absorption coefficient for a
given period of time

Non-destructive technique that
allows differentiating products
with and without hydrophobic
compound; it complements the
results of capillarity tests on ion
samples; it tells apart several
types of finishes

Moisture measurement device
that, by the electric impedance
principle, measures the
percentile moisture content on
the surface (scale calibrated
with a reference mortar within
the device)

Infrared radiation pyrometer
that measures the surface
temperature without contact,
allowing calibrating the results
for emissivity and ambient
temperature values

Non-destructive technique that
allows swift mapping and the
diagnosis of the source and/or
evolution of moisture spots;
sensitive to hygroscopic salts

Field kit that measures the
concentration of various salts,
in mg/L (chlorides, nitrates and
sulphates), through the analysis
of 2 g of a sample diluted in
water + reagents, with a
spectrophotometer

Non-destructive technique that
may allow small mappings of
surface temperature; 24 h
measurements needed for the
analysis of surface
condensations

It allows evaluating the source
of efflorescence and the
corresponding concentration of
a given salt; it shows some
uncertainty in the analysis of
sulphates; it requires collecting
a powder sample

Colorimetric tapes that measure
the concentration of various
salts diluted in water, through a
given comparison scale

(e.g. chlorides: 0-500-1,000—
1,500-2,000-3,000 mg/L)

They provide concentration
ranges for each ion, which may
be useful to rapidly detect high
contents of a given salt; there is
uncertainty in the limits of each
reading range

In recent buildings, the collection of samples has not been a common practice,
basically due to its destructive effect on the surfaces, cost and time spent in the
analyses; in one-coat renders without a finish coat, the subsequent repair of the sites
intervened almost always affects the look of the rendered surface. For these reasons,
even when samples are collected it is difficult to guarantee the representativeness of
the results because of the significant number of samples that would be needed
[21]. In this context, it is the combination of the visual inspection with the in situ
techniques that allows choosing the location, number and size of the samples to be

collected.
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Table 2.14 Laboratory tests for the analysis of in-service of renders

Test technique/in-service
parameters

Technique illustration

Potential on-site

Compression test of samples
collected directly from the
surfaces or that resulted from
the pull-off test; measurement
of the compressive strength of
the product applied

Destructive technique that
evaluates the mechanical
performance of the render
applied; the results may be
influenced by the irregularity,
degradation and thickness of the
sample collected

Hydrostatic weighing test that
allows determining the apparent
density and the open porosity in
small collected samples; it does
not allow the analysis of the
porometry (pore distribution)

Drying test that allows the
determination of the drying
index, in collected samples
(variation of the water content,
in percentage, during
evaporation, relative to the
water content at the start of the
drying phase)

It allows a first mechanical and
physical characterization of the
render applied; the open
porosity may tell premixed
products (more porous) apart
from traditional ones

Test still at the research stage
but that may be an indirect way
to evaluate the water vapour
diffusion resistance

Capillarity test in samples that
measures the capillarity
coefficient (through the
difference in mass in the time
that the test lasts, translated by
the graph’s slope)

It allows evaluating the applied
render’s water performance; in
the analysis of the results, the
thickness of the sample and
whether it was saturated during
the test must be taken into
account

Combined measuring device to
determine the pH and
conductivity (uS/cm) of a
sample diluted in water,
through an electrometric
process

It provides relevant information
for the characterization of the
render applied, in a given
instance (e.g. identification of
the carbonated or chemically
attacked areas)




2 Renders 111

2.6 Maintenance and Rehabilitation
2.6.1 Maintenance Strategies

The ageing process of renders is inevitable. However, the rate associated to the
degradation process can be controlled by periodic maintenance actions that may
prolong the service life of the fagade elements, preventing failures and associated
problems. Proactive maintenance of exterior renders allows an adequate monitoring
during service life, through the following main means: (a) periodic inspections;
(b) interventions on the surface (to guarantee its look)—cleaning, painting or
repainting and protection techniques (hydrophobic protection); (c) “light”
interventions—repair and local replacement; (d) “heavy” interventions—large
repair or replacement.

Periodic inspections during the use stage (predictive maintenance) increase the
capacity to detect (“when” and “where”) the need for interventions, minimizing the
number of unpredicted anomalies (and allowing a growing knowledge of the
render’s in-service performance, its expected service life and of premature degra-
dation agents); these inspections’ objective is to check the emergence of anomalies
and the in-service performance, especially in the most severe exposure conditions
(risk areas) or after interventions; they may also aim at examining eventual
dysfunctions and the actual ageing of all the elements [21].

The in-service performance of facade coatings comprises three main stages:
(1) initial, including the first years after construction and characterized by the
eventual emergence of premature anomalies (e.g. due to gross mistakes of design
or execution); (2) intermediate, whose development depends on various in-service
factors and on their influence on the natural ageing of the renders applied; (3) ter-
minal, including the last years of the life cycle, with greater probability of reaching
failure. In this context, the planning of actions in rendered walls must include
detailed inspections at the initial and terminal stages and current and/or detailed
inspections at the intermediate stage of the life cycle.

2.6.2 Classification of the Maintenance/Repair Techniques

To maintain maintenance costs within acceptable limits, the facade and the building
must comply with given requirements: easy to maintain; accessible to perform
periodic maintenance actions; easy to repair and replace elements. These actions
must not in any case modify the aspect of the surface with unwanted effects (gloss,
change of colour). The importance of adequate cleaning is stressed, bearing in mind
the various causes of symptoms; e.g. the removal of white stains resorting to dry
scrubbing, after the surface dries, is efficient in the case of efflorescence (water-
soluble salts crystallization on the surface); however, in carbonation phenomena
(white stains due to the formation of calcium carbonate, insoluble in water),
cleaning normally includes the application of a treatment with diluted acid
[21]. Finally, no treatments last forever and therefore periodic inspections and
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permanent maintenance care are needed; these periodic interventions can control
the actual efficiency of the treatments.

The maintenance actions in rendered fagades can be divided according to four
basic principles: performance monitoring through inspections; change the surface
by cleaning and painting operations; mechanical and physical-chemical resistance
of the render through local repair/replacement; protection against given agents,
particularly water action, by for example applying a hydrophobic product [21]. The
option of repairing and replacing the render applied must be equated in the
in-service diagnosis, and the final decision depends on safety and the balance
between costs and practical considerations. According to BRE GBG 23: 1995,
repair is the right option if (1) the adherent render is in a good state or is difficult
to remove without affecting the substrate’s wall; (2) the cause of the failure is
confined to a small area; (3) larger scale replacement works are scheduled for the
next 2 years; (4) the impact on the aspect can be minimized by repairing the render
in well-confined areas (e.g. panels between windows). The option of replacement is
recommended if (1) the state of the render may lead to lack of safety situations;
(2) there is an extensive detached area; (3) the defect is evolutionary; (4) the
replacement cost is not significantly higher than the repair cost; (5) it is necessary
to assemble scaffolding; (6) aspect is very important; (7) the existing render is not
the most adequate for the in-service exposure conditions.

2.6.3 Interventions in Renders of Ancient Buildings

Ancient renders are multi-coat systems, comprising smoothing and protection coats
(spatterdash, base coat and finishing coat), made of mortars with lime and sand
(volumetric proportions 1:1 to 1:5, air lime: sand), with mineral and organic
additions (brick powder, natural pozzolans, dolomitic lime, natural fibres, various
additions), applied in various layers (from the interior to the exterior the aggregates’
size decreases and the deformability and porosity of the layers increase) [75]. Given
the diversity of these renders’ characteristics, intervention strategies must follow
the next steps:

» Know the existing renders through the various diagnosis techniques available for
analysis (observation, stratigraphy, chemical, mineralogical and microstructural
analysis techniques, in situ and laboratory tests).

« Select the strategy to be used, taking into account the building’s conservation
state (anomalies’ severity), the historical authenticity of the existing materials
and the availability of resources to perform the intervention:

— First option—conservation of the old coating (preventive maintenance and/or
local fissures, gaps and finishes repair operations).

— Second option—consolidation of the existing coating through the recovery of
its adherence and cohesion.

— If the previous options are not viable, consider partial replacement and, only
as a last resort, proceed to total replacement.
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Table 2.15 Requirements for replacement mortars of exterior, interior and joints repointing
renders, in ancient buildings [75]

Mechanical Flexural Compressive | Modulus Adherence to Performance
characteristics | strength strength of the substrate against
elasticity stresses due to
restricted
shrinkage
Similar to those of the original mortars | Pull-off Maximum
and lower than those of the substrate resistance lower | stress due to
than the restricted
substrate’s shrinkage
tensile strength: | lower than the
failure must substrate’s
never be tensile strength
cohesive in the
substrate
Water-related | Water vapour permeability Capillarity Porosity/
performance coefficient porosimetry
Similar to those of the original mortars and higher than Similar to that
those of the substrate of the original

mortars and
with greater
percentage of
large pores

than the
substrate
Salts-related Salts contents—low
performance
Thermal Thermal expansion coefficient and thermal conductivity similar to those of the
performance original mortars and of the substrate
Durability Resistance against weather actions and salts—medium to high

For repair or partial or total replacement, materials and techniques compatible
with the existing elements must be used, complying with requirements of functional
compatibility (not contribute to degrade existing renders, protect the walls, be
durable and contribute to the system’s durability) and of aspect (not jeopardize
the visual aspect, not mischaracterize the building and not suffer differentiated
ageing). Table 2.15 presents the requirements for replacement mortars in ancient
buildings [75], taking into account the chemical, physical and mechanical compati-
bility between existing materials and those applied in new interventions [14].

2.7 Standardization

Mineral binders coating mortars are the object of harmonized European standard
EN 998-1: 2010, which indicates the code requirements needed for CE marking
(in force since February 1, 2005 for the industrial wall coating mortars market, with
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system 4), and standard EN 13914: 2005, which gives recommendations on aspects
related with design, preparation and application of exterior and interior rendering
mortars. However, these European standards have a generalist nature at the level of
specifications and recommendations. For that reason, complementary national
documents are still being used in the European Union countries; even though
these countries are no longer in force as standards, they provide many relevant
indications concerning this type of coating, sometimes with a larger and more
restrictive set of requirements/recommendations than the European standards
referred.

In Portugal, the documents with complementary characteristics (additional
requirements) are emitted by LNEC or products certification organisms, when the
objective is the marking as certified product. The first ones, called “homologation
documents”, were supported by Article 17 of RGEU, which stated that these
documents were compulsory for non-traditional products; when the Community
directive DPC came into force and CE marking became compulsory, these
documents became optional and gained a new designation “application documents”
(even though RGEU is still in force, its revision (RGE) is at the approval stage). The
application documents for pre-dosed mineral binder cement-based coatings are
intended to testify the adequacy to use of this coating type and include the criteria
and requirements established within CE marking by EN 998-1:2010 and, on the
other hand, the additional requirements that LNEC considers relevant for good
global performance of exterior coatings, bearing in mind their functions (report
427/05: 2005).

Out of the French technical documentation, technical Cahiers 2669, from CSTB
(Centre Scientifique et Technique du Batiment) is referred, with technical
specifications and test methods for industrial mortars (in May 1, 2004 there were
144 industrial mortars certified by the MERUC classification); the DTU 26.1
(Document Technique Unifi€) document defines the general and special technical
conditions for the specification, execution and application of traditional renders.

Tables 2.16 and 2.17 summarize the American and European standards relative
to rendering mortars.

Books/Magazines/Journals

¢ 524R-08 Guide to Portland Cement-Based Plaster—ACI Committee 524, 2008,
40p

* ACI Materials

e Cement and Concrete Composites

» Construction and Building Materials

¢ Journal of Performance Constructed Facilities

» Journal of Fire Sciences

« Journal of the American Ceramic Society

¢ Cement and Concrete Research

» Materials and Design
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Table 2.16 ASTM standards related with renders/plasters and cement-based products

Standard
A641/641M
A653/A653M

B69
B221

Cl11

C25

C29/C29M
C35
C87

C88

C91/91M
C109/109M

C123/123M
C117

C127

C128

C136

Cl142
C150/150M
C185

C206

C207

C219
C230/C230M
C260

C305

C595/595M
C631
C670

C778
C841
C847

Year
2009
2011

2013
2013

2013

2011

2009
2009
2010

2013

2012
2013

2012
2013

2012

2012

2006
2010
2012
2008
2009
2011
2013
2013
2010
2013

2013
2009
2013

2013
2013
2012

Title
Specification for zinc-coated (galvanized) carbon steel wire

Specification for steel sheet, zinc-coated (galvanized) or zinc-iron
alloy-coated (galvannealed) by the hot-dip process

Specification for rolled zinc

Specification for aluminium and aluminium-alloy extruded bars, rods,
wire, profiles, and tubes

Terminology relating to gypsum and related building materials and
systems

Test methods for chemical analysis of limestone, quicklime, and
hydrated lime

Test method for bulk density (unit weight) and voids in aggregate
Specification for inorganic aggregates for use in gypsum plaster

Test method for effect of organic impurities in fine aggregate on
strength

Test method for soundness of aggregates by use of sodium sulphate or
magnesium sulphate

Specification for masonry cement

Test method for compressive strength of Hydraulic Cement Mortars
(using 2-in. or [50-mm] cube specimens)

Test method for lightweight particles in aggregate

Test method for materials finer than 75-m (No. 200) sieve in mineral
aggregates by washing

Test method for density, relative density (specific gravity), and
absorption of coarse aggregate

Test method for density, relative density (specific gravity), and
absorption of fine aggregate

Test method for sieve analysis of fine and coarse aggregates
Test method for clay lumps and friable particles in aggregates
Specification for Portland cement

Test method for air content of hydraulic cement mortar
Specification for finishing hydrated lime

Specification for hydrated lime for masonry purposes
Terminology relating to hydraulic cement

Specification for flow table for use in tests of hydraulic cement
Specification for air-entraining admixtures for concrete

Practice for mechanical mixing of hydraulic cement pastes and
mortars of plastic consistency

Specification for blended hydraulic cements
Specification for bonding compounds for interior plastering

Practice for preparing precision and bias statements for test methods
for construction materials

Specification for sand
Specification for installation of interior lathing and furring
Specification for metal lath

(continued)
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Table 2.16 (continued)

Standard
C897

C926
€932

C933
C1032
C1063

C1328/
1328M

C1437
Cl1438

C1506

C1764

D75
D1193
D1784

D2013
E84
E90

E96/E96M
E119
E337

E492

E1671
E1700

E2136

Year
2009

2012
2013

2013
2011
2012

2012

2013
2013

2009

2012

2009
2011
2011

2012
2013
2009

2012
2012
2007

2009

2012
2013

2013

l. Flores-Colen and J. de Brito

Title

Specification for aggregate for job-mixed Portland cement-based
plasters

Specification for application of Portland cement-based plaster

Specification for surface-Applied Bonding Compounds for Exterior
plastering

Specification for welded wire lath
Specification for woven wire plaster base

Specification for installation of lathing and furring to receive interior
and exterior Portland cement-based plaster

Specification for plastic (stucco) cement

Test method for flow of hydraulic cement mortar

Test methods for evaluating latex and powder polymer modifiers for
use in hydraulic cement concrete and mortar

Test method for water retention of hydraulic cement-based mortars
and plasters

Test methods for non-metallic plaster bases (lath) used with Portland
cement based plaster in vertical wall applications

Practice for sampling aggregates
Specification for reagent water

Specification for rigid poly(vinyl chloride) (PVC) compounds and
chlorinated poly(vinyl chloride) (CPVC) compounds

Practice for preparing coal samples for analysis
Test method for surface burning characteristics of building materials

Test method for laboratory measurement of airborne sound
transmission loss of building partitions and elements

Test methods for water vapour transmission of materials
Test methods for fire tests of building construction and materials

Test method for measuring humidity with a psychrometer (the
measurement of wet- and dry-bulb temperatures)

Test method for laboratory measurement of impact sound transmission
through floor-ceiling assemblies using the tapping machine

Classification for serviceability of an office facility for cleanliness
Classification for serviceability of an office facility for structure and
building envelope

Guide for specifying and evaluating performance of single family
attached and detached dwellings-durability

e Minerals Engineering

* Materials Structures

» Journal of Environmental Management
e Energy and Buildings
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Table 2.17 European standards applied to rendering mortars

Standard Year Title
EN 196-1 2005 Methods of testing cement. Part 1: Determination of strength
EN 196-2 2013 Methods of testing cement. Part 2: Chemical analysis of cement

EN 196-3 2005; 2008 | Methods of testing cement. Part 3: Determination of setting times
+Al and soundness

EN 197-1 2011 Cement. Part 1: Composition, specifications and conformity
criteria for common cements

EN 459-1 2010 Building lime. Definitions, specifications and conformity criteria

EN 459-2 2010 Lime for construction. Part 2: Test methods

EN 459-3 2010 Lime for construction. Part 3: Evaluation of conformity

EN 934-1 2008 Admixtures for concrete, mortar and grout—Part 1: Common
requirements

EN 934-3 2009; 2012 | Admixtures for concrete, mortar and grout—Part 3: Admixtures

+Al for masonry mortar—Definitions, requirements, conformity and

marking and labelling
EN 934-6 2005; 2006 | Admixtures for concrete, mortar and grout—Part 6: Sampling,

+Al conformity control and evaluation of conformity

EN 998-1 2010 Specification for mortar for masonry. Part 1: Rendering and
plastering mortar

EN 998-2 2010 Specification for mortar for masonry. Part 2: Masonry mortar

EN 1015-1 1998; 2006 | Methods of test for mortar for masonry. Part 1: Determination of

+Al particle size distribution (by sieve analysis)

EN 1015-2 1998; 2006 | Methods of test for mortar for masonry. Part 2: Bulk sampling of

+Al mortars and preparation of test mortars

EN 1015-3 1999; 2004 | Methods of test for mortar for masonry. Part 3: Determination of

+Al consistence of fresh mortar (by flow table)

EN 1015-4 | 1998; 2006 | Methods of test for mortar for masonry. Part 4: Determination of

+Al consistence of fresh mortar (by Plunger penetration)

EN 1015-6 1998 Methods of test for mortar for masonry. Part 6: Determination of
bulk density of fresh mortar

EN 1015-7 1998 Methods of test for mortar for masonry. Part 7: Determination of
air content of fresh mortar

EN 1015-8 1999 Methods of test for mortar for masonry. Part 8: Determination of

water retentivity of fresh mortar
EN 1015-9 | 1999; 2006 | Methods of test for mortar for masonry. Part 9: Determination of

+Al workable life and correction time of fresh mortar

EN 1015- 1999; 2006 | Methods of test for mortar for masonry. Part 10: Determination of

10+ A1 dry bulk density of hardened mortar

EN 1015- 1999; 2006 | Methods of test for mortar for masonry. Part 11: Determination of

11+Al flexural and compressive strength of hardened mortar

EN 1015- 2000 Methods of test for mortar for masonry. Part 12: Determination of

12 adhesive strength of hardened rendering and plastering mortars on
substrates

prEN 1993 Methods of test for mortar for masonry. Part 13: Determination of

1015-13 dimensional stability of hardened mortars

EN 1015- 2000 Methods of test for mortar for masonry. Part 17: Determination of

17+A1 water-soluble chloride content of fresh mortars

(continued)
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Table 2.17 (continued)

Standard Year Title

EN 1015- 2002 Methods of test for mortar for masonry. Part 18: Determination of

18 water-absorption coefficient due to capillary action of hardened
mortar

EN 1015- 1998; 2004 | Methods of test for mortar for masonry. Part 19: Determination of

19+ Al water vapour permeability of hardened rendering and plastering
mortars

EN 1015- 2002 Methods of test for mortar for masonry. Part 21: Determination of

21 the comparability of one-coat rendering mortars with substrates

EN 1008 2002 Mixing water for concrete. Specification for sampling, testing and

assessing the suitability of water, including water recovered from
processes in the concrete industry, as mixing water for concrete

EN 1745 2012 Masonries and masonry elements. Methods for the determination
of design thermal values

EN 13055- | 2002; 2004 | Lightweight aggregates. Part 1: Lightweight aggregates for

1+Al concrete, mortars and injection grouts

EN 13139 2013 Aggregates for mortars

EN 13501- | 2007; 2009 | Fire classification of construction products and building elements.

1+Al Part 1: Classification using test data from reaction to fire tests

EN 13658- | 2005 Metal lath and beads—Definitions, requirements and test

1: methods—Part 1: Internal plastering

EN 13658- | 2005 Metal lath and beads. Definitions, requirements and test methods.

2 External rendering

EN 13914- | 2005 Design, preparation and application of external rendering and

1 internal plastering. External rendering

EN 13914- | 2005 Design, preparation and application of external rendering and

2 internal plastering. Part 2: Design considerations and essential
principles for internal plastering

EN ISO 2011 Paints and varnishes—Determination of water-vapour

7783 transmission properties—Cup method (ISO 7783:2011)

Associations/Organizations/Societies

» European Mortar Industry Organisation—http://www.euromortar.com/home/
¢ American Institute of Building Design—http://www.aibd.org/

¢ Portland Cement Association—http://www.cement.org/index.asp

» Cement Kiln Recycling Coalition—http://www.ckrc.org/

¢ Brick Industry Association—nhttp://www.gobrick.com/

e Council for Masonry Research—http://www.masonryresearch.org

¢ Expanded Shale, Clay and Slate Institute—http://www.escsi.org/Default.aspx
» Federacion Interamericana del Cemento—http://www.ficem.org/

¢ Mason Contractors Association of America—http://www.masoncontractors.org/
« National Stone, Sand and Gravel Association—http://www.nssga.org/

e The Masonry Society—http://www.masonrysociety.org/

* Mortar Industry Association—www.mortar.org.uk


http://www.euromortar.com/home/
http://www.aibd.org/
http://www.cement.org/index.asp
http://www.ckrc.org/
http://www.gobrick.com/
http://www.masonryresearch.org/
http://www.escsi.org/Default.aspx
http://www.ficem.org/
http://www.masoncontractors.org/
http://www.nssga.org/
http://www.masonrysociety.org/
http://www.mortar.org.uk/

Renders 119

International Masonry Institute (IMI)—http://www.imiweb.org/about/index.php
International Masonry Society—www.masonry.org.uk
Brick Development Association—www.brick.org.uk
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Abstract

This chapter includes a brief history of gypsum plasters. Then, several types of
gypsum-based coatings are presented.  Gypsum plasters’ performance
characteristics, in fresh and hardened state, are described, focusing on
requirements, testing methods and standards. Design and construction
recommendations are synthetized in terms of materials (binders, aggregates,
admixtures and additions/fillers), design details/technical specifications for con-
struction, and also characteristics of each coat in the plaster systems for tradi-
tional and industrial plasters. The pathology and diagnosis of these coating
systems are characterised in terms of the common anomalies and probable
causes. A classification of the diagnostic methods is presented. Maintenance
and rehabilitation classification and strategies are discussed for plasters. Finally,
American and European standards related with internal plasters and gypsum-
based products are synthetized.
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3.1 Historic Introduction

The first applications of gypsum in construction date from the Neolithic period,
e.g. in Catal Huyuk, Turkey, circa 6000 Ac [1]. The oldest remaining testimony
from the use of gypsum by the Egyptians is the plaster of the pyramids (4000 to
2000 Ac), even though in those times constructions were made of stone laid over
stone without any kind of mortar [2]. Torraca [3] refers that hydraulic binders, as
well as binders with some hydraulicity, can sometimes be found in large-volume
ancient gypsum plasters. The Greeks might have been the first ones to use lime as
coating mortar, essentially in painted gypsum plasters and wells’ coatings [4].

It is mostly in Rome that gypsum plaster gains great expression and meaning.
The Romans used the gypsum plaster’s qualities (extreme plasticity, fast execution
and reduced cost), imitating shapes and colours typical of other materials incompa-
rably more expensive and harder and slower to work. Almost gone during the
Middle Ages (with the exception of applications by the Arabs), gypsum plaster
recovered its application as European architectonic decoration only in the Renais-
sance, starting in Italy, where the first big archaeological discoveries of the six-
teenth century encouraged its rebirth [5].

The discovery of the history of gypsum plaster in Portugal is greatly hindered by
the lack of documentation before the eighteenth century. The most ancient known
Portuguese gypsum plaster work is from the sixteenth century (Manuel I period)
and was made in a medieval twelfth-century construction, as decoration of the
windows from the upper floor of the Charola of the Christ Convent Church in
Tomar. Nevertheless, the most ancient vestiges of gypsum plaster in Portuguese
territory are from the Roman times and were found, as fragments, in archaeological
stations such as Conimbriga, Tréia or Freixo, near Marco de Canaveses [6].

However, gypsum plaster only started to be effectively divulged in Portugal in
1764, when the Marquis of Pombal created the Class of Plaster and Design, an
activity that got together a group of Italian artists, where the Milanese Joao Grossi
stood up as the director in charge. Many gypsum plaster works made in Portugal,
such as the Palace of the Marquis of Pombal, in Oeiras, are attributed to this great
master. The propagation of gypsum plaster gained such proportions that it started
being currently used to imitate materials that are considered noble, such as marble
or gilded wooden carvings [6, 7].

At the end of the eighteenth century, a new technique of making ceilings
emerged, using nailed lathing, where the covings made with slender profiles were
seen as a downsize of the classic Antiquity cornices. In Alentejo and Algarve, due
to the dry and scarcely rainy climate, a type of external decoration emerged,
referred to as mass ornaments, external gypsum plaster or sgraffito, whose execu-
tion technique bore some similarities to that of gypsum plaster but whose composi-
tion was completely different, since it did not include gypsum [6].

Influenced by the Romantic Movement, in the middle of the nineteenth century,
a type of gypsum plaster decoration inspired in the literature and national exaltation
emerged. Simultaneously, trying to mimic the aspect of the medieval and
discoveries architecture, another type of gypsum plaster decorations arises in



3 Gypsum Plasters 125

ad :af-ll_‘"I,:."..'-=-‘—='.—l‘f -

=

Fig. 3.1 Pena palace [6]

iy
=
=]
¥
G
r
—
=

Fig. 3.2 Montserrat villa [8]

Portugal linked with the Muslim and Manuel I art, exemplified by the Moorish
plaster of the Pena Palace, in Sintra (Fig. 3.1), or the Montserrat Villa, also in Sintra
(Fig. 3.2) [6].

Gypsum plaster decorations and ornaments assume great importance in the last
decades of the nineteenth century and beginning of the twentieth century due to the
Art Nouveau’s influence, whose style features rely on asymmetry and fluid and
artisanal shapes, making current ornaments be seen as exaggerated and very heavy.
From then on, there was a fall of the decorative gypsum plaster [6].
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In fact, the methods of design and application were changed in order to optimize
the cost/quality ratio, ease and rate of execution, leading to sprayed plaster, based
on factory premixed compositions. This was one of the factors that contributed to
the present loss of the artistic character that gypsum plaster once won, even though
its application scope increased, since it is used in every type of construction from
controlled cost housing to office buildings of big commercial and services firms.

Recently, coatings based on synthetic binders that can be applied on interior wall
and ceiling surfaces, known as synthetic plasters, emerged. They widely differ from
“traditional” gypsum plasters in terms of composition, since they are made of
synthetic resins dispersed in water (binder), even though their application presents
several similarities.

3.2  Gypsum Plaster Classification

In order to put the current coatings object of this chapter into perspective, Table 3.1
presents the classification proposed by LNEC—Laboratério Nacional de
Engenharia Civil (National Laboratory for Civil Engineering) [9, 10]—for coatings
for interior wall surfaces, where the ones dealt within this chapter are shaded.

Table 3.1 Classification of the coatings for interior wall surfaces [9]

Functional ) . ) )
. . Main types of walls interior coatings
classification

Traditional renders

Premixed renders

) ) Mixed binders renders
Smoothing coatings

Traditional gypsum and lime plasters

Premixed gypsum plasters

Synthetic premixed plasters

Traditional gypsum and lime plasters

Finishing coatings Premixed gypsum plasters

Synthetic premixed plasters

Glued ceramic claddings

Glued natural stone claddings

Water-resistant coatings | Glued artificial stone claddings

Epoxy coatings

Synthetic binder coatings (enamels and varnishes)

Coatings in roll (paper, plastics, textiles and cork)

Decorative coatings Expanded cork agglomerate plates claddings

Paint coatings
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Table 3.2 Types of current gypsum-based coatings (EN 13279-1: 2005)

Designation Code
Gypsum binder A
Gypsum plaster B
Gypsum building plaster B1
Gypsum-based building plaster B2
Gypsum-lime building plaster B3
Lightweight gypsum building plaster B4
Lightweight gypsum-based building plaster B5
Lightweight gypsum-lime building plaster B6
Gypsum plaster for plasterwork with enhanced surfaced hardness B7
Gypsum plaster for special purposes C
Gypsum plaster for fibrous plasterwork Cl1
Gypsum plaster for bricklaying Cc2
Acoustic plaster C3
Thermal insulation plaster C4
Fire protection plaster C5
Thin coat plaster C6

According to this classification, interior coatings fall within the following four

categories:

¢ Smoothing coatings—to give the wall planeness, verticality and surface

regularity

« Finishing coatings—to give the wall a smoothing complement,

guaranteeing in most cases a pleasant visual look

thus

¢ Water-resistant coatings—to provide the finishing coat in walls in locations

where water is frequently present or cleaning is made by wet means
Decorative coatings—to provide the aspect intended by the users in terms of
visual comfort, when the underlying coats do not do it by themselves

In order to present a more specific classification of current gypsum-based

coatings, Table 3.2 shows the classification proposed in standard EN 13279-1:
2005.

Similarly, for synthetic coatings, Table 3.3 presents the classification included in

Veiga et al. [11] for walls and ceilings’ interior surfaces.

The historic introduction leads to the following global classification that will be

used in the next sections:

(a) Traditional gypsum plasters made according to ancestral proceedings

(b) Premixed gypsum plasters, whose constituents are all preselected and
mixed in the factory and are applied on-site by spraying

(c) Premixed synthetic plasters, whose composition includes synthetic resins
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Table 3.3 Classes of synthetic binder coatings for interior wall surfaces [11]

Characteristics
Filler size Coat thickness
Classification criterion Coating classes (pm) (mm)
Size grading Current size grading >250 -
Fine size grading <250
Very fine size <100
grading
Current application Sealing - >5
thickness Liners 5.2
Skins 2-0.5
Films <0.5

3.3 Functional Requirements and Performance Parameters

The Community Directive relative to construction products (CPD), 89/106/EEC of
December 21 and 93/68/EEC of July 22, transposed to the Portuguese context by
Decree-Law 113/93 of April 10, changed by Decree-Law 4/2007 of January
8, establishes the following six essential requirements for building construction
works (that include various products, materials and systems): stability (EE1); safety
against fire risks (EE2); hygiene, safety and environment (EE3); safety in use
(EE4); protection against noise (EES); and energy savings (EE6), taking into
account an economically viable period and current maintenance. This Directive
(CPD) is repealed by the Construction Products Regulation (CPR) No. 305/2011 of
the European Parliament and of the Council of March 9, 2011 laying down
harmonized conditions for the marketing of CPD and that includes another essential
requirement-related conditions with sustainable use of natural resources.

Next, the specific performance requirements in the hardened state that each of
the coatings dealt with in this chapter (current interior gypsum plasters, from now
on called CIGP) must comply with, when applied in walls and ceilings of interior
surfaces, are presented. The sections are divided into gypsum-based coatings
(traditional and premixed plasters) and synthetic binder-based coatings.

3.3.1 Gypsum-Based Coatings

Based on the literature analysed, a set of performance parameters was defined,
referring to the coating system as a whole (smoothing coat, finishing coat and paint
finish, considering that gypsum coatings may be exposed or be painted with a
non-textured paint).
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N

Fig. 3.4 Ceiling panel [12] [ 7 2=l
| A3 |
777
|
|
Fig. 3.5 Samples’ location 8 /
[12] ke o
= |
. b;: min 0.1D
S+ €t o/ N 4 "l
o | o/
c J‘ {,‘{’
EL, min. 0.50 :
o, [
+ 24
\ =
: 3
" ~

3.3.1.1 Thickness and Hardness

The thickness of the coating influences its smoothing capacity and mechanical
strength. According to DTU No. 25.1, the thickness of a coating must be determined
based on samples in panels (wall or ceiling). In the case of walls, a panel must have
an area with a height (%) equal to the distance from the ceiling to the pavement and a
width (/) equal to the distance between two adjoining edges or angles (Fig. 3.3). As
for ceilings, the panel’s area (S) is defined by the walls and the angles (Fig. 3.4). In
either case, the openings in the surfaces are not deducted.

The number of samples to be made is S/1.5 m2, with a minimum of 5, and there is
no need for them in panels with § < 1.5 m” or / < 1.5 m. The samples’ location must
be at least 0.50 m apart and 0.10 m from the borders of the panels or intermediate
edges (Fig. 3.5).
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Each sample is made by lightly puncturing the coating until reaching the
substrate or, in softer substrates (e.g. autoclaved aerated concrete or expanded
polystyrene), from cores extracted from the wall.

The average coating thickness is obtained by the arithmetic average of the
samples made, after eliminating the extreme values when the number of samples
exceeds 6. The minimum thickness value should not be lower than 8 mm, in current
coating execution, or 12 mm if the points and lines technique is used.

To determine the hardness according to DTU No. 25.1, the panels made to assess
the thickness are used. This operation only starts after the coating is well dried
(water content below 1 %, corresponding to around 3 weeks to 1 month after
execution), and a Shore C hardness measuring device must be used. To make the
tests, 0.2-m circles are defined centred with the thickness samples’ location, and six
measurements are taken in each circle. The two extreme values are eliminated, and
the hardness value of each area is obtained by the arithmetic average of the
remaining four values determined. The hardness of the panel’s coating is obtained
by the arithmetic average of the hardness in various areas. For sprayed gypsum
plasters, the hardness of each area must be higher than 60 Shore and the average
hardness in the panel should not be less than 65 Shore.

According to standard EN 13279-1: 2008, only in gypsum-based coatings with
improved surface hardness is a minimum hardness value (surface resistance) of
2.5 MPa required, determined according to the test procedures proposed by EN
13279-2: 2004.

3.3.1.2 Planeness, Verticality and Surface Regularity

These three performance parameters strongly depend on the performance of the
gypsum plaster applier. In the case of surface regularity, the final result is also
related to the size distribution of the product (in powder), i.e. the greater its fineness,
the easier it will be to get a regular surface (less rough). The assessment criteria and
tolerances for these parameters are those specified in DTU No. 25.1.

The planeness and verticality characteristics of the surfaces must be specified in
the tender of each work. Planeness can be split into global and local. In the first
case, applying a ruler 2 m long over the surface should not lead to a planeness
deviation higher than 10 mm between the most salient point and the most re-entrant
point. This limit is reduced to 5 mm when the coating is executed using the points
and lines technique. To evaluate local planeness, the procedure is similar, with the
exception of the ruler’s length, which is 0.20 m, and the maximum deviation, which
is 1 mm. The verticality deviation measured over a vertical length of 2.50 m should
not exceed 5 mm (Fig. 3.6). Furthermore, the requirements of planeness and
verticality are only applied when the substrate has no deviations greater than
twice the equivalent values of the coated surface.

The surface regularity generally defines whether the surface is smooth or rough.
From a functional viewpoint, preference is given to smooth surfaces, exempt of
visible cracks and grooves or recesses deeper than 1 mm, because they accumulate
less dirt, have lower retention of surface damp and are less prone to the attachment
and development of moulds.
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Fig. 3.6 Verticality tolerances [12]

Fig. 3.7 Pull-out test and adhesive failure in the interface between the ceiling’s gypsum coating
and the concrete substrate

3.3.1.3 Adherence to the Substrate
The evaluation of the adherence of the coating to the substrate may be done
according to the method in specification form Fe Pa 36 from LNEC (“adherence
to the substrate under dry conditions”, based on Cahier No. 1779 from CSTB),
i.e. through a pull-out test with a dynamometer (Fig. 3.7), when the coating is new
or after it has been dampened with water and then dried. In the first case, the pull-
out stress of the new coating must be higher than 0.5 MPa and in the second case
higher than 0.35 MPa [12, 13].

The standard EN 13279-1:2008 refers that the pull-out stress (related to adhesive
failure) must be higher or equal to 0.1 MPa, determined according to the test
method proposed in EN 13279-2: 2004.

3.3.1.4 Flexural and Compressive Strength
Based on the values and tests from standard EN 13279-1:2008 (test methods in EN
13279-2), the flexural strength must be higher than 1.0 MPa, unless it is a gypsum-
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based coating with improved surface hardness, for which the limit is raised to
2.0 MPa. The compressive strength must be higher than 2.0 MPa, except for
gypsum-based coatings with improved surface hardness, for which the limit is
raised to 6.0 MPa.

3.3.1.5 Resistance to the Attachment and Development of Moulds
CIGP located in damp and badly ventilated rooms or over thermal bridges of any
surface in contact with cold spaces are prone to the attachment and development of
moulds. As a matter of fact, in these locations, the coating must be protected by a
fungicide, which must be incorporated in the finishing coat of exposed coatings
through a fungicide admixture, or in the most current case when there is paint finish,
the latter must have fungicide properties. However, these preventive solutions have
the disadvantage of being temporary, according to the product and content used
[10, 13].

A very efficient solution is to guarantee proper ventilation and strengthen the
thermal insulation of the thermal bridges, in order to prevent, respectively, prolonged
dampening and condensations in those areas. The high water permeability of the
whole coating system is equally very important in the prevention of the attachment
and development of the referred microorganisms and can be evaluated using the test
form Fe Pa 17 from LNEC (“water vapour permeability test”) [10, 12, 13].

Another aspect to be remembered is that smooth surfaces make it difficult for
moulds and various types of dirt to attach themselves, and therefore they must have
precedence over rough surfaces, especially in the environments described above
[10, 13].

3.3.1.6 Other Performance Parameters

These coatings must be resistant to alkali attack and degradation actions due to use,
namely, shock, friction, water and dirt. These performance parameters are devel-
oped in the section dedicated to synthetic plasters. On the other hand, these coatings
are classified, without testing, in fire reaction class Al (i.e. there is no contribution
to the development of fire), when they have less than 1 % of organic matter relative
to their weight or volume (EN 13279-1: 2008); when required, the thermal resis-
tance of a gypsum-based coating system must be determined according to EN ISO
6946:2007.

3.3.1.7 Durability

The expected service life of a coating of this type is around 30 years, as long as
during this period, it is subjected to periodic maintenance operations. Nonetheless,
durability is very dependent on the exposure/protection degree from biologic agents
and from shock, friction, water and dirt actions [10].
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3.3.2 Synthetic Binder-Based Coatings

As referred for gypsum coatings, the quality demands from synthetic plasters refer
to the set made of the smoothing coat, finishing coat and eventually varnish paint or
non-textured paint.

3.3.2.1 Resistance to Saponification
Strictly speaking, saponification is the designation adopted for the degradation
process of an oil paint that consists of the formation of a soap and an alcohol as a
consequence of the reaction between the oil and the bases. However, in synthetic
plasters, products based on a dispersion of synthetic polymers, if degradation by
alkaline attack of this type were to occur, the result would not be a soap but rather
an alcohol; thus, the correct designation of the phenomenon would be
hydrolysis [13].

Synthetic CIGP should not be affected by the substrates’ alkalinity. Therefore,
these coatings should be tested in a substrate dampened by an alkaline solution,
from which no detachment or any other type of degradation should result [13].

3.3.2.2 Planeness, Verticality and Surface Regularity
Concerning these parameters, synthetic CIGP should comply with the requirements
defined in Sect. 3.3.1.2.

3.3.2.3 Adherence to the Substrate

The evaluation of the adherence of these coatings to the substrate may be made
through the tests described in Sect. 3.3.1.3 and on a peeling test under dry
conditions. In the latter, the synthetic coating is applied over strips of net previously
fastened to the substrate. After enough time for the synthetic products to harden has
gone by, the net strips are peeled off, and the resistance of the coating to this
pulling-out action is registered. It should be greater than 0.5 N/mm of the width of
the net strip [13].

3.3.2.4 Resistance to Degradation Actions Due to Normal Use

of the Spaces (Shocks, Friction, Water and Dirt)
The performance parameters relative to actions of shock (of a hard object, cutting
and non-cutting), friction, water and dirt (of domestic chemical products) depend
on the type of building, spaces, use and users’ access level [13].

To evaluate the resistance to shock actions, the sphere shock test (Fig. 3.8) and
the grid cutting test (Fig. 3.9) are used. The former corresponds to the action of a
250 g sphere, with a pendulum movement of 0.80 m span. The latter consists of the
shock action of an indented steel block ignited by additional progressively heavier
masses, 250, 500 and 1,000 g, with a pendulum movement of 0.80 m span,
indenting a grid on the coating’s surface. In the sphere shock test, the diameter of
the dent made must be lower than a given limit, and in the grid cutting test, none of
the small squares defined by the indented grid should detach itself for a minimum
value of the additional mass. In the grid cutting test, if the coating does not
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Fig. 3.8 Sphere shock test
[13]

Fig. 3.9 Grid cutting test
[13]

withstand the action of the steel block for a 250 g mass, it will be classed with a
resistance index of 0 (zero) [13].

To determine the friction resistance, the edge of a disc moving in a straight line
and loaded with additional progressively heavier masses, 250, 500 and 1,000 g, is
pressed against the coating. The appraisal of these effects defines the degree of
satisfaction of scratching, abrasion and polishing (if the surface is painted). The two
first tests correspond, respectively, to the numerical values of the heavier additional
mass for which the disc does not scratch the coating (or, if it does, it does not detach
it) and does not make a significant groove on its surface. In both tests, if the coating
does not withstand the least severe action (no additional mass), the index assigned
will be “zero”. The polishing test determines whether the paint becomes shinier in
the area under friction. If it does, it will be assigned the designation of “unsatisfac-
tory” and in the opposite case it will be “satisfactory” [13].

To evaluate resistance to water, the procedure is the same as for the friction
resistance but without the additional mass over the coating. Its surface must be
previously dampened by a kaolin paste that remains in contact with the coating for
progressively longer periods—5, 15, 30, 45 or 60 min. The performance after
dampening is measured by the numerical value of the longest period of contact



3 Gypsum Plasters 135

Fig. 3.10 Dirt resistance e
tests using staining products
[13]

between the paste and the coating for which the coating shows no traces of
detachment. It will be classified as “unsatisfactory” if it does not withstand the
least severe action (5 min) [13].

Dirt resistance is evaluated through the action of conventional staining products
or others whose action on the coating is predictable and subsequent cleaning action
to remove the stains (Fig. 3.10). To perform the test of resistance to stain formation,
some conventional typical products are necessarily used (the letter that precedes the
designation of the product corresponds to its code in Table 3.4) [13].

The removal of staining products can be made using the instructions given by the
coating manufacturers or the following procedures: (1) apply a dry sponge;
(2) apply a sponge dampened with water; (3) apply a sponge dampened with
water with neutral liquid detergent; (4) light sanding of the surface; or (5) use a
school eraser. In the strictest sense, the test result consists of the characterization of
the remaining degradations attributed to each of the staining products after trying to
remove the stains (e.g. light stain, pronounced stain and surface corrosion). How-
ever, out of the results presented in Table 3.4, only the code of the current products
that do not stain the coating is referred to [13].

Table 3.4 shows the limits accepted in the tests described for interior walls in the
various spaces of a housing building. If any given cell has a dash (-), the coating
must have the capacity to withstand the most severe action of the corresponding
test. The requirements of resistance to grid, scratching and abrasion depend on the
intensity of users’ circulation, the number of users per house, the existence of
children and the size of the space. If the kitchens and bathrooms’ ventilation is
efficient, the requirements of resistance to water and dirt can be reduced if the
surfaces are located more than 2 m from the ground level. Even though Table 3.4
applies to interior wall surfaces, it is reasonable to extend its application to ceilings.
These must be looked upon as surfaces more than 2 m above the ground level slab in
terms of resistance to shock, friction and dirt actions and as surfaces less than 2 m
above that level for evaluation of water resistance purposes.

3.3.2.5 Resistance to the Attachment and Development of Moulds

The requirements concerning resistance to the attachment and development of
moulds are identical to the ones referred in Sect. 3.3.1.5 for current gypsum-
based coatings.

3.3.2.6 Durability

The service life demanded from a synthetic binder coating in interior surfaces is at
least 10—12 years, as long as during that period, the necessary periodic maintenance
operations adequate to this type of coating are guaranteed [13, 14].
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3.4 Design and Execution

In this section, the design and execution procedures are described separately for
traditional and nontraditional gypsum plasters (the latter including gypsum and
synthetic binder plasters).

3.4.1 Constituent Materials

Traditional gypsum plasters are made of binders (dark or white gypsum and slaked
air lime in powder or paste), mineral fillers (clean and very fine sand, siliceous or
limestone), admixtures (setting retarders, hardeners), water and eventually
additions (pigments).

Premixed plasters are made of binders (dark or white gypsum and slaked air lime
in powder and resins), mineral fillers (clean, dry and calibrated sand; limestone
powder), admixtures (setting retarders, plasticizers and water retainers), water and
other additions (e.g. pigments, mineral fibres).

3.4.1.1 Gypsum

Gypsum was the artificial binder used to make the most ancient mortars, applied in
masonry by the Babylonians and Egyptians more than 4,000 years ago. It is
essentially a binder of dry climate countries, since it has a poor performance in
the face of environmental humidity, which leads to its deterioration.

Gypsum powder results from a sedimentary rock composed essentially by
bi-hydrated calcium sulphate (CaSO,4-2H,0), of various colours, from pure white
to yellow, grey or rose, according to the impurities within. Gypsum stone is
sufficiently soft to be scratched by a nail and cannot be applied in stonework or
masonry [6]. According to its greater or lesser purity, gypsum may have the
following shapes [15]:

¢ Crystalline, in great translucent crystals (alabaster) or transparent and colourless
(selenite), shaped as spears or as scales

« Fibrous, when almost pure, making parallel silken needles

o Earthen, with 10-12 % of clay impurities

To make powder gypsum, the purest rocks are used: selenite (CaSO4-2H,0),
anhydrite (CaSQy) and alabaster. They are submitted to heat action, loose water and
become a powder, light coloured and uniform, unctuous to the touch, which sets and
hardens very fast when in contact with water [6]. In the past gypsum was made in
artisanal kilns, whilst nowadays it is made in industrial cylindrical kilns by heating
in water vapour after a milling process.

Gypsum used as binder in plasters and mortars is obtained by burning gypsum
stone at temperatures from 130 to 170 °C, made fundamentally of hemi-hydrated
calcium sulphate (CaSO,4-1/2H,0):
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CaSOy - 2H,0O + heat — CaSOy - 1/2H20 + 3/2H20

3.4.1.2 Air Lime
Resulting from burning the purest limestone, air lime was until the beginning of the
twentieth century the most used binder. Air lime results from the decomposition, at
temperatures of 800-900 °C, of limestone with at least 95 % of calcium carbonate
(CaCO;3) or calcium carbonate and magnesium (xCaCOs+yMgCQO3), with
impurities below 5 % [16, 17].

Air limes are divided into calcic or magnesian (a 20 % content of magnesium
oxide in the raw material is the lower limit for a lime to be classified as magnesian).
Calcic limes are subdivided into [6]:

« Fat lime—when the limestone is made of at least 99 % of calcium carbonate
¢ Lean lime—when the limestone has a content of clay and other impurities of
1-5 %

The product obtained from burning is called quicklime (calcium oxide, CaO)
and mixed with water provides slaked lime (calcium hydroxide, Ca(OH),):

CaO + H,0 — Ca(OH),

The process of making lime went through an evolution similar to that of gypsum
from artisanal kilns to industrial plants.

3.4.1.3 Synthetic Binders
In synthetic plasters, the binders are made of synthetic resins, of which the ones
most used in current synthetic coatings are the thermoplastic, whose shape can be
modified by heating without changing its constitution (they are soluble only in
adequate solvents), namely, those in the family of acrylates and vinyl acetates plain
or copolymerized, such as [18] polyvinyl acetate, polyvinyl acetate-co-vinyl, poly-
vinyl acetate-co-styrene, vinyl versatic co-acrylic polymer and copolymer styrene
butadiene acrylic.

Products based on acrylic resins have some advantages relative to products
based on vinyl resins, such as greater resistance to ageing due to atmospheric
agents [18].

3.4.1.4 Mineral Fillers

Sand used in gypsum plasters must be very fine, siliceous or limestone, very light
coloured and exempt of organic impurities and soluble salts. If its clay content is
higher than 6 %, sand must be rejected [6].

Organic matter may retard or partially stop setting, and soluble salts may cause
efflorescence. Clay is tolerated up to a given content, in order to confer workability;
however, in excess it may cause an inconvenient drying shrinkage.

Sands used in traditional gypsum plasters are siliceous, harder, less porous and
with great chemical inertia, and limestone is less resistant and more deformable.
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Sedimentary sands, from the sea or river, are also used, but if they are imperfectly
washed, they lead to subsequent problems [19].

Mineral fillers used in premixed plasters are natural, mostly from calcite (cal-
cium carbonate) or quartz (silica), whilst fillers of dolomite, hydrated calcium
sulphate, barite (barium sulphate), talcum, kaolin, among others, are used less
frequently.

3.4.1.5 Water

The water used in gypsum mortars and pastes must be potable and be free of
impurities or harmful salts. Water containing sodium chloride, magnesium or
potassium in contents higher than 1 % or sulphates over 3 % [20] must not be
used because they hinder the mortars’ strength. The same happens with water
containing organic substances, such as wells or swamp stagnated water.

3.4.1.6 Additions (Pigments)

In traditional gypsum plasters, natural pigments are used, made of mineral earths
with oxides, sulphites and carbonate, metallic or coming from plants and
animals [6].

Pigments used in premixed plasters are mineral or organic, generally white
coloured, even though they can also be marketed in other light colours, such as
cream, beige, green or rose, the latter always applied in the finishing coat. A
pigment must have good characteristics of opacity (resulting from the difference
between the refraction indexes of the pigment and the binder and increasing with
that difference), dyeing capacity, fineness and light and heat stability [18, 21].

3.4.1.7 Admixtures
The admixtures used in traditional gypsum plasters were, among others, setting
retarders (dextrin, glue, concentrated sodium silicate, hydraulic gypsum), hardeners
(alum, zinc sulphate, potassium silicate) and traditional setting retarders and
hardeners (strong glue, fish gum and gelatine) [6].

The admixtures used in premixed plasters can be classified as [18]:

» Dispersant (e.g. lecithin)—to facilitate the dispersion of products in the liquid
phase

¢ Wetting (e.g. oleic acid)—to favour the enveloping of solid constituents by
dispersion by decreasing the interfacial stress between the solid and the liquid
phases

» Thickeners (e.g. colloidal silica)—to increase the consistency of the products in
paste

¢ Fungicides and anti-moulds (e.g. copper acetoarsenic)—to stop the attack of the
coating by fungi or moulds

* Anti-sedimentation (e.g. bentonite)—to prevent sedimentation of the solid
constituents during stocking

e Antifoam (e.g. octyl alcohol)—to prevent the formation of foam during
application
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» Anti-skin (e.g. hydroquinone)—to prevent the formation of skins on the surface
of the products during stocking

* Drying (e.g. lead naphthenates)—to shorten the time needed for the coatings to
dry

3.4.2 Traditional Gypsum Plasters
Among the traditional gypsum plasters, there are several types of coatings [10]:

¢ Gypsum paste (pure gypsum paste)
e Gypsum mortar (gypsum and sand)
¢ Gypsum and slaked lime (with or without sand)

3.4.2.1 Constitution

Traditionally in Portugal, gypsum-based coatings are applied on a substrate after it
has been coated with a render, whose function is to smooth and prepare the surface
for the execution of the finish. However, if the substrate’s surface is very irregular,
such as rough stone masonry (a frequent situation only in ancient buildings), it is
necessary to previously smooth the surface by applying filling mortar in the most
depressed areas [10].

The characteristics of the substrate determine the number and constitution of the
coats to be used. The quality of execution of the substrate determines the number of
coats needed to obtain a plane surface, thus influencing the coating’s thickness. The
texture, porosity and suction of the substrate influence its adhesion capacity to the
overlying layer, determining the content of the mix to use. However, if great water
contents are used in the coating’s execution to decrease suction propensity, efflo-
rescence may occur later on the coating’s surface. The strength of each coating
layer must decrease from the substrate outwards, to prevent potential cracking and
loss of adherence [10, 22].

Therefore, the layers to be used are (Fig. 3.11):

Wood lathing

3-5mm
10-20 mm

3-5mm
“13mm

Spatterdash

Base coat
Smoothing
plaster

Gypsum plaster

Fig. 3.11 Coats of a traditional gypsum plaster (adapted from [15])
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e Spatterdash, 3-5 mm (cement and sand)
» Base coat or undercoat
— Single layer, 10-15 mm
— Double layer (filling mortar and “mortar”’), 20 mm
 Finishing coat (68 mm)
— Smoothing plaster, 3—5 mm (lime and sand paste + gypsum or simply gypsum
and sand)
— Gypsum plaster, 3 mm (gypsum and slaked air lime paste or simply gypsum
with setting retarder)

The main function of the spatterdash is the preparation of the substrate for the
application of the next coat, ensuring a good adherence thanks to its rough surface.
Spatterdash is a discontinuous coat, with maximum thickness between 3 and 5 mm,
and is made of a mortar with a high cement content (e.g. a volumetric proportion of
1:2 (cement-sand)) and with enough water to guarantee cement hydration and that
the substrate’s absorption is even. The spatterdash can be applied by slapping it
against the wall with a broom dipped in mortar or mechanically by spraying. When
this coat is being applied, the substrate must be clean and dampened [10].

The base coat, also called undercoat, has its main function of smoothing the
surface, ensuring verticality, planeness and unwarping of the walls and being the
final barrier against humidity from the exterior or the substrate. Furthermore, it must
confer a good adherence to the subsequent coats. The final thickness of the base coat
must be within the 10-15 mm range, for single-layer applications, and may reach
20 mm if two layers are applied (filling mortar and “mortar”), which is necessary
when the substrate is very irregular. The mortar to be applied must be mixed binder,
with volumetric proportions between 1:0.5:4 to 4.5 and 1:1:5 to 6 (cement-lime-
sand), always complying with the decreasing trend of binder content from the inside
outwards [6, 10, 23].

The application must start after the spatterdash’s mortar has developed most of
its initial drying shrinkage (a minimum of 3 days) and is made manually by slapping
the mortar against the substrate and uniformly pressing it with a trowel. The
roughness of the base coat’s surface must be compatible with the finishing coat to
be applied. If the base coat is made with two layers, the latest remark applies only to
the second layer, which is under normal circumstances applied after the first layer
has developed most of its initial drying shrinkage and is then dampened [10, 23].

When a metal or fibre glass reinforcement is applied, the base coat must be made
with two layers, where the first one is applied with pressure in order to penetrate
through and involve the mesh and the second one is made after the first one
completely dries and hardens [10].

The finishing coat is applied in two layers, the first one called smoothing plaster
and the second one gypsum plaster, with a total thickness between 6 and 8 mm.



142 J. de Brito and I. Flores-Colen

The composition and volumetric proportion of the mix is different: in the first one, it
is 1:2:1 or 1:1:4 (gypsum-slaked lime paste-sand) and in the second one 1:0 to
0.25:0 to 1 (gypsum-slaked lime-sand) [10].

The smoothing plaster prepares the surface for the application of the final
finishing coat (gypsum plaster). It must be applied with a trowel, starting from
the border (lower in the case of walls), then spreading the mortar onto the wall’s
upper area with the trowel, until the opposite border is reached.

The plaster is obtained by mixing the lime paste with the sand, adding the
gypsum only immediately before application, due to its short setting time. This
mix allows a useful application period between 10 and 30 min [10].

In the case of walls, the points and lines technique can be used. To that purpose,
gypsum points (markers) are made on the wall, starting from the upper level of the
wall and coming down. Their horizontal spacing should be around 2 m and the
vertical spacing between 1.5 m and 2.5 mm. Next, the points in the same vertical
line are united by mortar strips, forming the lines, and then the area in between each
two consecutive lines is filled with mortar, later smoothed with a ruler [6, 23].

The gypsum plaster’s main purpose is to give the surface its target final aspect.
To that purpose, this coat must generally have a smooth finish, even though it may
incorporate frame and ornaments, in which case it is considered a decorative
coating. Similarly to the previous coat, the gypsum plaster is applied with a trowel.
However, being the final coating layer, its finish is more demanding, with a
plasterer’s spoon or a small trowel. When a plain gypsum paste is used, mixing is
done in a large bowl where the amount of water necessary (50-70 % of the
gypsum’s volume, around 18 L per 25 kg of gypsum) is previously poured. Then
the powder gypsum is sprayed on it in small layers until they become saturated, and
that is when the paste is quickly mixed and application starts at once. Sometimes
slaked lime is added to the gypsum or gypsum is mixed with lime water with the
objective of decreasing its expansibility, increasing its hardness after drying and/or
for economic reasons (lime is less expensive than gypsum) [6, 10, 24].

Traditional gypsum plasters can have several types of final finish (Figs. 3.12,
3.13, and 3.14): polishing; painting; colouring the plaster itself; decorative elements
(frames, moulded ornaments, painted ornaments, fresh painting and faked paint-
ing); and stucco (imitation of marble or other natural stones) [6, 10].

Fig. 3.12 Frames around a
moulded ornament in a
plastered ceiling [25]
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Fig. 3.13 Painted ornaments
in plastered wall [25]

Fig. 3.14 Painting in
plastered ceiling and plaster
strip in wall, imitating a
natural stone [25]

3.4.2.2 Application On-Site

Notwithstanding their vocation as substrates characteristic of ancient buildings
(masonry walls, timber and masonry partition walls—Figs. 3.15 and 3.16), it can
be said that traditional gypsum plasters have characteristics to be applied in any
type of substrate, as long as adequate underlying coats are applied, in terms of the
number and proportion of their constituents. In LNEC [10], three main types of
substrate are identified:

« Continuous substrates—the application of gypsum plasters is made after that of a
render. Within this type of substrate, there are concrete and brick masonry and
expanded clay and concrete blocks; the former are strong, with small to medium
porosity and small to medium suction, depending on the density; the adherence
of the render to the concrete varies according to the latter’s surface, which is very
dependent on the type of formwork used; to improve the adherence in surfaces
too smooth, the concrete’s surface needs to be treated; masonries usually have
some suction and mechanical adherence, with the exception of bricks or blocks
of high density, which may need a surface treatment, or lightweight concrete
masonries, where special care must be taken so that the render is not stronger
than the substrate.
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Fig. 3.15 Timber framing
nogging masonry wall in
pombaline building [25]

Fig. 3.16 Timber lathing
over partition wall in
pombaline building [25]

« Plate or panel substrates—there are panels or plates of gypsum (with sisal fibres)
and plates of cork or glass wool; the former do without the application of render
and gypsum plaster in this type of substrate which is made with gypsum paste, in
both finishing coats; the joints between gypsum plates are covered with gypsum
filling; however, the humidity level of the plates should not be too high since that
causes cracking of the finish, neither too low because that would lead to visible
joints; on the other hand, substrates of cork or glass wool plates have no risk of
drying shrinkage, if dry; the cork plates have low suction and varying adherence,
which can be improved by spraying a fluid paste of cement and sand or by using
a galvanized steel mesh fastened to the surface; the glass wool plates have low
suction and good adherence, but when they are fastened to concrete slabs and the
goal is to coat them before they dry completely, it is necessary to reinforce the
joints with a metal mesh or incorporate the mesh in the coating, in order to
prevent cracking of the coating along the joints.

¢ Grid substrates—even though providing a good global adherence, they require
the application of a smoothing coat with the purpose of making the substrate
continuous; with metal grids, it is necessary to apply an anticorrosion treatment
(paint with anticorrosion paint or adequate metal treatment such as galvanizing).



3 Gypsum Plasters 145

Traditional gypsum plasters are fit to coat the interior surfaces of the walls and
ceilings in dry spaces for private or public use, as long as in the latter case, they are
located at least 2 m above the floor level; otherwise, they should receive an
adequate treatment. The use of this type of coating is discouraged in locations
that may have been subjected to an intense and prolonged rain action [10].

It should be guaranteed that ambient temperature during application of the
coating is at least 2 °C and that the temperature of the substrate is between 5 and
40 °C. The substrates should be dry and free of dust, efflorescence or oils that may
hinder the adherence between coats. The irregularities of the substrate that are not
overcome by the smoothing coats should be the object of the previous treatment, to
curb the protrusion and fill the gaps. Discontinuity of the substrate equally deserves
special attention, i.e. in the juxtaposed substrates of different nature, good practice
implies the incorporation over the joint of a metal mesh protected against corrosion
or a vegetable or glass fibre net at least 15 cm past each side of the joint, thus
minimizing the risk of cracking [10].

At the stage of work planning, the time needed to apply all the coats must be
taken into account, as well as the waiting times in between; in this case, the
importance of the coats with cement being completely dry when the finish is
applied, in order to eliminate the chance of gypsum reacting with cement, leading
to expansive salts, is stressed. It is also necessary to allocate an adequate time
interval for the masonries to settle (usually around 1 month). Furthermore, the
works can be phased so that the plastered surfaces are not damaged by the nature of
any subsequent works or due to weather exposure. Any changes on-site must be
made before the surfaces have their final finish applied. All surfaces that are
finished with traditional gypsum plaster should be identified in order to apply the
adequate underlying coats. Even though it has some undesirable environmental
impacts, a conservative stance of not reusing gypsum that has already set, even by
adding fresh gypsum, should be adopted, to prevent cracking. The mixing water
whenever possible must be tap water, and salty or stagnated water should never be
used. Sand must not contain soluble salts or impurities in suspension. Every tool
used in the application of the various coats should be clean, especially those used in
the final gypsum coats. Every metal element that may be in contact with the coating
must be protected by applying an anticorrosion paint or an adequate metal treat-
ment, such as galvanizing. In convex angles, the use of corner protections is
recommended: metal (in this case, protected against corrosion) or plastic brackets,
fastened to the edges with gypsum [10, 12].

3.4.3 Nontraditional Plasters

Compared with equivalent traditional coatings, nontraditional plasters have several
advantages presented next [11]:

» Faster application, especially due to doing without previous smoothing of the
surfaces, namely, smoothing mortar, “mortar”” and smoothing plaster in masonry
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walls; in mixes applied mechanically, the reduction of the number and qualifi-
cation of the labour force allows greater yields at the working site, as long as
planning ensures that works are continuous.

e Greater setting time (the beginning of setting time generally takes at least
45 min) that is translated in greater ease of application.

¢ Greater quality control, because since human intervention in the process is
minimized, the chances of incorrect composition or bad quality of the raw
materials decrease.

3.4.3.1 Constitution

Nontraditional gypsum plasters are made with products premixed in factory, made
mostly with fine gypsum, eventually slaked lime in powder, mineral aggregates,
admixtures and sometimes additions (such as fibres and lightweight fillers). They
come to the working site in powder bags to which only the mixing water
recommended by the manufacturer must be added. Some of the products can be
applied by spraying and others are applied manually (Figs. 3.17 and 3.18).
According to BS 5492: 1990 (internal plastering), the application by spraying has
advantages to coat big areas as long as planning ensures work continuity, since it
increases the rate of application and reduces the labour needed.

As for synthetic plasters, also called synthetic binder thin coatings due to their
thickness (1-3 mm), they are made with products marketed as ready-to-apply
pastes, made essentially of synthetic resins in water dispersions (binder), which
are mixed with fillers, normally of silica or calcite, various admixtures and, when
necessary or intended, with pigments and extra water.

Premixed gypsum plasters are usually applied in two coats—smoothing coat
(1020 mm), applied generally by mechanical projection, and finishing coat
(1-3 mm) applied manually. In general terms, they are made with similar composition
products, the main difference being that the first coat is made with coarser materials
and is thicker whilst the finishing coat is made of finer materials and is applied over

Fig. 3.18 Execution and spraying procedure of nontraditional gypsum plasters [26]
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Table 3.5 Most adequate pigments to be used in gypsum plasters’ composition [28]

White pigments Rose pigments

— Lithopone, zinc white, titanium dioxide — Black with weak colouring capacity

Black pigments Yellow pigments

— Black of natural or artificial irons, with high | — Mixture of yellow ochre and sienna earth,

Fe,0; content, black of magnesium chromium, zinc, cadmium, antimony yellow-
of-Paris (based on lead oxide)

Grey pigments Cream pigments

— Black with weak colouring capacity — Very small amount of yellow ochre

Red pigments Orange pigments

— Iron oxides with high Fe,O3 content (red — Red iron oxides, natural or artificial, with

ochre), artificial iron oxides, calcined sienna yellow iron oxides and yellow ochre

iron

the previous one in a very thin layer, almost a pellicle. However, in some cases, these
coats can be made with exactly the same product [27].

The products used to make the smoothing and finishing coats are marketed in
powder, in Kraft paper bags, containing a maximum of 40 kg of product and
comprising a valve to allow filling them by injection and automatic zipping with
specific equipment. They are generally white or grey (the natural colours of gypsum
used as raw material). For non-painted coatings, the product for the finishing coat
may incorporate pigments of various light colours (Table 3.5). The bags must
contain the following information: commercial designation and reference of the
product, name of the manufacturer, colour reference (for pigmented products),
amount of product, validity, CE marking (compulsory requirement), reference of
the manufacturing lot and, if it is homologated, identification of the corresponding
homologation/application document [27].

3.4.3.2 Application On-Site

According to [10], the application of a coating and its drying must be adequately
programmed and coordinated with the other works from the same building site, in
order to prevent stains and other types of premature degradation of the coated
surfaces. It is advisable, on the one hand, that during the application and drying
period, the entry of smoke or dirt capable of producing stains is limited and, on the
other hand, that the coating’s application is preceded by the creation of minimal
conditions of protection against prolonged exposure to rain, at least in the seasons
where that is justified, to prevent damp stains and/or the softening of the coating
(even though reversible).

On site, the products must be stored in their original packaging in closed spaces,
with no humidity and reasonably ventilated. However, even under normal storing
conditions, the products generally undergo some changes, namely, in terms of
setting and hardening, and therefore, it is advised not to use them more than
6 months after they are manufactured. Furthermore, coatings of this type cannot
be applied after the paste has started setting, i.e. between 35 min and 1 h and 50 min
for products used in the smoothing coat and between 2 h and 10 min and 2 h and
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50 min for products used in the finishing coat. The application equipment and tools
must be washed with water, whenever work is interrupted [10].

The nature and characteristics of the substrate must be defined and adequately
defined by whoever prescribes a coating system. Coatings can be applied directly
over most materials that constitute the interior surfaces of the walls and ceilings,
namely, concrete cast on-site, non-rendered masonries of fired clay, current aggre-
gate concrete blocks, natural stone, expanded clay concrete blocks and in some
cases aerated cellular concrete blocks. In the case of ceilings, nontraditional
gypsum coatings may be used on cast concrete slabs or prestressed concrete joint
beam slabs with ceramic or concrete lightweight elements [10]. Depending on the
substrate chosen, with direct influence on the levels of adherence and quality of the
coatings, a set of issues will have to be complied with. As a general character
indication of the requirements to be complied with at the application phase of
coatings on-site, the following ones are highlighted [10, 13]:

e The coating works cannot start before the corresponding substrates have
undergone the most significant part of their initial drying shrinkage (the mini-
mum period of time between the execution of the wall and the application of the
coating must vary between 4 and 6 weeks, according to the substrate’s material
and the weather conditions on-site).

e When the coating is applied, the substrates must have good cohesion, stability
and be free of materials that may jeopardize the coating’s proper adherence, such
as friable or powdery products and oils; special precautions must be taken in the
case of precast concrete substrates.

¢ The substrates must be exempted of environmental humidity; however, if the
weather conditions are hot and dry or if the substrate is too absorbent, it is
recommended that it is lightly dampened before the coating is applied.

* In very absorbent substrates (main cause of the formation of “ghosts” due to
distinct absorption degrees of the substrate’s materials), it is recommended that a
primary coat that regulates water absorption is applied, made of polymeric
dispersion with great alkaline stability.

¢ So that the maximum thickness admissible of the coating is not exceeded, the
substrate must be quite plane: the protrusions whose height is higher than one
third of the average thickness of the coating must be adequately trimmed;
likewise, recessions greater than 10 mm must be adequately filled with gypsum
mass or when they are over 20 mm deep through filling made of brick chips
embedded in gypsum mass.

¢ Inthe case of excessively smooth or compact surfaces, they must be subjected to
a previous preparation by applying an adherence promoter made of a polymeric
dispersion without fillers or by chipping the surface, in order to create the needed
adherence conditions.

» The smoothing coat must only be applied after a period of time of about 1 month
after the walls are executed, after the bedding mortars of the bricks or concrete
blocks have undergone most of their initial drying shrinkage; the application is
usually made with a single coat, applied directly over the non-rendered masonry
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Fig. 3.19 Mechanical treatment of the substrate, eliminating warping and filling cavities with
gypsum paste [25]

4

Fig. 3.20 Spraying of the paste in successive horizontal strips [25]

or cast in situ concrete substrate previously treated (Fig. 3.19), by manual or
mechanical projection; in the first case, the paste is spread with a metal trowel,
whilst in the second case, it is done through the sprayer mounted on the free tip
of a flexible hose connected to the vertical pipe of the spraying device, where the
powder is mixed with water; in this situation, the paste must be applied in
successive horizontal strips (Fig. 3.20) and later spread and smoothed with a
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Fig. 3.21 Smoothing of the
current zone with a metal
ruler [25]

Fig. 3.22 Smoothing of the
salient corners with a corner
ruler [25]

metal ruler in the current zone (Fig. 3.21) and with a corner ruler in salient
corners (Fig. 3.22); after which the surfaces are checked for planeness
(Fig. 3.23); after the paste hardens (about 1 h later), the coating must be
smoothed with a different trowel (Fig. 3.24) and squeezed and scratched with
a metal trowel to even out the surface (Fig. 3.25) [10, 12, 29, 30].

However, in very irregular surfaces that demand a coating thickness higher than
20 mm, the application of two coats is advised, the first more diluted in order to ease
the penetration of the mass in the depressions of the substrate. After its setting
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Fig. 3.23 Verticality and
horizontality checking of the
wall [25]

Fig. 3.24 Levelling the
smoothing coat with a trowel
[25]

Fig. 3.25 Pressing and
scratching of the smoothing
coat with a metal trowel [25]
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Fig. 3.26 Application of the
finishing coat with a trowel
[25]

Fig. 3.27 Adjustment of the
paste with a trowel in the
current zone and salient
corners [25]

starts, an indented trowel must be used to increase the surface’s roughness and
therefore the adherence to the subsequent coat. The second smoothing coat must be
applied before the first one dries completely, followed by smoothing of the paste
with a ruler and, after it starts to set, by pressing and scratching with a metal trowel,
to improve the smoothing and planeness of the surface [10, 30].

The finishing coat must be applied between 4 and 24 h (under normal weather
conditions) after the underlying layer is finished, so that the latter has hardened
enough and is compatible with the adherence that needs to be mobilized between
the two layers. This finishing coat is generally applied manually in a very thin layer,
using metal trowels, to ensure the maximum possible smoothness and planeness of
the surface (Figs. 3.26, 3.27, and 3.28) [29, 30].
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Fig. 3.29 Main protection systems for premixed gypsum plasters (adapted from [31])

There are two main types of protection that are used in premixed gypsum
coatings that may be applied over the substrate or be incorporated in their smooth-
ing coat: a metal or glass fibre protection net and metal or perforated PVC profiles
(Fig. 3.29). Even though their use is not compulsory, they should be generally
prescribed in current situations [27]. The first protection is related to the perfor-
mance of the substrate under external actions of various natures, such as
discontinuities of the substrate or areas of greater concentration of surface stresses,
given the geometric heterogeneities of the surfaces (e.g. wall corners, span vertices,
slender panels, shutters). If cracking can result from these actions, protection nets
should be used, namely, glass fibre (Figs. 3.30 and 3.31). The spacing adopted in
these nets should be around 5 mm x 5 mm (depending on the texture and stiffness
of the substrate and on the coating to be applied), treated chemically against alkalis.
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Fig. 3.31 Incorporation of a glass fibre net in the smoothing coat [32]

This protection is particularly important, since the alkalis of cement and other
materials that are usually part of the composition of the walls attack the glass fibres,
reducing their mechanical strength and elasticity over time [27].

The reinforcement can be applied over the whole coating’s area or locally, in
areas particularly susceptible to cracking or shock. The fundamental goal of
applying the nets is to improve the cracking performance of the coating, increasing
its tensile strength, its rupture energy and its capacity to even stresses. The use of a
glass fibre net (or a similar one) may thus be recommended in some situations,
namely (adapted from [33]):

» Finishing coats applied over others with unknown mechanical behaviour or
generally when the coating surface must be crack-free.

» Substrate areas with surface cracking; even though the cracks may be thin, any
change of this width causes considerable local stresses in any adhering coating;
to increase its capacity to withstand stresses in these areas, the coating must be
reinforced with a glass fibre net protected against alkalis, incorporated in the
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| 25I]mm%25[|mm | | 250mm | 250 mm |

mastic (if the crack

is wider than 6 mm)

1 - Substrate; 2 - Kraft paper or polyethylene leaf; 3 - Smoothing coat; 4 - Protection net; 5 - Finishing coat

Fig. 3.32 Reinforced coating over crack, (a) with or (b) without a bridge sheet (adapted from
[33])

smoothing coat (or in the single coat, in the case of one-coat coatings), which
must go beyond both sides of the crack by at least 250 mm (Fig. 3.32).

e Substrate areas made of different materials with a continuous coating
(connections masonry-structure), where the distinct thermal expansion
coefficients and unequal loading states and deformation moduli tend to cause
differential displacements due to the shear stresses that arise in the material’s
interface. In Portugal, this type of anomaly is found mainly in the frequent case
of infilling brick masonry walls contoured by a concrete structure, forming a
heterogeneous substrate with a continuous coating. To prevent anomalies of
these surfaces, the coating must be reinforced with a glass fibre net protected
against alkalis, incorporated in the smoothing coat (or in the single coat, in the
case of one-coat coatings), which must go beyond both sides of the joint by at
least 150 mm (Fig. 3.33)—this measure is more efficient if the coating is
desolidarized from the substrate in the vicinity of the joint, by interposing a
strip of thin, elastic and non-putrescible material, such as a strip of unwoven
polyester [33, 34].

» Corners of windows/doors or other openings which are locations where stresses
concentrate (Fig. 3.34); to prevent cracking due to differential displacements of
coating/substrate  (particularly significant in stiffer coatings), corner

 gE—  — P
{ —(1)
] iassssssssm O)
1 - Concrete element; 2 - Brick masonry; 3 - Smoothing coat; 4 - Protec-

tion net; 5 - Finishing coat

Fig. 3.33 Layout of the reinforcement to be used in the transition between different materials
(adapted from [33, 35])
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Fig. 3.34 Cracking resulting from stress concentration in openings [35]

Fig. 3.35 Application of reinforcement in the corners of windows/doors or other openings
(adapted from [32, 33])

reinforcements must be used, e.g. glass fibre net with alkali protection or metal
net protected against corrosion; the reinforcement net must be applied at 45° and
with the size shown in Fig. 3.35.

* Very deformable substrate areas, such as expansion joints; the coatings must be
interrupted over every joint in the substrate.

» Areas where localized fillings are needed, using thicker render coats than in the
adjoining areas.

The second general protection measure consists of the use of metal protection
profiles protected against corrosion (Figs. 3.36 and 3.37) or perforated PVC profiles
(more currently used) (Figs. 3.38 and 3.39), in the salient corners of the coating.
The objective of using these elements is to increase the local resistance to shock in
the coating areas that are more fragile (edges, wall corners or spans) due to their
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Fig. 3.37 Application of a protection profile in a salient edge of a surface [36]

location or that are subjected to physical aggressions (in circulation areas), but they
also contribute to guaranteeing the straightness of these areas [27].

Besides the corner protection profiles, it is equally recommended to apply
galvanized steel malleable protection profiles in arch-shaped elements (Fig. 3.40),
as well as protection profiles in galvanized steel coated with PVC or simply in PVC
(more frequent) in the extreme areas of the coating, in order to increase the
resistance of these areas against shocks and abrasion (Fig. 3.41).

In very deformable substrate areas, such as expansion joints, coatings should
have a joint too. It is advised to apply a profile made of a glass fibre net with elastic
central sections (a flexible membrane or PVC) in order to absorb the movements of
the substrate’s expansion joint and thus reduce the risk of surface cracking
(Figs. 3.42 and 3.43) [27].

Even before the application, the powder product to make the smoothing and
finishing coats is mixed with clean water, in the proportion recommended by the
manufacturer. Mixing can be manual (Fig. 3.44) or mechanical (Fig. 3.45), using an
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Fig. 3.38 Perforated PVD protection profile [31, 36]

Fig. 3.39 Application of a perforated PVC protection profile in a salient corner of a wall [35]

electric mixer, and it must last until the paste is completely homogeneous. In order
to project the coating, mixing is made automatically by the spraying device
(Fig. 3.46).

The spraying devices must be recommended by the product’s manufacturers.
The powder is transported along a tube in which it is mechanically mixed with
water, fed through a hose and set by a rotation device in adequate proportion
(Fig. 3.47). After the plaster components are mixed by the spraying machine in
the required proportions, the paste is then sprayed against the surface. The applier
should make sure the paste is applied in successive strips (Fig. 3.48) [27].

The tail ends between different planes are normally made through grooves or
covings (Figs. 3.49 and 3.50). Covings, made in situ or prefabricated, must be made
of a gypsum-based material or polyurethane, with colour similar to that of the
finishing coat, in order to prevent significant colour differences after the paint is
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Fig. 3.41 (a) Coated galvanized steel protection profile; (b) PVC protection profile; (c) relative
position of the protection profile within the coating [31, 36]
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Fig. 3.42 PVC expansion joint profile with net and flexible membrane to match the substrate’s
expansion joints [32, 37]

Fig. 3.43 PVC expansion joint profile with net [36]

P

Fig. 3.44 Mixing with a double spiral mixer [31]
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Fig. 3.46 Mixing with the spraying device itself [39, 40]
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groove

coving

-

Fig. 3.49 Examples of tail ends of the coating: (a) coving; (b) groove [27]
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Fig. 3.50 Tail end made with a: (a) gypsum decorative element (coving); (b) groove [27]

c |i;
Fig. 3.51 Execution detail of a coving: (a) cleaning the substrate; (b) applying the gypsum,
gluing over the decorative element with a trowel or a spoon; (¢) manual pressing and slight

movement of the piece in order to guarantee a good bond between the coving and the substrate; (d)
elimination of the excess material and smoothing of the surface with a trowel [31]

applied (Fig. 3.51). The grooves are made of a recession in the plaster’s plane, made
deliberately with a plated wooden set square, to create a shading area that hides
eventual cracks [12].

3.5 Pathology and Diagnosis
3.5.1 Classification of the Anomalies

The nonstructural anomalies of building processes may have the most diverse
shapes related to the building areas affected and the functions that are affected, as
well as to the materials’ nature and construction techniques used and, finally, to the
origin, causes and occurrence period of the anomalies [41]. As long as their good
quality is demonstrated by a homologation/application document, surfaces coated
with nontraditional gypsum plasters minimize the occurrence of anomalies. Never-
theless, the anomalies with the highest probability can be classified in three groups,
related to the aggressive agents to which these elements may be subjected, namely,
phenomena of physical, chemical and mechanical nature.

Broadly speaking, the most current anomalies are of physical nature, mostly dirt
and damp, with emphasis on the latter, since it is one of the most damaging actions
that affect current buildings and CIGP as well. Its destructive power is intimately
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Table 3.6 Proposed Code Defect
El;)}rnahes classification DpP Physical nature
D-P1 Excessive damp
D-P2 Dirt
D-C Chemical nature
D-C1 Biodeterioration
D-C2 Efflorescence/cryptoflorescence
D-C3.1 Adhesion failure—debonding
D-C3.2 Adhesion failure—bulging
D-C3.3 Adhesion failure—detachment
D-M Mechanical nature
D-Ml1.1 Cracking—superficial/irregular
D-M1.2 Cracking—average
D-M1.3 Cracking—Ilinear and deep
D-M2 Impact and other mechanical actions
D-M3 Loss of cohesion/disaggregation

related to gypsum plaster typically having a structure with high open porosity and
hygroscopicity that favour water percolation through its microstructure, thus pro-
moting the development of aggressions of various natures: physical (through
changing the inter-crystalline adherence of gypsum); chemical (through reactions
resulting from the presence of soluble salts in the substrates and the coating itself);
and biological (through the development of fungi and moulds). Consequently, the
habitability and durability conditions of the housing are strongly affected by the
unhealthy conditions created by these anomalies and in a limited number of cases
by the fact that these degradations are irreversible and cripple the chances of
recovery and reuse of the coatings, making their short-term replacement
unavoidable.

The second group of anomalies comprises those that result from chemical
phenomena, with emphasis on actions whose manifestations are the development
of fungi and bacteria on the plastered surface—biodeterioration; actions that lead to
volumetric expansions following the crystallization of existing salts, both in the
coating itself and in the substrate, which manifest themselves in the shape of
efflorescence and cryptoflorescence; and actions related with the loss of adherence
of the coating to the substrate, in the shape of debonding, bulging and detachments.

From the last but equally relevant anomaly group, the phenomena of mechanical
nature stand out, namely, dimensional changes of the substrates responsible for
cracking of various types, shocks and impacts on the coating’s surface and, finally,
loss of cohesion/disaggregation of the CIGP. Table 3.6 presents the three groups
referred above subdivided in anomalies characteristic of each aggression the coat-
ing may be subjected to. This classification, as well as the one presented further on
for anomalies causes and diagnosis and rehabilitation techniques, designed mostly
for premixed gypsum plasters, is valid practically with no changes for traditional
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gypsum plasters. Nevertheless, references [6] and [8] might prove interesting to
further study the pathology and diagnosis of ancient gypsum plasters.

3.5.2 Classification of the Causes Associated with the Anomalies

An anomaly does not occur isolated, i.e. almost always; it results from the conjunc-
tion of various adverse factors that, occurring simultaneously or arising in the
sequence of the accumulation of effects, cause or intensify the degradation process
of CIGP. To choose the most correct action, know the risks to which plasters may be
exposed and efficiently control the development of their anomalies; it is important
to correlate the exhaustive knowledge of their symptoms with the global under-
standing of the causes that foster their advent.

The detailed appraisal of causes is an essential factor to determine the interven-
tion strategies and the solutions to implement in CIGP. However, it is difficult to
define the types of their causes in a unique and coherent manner. This difficulty
results, among others, from the following aspects (adapted from [41]):

o The great variety of coating materials

e The great complexity of the environment that surrounds the building and the
diversity of types of its users’ possible actions

e The various phases that a building goes through, including design, project,
construction, use, changes of use, maintenance, rehabilitation and demolition

¢ The frequent and simultaneous intermingling between causes and effects of the
various phenomena that may develop, which creates situations in which the same
happening may be the consequence of one or more phenomena

e The strong influence of the human factor, by action or lack of it, at the various
stages of the degradation process

Bearing in mind these difficulties, the goal here is not to describe exhaustively
and individually each of the anomalies that trigger the various pathological pro-
cesses but rather typify them according to groups and describe and correlate them
when characterizing the various symptoms characteristic of the various anomalies
in CIGP. To this purpose, a classification system of causes is proposed based on that
defined by the Official College of Architects of Madrid [42], which is made of two
main groups: that of the direct or close causes and that of the indirect causes.

Direct causes are the ones that immediately cause the anomalies, namely,
external mechanical actions and environmental actions, and can be eliminated
through appropriate repair solutions. Environmental actions are one of the most
important, responsible for around one third of all anomalies that occur in CIGP,
especially when they happen during their application or when they are subjected to
unpredicted conditions along their service life. The causes related to environmental
actions comprise factors such as solar exposure, ambient pollution (even in interior
surfaces), temperature, coating’s ageing/wear itself and, with a predominant role,
water action—the vehicle for practically every chemical agent, even if in the shape
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of water vapour. As for external mechanical actions, they can equally condition the
performance of CIGP, since they comprise a set of varied causes that are often
difficult to predict. These actions are related with objects falling, shocks/vibrations,
substrate deformations and mostly stress concentrations generated in the interface
coating/substrate, whose severity is related directly with the coating’s
deformability, its resistance to compression, tension and flexure actions and
restrictions to shrinkage deformations imposed by the substrate [27].

Indirect causes are all that require the combination with a direct cause for the
pathological process to start, such as human causes at the design/project stage, the
on-site execution stage or even the use stage of the building. It is common
knowledge that the quality of a project is one of the indispensable requirements
to guarantee the global quality of construction. Whilst a good project free of errors,
omissions and ambiguities and well organized results to a great extent in a guaran-
tee of success in implementing an enterprise, a deficient project may have unpre-
dictable consequence in its development.

Presently, design deficiencies are one of the most significant causes of problems
and conflicts in the construction sector, due to inadequacy of the materials specified
or inefficiency of the solutions proposed. To demonstrate this case, the set of results
of Pereira [27] from a field programme in Portugal scoping a total of 87 CIGP
inspected is presented (Figs. 3.52 and 3.53).

Concerning the causes related to design errors, they represent around 26 % of all
causes of anomalies in CIGP identified in the sample. Looking at Fig. 3.53, it is
concluded that cause C-P1—deficient application of the codes and homologation/
application documents—is the most frequent within the group, as a consequence of
unawareness or carelessness of the designer concerning the characteristics and
limitations of the materials, as well as of the requirements of the various coating
systems. Causes C-P2, faulty design/detailing of the ventilation systems; C-P3,
faulty design/detailing of the waterproofing systems; and C-P7, faulty design/
detailing of the protection systems against mechanical actions, also have a high
relative frequency, since the occurrence of any of these causes fosters the emer-
gence of more than one anomaly in CIGP. Cause C-P8—faulty design/detailing of
expansion joints, one of the least frequent causes—was identified in only 4.8 % of
the cases when the inspections were made [27].

Table 3.7 presents a classification of the causes described above, sorted chrono-
logically in each of the groups proposed. As an example, in group C-E, execution

C-P Design errors

C-M Problems with materials
C-E Execution errors

C-F Exterior mechanical actions
C-A Environmental actions

OomOO0O@ @

C-U Maintenance errors

Fig. 3.52 Relative contribution of each group of causes to the occurrence of anomalies in CIGP
[27]
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Fig. 3.53 Relative frequency of the design errors identified in 331 anomalies in CIGP (caption in
Table 3.7) [27]

errors, the factors related with the preparation of the substrate come before those
related with the application and drying conditions of the CIGP.

3.5.3 Classification of the Diagnostic Methods

To plan and fundament any intervention, it is essential in the first place to promote a
detailed knowledge, analysis and register of the occurrences. Such action desirably
comprises making one or more visits to the site, in order to make the appraisal and
represent graphically the types of surface, the materials and the stereotomy of the
construction, as well as the analysis of the type of chemical and mechanical actions
to which the coating is subjected.

During the site visit, the inspector must try to get in touch with the dwellers that
know well the intervention site and collect the greatest number of data on the recent
evolution of the anomalies under analysis, on important events that may have
influenced or triggered this evolution and on interventions made so far. Further
information must be gathered such as photographic registers of the damage and its
surroundings and even of other elements that even though not directly related with
the anomalies observed may be of interest in future studies [43]. Even though
photographic registers, careful observation, a trained eye and a meticulous spirit are
the most important and indispensable instruments for such characterization, it is
fundamental that the technician in charge of a given intervention resorts to other
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Table 3.7 Proposed classification of the causes associated with anomalies in CIGP [27]

Code

C-P
C-P1
C-P2
C-P3
C-P4
C-P5

C-P6
C-P7
C-P8
C-P9
C-P10
C-P11
C-M
C-M1
C-M2
C-E
C-El
C-E2
C-E3
C-E4

C-E5
C-E6

C-E7
C-E8
C-E9
C-E10
C-El1
C-E12
C-E13
C-El14
C-E15

C-E16
C-E17
C-E18
C-E19
C-E20
C-E21
C-E22
C-E23
C-E24

Probable cause
Design errors
Deficient application of the codes and homologation/application documents
Incorrect design/detailing of ventilation system
Incorrect design/detailing of waterproofing system
Incorrect design/detailing of water drainage system

Malpractice in the definition of structural deformations of the building and their
influence on the substrate

Negligence in the conditions demanded of the substrate
Incorrect design/detailing of the system of protection against mechanical actions
Incorrect design/detailing of joints
Incorrect prescription of materials
Insufficient/absent prescription of tests or execution methods
Incorrect prescription of the thickness of IGP layers
Problems with materials
Use of material with production defects
Use of nonprescribed, incorrect and/or incompatible materials
Execution errors
Insufficient understanding of the execution project
Inexperienced or unskilled gypsum plaster workers
Incorrect/absent installation of drainage system

Incorrect/absent installation of waterproofing barriers and protection profiles
included in the project

Incorrect/absent installation of ventilation system

Accumulation of mortar debris or other construction waste in air gaps of double
walls

Incorrect/non-execution of joints

Disregard of instructions on mixing quantities and procedures
Absent/insufficient mechanical preparation of substrate

Inadequate roughness of the substrate

Insufficient wetting of the substrate

Excessive waterproofing of the substrate

Application to dirty, powdery or uneven substrates

Lack of application of primer to the support (or insufficient quantity applied)

Incorrect/non-installation of protection systems in the interface between different
materials

Lack of protection on protruding corners particularly exposed to impact
Application in damp/rainy weather or uncontrolled dew point
Non-compliance with the setting time between the various stages of execution
Inadequate depth of the coating

IGP with insufficient permeability to water vapour

IGP with excessive permeability to water vapour (excessive porosity)
Application of inappropriate paint

Insufficient supervision/quality control

Too short execution time

(continued)
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Table 3.7 (continued)

Code Probable cause
C-F Exterior mechanical actions
C-F1 Impact/mechanical vibration
C-F2 Differential movement of adjacent materials
C-F3 Excessive stress concentration in the substrate
C-F4 Excessive shrinkage of the IGP
C-A Environmental actions
C-Al Solar radiation
C-A2 Extreme temperatures
C-A3 Air pollution
C-A4 Excessive humidity
C-AS5 Chemical/biological attack
C-A6 Natural ageing
C-U Use and maintenance errors
C-Ul Insufficient ventilation
C-U2 Lack of conservation/maintenance works
C-U3 Excessive/incorrect cleaning of IGP
C-U4 Change of the original field of application of the IGP
C-U5 Impact or friction actions related to use, occupation or circulation of the
inhabitants
C-U6 Pipe rupture or water penetration

means of diagnosis to obtain more detailed and quantitative data on the anomalies
under analysis.

On the one hand, the opinion and training of the inspector on the intervention
may vary a lot, and on the other hand, there is a possibility that errors may occur in
the evaluation of the real state of the deeper coating layers (namely, the state of its
substrate), since they are not visible during the inspection. The complementary
means needed are generally tests, both in situ and in the lab, on samples extracted
on-site, in locations judiciously chosen and carefully conditioned and transported
[22, 44].

In most occurrences, the use of laboratory tests is infrequent, mostly because of
the relative complexity of their execution, the time consumed in obtaining some of
the results, the sample’s characteristics (generally without adequate shapes and
sometimes friable and delicate in handling) and the high cost inherent to these tests.

Therefore, and in order to generalize their use, preferably in all construction
sites, in situ detection and characterization techniques are privileged, with the least
complexity, the least destructive possible and with an efficient, clean and less
onerous procedure. In this context, visual observation and on-site experience
assume a decisive importance in the interpretation of the results [45]. According
to Veiga et al. [22], test methods with these characteristics are still the object of
studies all over Europe and far from being consensual.
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Table 3.8 Proposed classification of diagnostic methods for CIGP [27]

Code Diagnostic method
T-A Temperature
T-Al Temperature measurement (superficial and/or environmental)
T-B Water content
T-B1 Damp measurement (superficial and/or environmental—humidity)
T-B2 Measurement of interior damp
T-C Permeability/porosity
T-C1 Test of water absorption under low pressure
T-D Salt identification
T-D1 Salt identification
T-E Cracking
T-El Measurement and surveillance of cracks and fissures
T-F Internal strength
T-F1 Micro-perforation test
T-G Superficial strength and cohesion
T-G1 Sphere impact
T-G2 Grid cutting test
T-G3 Scratch test
T-G4 Friction test
T-G5 Pendulum sclerometer test
T-H Resistance to stain formation
T-H1 Assessment of resistance to staining
T-1 Assessment of adhesion to the substrate
T-11 Pull-off test
T-J Detachment areas and discontinuity identification
T-J1 Percussion test
T-J2 Infrared thermography
T-J3 Ultrasound test

The classification system proposed is based on the quality criteria required from
a gypsum plaster, i.e. the various types of test (destructive and non-destructive) are
grouped as a function of the property or characteristic that is under evaluation. The
diagnostic methods associated with the anomalies identified in Table 3.7 are
characterized by their complexity and adequacy to each specific situation, namely
in what concerns about the materials needed, degree of destructiveness, special
needs, advantages and limitations. The system therefore considered only the tests
that can be performed in situ, given the drawbacks of the lab tests mentioned before.
This approach results from this system intending to select relatively simple and
expedient tests to inspect and diagnose anomalies on-site. Table 3.8 presents the
methods selected for the system, to which are assigned code designations. This
system was conceived for premixed gypsum plaster but is equally generically valid
for the traditional ones. The CIGP inspection and diagnosis operations are
described in detail in Pereira [27]. Figures 3.54 and 3.55 illustrate two of the
diagnostic methods selected.
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Fig. 3.54 Micro-drilling test
[44]

Fig. 3.55 Grid cutting test
[46]

3.6 Maintenance and Rehabilitation
3.6.1 Maintenance Strategies

For CIGP to have adequate performance levels during their service life, at the use
stage of the building, it is necessary to make various types of interventions, namely,
periodic cleaning, inspections and local repairs [10, 47, 48].

Generically, two maintenance strategies may be considered (Table 3.9): proac-
tive, whose objective is to act before failure, degradation or significant loss of
performance capacity of each building element occurs, and reactive (also called
corrective or curative), which consists on letting the element degradation mecha-
nism act and intervene after the manifestation of the anomaly and corresponding
failure [49].

Cleaning operations, even though often underrated, acquire great importance in
maintaining the coating’s quality, namely, its aesthetics, and preventing the occur-
rence of other anomalies, such as the evolution of dirt. Furthermore, the lack of
cleaning allows the formation of a dirt skin on the coating’s surface that reduces its
permeability to water vapour. In fact this situation favours the retention of outside
damp and can in the end cause adherence losses (debonding, bulging or detach-
ment) in the CIGP. Current cleaning of the surface depends on their finishing.
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Table 3.9 Maintenance strategies for wall coatings (adapted from [49])

Maintenance strategy

Proactive

Reactive

Preventive

Predictive

Improvement

Characterization

Planning, at the design stage,
of the interventions, with fixed
intervals

Planning of the inspections at
the design stage and, based on
the reports produced, definition
of the actions to be taken

Improve, at the use stage, the
initial characteristics, by
modifying some of the
elements

Intervention after the anomaly/
failure occurs

Advantages (+) and limitations
=)

(+) Reduction of extra works
(4) Less interference with the
normal use of the building

(+) Optimization of resources
and costs

(—) Demands an analysis from
the design stage, with
supporting data and a strict
control of what was planned
and constant updating

(+) Greater capacity to detect
the need and type of
intervention, reducing the
number of unexpected
anomalies

(+) Modern technology allows
detecting problems earlier than
with the means used in the past

(—) It requires a diagnostic
method valid during the
inspection, with a correct
definition of the state of the
element

(—) Need to optimize
inspection costs relatively to
consequent repair costs, so that
the former are enough to make
available the necessary means
to make a correct and efficient
decision

(+) Improvement of the initial
characteristics of the coating,
increasing its service life

(—) Lack of knowledge
concerning the in situ long-
term performance of the new
materials

(—) Higher costs

(+) No need for analysis at the
design stage

(—) Extra general costs, even
though in the short-term it may
look the contrary

(&) The minimization of these
costs necessarily requires the
implementation of technical
procedures backed by
diagnosis files that allow quick
answers to solve the anomalies
identified
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In painted coatings, it is done by simply wiping the dust in dry conditions or, if
necessary, washing with a sponge slightly dampened in plain water or with a small
content of neutral liquid soap. However, wet cleaning may also affect the coating,
due mostly to the need of the water contacting the CIGP, reducing its service life if
ventilation conditions are insufficient and/or cracking is pronounced. Unpainted
coatings must be cleaned through light sanding of the stained area. However, these
cleaning techniques are efficient only against staining resulting from normal use of
housing spaces. If these methods are not sufficient, it is advisable to consult the
coating’s manufacturers and/or to apply the procedures referred in the literature
[10, 29, 50].

Inspection operations must follow an established methodology and be sustained
by adequate diagnostic methods on the degradation state of each coating (coating’s
state, cleaning state, adherence to the substrate, eventual cracking, among other
aspects). However, these actions must be extended to the envelope of the coating, in
order to detect the occurrence of phenomena that lead to existing or potential
anomalies, such as infiltrations or condensations. Therefore, actions are taken to
anticipate the anomaly instead of correcting it, i.e. the maintenance should be
proactive rather than reactive, resulting in economic gains [45, 47-49, 51, 52].

Local repairs must be preceded by not only inspection and diagnosis actions but
also by the analysis and correction of the degradation causes, to prevent their
recurrence. These operations prevent the propagation of the anomalies to the
remaining coating area and may even improve its quality level, also increasing its
service life. As an example, the protection of salient corners with plastic profiles, in
areas particularly subjected to shock actions, is referred. According to some
homologation/application documents, local repairs of surface coatings may be
done using the coating products themselves, after complete removal of the original
material from the same areas. However, the techniques adopted must be adequate to
each anomaly, and deeper interventions even of different nature may be required
[10, 47, 48, 51]. Therefore, to find a stricter correlation between a repair technique
and an anomaly, consulting the procedures described by Palha [25] is
recommended, since they describe these themes in minute detail.

3.6.2 C(lassification of the Maintenance/Repair Techniques

Aguiar et al. [41], cited by Cotrim [8], define the concept of rehabilitation as “a
whole series of options made in order to recover and benefit a building, making it
apt for its present use”. Silveira [6] defines repair as an “intervention destined to
correct anomalies”. In fact, the first concept referred has a wider scope, comprising
the second. However, in current buildings, the concepts of rehabilitation and repair
are frequently misused as equivalent.

On the other hand, maintenance is defined as all technical and administrative
actions taken to guarantee adequate performance levels during the service life (ISO
15686-1). In this context, maintenance includes all the inspection, cleaning, repair
and partial replacement actions.
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Consolidation is a traditional technique used to correct anomalies manifested
either by loss of adherence of the plaster to the substrate or between coats and by
loss of cohesion of the materials’ microstructure, resulting in the friability of the
plaster or its softening due to damp [53]. This difficult technique is applied mostly
in situations where it is impossible to remove the materials, as in the rehabilitation
of painted surfaces (mural painting or painted ornaments) [8]. The hardening and
conservation of the surfaces were works needed at the final stage of interventions in
gypsum plaster and were meant to confer an aspect and texture similar to polished
stone, as a result of filling its porosity, thus precluding the development of fungi and
moulds, allowing however the needed exchanges of water vapour [8].

However, the techniques referred in the previous paragraphs are not usually
applied in current gypsum plasters, since their very specific character demands very
specialized workmanship, which precludes its use in the present context. Further-
more, these solutions are unfavourable from a techno-economic perspective,
because the consolidation process is not more efficient, from a performance view-
point, than the removal of the degraded area and subsequent reposition of the
coating and consolidation is more expensive due to the scarcity of specialized
personnel. Likewise, hardening and conservation of the surfaces may be replaced
by adequate paint systems that prevent the onset of fungi and moulds. On the other
hand, for ancient gypsum plasters, it is always worthwhile to preserve them, given
their historical value and the incompatibility problems with new materials used in
eventual repairs.

In traditional construction, almost all the gypsum plaster substrates are made of
wood, namely, timber and masonry walls (structural walls), partition walls and
ceilings. In all of them, the first plaster coat is applied on wood lathing, with a
trapezoidal cross-section. Therefore, in these cases it is commonly needed to
intervene in various wooden elements (supporting structure and lathing) [6, §]. In
current buildings, substrates are completely different: in ceilings normally the
concrete slab and in walls brick masonry (more current in the continent) or concrete
blocks (more frequent in Azores) are the most frequent options in Portugal.

In ancient gypsum plasters, it is common to replace partially the coatings and the
ornaments in areas with gaps. In the latter case, their reproduction must be made by
analysing the composition of the remaining part or documents (photos or the
original drawings) that identify the original composition. The coatings used to fill
the gaps must comply with a set of requirements, namely, being compatible with the
ancient plasters at a functional and aesthetic level. However, in contemporary
construction, gypsum plaster has lost its artistic character, i.e. gypsum plaster
ornaments, the faking of stone and polychrome plasters are limited to traditional
construction. In fact, the methods used in the rehabilitation of these elements, an
operation also called reintegration [8], are not considered here. The compatibility of
the replacement coating with the original one in current practice is ensured by the
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application of the same products, which is greatly facilitated because they are
premixed products, even though it is advised that they are from the same manufac-
turer. A homogeneous finishing is ensured by the application of a final paint coat, an
option also applied in traditional solutions, as referred by Cotrim [8], but mostly
aimed at hiding dirt or biologic or salts stains.

The most correct strategy for an intervention comprises of two stages: the
elimination of the cause and the subsequent elimination of the anomalies. However,
these two actions are generally difficult to implement simultaneously, thus making
it necessary to resort to alternative or complementary strategies, namely, protection
against the aggressive elements, improvement of the functional characteristics and
hiding the anomalies [54]. In fact, even though it is not the most frequent option
before intervening in a CIGP, it is essential to determine the causes of existing
anomalies [10, 55] through a logical and systematic process of inspection and
diagnosis, as well as ensuring their elimination.

Only the interventions to deal with anomalies in CIGP are considered, as an
adaptation of the Silvestre [56] classification: curative repair techniques (r.),
preventive repair techniques (r,) and maintenance works (m), the latter generally
cleaning operations.

Curative repair techniques allow repairing, eliminating or hiding the anomaly
but can also comprise rehabilitation interventions (repair of CIGP that includes
changing the characteristics or the geometry of the materials used, introducing
improvements in the coating’s performance) or partial or integral replacement of
the CIGP [54, 56].

Preventive repair techniques are interventions that even though not directly
dealing with the anomaly are needed to eliminate its causes. These techniques
can also correspond to rehabilitation interventions or replacement of parts of the
CIGP [56].

Maintenance works are periodic interventions destined to prevent or correct
slight degradation of the constructions, so that they reach the end of their service
life without loss of performance or at least satisfying minimum quality levels
[47, 54].

These techniques were divided in four groups, each of which corresponds to the
interventions concerning a specific constituent element of CIGP (R-A, surface of
the CIGP, or R-B, finishing coat), the whole coating (R-C, CIGP) or its interface
with its substrate (R-D, interface substrate—CIGP).

Table 3.10 contains a list of the repair and maintenance techniques that integrate
the classification system proposed. It was conceived for premixed gypsum plasters
but is also valid for the traditional ones, even though Cotrim [8] presents a more
detailed survey for ancient gypsum plasters. The maintenance and repair operations
in CIGP are described in detail in Palha [25]. Figures 3.56 and 3.57 illustrate two of
the repair techniques selected.
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Table 3.10 Proposed classification of the curative (r.), preventive (1) and other maintenance
work (m) techniques for CIGP [25]
R-A, surface of the CIGP
R-Al Cleaning of the CIGP (r./m)
R-A2 Application of the fungicide on the surface of the CIGP (r/r)
R-B, finishing coat
R-B1 Filling of cracks (r.)
R-B2 Application of a thin finishing coat over the existing CIGP (r.)
R-C, CIGP
R-Cl1 Integral/partial replacement of the CIGP (r.)
R-C2 Incorporation of a net in the smoothing coat of the CIGP (r.)

R-C3 Protection of salient corners (rp/r.)
R-C4 Incorporation of fungicide in the CIGP (r,/r)
R-CS5 Removal/replacement of corroded metal elements and gypsum plaster repair (rp/r.)
R-C6 Local reinforcement of the CIGP with staples (r.)
R-D, interface substrate—CIGP
R-D1 Local bridging of the coating (r.)

Fig. 3.56 Filling a crack
with gypsum finish material
[25]

Fig. 3.57 Incorporation of a
glass fibre net [25]
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3.7 Standardization

Gypsum plasters are presently regulated by standards EN 13279-1: 2008, relative to
the definitions and requirements of gypsum and gypsum-based coatings, and EN
13279-2: 2004, which deals with the test methods of these coatings. These norma-
tive documents from CEN (Comité Européen de Normalisation) are the basis for
CE marking, referred in the Construction Products Regulation (CPR, N. 305/2011)
that replaces the Construction Products Directive (CPD, 89/106/EEC), which
allows the free circulation of products in the market within the European economic
space.

Before the approval of standard EN 13279, gypsum-based coatings were covered
by the European and national standards, namely, France and the United Kingdom.
The French standardization include the Document Technique Unifié (DTU) 25.1—
relative to interior gypsum coatings—standards NF B 12-300, NF B 12-301, NF B
12-303 and NF B12-401, which establish the general conditions for packaging,
delivery and reception and define the technical classifications and test specifications
for gypsum coating products. In the United Kingdom, these coatings were treated in
standards BS 5492: 1990, which deal with interior coatings; BS 1191-1: 1973 and
BS 1191-2: 1973, relative to the specification for gypsum building plasters and
premixed lightweight plasters. Presently some standards have been withdrawn, and
other national documents (e.g. technical specifications) lost their normative nature,
even though they provide many relevant data for this type of coating, often
including a larger and more focused set of requirements than standard EN 13279,
for some quality parameters.

Gypsum for construction, the main constituent of gypsum plasters, is the object
of various standards. The lists of selected references in Tables 3.11 and 3.12 present
standards and codes relative to gypsum plaster (or gypsum). These references are
not in the general reference list at the end of the chapter.

Final Note

This chapter, dedicated to gypsum plasters applied on walls and ceilings’ interior
surfaces, was based mostly on two Master Dissertations on Civil Engineering,
“Technology and rehabilitation of current interior gypsum plasters” [25] and
“Inspection and diagnosis system of current interior gypsum plasters” [27], respec-
tively, by Filipe Palha and Ana Pereira, both of which under the scientific supervi-
sion of the first author of this chapter. These works also lead to three papers [57-59]
in international journals.

Books/Magazines/Journals

 ASTM Manual 67 MNL67 Gypsum: Connecting Science and Technology,
Manual/Monograph, Kuntze Richard January 200OMNL67-EB
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Table 3.11 ASTM standards related with internal plasters and gypsum-based products

Standard

A641/
641M

Cl1

C22/C22M
C28/C28M
C25

C29/C29M
C35
C59/C59M
C61/C61M
C136
C206
C207

C317/
C317TM

C318/
C318M

C471M

C472

C473

C475/
C475M

C514
C557

C587
C631
C754

C778
C841
C842
C843-99
C844

C847
C933
C954

Year
2009

2013

2010
2010
2011

2009
2009
2011
2011
2006
2009
2011
2010

2013

2012

2009

2012
2012

2009
2009

2009
2009
2011

2013
2013
2010
2012
2010

2012
2013
2011

Title
Specification for zinc-coated (galvanized) carbon steel wire

Terminology relating to gypsum and related building materials and
systems

Specification for gypsum

Specification for gypsum plasters

Test methods for chemical analysis of limestone, quicklime and
hydrated lime

Test method for bulk density (unit weight) and voids in aggregate
Specification for inorganic aggregates for use in gypsum plaster
Specification for gypsum casting plaster and gypsum moulding plaster
Specification for gypsum Keenes cement

Test method for sieve analysis of fine and coarse aggregates
Specification for finishing hydrated lime

Specification for hydrated lime for masonry purposes

Specification for gypsum concrete

Specification for gypsum form board

Test methods for chemical analysis of gypsum and gypsum products
(metric)

Test methods for physical testing of gypsum, gypsum plasters and
gypsum concrete

Test methods for physical testing of gypsum panel products
Specification for joint compound and joint tape for finishing gypsum
board

Specification for nails for the application of gypsum board

Specification for adhesives for fastening gypsum wallboard to wood
framing

Specification for gypsum veneer plaster
Specification for bonding compounds for interior gypsum plastering

Specification for installation of steel framing members to receive screw-
attached gypsum panel products

Specification for sand

Specification for installation of interior lathing and furring

Standard specification for application of interior gypsum plaster
Standard specification for application of gypsum veneer plaster
Specification for application of gypsum base to receive gypsum veneer
plaster

Specification for metal lath

Specification for welded wire lath

Specification for steel drill screws for the application of gypsum panel
products or metal plaster bases to steel studs from 0.033 in. (0.84 mm) to
0.112 in. (2.84 mm) in thickness

(continued)
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Table 3.11 (continued)

Standard
C955

C1002

C1007

C1032
C1047

C1177/
1177TM

C1178/
C1178M

C1278/
1278M

C1396/
1396M

C1546

D75
D1193
D1784

D2013
E84
E90

E96/E96M
E119
E337

E492

Year
2011

2013

2011

2011
2010

2013

2013

2011

2013

2008

2009
2011
2011

2012
2013
2009

2012
2012
2007

2009

Title

Specification for load-bearing (transverse and axial) steel studs, runners
(tracks) and bracing or bridging for screw application of gypsum panel
products and metal plaster bases

Specification for steel self-piercing tapping screws for the application of
gypsum panel products or metal plaster bases to wood studs or steel
studs

Specification for installation of load-bearing (transverse and axial) steel
studs and related accessories

Specification for woven wire plaster base

Specification for accessories for gypsum wallboard and gypsum veneer
base

Specification for glass mat gypsum substrate for use as sheathing
Specification for coated glass mat water-resistant gypsum backing panel
Specification for fibre-reinforced gypsum panel

Specification for gypsum board

Guide for installation of gypsum products in concealed radiant ceiling
heating systems

Practice for sampling aggregates

Specification for reagent water

Specification for rigid poly(vinyl chloride) (PVC) compounds and
chlorinated poly(vinyl chloride) (CPVC) compounds

Practice for preparing coal samples for analysis
Test method for surface burning characteristics of building materials

Test method for laboratory measurement of airborne sound transmission
loss of building partitions and elements

Test methods for water vapour transmission of materials

Test methods for fire tests of building construction and materials

Test method for measuring humidity with a psychrometer (the
measurement of wet- and dry-bulb temperatures)

Test method for laboratory measurement of impact sound transmission
through floor-ceiling assemblies using the tapping machine

* Walls & Ceilings Magazine—http://www.wconline.com/

* Global
issue

Gypsum Magazine—http://www.globalgypsum.com/magazine/latest-

» Construction and Building Materials

» Journal of Fire Sciences

¢ Journal of the American Ceramic Society
* Cement and Concrete Research

e Minerals Engineering


http://www.wconline.com/
http://www.globalgypsum.com/magazine/latest-issue
http://www.globalgypsum.com/magazine/latest-issue

180

J. de Brito and I. Flores-Colen

Table 3.12 European standards related with internal plasters and gypsum-based products

Standard

EN 520
+Al

EN 998-1

EN 13279-
1

EN 13279-
2

EN 13658-
1

EN 13815

EN 13914-
2

EN 13915

EN 13950

EN 13963/
AC

EN 14190

EN 14195/
AC

EN 14209

EN 14353
+Al

EN 14496

EN 14566
+Al

CEN/TR
15123

CEN/TR
15124

CEN/TR
15125

EN 15319
EN 15824

CEN/TR
16239

Year
2004;

2009
2010
2008
2004
2005

2006

2005

2007
2005
2005;
2006
2005
2005;
2006
2005
2007;
2010
2005
2008;
2009
2005
2005
2005

2007
2009

2011

Title
Gypsum plasterboards—Definitions, requirements and test methods

Specification for mortar for masonry—Part 1: Rendering and
plastering mortar

Gypsum binders and gypsum plasters—Part 1: Definitions and
requirements

Gypsum binders and gypsum plasters—Part 2: Test methods

Metal lath and beads—Definitions, requirements and test methods—
Part 1: Internal plastering

Fibrous gypsum plaster casts—Definitions, requirements and test
methods

Design, preparation and application of external rendering and internal
plastering—Part 2: Design considerations and essential principles for
internal plastering

Prefabricated gypsum plasterboard panels with a cellular paperboard
core—Definitions, requirements and test methods

Gypsum plasterboard thermal/acoustic insulation composite panels—
Definitions, requirements and test methods

Jointing materials for gypsum plasterboards—Definitions,
requirements and test methods

Gypsum plasterboard products from reprocessing—Definitions,
requirements and test methods

Metal framing components for gypsum plasterboard systems—
Definitions, requirements and test methods

Preformed plasterboard cornices—Definitions, requirements and test
methods

Metal beads and feature profiles for use with gypsum plasterboards—
Definitions, requirements and test methods

Gypsum-based adhesives for thermal/acoustic insulation composite
panels and plasterboards—Definitions, requirements and test methods

Mechanical fasteners for gypsum plasterboard systems—Definitions,
requirements and test methods

Design, preparation and application of internal polymer plastering
systems

Design, preparation and application of internal gypsum plastering
systems

Design, preparation and application of internal cement and/or lime
plastering systems
General principles of design of fibrous (gypsum) plaster works

Specifications for external renders and internal plasters based on
organic binders

Installation rules of fibrous (gypsum) plaster works
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Materials Structures
Journal of Environmental Management
Energy and Buildings

Associations/Organizations/Societies

The Gypsum Association—http://www.gypsum.org/about/mission/
American Institute of Building Design—http://www.aibd.org/

Association of the Wall and Ceiling Industry—http://www.awci.org/
Ceilings & Interior Systems Construction Association (CISCA)—http://www.
cisca.org/i4a/pages/index.cfm?pageid=1

Drywall Finishing Council—http://www.dwfc.org/

EPS Molders Association—http://www.epsindustry.org/
Eurogypsum—nhttp://www.eurogypsum.org/

European Mortar Industry Organisation—nhttp://www.euromortar.com/home/
Mortar Industry Association—www.mortar.org.uk

International Masonry Society—www.masonry.org.uk

Companies/Gypsum Products

American Gypsum Company LLC—http://americangypsum.com/
CertainTeed Gypsum Inc.—http://www.certainteed.com/products/gypsum
Georgia-Pacific Gypsum—nhttp://www.buildgp.com/Georgia-Pacific-Gypsum
Lafarge North America—http://www.lafarge-na.com/wps/portal/na

National Gypsum Co.—http://nationalgypsum.com/

PABCO Gypsum—http://www.pabcogypsum.com/

United States Gypsum—nhttp://www.usg.com/content/usgcom/en.html
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Abstract

Concrete is a composite material of a cement-based matrix, which is produced
by mixing water and a binder, usually made of hydraulic cement or cement and
additions and particles of aggregate. The resulting product, by mixing those
constituents, is very versatile both in terms of the characteristics it can have and
the applications it can be used for. This versatility contributes to make concrete
the most used construction material in Portugal and most of the world. The
production of concrete, especially at construction sites, is not carried out under
so controlled conditions as other construction materials, such as steel. Producing
good concrete requires a set of precautions to be taken. “Bad” concrete—with
inadequate consistence, excess voids and a very heterogeneous structure—is
produced using exactly the same constituents as good concrete. The difference is
in knowing and understanding the phenomena that govern its behaviour.
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4.1 Concrete with Hydraulic Binders
4.1.1 Introduction

Concrete is a composite material of a cement-based matrix, which is produced by
mixing water and a binder, and particles of aggregate.

The binder normally consists of hydraulic cement or cement and additions. The
aggregates are granular material, specifically sand and crushed or rounded rock
particles. Usually, other components, in smaller amount, known as admixtures, also
make part of the concrete, with the aim of improving some characteristics of the
concrete. This material, with those constituents, is very versatile both in terms of
the characteristics it can have and the applications it can be used for.

This versatility contributes to make concrete the most used construction material
in Portugal and most of the world. Among the reasons the use of concrete is so
widespread compared with alternative materials such as steel, one can cite the
following: its components are economically competitive and available in many
different areas of the globe; its application requires little energy, and it has good
resistance against both structural and environmental actions; the different structural
elements can be moulded easily into different shapes and sizes.

In light of the large number and diverse nature of its components, concrete can
have very varied characteristics, which allows it to meet a wide range of
requirements. These may be related to the consistency of the concrete, which ranges
from dry to very fluid, or its compressive strength, which can range from 0.5 MPa to
more than 800 MPa. This wide range of values is difficult to achieve with any other
material.

The production of concrete, especially at construction sites, is not carried out
under so controlled conditions as other construction materials, such as steel.
Producing good concrete requires a set of precautions to be taken. “Bad” con-
crete—with inadequate consistency, excess voids and a very heterogeneous struc-
ture—is produced using exactly the same constituents as good concrete. The
difference is in knowing and understanding the phenomena that govern its
behaviour.

When asking what makes a good concrete, there are two criteria to consider:
concrete should satisfactorily meet, on the one hand, the requirements of mixing,
transport and casting while it is fresh and, on the other, the requirements for when it
is in its hardened state. When fresh, concrete should have a consistency that allows
it to be compacted by the means planned without excessive force, and it should have
a composition that is resistant to segregation during transport and laying so that the
concrete element is homogeneous throughout. The main requirements of good
concrete when hardened are appropriate mechanical strength, deformability and
durability [1].
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4.1.2 Historical Overview

4.1.2.1 Etymology of the Terms Concrete and Betdo

The word concrete has its roots in the Latin word concretus, which has the
following meanings: hardened, solidified, congealed and clotted. Those are the
characteristics of a mouldable material that coalesces.

The Portuguese word betdo comes from the French word béton. It is believed to
originate from the Latin bitumen, which in France evolved into betunium and betun,
which in Old French meant viscous mud, rubble and dirt. This led to the current
name for betdo because when it is ruined it becomes rubble. On the other hand, the
Latin term bitumen is naturally the root of the word bitumen, which was used as a
binder in construction materials. Nonetheless, bitumen is not a component of
concrete, which leads to the theory that its roots lead back to concrete’s ability to
set. This theory is based on the ancient verb beter, of German origin, which is linked
to the idea of coagulation and agglomeration, since its derivate beizen means a
chemical action linked to the coagulation of milk by acids. In light of the uncer-
tainty surrounding the etymology of the term betdo, the answer lies somewhere
among these theories and is linked to concrete’s ability to remain agglomerated
through the action of a binder [2].

4.1.2.2 Concrete: From Ancient Times to Modernity

The idea of using mixtures of stones and sand with a binder is perhaps as old as
mankind itself. The earliest uses have not lasted to the present day, certainly
because of the nature of the binder, which was probably clay. One of the oldest
examples of concrete was discovered in Lepenski Vir, in what is now Serbia, on the
banks of the River Danube, and dates from 5600 Bc. It is the ground floor of a
dwelling; the binder used was dark quicklime. In Egypt, there is a description of the
use of mortar and concrete [3] on a wall in Thebes dating from 1950 Bc.

The use of this type of material definitely spread throughout all of the Mediter-
ranean and was frequently used for Roman buildings, involving mixtures of stone
and sand (sometimes pozzolanic in nature) with lime, which were resistant even
when exposed to water [4]. Some structures built at the time still stand today,
including aqueducts, bridges, quays, breakwaters and large buildings.

One record of the use of concrete in Roman times, which is still in existence
today, dates from the beginning of the second century (118—125 ap), when the
Pantheon in Rome was rebuilt by the emperor Hadrian, after being destroyed by a
fire. Concrete was particularly used to build the dome of this monument (Fig. 4.1),
using pumice stone as a coarse aggregate to reduce the weight of the structure. The
dome is grandiose, not only because of its size (around 44 m in diameter) and the
type of construction but also because of its excellent condition after almost 2,000
years.

Vitruvius’ books on architecture [5] written in the first century Bc discuss the
construction technology and materials used then by the Romans. The same con-
struction processes were used without substantial differences until the nineteenth
century, a time when the Industrial Revolution brought technical innovations and
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Fig. 4.1 Pantheon in Rome

scientific discoveries that led to the use of concrete as a leading material in
construction [4, 6]. Among these innovations, the advent of hydraulic binders was
notable, following approval of the patent for the process of obtaining Portland
cement (the name given because the colour of the cement was similar to the rock
found on the Isle of Portland), produced by Joseph Aspdin in Leeds in 1824.

Although a binder that sets quickly in contact with water had been discovered—
hydraulic Portland cement—only with the dawn of reinforced concrete did the use
of concrete really revolutionise the construction industry. Like natural rock, con-
crete has good compressive strength but is fragile when subjected to tensile stress.
Therefore, the use of reinforcements—steel bars—provides the reinforced concrete
with compressive and tensile strength. A boat made using this technology is
believed to have been made by Jean-Louis Lambot in 1848 (Fig. 4.2) and is
considered to be the oldest reinforced concrete structure [7].

As well as the development of concrete as a construction material, Feret’s study
on pastes, published in 1892, was highly important. It presents the fundamental law
that relates the material’s strength to its compacity: o, =c/(a+Vv), where o, is
strength; ¢, cement content; @, water content; and v, void content of the mixture.
From this fundamental law, it can be inferred that concrete’s strength is inversely
proportional to the amount of water used in the mixing stage.

Among the first uses in Portugal, special mention should be made of the wheat
mill building in Caramujo (Cova da Piedade), built in 1898, where the Sociedade
Industrial Alianca mill was later located, and the Vale de Meoes Bridge, nearby
Mirandela, which can be seen in Fig. 4.3 in 1904 when it was still under
construction [7].
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Fig. 4.2 First structure made of reinforced concrete (1848)

Fig. 4.3 Vale de Meoes Bridge at Mirandela (1904)

4.1.3 Regulatory Framework

The regulations governing concrete were defined by Executive Law No. 301/2007,
of 23 August 2007, which establishes the conditions for putting concrete with
hydraulic binders on the market and for executing concrete structures. This execu-
tive law uses the regulatory references EN 206 “Concrete. Specification, perfor-
mance, production and conformity” for the specification, production and
conformity of concrete and EN 13670 “Execution of concrete structures” for
matters relating to the execution of structures, cover casting and curing concrete.
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Concrete Structures

EN 1992 (Eurocode EN 13670 EN 13791
2): Design of EN 206 Execution of Assessment of
concrete structures Concrete concrete concrete strength in
structures structures
Concrete i?::s;ds
testing standards Sring
constituents
EN 12350 — Fresh concrete EN 197 — Cement
EN 12390 — Hardened concrete EN 450 — Fly ash

EN 13263 — Silica fume

EN 934 — Admixtures

EN 12620 — Aggregates

EN 13055 — Lightweight aggregates
EN 1008 — Mixing water

EN 12878 — Pigments

EN 15167 — Furnace slag

EN 14889 — Fibres for concrete

Fig. 4.4 Relationships between EN 206 and standards for designing and execution, standards for
constituents and testing standards

Under these terms, it is compulsory to comply with EN 206 and its references to
national documents when producing all types of concrete designed for concrete
structures made on-site, prefabricated structural products, buildings and civil engi-
neering structures. Concrete may be mixed on site, at a concrete plant or at a precast
concrete factory.

This standard, which is part of a range of standards relating to concrete structures
(Fig. 4.4), refers to rules for constituents and test methods, depending on the case in
question, for concrete and its components. EN 206 specifies requirements for:

¢ The constituents composing the concrete

e The properties of fresh and hardened concrete and checking those properties
¢ Limitations to concrete composition

» Specifications for concrete

e Delivering fresh concrete

¢ Procedures for production control

» Conformity criteria and conformity evaluation

Concrete should be prescribed according to the actions to which it will be
exposed. As well as mechanical forces, environmental forces are also considered
when establishing the composition of the concrete. Under these terms, EN
206 establishes classes of exposure relating to these environmental actions,
organised as shown in Tables 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6.
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Table 4.1 Environmental exposure classes without risk of corrosion or attack

Class

Description of environment

Examples

X0

For concrete without reinforcement: all
exposure, except freeze/thaw, abrasion or

chemical attack

Concrete buried in non-aggressive soil

Concrete permanently submerged in
non-aggressive water

Concrete with wet/dry cycles not
subjected to abrasion, freeze/thaw or
chemical attack

For reinforced concrete: very dry

Reinforced concrete in a very dry
environment

Concrete inside buildings with very low
air humidity

Table 4.2 Environmental exposure classes with risk of corrosion induced by carbonation

Description of
Class | environment Examples
XC1 Dry or permanently | Reinforced concrete inside buildings or structures, except in
wet areas with high humidity
Reinforced concrete permanently submerged in non-aggressive
water
XC2 | Wet, rarely dry Reinforced concrete buried in non-aggressive soil
Reinforced concrete subjected to long periods of contact with
non-aggressive water
XC3 | Moderate humidity | External surfaces of reinforced concrete sheltered from rain
Reinforced concrete inside structures with moderate or high air
humidity (e.g. kitchens, bathrooms)
XC4 | Alternately wet and | Reinforced concrete exposed to wet/dry cycles
dry External surfaces of reinforced concrete exposed to rain or not
included in class XC2

Table 4.3 Environmental exposure classes with risk of corrosion induced by chlorides not from

sea water

Description of

Class | environment Examples
XD1 Moderate Reinforced concrete in parts of bridges away from the direct
humidity action of de-icing salts but exposed to airborne chlorides
XD2 | Wet, rarely dry Reinforced concrete completely immersed in water containing
chlorides; swimming pools
XD3 | Alternately wet Reinforced concrete directly affected by de-icing salts or by

and dry

splashed by water containing chlorides®

Reinforced concrete in which one of the surfaces is immersed in
water containing chlorides and the other is exposed to the air
(e.g. some swimming pools or parts thereof). Slabs for car parks®
and other flooring exposed to salts containing chlorides

“In Portugal, these situations should be considered as class XD1
bIdem, when relevant
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Table 4.4 Environmental exposure classes with risk of corrosion induced by chlorides from sea
water

Class | Description of environment Examples

XS1 Exposed to air carrying sea salts Reinforced concrete in a salt-saturated maritime
but no direct contact with sea water | environment

Reinforced concrete in coastal areas close to the
sea, directly exposed and less than 200 m from
the sea; this distance may increase to up to 1 km
on flat coasts and river estuaries

XS2 Permanently submerged Permanently submerged reinforced concrete

XS3 Tidal, splash and spray zones Reinforced concrete subjected to tides or
splashing, up to 10 m above the high tide level
(5 m on the south coast of mainland Portugal)
and up to 1 m below the low tide level
Reinforced concrete in which one of the surfaces
is immersed in sea water and the other is exposed
to the air (e.g. submerged tunnels or tunnels open
in rock or soil permeable to the sea or in river
estuaries). This type of exposure will very
probably require extra protection measures

Table 4.5 Environmental exposure classes with risk of freeze/thaw attack

Class | Description of environment Examples

XF1 Moderate number of freeze/thaw Concrete in vertical surfaces exposed to rain and
cycles, without de-icing products | freezing

Concrete in non-vertical surfaces exposed to rain
and freezing

XF2 Moderate number of freeze/thaw Concrete, such as on bridges, which can be
cycles, with de-icing products classified as XF1 but directly or indirectly
exposed to de-icing salts

When concrete is classified according to its compressive strength, Table 4.7
applies for normal density or heavyweight concrete, and Table 4.8 for lightweight
concrete. For classification purposes, a characteristic strength after 28 days is
obtained using test cylinders measuring 150 mm in diameter by 300 mm in height
(fekey) or from test cubes with 150 mm sides ( fex cube)-

A range of technical specifications were drawn up, whose application is provided
for in EN 206 through its National Application Document, in which instruments are
established to support the implementation of EN 206 in the Portuguese market.
Application of these specifications is therefore compulsory. The specifications cited
are LNEC E 461 “Concrete. Methodology to prevent internal expansive reactions”,
LNEC E 464 “Concrete. Prescriptive methodology for a design working life of
50 and 100 years under the environmental exposure” and LNEC E 465 “Concrete.
Methodology for estimating the concrete performance properties allowing to com-
ply with the design working life of the reinforced or prestressed concrete structures
under environmental exposures XC and XS”.
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Table 4.6 Limits for exposure classes for chemical attack from natural soils and the water
within them

Chemical Testing method of
characteristic reference Class XAl Class XA2 Class XA3
Water
S0,%, mg/L EN 196-2 >200 and >600 and >3,000 and
<600 <3,000 <6,000
pH 1SO 4316 >5.5and <6.5 |>4.5 and >4.0 and <4.5
<55
CO, aggressive, |EN 13577 >15 and <40 >40 and >100 up to
mg/L <100 saturation
NH,*, mg/L ISO 7150-1 or ISO | >15 and <30 >30 and <60 | >60 and <100
7150-2
Mg2+, mg/L ISO 7980 >300 and >1,000 and >3,000 up to
<1,000 <3,000 saturation
Soil
SO427, total EN 196-2 >2,000 and >3,000 and >12,000 and
mg/kg <3,000 <12,000 <24,000
Acidity, mL/kg | EN 16502 >200 Not found in practice
Baumann
Gully

Table 4.7 Compressive strength classes for normal density concrete and heavyweight concrete

C12/ |cle/ |c20/ |C25/ |C30/

Class C8/10 |15 20 25 30 37 C35/45 | C40/50

Tek,cyl 8 12 16 20 25 30 35 40

(MPa)

Jek,cube 10 15 20 25 30 37 45 50

(MPa)

Class C45/  |C50/ | C55/ | €60/ |[CT0/ | C80/ | C90/ C100/
55 60 67 75 85 95 105 115

Tek,eyl 45 50 55 60 70 80 90 100

(MPa)

Tek,cube 55 60 67 75 85 95 105 115

(MPa)

Table 4.8 Compressive strength classes for lightweight concrete

LC12/ |LCle/ |LC20/ |LC25/ |LC30/ |LC35/
Class LC8/9 13 18 22 28 33 38
Jek,cyl (MPa) | 8 12 16 20 25 30 35
ek, cube 9 13 18 22 28 33 38
(MPa)
Class LC40/ |LC45/ |LC50/ |LC55/ |LC60/ |LC70/ | LC80/
44 50 55 60 66 77 88
Tek,cyl (MPa) | 40 45 50 55 60 70 80
Jek,cube 44 50 55 60 66 77 88
(MPa)
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Fig. 4.5 Concrete composition

Specification LNEC E 461 identifies the rocks and minerals that may be poten-
tially reactive to alkalis, defines methodologies for assessing the reactivity of
aggregates and the possibility of concrete compositions having internal expansive
reactions and establishes measures to avoid expansive reactions occurring through
alkali-silica reactions or by delayed ettringite formation.

Specification LNEC E 464 establishes the aptitude of hydraulic binders—
cements and mixtures of cements and additions—as concrete constituents, clarifies
the selection of exposure classes into which the aggressive environmental actions
for concrete are organised in EN 206 and defines the prescriptive measures that
allow the 50- or 100-year designed working life for concrete structures to be met, in
environments that correspond to the different exposure classes. This specification
further establishes the general framework for guaranteeing the designed working
life of the concrete structures and the aptitude of the equivalent performance
concept.

Specification LNEC E 465 establishes a methodology for estimating the perfor-
mance properties of reinforced or prestressed concrete subjected to carbon dioxide
or chloride action, which allows the working life desired to be met.

4.1.4 Constituents

As mentioned in the introduction, the main constituents of concrete include cement,
additions, admixtures, aggregate and water (Fig. 4.5). The range of fine material—
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Table 4.9 Proportions of

. Constituent ‘ Binder ‘ Aggregates | Water ‘ Air
concrete constituents
Volume (%) | 7-14 | 60-78 1422 16
Mass (%) 19-18 | 63-85 | 59 |-

cements and additions—is called binder. The mixture of binder, water and
admixtures forms the concrete paste. Introducing fine aggregate, known as sand,
leads to the formation of mortar. The use of coarse aggregate is what differentiates
concrete from mortar. Normally, concrete is considered a two-phase composite:
paste and aggregate. Table 4.9 shows the most common ranges for content, in
volume and mass, of the main constituents of concrete [8].

A brief description of the main constituents of concrete will be given in the
following sections.

4.1.4.1 Cement

Cement is a mineral powder that sets and hardens even under water, which is why it
is known as a hydraulic binder. It forms a paste with water and progressively sets
and hardens in the air or in water. The set of reactions that lead to hardening are
generally called hydration. Cement is the fundamental constituent of concrete
because it allows a non-cohesive mixture to become a solid mass.

Cement is obtained by burning a mixture of limestone and clay, with appropriate
proportions, in rotating kilns with small quantities of other minerals, thereby
obtaining a composite known as clinker. This composite is then milled and mixed
with calcium sulphate (gypsum) and, possibly, with other substances.

The main components of cement are:

e Tricalcium silicate (C3S), forming around 20-80 % of the weight of cement, is
the component responsible for the start of the setting process and early strength,
since it is the substance that hydrates and hardens most quickly.

¢ Dicalcium silicate (C2S), in amounts between 10 and 55 %, hydrates and
hardens slowly, helping form later strength (beyond 7 days).

e Tricalcium aluminate (C3A), 0—15 %, is the constituent that reacts earliest with
water, releasing a great amount of heat in the first stages and slightly helping to
develop initial strength. When cement has smaller amounts of tricalcium alumi-
nate, it is more resistant to sulphates.

e Tetracalcium aluminoferrite (C4AF) hydrates quickly but does little to help
strength. Its presence in cement varies between 5 and 15 %. Cement’s grey
colour is due to the presence of iron in this compound.

¢ Calcium sulphate (CS) is added in amounts up to 5 % after the clinker has been
obtained in order to delay the fast setting of the aluminates with the water.

The fundamental compounds formed in cement hydration are calcium silicate
hydrates (C-S-H), responsible for the main strength characteristics of hydrated
cement, and calcium hydroxides (CH). Smaller quantities of calcium aluminate
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hydrates (C-A-H) and calcium aluminium sulphates, known as ettringite, are also
formed. This last constituent is very important because it is potentially expansive.

The main reactions that occur during contact between water and cement are the
following:

e C3S+Water—C-S-H+CH
e C2S+Water —C-S-H+CH
¢ C3A+CS + Water — Ettringite (calcium aluminate trisulphate)
e C4AF+Water —C-(A,F)-H
e C3A+CH+Water—C-A-H

Figure 4.6 shows the relative content of the different compounds produced by
hydration reactions over time. Evolution in the porosity of the mixture is also
shown—it reduces with the formation of hydration products, with amounts
remaining proportional to the water—cement ratio (W/C). The formation of
monosulphoaluminate arises from the conversion of ettringite, due to the lack of
sulphate ions in the solution.

The standards that currently regulate cement production are as follows: EN
197-1 “Cement. Part 1: Composition, specifications and conformity criteria for
common cements” and EN 197-2 “Cement. Part 2: Conformity evaluation”. The
test methods are described in the different parts of standard EN 196 “Methods of
testing cement”’.

In accordance with EN 197-1, five main types of cement are established: CEM 1,
which essentially contains clinker (95—100 %); CEM II, which adds an abbreviation
referring to the addition that replaces clinker up to a limit of 6-35 %; CEM III,
generally known as blast furnace slag cement, since it consists of a mixture of
clinker with 36-95 % ground blast furnace slag; CEM IV, which is the result of a
mixture of 11-55 % pozzolanic material, commonly known as pozzolanic cement;
and CEM V, composite cement, which is the result of combining slag and
pozzolans up to a total content of these additions of 36—80 % of the mass of cement.

C-S-H

CH

Cont

41 C—(A, F)-H
Monosulphate

. Porosity
T Ettringite

Fig. 4.6 Relative quantities 0 5 3012 6 12 7 28 90

of compounds formed during Minutes Hours Days

hydration
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Fig. 4.7 Aggregates of different sizes

Considering those five main types and the many types and content levels of
additions allowed, it is possible to produce 27 different types of cement. And
bearing in mind the different strength classes, those combinations may reach up
to 162 types, without including white cements. In Portugal, 15 cements of three
main types are currently produced: CEM I (I 42.5R; I 52.5R; I 52.5R(br)); CEM 11,
with limestone filler (II/B-L 32.5N; II/A-L 42.5R; 1I/B-L 42.5R; 1I/B-L 32.5R(br);
II/B-L 52.5N(br)), pozzolans (II/A-P 42.5R; II/B-P 32.5N), or fly ash, and lime-
stone filler with additions (II/B-M(V-L) 32.5N; II/B-M(V-L) 42.5R); and CEM 1V,
with fly ash IV/A(V) 32.5R; IV/B(V) 32.5N; IV/B(V) 32.5R) (Fig. 4.7).

4.1.4.2 Aggregates

Aggregate is considered to be all granular material suitable for use in concrete.
Aggregates may be natural, artificial, reclaimed or recycled from material previ-
ously used in construction.

The main functions of aggregate in concrete can be summarised as follows:
acting as a filler, reducing costs, providing strength and durability and reducing
changes in volume due to the hydration and drying processes.

Aggregates may be considered as concrete’s skeleton, and as they make up most
of its volume (Table 4.9), their characteristics condition the quality of the concrete.
It could be said that their mineral characteristics affect the physical properties of the
concrete in its hardened state, while the geometric characteristics mostly influence
concrete’s behaviour in its fresh state.

In fact, the influence of aggregates on concrete’s behaviour is significant,
particularly in its hardened state. Until a few years ago, aggregates were known
as inert material. However, these particles are far from inert, since their
characteristics condition the concrete’s behaviour through a variety of actions.
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Their deformability and porosity act in a physical way, conditioning the movements
of expansion and shrinkage of the concrete.

Aggregates may also act chemically, affecting the integrity of the concrete if
they are reactive to alkalis. On the other hand, there may be reactions between the
aggregates and the cement, creating epitaxial bonds. The effects of thermal action
may also take place, with the aggregates dilating or contracting, contributing to the
deformation of the concrete.

Aggregates may only be used in concrete if the requirements of standard EN
12620 “Aggregates for concrete” are met. In the case of lightweight aggregates,
standard EN 13055-1 applies: “Lightweight aggregates—Part 1: Lightweight
aggregates for concrete, mortar and grout”. Nonetheless, as these standards do
not cover most properties, in terms of demands, the following Portuguese regu-
latory documents were drawn up:

* LNEC E 467 “Guide to the use of aggregates in hydraulic concrete”
« LNEC E 471 “Guide to the use of coarse recycled aggregates in hydraulic
concrete”

The main testing standards referred to in the product standards above are as
follows:

e EN 932 “Tests for general properties of aggregates”

e EN 933 “Tests for geometrical properties of aggregates”

« EN 1097 “Tests for mechanical and physical properties of aggregates”
* EN 1744 “Tests for chemical properties of aggregates”

« EN 1367 “Tests for thermal and weathering properties of aggregates”

Aggregates can be classified according to origin, petrography, density and size.

Depending on their origin, they can be classified as natural aggregates, of
mineral origin, which have been subjected only to mechanical processing, being
crushed or milled. Artificial aggregates, of mineral origin, result from an industrial
process involving thermal or other types of modification. Reclaimed aggregates are
gained either by washing fresh concrete or by crushing hardened concrete that has
not been previously used in construction. Recycled aggregates result from the
processing of inorganic materials previously used in construction.

In terms of petrography, aggregates may come from igneous rock, sedimentary
rock or metamorphic rock. Classification according to density (p) is divided into three
classes: heavyweight, p > 2,800 kg/m3; normal, 2,000 kg/m3 >p>2,800 kg/m3; and
lightweight, p < 2,000 kg/m>. Size distinguishes coarse aggregates, with a maximum
particle size (Dmax) higher than 4 mm, and fine aggregates, with a Dmax equal or
lower than to 4 mm. Filler aggregates are also identified, with a Dmax of 0.063 mm.
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4.1.4.3 Additions

According to EN 206, additions are finely divided inorganic constituents used in
concrete in order to improve certain properties or to achieve special properties.
They are classified into two types: almost inert additions (type I) and pozzolanic
additions or additions with latent hydraulic characteristics (type II).

Type I additions, specifically limestone filler, which is common in Portugal,
essentially has the role of increasing the compacity of the paste, reducing porosity
and subsequently making it possible to maintain strength with less clinker, thus
reducing the cost of binder. Pigments are another type I addition and are added to
concrete to give it colour. The use of pigments is more effective if used with white
cement, except when black concrete is desired.

The most common type II additions are natural pozzolans, fly ash, silica fume
and grinded blast furnace slag. Apart from natural pozzolans, these additions come
from industrial waste and by-products, so their use is advantageous for economic
and environmental reasons. Apart from blast furnace slag, which has latent hydrau-
lic characteristics, the effectiveness of the additions depends on their pozzolanicity.
Pozzolanicity determines the ability of reactive silica in the addition to react with
the calcium hydroxide resulting from the hydration of the cement, forming calcium
silicate hydrates.

This reaction, known as the pozzolanic reaction, has three effects on concrete:
firstly, the reaction is slow and, as such, the heat released and strength growth are
slow; secondly, the reaction consumes calcium hydroxide, which is good for
durability in acid environments and whenever there may be leaching; thirdly, the
porosity is reduced, since the products of the pozzolanic reaction refine the porosity,
improving the sealing qualities and strength of the material.

The product standards and specifications that regulate the additions available in
the Portuguese market are as follows:

¢ LNEC E 466 “Limestone fillers for hydraulic binders”

« EN 12878 “Pigments for the colouring of building materials based on cement
and/or lime. Specifications and methods of test”

e NP 4220 “Pozzolans for concrete. Definitions, specifications and conformity
evaluation”

¢ EN450-1 “Fly ash for concrete. Part 1: Definition, specifications and conformity
criteria”

* EN 13263-1 “Silica fume for concrete. Part 1: Definitions, requirements and
conformity criteria”

e EN 15167-1 “Ground granulated blast furnace slag for use in concrete, mortar
and grout. Part 1: Definitions, specifications and conformity criteria”

4.1.4.4 Admixtures

Admixtures are products added in small quantities (no more than 5 % compared
with the mass of cement) during the concrete mixing process to modify the
properties of fresh or hardened concrete. Admixtures, when they were first used,
were formed of industrial waste, but are now developed and produced responding to
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specific demands of concrete. They are not cheap products, but they lead to some
financial savings, by reducing the workforce needed for compacting work, using
less cement and increasing the durability of the concrete, for example.

Admixtures for concrete are regulated by EN 934-2 “Admixtures for concrete,
mortar and grout. Part 2: Concrete admixtures. Definitions, requirements, confor-
mity, marking and labelling”. Admixtures can be classified into the following
groups: theology modifiers, setting modifiers, air-entraining agents, water
repellents and shrinkage controllers.

Among those that modify rheology, that is, the concrete’s deformation and
fluidity properties in fresh state, water reducers and viscosity modifiers stand out.

Water reducers, plasticisers and superplasticisers are the most commonly used,
since they allow the water content in a given concrete to be reduced without
affecting consistency, or they allow the fluidity of a concrete to be increased
without increasing water dosage, or both effects at once. Among the water reducers,
superplasticisers stand out for their stronger ability to reduce water compared with
plasticisers. Water reducers are used in manufacturing practically all concrete,
since they allow very fluid fresh concrete to be produced even with low water
content, broadening the range of practical possibilities. Pumping concrete and,
recently, self-compacting concrete are the result of developments in water reduc-
tion technology, particularly superplasticisers. Due to their ability to decrease the
W/C ratio while maintaining consistency, water reducers lead to savings in cement,
for concrete of the same strength, or increased durability thanks to reduced porosity.
Their importance justifies a brief description of the mechanisms behind the effi-
ciency of water reducers.

Cement particles, in a water solution, tend to agglomerate because of their size
and their electrical surface charge. Agglomeration affects negatively the fluidity of
the mixture. As such, it will be necessary to increase water content, i.e. the W/C
ratio, to obtain a more fluid mixture. When water reducers are introduced into the
mixture, since they are polymers with parts of their chains charged with the
opposite signal to that of the cement particles, they tend to be immediately absorbed
into the surface of the cement. The process of particle dispersion generally takes
place because of two mechanisms, which can occur simultaneously or not,
depending on the type of polymer: electrostatic repulsion and steric repulsion
(Fig. 4.8).

Electrostatic repulsion arises from the creation of electric potential (normally
negative) by the admixtures on the surface of the cement particle. This generates a
difference in potential, known as zeta potential ({), between the surface and any
point in the system, which stops particles from coming closer together.

Steric repulsion is due to the size and orientation of the side chains of the
polymers, which extend throughout the solution, forming a structure that stops
neighbouring particles that have been absorbed by the same admixture from coming
closer together.

Viscosity-modifying admixtures (VMASs) can be used in concrete production,
particularly self-compacting concrete, in order to improve segregation resistance,
namely bleeding, increasing the viscosity of the paste. They also allow a wider
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Fig. 4.8 Diagram of the influence and mechanisms for dispersing particles by the admixture

range of materials to be used, such as aggregates with different particle sizes and
grinded sand, as well as mitigating the effects of variations in the materials and their
proportions in the concrete [9]. VMAs are also known as stabilisers, viscosity
improvers or, according to the general definition in standard EN 934-2, water
retainers.

Setting modifiers include setting accelerators and retarders, which reduce and
increase, respectively, the time it takes for concrete to be transformed from a plastic
state to a hardened state, and hardening accelerators, which increase the speed of
development of initial concrete strength, with or without a change in setting time.

Air-entraining agents allow a controlled amount of small air bubbles to be
incorporated during mixing, which are uniformly spread throughout the mixture
and remain after hardening. The use of water repellents aims to reduce capillary
action water absorption by the hardened concrete.

Shrinkage controllers, although not considered in EN 934-2, have been used, as
their name suggests, to reduce shrinkage of the concrete, acting on the capillary
stress of its pores.

4.1.4.5 Water

The amount of water in the concrete composition is very important for the
concrete’s behaviour, specifically its strength. An increase in water content leads
to lower strength.

In fact, cement needs around 23 % of its weight on water in order to fully
hydrate. Nonetheless, not all cement is hydrated and higher water contents are used
to produce and apply concrete under physically and economically acceptable
conditions. Therefore, the remaining water, which can evaporate, will contribute
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to the formation of a network of pores inside the concrete, affecting not only its
strength but also its durability.

The quality of the water to be used in the concrete should also be assessed.
Impurities that may be present in the water can interfere with the setting of the
cement, affect the concrete’s strength, form stains on the surface and, if it contains
chlorides, corrode the reinforcements.

If the water is drinking water, it is suitable for concrete production, in accor-
dance with EN 1008 “Mixing water for concrete. Specification for sampling, testing
and assessing the suitability of water, including water recovered from processes in
the concrete industry, as mixing water for concrete”. As regards water from other
sources, its suitability should be checked according to the test procedures indicated
in EN 1008. Waste water is not suitable for use in cement.

4.1.4.6 Fibres

Fibres are not considered among the basic constituents of concrete and are used in
the composition to better control cracking, namely in flooring, by strengthening the
tensile characteristics of the concrete matrix, which is considered to be weak.

The fibres can be steel, glass, synthetic (acrylic, carbon, nylon, polyester,
polyethylene, polypropylene) or natural (coconut, jute, bamboo, sisal).

Steel fibres are regulated by EN 14889-1 “Fibres for concrete. Part 1: Steel
fibres. Definitions, specifications and conformity”, and polymer fibres by EN
14889-2 “Fibres for concrete. Part 2: Polymer fibres. Definitions, specifications
and conformity”. The test methods to characterise them are described in EN 14845
“Test methods for fibres in concrete”.

4.1.5 The Diversity of Concrete

4.1.5.1 Diversity of Uses

Since the advent of reinforced concrete, at the end of the nineteenth century, it has
been used in the most varied of ways, thanks to its versatility as a construction
material. Different types of technology have been developed to give concrete a
range of uses that are hard to match with other construction materials.

The versatility of manufacturing, transporting and applying concrete, as well as
its competitive cost, means it has been used for many different projects. These uses
include foundations, flooring, support walls, buildings, roads, bridges, tunnels,
dams, conduits, chimneys, silos, reservoirs, quays and other maritime structures,
prefabricated elements such as railways sleepers, beams and other structures. As
many structures reach the end of their working life, they need to be strengthened or
repaired. Use of concrete in that field has therefore seen an increase in recent years.

4.1.5.2 Diversity of Types of Concretes
Concrete must be adapted to different ways of manufacturing, transporting, casting
and compacting and, furthermore, specific behaviour demands.
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There are two manufacturing methods: at a concrete plant or on-site. Among the
means of transport, there are concrete trucks, with or without mixing accessories;
conveyor belts; simple trucks; buckets; and tractors. The means of casting concrete
can also be very different, such as concrete cast using a bucket, pumped concrete,
sprayed concrete, concrete placed using trucks and tractors and concrete laid using
conduits.

The following are situations in terms of concrete compaction: without compac-
tion; by hand with compacting rod or bar; compaction using an immersed vibrator;
external compaction using a formwork vibrator; external compaction using a
vibrating table; compaction caused by the rate of pouring; external compaction
through compression and vibration; vacuum compaction; and screed compaction.

In terms of specific demands, it is more and more common that concrete is
prescribed with controlled shrinkage, limited bleeding, low hydration heat, high
strength, light weight and high durability, among other characteristics. In light of
the many possible uses of concrete, several types of concrete were developed, based
on the specific characteristics of the application process.

Among the types of concrete whose names are related to their most important
characteristic, we find white/coloured concrete, polymer concrete [10], self-
compacting concrete [11, 12], reactive powder concrete, high-performance con-
crete [13], lightweight concrete [14], concrete with fibres and controlled shrinkage
concrete. Among the concrete named for its function, we find filler concrete,
underwater concrete [15], mass concrete, precast concrete [16], shotcrete [17] and
roller-compacted concrete [18].

4.2 Properties of Concrete

The characterisation of concrete should be made depending on its state: fresh or
hardened. In fresh state, all its properties that allow production, transport, handling,
pouring and compaction are taken into consideration. After it has compacted and its
surfaces have been finished, concrete enters its hardened state and it begins to
undergo different structural and environmental actions.

4.2.1 Behaviour in Fresh State

The period when the concrete is in its fresh state is insignificant in comparison to its
total lifetime. Nonetheless, many operations are carried out during this short time,
such as mixing, transporting, pouring, compacting and finishing. These operations
are dependent on concrete’s behaviour during its fresh state and influence the
quality of the structure, since they affect its degree of compaction, strength,
homogeneity, the appearance of its surfaces, waterproofing, etc.

Concrete’s behaviour in its fresh state is assessed, essentially, by its workability,
although in recent years the concept of rheology has been used, specifically in the
development and use of fluid concrete. Other properties allow the conformity and
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stability of the concrete to be assessed when in this state. They include density, air
content, setting time and resistance to segregation.

4.2.1.1 Concept of Workability
Workability is an idea associated with a greater or lesser ease with which a certain
concrete is transported, poured, compacted and finished, while maintaining its
homogeneity throughout these operations. It is not a property intrinsic to concrete,
since it also takes into consideration local conditions and the means used to
transport, pour, compact and finish the concrete. As an example, a dry concrete
that has good workability to execute roller-compacted concrete dams would have
poor workability for producing thinner elements such as columns and beams for
buildings. Characterising workability should therefore take into account the specific
conditions of the concrete structure to be made.

EN 206 uses the concept of consistency to characterise workability. This concept
is related to the material’s capacity to keep its form, after being moulded, or,
conversely, how difficult it is for the material to flow.

4.2.1.2 Test Methods

Checking consistency is fundamental during concrete operations, since it makes it
possible to detect alterations in the composition and constituents. For example, an
increase in fluidity may indicate a higher moisture content in the aggregates, that
the concrete has more water or even that there have been changes in the aggregate
particle size.

The test methods for checking consistency, described as follows, are established
in EN 206: slump, compactibility and flow table. Test methods to consider self-
compacting concrete are also referred in EN 206: slump flow, V-funnel flow, L-box,
segregation resistance and J-ring

The most common method for characterising concrete consistency is the slump
test, not only because it is easy to perform but also because it is appropriate for most
concrete. The procedure for this method is described in EN 12350-2 “Fresh con-
crete tests. Part 2: Slump test” and requires a cone-shaped mould measuring 20 cm
in diameter at the base, 10 cm at the top and 30 cm in height. This mould is known
as an Abrams cone, and there is not a work site in the world that does not have one
of these cones. During the test, the cone is lifted vertically, after being filled with
concrete and duly compacted. The difference between the height of the mould and
the height of the centre of the upper edge of the possibly deformed cone of concrete
is measured (Fig. 4.9).

In Table 4.10, some examples of uses are given, depending on the concrete
slump. These limits are not strict and are guide values only.

For very cohesive concrete, the method provided is the Vebe vibration and
compaction test, or simply the Vebe test. This method is described in EN 12350-3
“Testing fresh concrete. Part 3: Vebe test”. Fresh concrete is compacted in a slump
mould placed on a vibrating table. The mould is removed vertically and a transparent
disc is placed on top of the concrete and carefully lowered until it comes into contact
with the concrete. The concrete slump is recorded. The vibrating table is switched on
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Fig. 4.9 Slump test

Table 4.10 Uses of

concrete depending on Slump (mm) Use
slump 0-25 Flooring
Inclined concrete
25-50 Mass concrete
Flooring
Foundations
50-150 Horizontal slabs

Normally reinforced concrete

150-250 Densely reinforced concrete

Pumped concrete

>250 High-performance concrete
Self-compacting concrete

and the time (Vebe time) needed for the transparent disc to be fully in contact with
the cement paste is measured.

The test for evaluating the degree of compactibility is described in EN 12350-4
“Testing fresh concrete. Part 4: Degree of compactibility”. In this test, fresh
concrete is carefully placed in a receptacle, avoiding any compaction. When the
receptacle is full, the upper surface is struck off, to the level of the edge of the upper
part of the receptacle. The concrete is compacted using vibration, and the degree of
compactibility is measured by the distance between the surface of the compacted
concrete and the upper edge of the receptacle.

The flow table method determines the consistency of fresh concrete by measur-
ing the flow of concrete across a flat table that is lifted and dropped several times.
This method is described in EN 12350-5 “Testing fresh concrete. Part 5: Flow table
test”.

The criteria for classifying consistency according to different uses are
established in EN 206. For the most used test, five slump classes are indicated in
Table 4.11.
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Table 4.11 Slump classes Class Slump (mm)
S1 1040
S2 50-90
S3 100-150
S4 160-210
S5 >220

p— WY —

Fig. 4.10 Tests for SCC: (a) flow, (b) L-box, (c¢) segregation, (d) J-ring

Developments in the use of self-compacting concrete (SCC) led to the need to
establish standardised procedures for control. The test methods for checking con-
sistency of this type of concrete were therefore regulated. SCC is characterised by
its ability to flow and compact under its own weight, filling moulds with the
respective reinforcements, sheaths, negatives, etc., while retaining its homogeneous
nature. As such, the characteristics to be evaluated are ability to flow (to fill), ability
to pass through narrow openings and segregation resistance.

The most commonly used method for checking consistency is slump flow, which
is described in standard EN 12350-8 “Testing fresh concrete. Part 8: Self-
compacting concrete. Slump-flow test”.

This method is very different from the flow table test (EN 12350-5). In the
slump-flow test, the concrete is poured into an Abrams cone without compaction.
As soon as the cone begins to be lifted, the time is measured until the concrete
spreads out to 500 mm in diameter. This is the 5o time. After the concrete has
stopped moving, the largest diameter of the spread concrete and the orthogonal
diameter are measured (Fig. 4.10a). The spread value corresponds to the average of
the two diameters.
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The spread and 5 time are used to evaluate the fluidity and speed of the SCC
flow without obstacles. The spread represents the SCC’s ability to fill the space,
while the 7509 time is a measure of the speed of the flow and an indication of the
concrete’s viscosity.

The viscosity and ability for the SCC to fill space can also be evaluated using the
V-funnel test. This test is described in standard EN 12350-9 “Testing fresh con-
crete. Part 9: Self-compacting concrete. V-funnel test”. In this test, a V-shaped
funnel is filled and the time taken for the concrete to flow through the lower opening
is measured. The value recorded is the V-funnel flow time.

The L-box test (Fig. 4.10b) is used to evaluate the SCC’s ability to pass through
narrow spaces, such as the space between bars and other obstacles, without
segregation or blocking occurring. The test method is regulated by standard EN
12350-10 “Testing fresh concrete. Part 10: Self-compacting concrete. L-box test”.
In this test, a concrete column is allowed to flow horizontally through a lower
opening, through spaces divided by vertical bars. After the flow is complete, the
height of the concrete at the furthest point of the box is measured, along with the
concrete immediately before the bars. The quotient between the results
characterises the passing ability or blocking behaviour of the concrete.

European Standard EN 12350-11 “Testing fresh concrete. Part 11: Self-
compacting concrete. Sieve segregation test” describes the test procedure for
evaluating SCC’s segregation resistance. After the sample has been collected,
fresh concrete is left to rest for 15 min, and at the end any sign of water bleeding
is recorded. Afterwards, part of the top of the sample is poured through a sieve with
a mesh formed of 5 mm openings. After 2 min, the amount of material that has
passed through the sieve is measured (Fig. 4.10c). Resistance to segregation is
characterised by the amount of material that has passed through and the amount of
material poured into the sieve.

The last regulatory test to characterise SCC in its fresh state is the J-ring test
(EN 12350-12 “Testing fresh concrete. Part 12: Self-compacting concrete. J-ring
test”). Like the L-box test, this test is also used to evaluate the SCC’s ability to pass
through narrow spaces, such as the space between bars and other obstacles, without
segregation or blocking. Nonetheless, these two tests are not directly comparable.

The method follows the procedure described for the slump-flow test
(EN 12350-8) with the difference that before the cone is filled, a J-ring is placed
on the base, concentrically to the Abrams cone. The J-ring consists of a ring of
equally spaced vertical bars (Fig. 4.10d). The difference in height of the concrete
between the centre and immediately outside the bars is measured.

4.2.1.3 Factors That Affect Workability
Concrete’s workability is influenced by different factors inherent not only to its
composition but to the conditions where the concreting takes place. A brief descrip-
tion of some of the most important factors that influence workability will be
described, considering workability as the concrete’s ease of flow.

The most important of all the factors is water content. The higher it is, the easier
the concrete is to handle. This is due to water being the most fluid constituent and



208 M. Vieira

because it increases the distance between particles, which makes it easier for the
mixture to move.

The type and form of aggregate condition workability, since the rounder it is, the
less need there is of paste to move around within the concrete and the lower the
energy spent by contact between particles. This is analogous with bearing balls,
where sphericity allows movement to occur with less energy.

A wide particle size distribution leads to better workability—smaller particles
produce a lubricating effect on the whole.

Another factor that affects workability is the aggregate-paste relationship, since
a greater amount of paste makes for more fluidity, because paste can be considered
to be the liquid phase of the mixture. The use of water-reducing admixtures has a
large influence on workability, since it increases the free water content in the
concrete.

The fineness of the cement is proportional to the speed of the loss of workability.
The finer the cement, the faster the hydration reactions are.

Environmental conditions also have an influence, namely temperature. Higher
temperatures lead to a rapid loss of workability due to increasing hydration rate and
evaporation.

4.2.1.4 Rheology

Development in the chemical industry at the beginning of the twentieth century,
with the advent of the large-scale production of polymer materials, led to materials
with uncommon deformation characteristics. In 1920, studies on these types of
materials led to a professor at Lehigh University, Eugene Bingham, to introduce a
new term: rtheology. The root of this term is from the Greek pew, which could be
translated as flow [19]. Rheology can be defined as the science that studies the
deformation and flow of matter, describing the relationships between force, defor-
mation and time [20, 21].

The methods currently used to evaluate workability seek to characterise
concrete’s behaviour in its fresh state using a single parameter. It is possible,
however, that two concretes can reach the same spread but at different speeds.
The deformability of the concrete should therefore be checked, and it depends on at
least two parameters. Considering concrete as a Bingham material, in rheological
terms, the parameters to be considered are yield stress and plastic viscosity. In this
case, and in theory, yield stress is the minimum stress needed for flow to begin, and
plastic viscosity corresponds to the variation in stress at a unit of shear rate.

From a practical perspective, yield stress is linked to the concrete’s ability to
flow under action from a certain applied stress, expressed by slump or flow.
Viscosity is linked to the speed at which concrete flows, once flow has begun.

Although it is important to know the viscosity of concrete for some issues
relating to its use, such as pumping and concreting speed, yield stress is the most
important parameter for the movement of fresh concrete, namely to fill the
formwork.

Considering the process of filling formwork, if the material poured is a purely
viscous fluid (with zero yield stress, such as oil), it will self-level due to gravity.
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Fig. 4.11 Influence of
varying SCC’s rheological
parameters from the point of
view of the person applying A
the concrete d

Very viscous, heavy,
hard

Concrete flows the same
distance but more
slowly

Yield stress

o
Concrete flows further at

More watery, lighter, the same speed

more fluid concrete

Plastic viscosity

Gravity introduces a pressure gradient, if the surface of the material is not horizon-
tal. This pressure gradient generates shear stress in the material, which forces it to
move until the surface is horizontal and the pressure gradient disappears. In the case
of a fluid with yield stress, such as concrete, if the shear stress becomes lower than
the concrete yield strength, movement will be interrupted before the concrete self-
levels or even before the formwork is completely filled [22]. This description shows
that studying the rheological behaviour of concrete is extremely important for the
construction industry.

Let us take two different concretes, with the same slump, one with low viscosity
and one with high viscosity. The former is easier to handle, while the latter is more
viscous and flows more slowly. Fig. 4.11 shows how the effects of altering the
rheological parameters of a leading self-compacting concrete (SCC), shown by the
dark circle, are experienced by the person applying it.

To characterise rheology, rheometry is used. Rheometry is defined as the range
of techniques for performing rheological measurements. There are several pro-
cesses for measuring the fundamental rheology of fluids. Rheometers are used to
take those measurements. A rheometer is an equipment that simultaneously
quantifies the deformation and stress histories of a certain material [19].

4.2.1.5 Other Properties in Fresh State

There are other properties of concrete in its fresh state, other than those related to
deformability. Among those regulated, whose testing is covered by EN 206, one
finds density and air content.

Checking setting times and the tendency towards segregation is also important
for characterising the concrete in its fresh state.

Ways of ascertaining density are described in EN 12350-6 “Testing fresh
concrete. Part 6: Density”. Measuring density is essential for controlling concrete
with lightweight or heavyweight aggregates. It is also used to check if the concrete
constituents are in the required proportions, compared the overall result with
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theoretical density. The procedures for checking density involve compacting fresh
concrete into a rigid, sealed receptacle, with a known volume, which is then
weighed. The quotient between the concrete weight and the receptacle volume is
the density.

To evaluate the air content in the concrete, whether air-entraining agents are
used or not, the procedure is described in EN 12350-7 “Testing fresh concrete.
Part 7: Air content. Pressure methods”. It should be noted that high air content in
concrete may lead to lower strength, although it is useful for dealing with freeze/
thaw action.

Depending on its composition, concrete may start to set within a few minutes or
a few hours. Setting refers to the change from liquid state to solid state, that is, the
cement paste becoming rigid. Knowing the time when setting begins is extremely
important for concreting operations, as it establishes the period after mixing during
which, in theory, the concrete still has adequate workability, and can be transported,
handled, laid and compacted without affecting its properties. Setting time may be
determined in the binder paste and in the concrete, although it is more usual to do so
in the paste, since it is more practical.

The procedures governing the checking of setting time for pastes are described
in standard EN 196-3 “Methods of testing cement. Part 3: Determination of setting
times and soundness”. For concrete, it is common to adopt the North American
procedure ASTM C403 “Standard method of test for time of setting of concrete
mixtures by penetration resistance”. Setting time depends on the type of binder,
decreasing as the temperature to which the concrete is exposed increases.

Segregation may be defined as the separation of the concrete constituents due to
different sizes and densities, so that the concrete is no longer considered to be
homogeneous. This phenomenon can be seen in structures where there is an
agglomeration of coarse aggregate in the lower part of the elements.

This anomaly may arise for a variety of reasons: inadequate workability, that is,
very dry or very fluid concrete, which leads to disaggregation or separation of the
constituents, respectively; an excessive amount of coarse aggregate, which
increases the difference in densities between solid and liquid phases (the paste);
lack of fine aggregate, which reduces the viscosity of the paste; and inadequate
laying and compaction, such as concrete falling from a great height or excess
vibration.

One particular case of segregation is bleeding. This is due to the rise of water up
to the top surface of the concrete. When this occurs in excess, the cement particles
and water tend to rise to the surface, reducing the quantity of the paste available to
bind to the aggregates. Surface porosity also increases, leading to a dusty surface. It
may lead also to a poor binding between successive layers of concrete. Nonetheless,
a lack of bleeding may also be a problem, especially for flooring, since the lack of a
film of water on the surface leads to the surface of the concrete drying quickly, and
it may crack if not properly cured.
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4.2.2 Properties in Hardened State

After setting, the concrete begins to harden. In this state, the concrete no longer has
plastic behaviour and instead has essentially elastic characteristics. As a result of
the continuous nature of the hydration reaction, while there is water and
non-hydrated cement available, its characteristics continue to change, stabilising
over time. Particularly if it is not subjected to degradation phenomena, concrete
keeps getting stronger. Comparisons between characteristics or different concretes
should be made under similar test conditions and for the same age.

4.2.2.1 Mechanical Strength Properties

Concrete’s strength, particularly its compressive strength, is considered to be its
most important property, although other properties relating to deformability and
durability cannot be overlooked. Nevertheless, strength provides a general idea of
the quality of the concrete, since it is related to the structure of the hydrated binder.
Also, concrete’s strength is a fundamental parameter for structural calculations, and
it is also specified for checking the concrete’s conformity.

In practice, concrete’s strength, with the same type of constituents and for a
specific age and cure in water, fundamentally depends on two factors: the W/C ratio
(Fig. 4.12) and the degree of compaction. Both factors affect concrete’s porous
structure. A high water content is not fully used in the cement hydration reactions,
and the remaining water present in the paste creates a porous structure. Deficient
compaction does not allow air bubbles to be expelled, making the paste and its
bonding with the aggregates more fragile.

The material’s resistance to a specific physical action is limited by its limiting
strength to rupture or excessive deformation. Rupture in the material may be
explained by the mechanics of the rupture, which refers to formation conditions
and the propagation of cracks in a material. Concrete has cracks and other
discontinuities even if it is not subjected to other external demands, because of
many factors, such as shrinkage, bleeding, different variations in the volume of the

Strength

Fig. 4.12 Strength
depending on water—cement
ratio

Water/Cement
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cement and aggregate paste, etc. When concrete is put under load from an action,
which causes an increase in stress, these cracks are propagated due to the phenom-
enon of stress concentration, as explained by Griffith’s theory.

Concrete resists the actions to which it is subjected in a structure because of
several properties. Strength properties include compressive, tensile, shear and
flexural strength, which is no more than a combined form of compression and
tensile stress.

Compressive Strength

Of these properties, compressive strength is the one evaluated most often and which
is used to prescribe concrete. It is used to characterise concrete and to check its
constancy and conformity. The standardised method for determining compressive
strength is regulated in EN 12390-3 “Testing hardened concrete. Part 3: Compres-
sive strength of test specimens”. In this test, specimens are tested up to their rupture
in a single-axis compression machine, recording the maximum load supported by
the specimen. This value, divided by the cross-sectional area, is used to calculate
the compressive strength.

The stress that leads to a rupture in a specimen subjected to a simple compressive
force depends on many factors: some relate to the material, such as the W/C ratio,
moisture content, aggregate strength, compaction, the type of binder, the cure
conditions or age; others depend on test conditions, such as the form and size of
the test specimen, the rate of the load and other characteristics of the press.

The W/C ratio conditions the formation of the porous structure. These voids are
the weakest parts of the concrete and favour the spread of cracks. The higher the
W/C ratio, therefore, the lower the compressive strength. On the other hand,
concretes with a higher W/C ratio harden more slowly because the cement particles
are closer together and form the structure that provides strength more slowly.

The moisture conditions of the concrete at the time of testing also influence its
strength: testing a drier concrete leads to greater strength.

Concrete’s strength is influenced by the aggregates, in that the volume that they
occupy conditions concrete’s behaviour. A poorly compacted concrete has a larger
number of voids inside it, which reduces its strength.

Among the cement components, tricalcium silicate and dicalcium silicate are
particularly important. The development of cement paste strength until it is 1 year
old depends primarily on the proportions of these two components. Cement with
high tricalcium silicate content and low dicalcium silicate content will be stronger
at an early age, but later growth in strength will be less. On the other hand, cement
with a high dicalcium silicate content will have a smaller increase in strength when
it is younger, but the growth rate will remain high later on.

The fineness of the cement will also influence the growth of strength, since finer
cement represents a larger particle surface to be hydrated, accelerating the respec-
tive reactions.

Additions also play a fundamental role in the development of strength in
concrete. Pozzolans, such as fly ash, have reaction rates at ambient temperature
that are slow, with calcium hydroxide produced by the cement hydration reactions.
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Also the reaction of slag is slower than that of the cement. Silica fume, on the other
hand, can increase strength at younger ages due to the high fineness of its particles.

Curing conditions, specifically temperature, also condition the speed of the
chemical hydration reactions responsible for hardening. The humidity at which
the concrete is stored influences strength, since it needs the presence of water for
cement hydration to take place. In very dry environments, the surface of the
concrete may become excessively dry, and development of the hydration process
may be considerably less.

Due to the variation in size of the concrete aggregate and test conditions, the
form and size of the test specimens may influence the results of the compressive
strength test. Among the causes indicated we find the wall effect, the relationship
between specimen size and the maximum aggregate size, internal stress caused by
thermohygrometric differences between the surface and the inside and tangential
stress due to contact friction between the face of the test specimen and the pressing
plate.

Tensile Strength

Although in current calculations it is considered that concrete does not have
resistance against tensile stress, knowledge of this property makes it possible to
estimate the load under which cracking may occur, due to shrinkage or temperature
variation. This property is very important for structures made of mass concrete,
such as dams. Other structures, such as roads, may also be calculated depending on
their flexural strength, which involves tensile strength.

There are three test methods for tensile strength: direct tensile strength test,
direct flexural strength test and diametric compression test. It should be noted,
however, that performing the direct tensile strength test free from eccentricity
effects is very difficult. Therefore, the other two are the most commonly used
methods and have standardised procedures established in EN 12390-5 “Testing
hardened concrete. Part 5: Flexural strength of test specimens” and EN 12390-6
“Testing hardened concrete. Part 6: Tensile splitting strength of test specimens”.

Ultimate tensile strength is also influenced by parameters that interfere with
compressive strength. However, the interface between the cement paste and the
surface of the aggregate is especially important to tensile strength. Concretes with
rounded aggregates are, in general, not as strong than those with crushed
aggregates.

Shear Strength

Shear behaviour corresponds to the stress necessary for two neighbouring sections
to slide along the plane. In pure shear, there is no compressive or tensile stress
linked to sliding. For concrete, rupture arising from pure shear is extremely difficult
to simulate in a test because the equipment also introduces compressive and tensile
stress. Rupture in most cases is due to tensile stress linked to shear forces and not
caused by sliding surfaces. The stress necessary to cause breaking in test specimens
under shear forces is normally determined, and this information is used when
designing the cross section of the structural elements.
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The existing test methods introduce compressive and tensile stresses that nor-
mally condition the way in which the test specimen ruptures and condition shear
strength. For this reason, only results gained from the same method and using
specimens that are the same size are comparable.

4.2.2.2 Deformability

Although it is rigid, concrete is a porous material with heterogeneous elements.
Knowledge about its deformability properties is important because, just as applying
a load is linked to deformation in the concrete, when concrete is deformed without
external loads, stresses are introduced. Deformation in concrete while in use—
shrinkage, creep and relaxation—is linked to its elasticity.

Modulus of Elasticity

During a load test, at a constant rate, if any deformation is found in the concrete, it
can be shown on stress—strain graphs. Stress (o), as mentioned for strength,
represents the quotient of the load (force) applied by the specimen cross section;
strain (¢) is the same as the deformation that the specimen undergoes when under
the load, to be divided by its initial size.

The stress—strain diagram for the concrete can be split into four phases,
depending on the percentage of ultimate strength, which represents different
types of behaviour (Fig. 4.13).

In the first phase, with stress lower than around 30 % of ultimate strength,
microcracking remains stable and the stress—strain curve is practically linear. In
the second phase, above 30 % of the ultimate strength, the increase in stress causes
new microcracks to appear in the transition zone and the length and width of
existing cracks in this zone to increase. Therefore, part of the deformation is not
recoverable and non-linearity begins to be seen, but cracking in the mortar is still
incipient up to 50 % of ultimate strength. Above 50 % ultimate strength, in the third
phase, cracks in the mortar matrix begin to form, and the cracks in the transition
zone take on a considerable size. In the final phase, above 75-80 % ultimate
strength, the crack system begins to become unstable and may develop even
without increased load. In fact, at this level of stress, the cracks may form in such
a way that, even under a constant load, the specimen may break. Above 75 % of
ultimate strength, increases in stress make the crack system continuous, due to its
rapid growth, both in the mortar and in the transition zone, causing the specimen to
break.

The modulus of elasticity or Young modulus, E, represents the stress ¢ that must
be applied to the concrete to achieve unitary deformation, €. In other words, E = o/e¢.

As concrete’s behaviour is not entirely linear, the modulus of elasticity
represents only the gradient of the right angle formed by joining two points in
concrete’s stress—strain curve.
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Fig. 4.13 Diagram showing the stress—strain graph for concrete subjected to uniaxial compres-
sive stress

The modulus of elasticity has a different name when calculated using different
areas of the stress—strain curve. The modulus of elasticity that is most used in
calculations for structures is the secant modulus of elasticity, which is determined
based on the strain caused by stress between 0.5 MPa and around 1/3 of the ultimate
strength, and the tangent modulus of elasticity, which corresponds to the gradient of
the stress—strain curve. The tangent modulus of elasticity is used to calculate effort
and deformation due to fast demands, such as seismic actions, and as an estimate of
the dynamic modulus of elasticity. Determining the dynamic modulus of elasticity
is done with greater precision using sonic tests.

To determine deformation in structures caused by static loads, the secant modu-
lus of elasticity is used. This modulus of elasticity mainly depends on the strength
and density of the concrete and also the type of aggregates used. In current concrete,
it can range between 25 and 35 GPa.

Poisson’s Ratio

The Poisson’s ratio of a material is given by the relationship between transversal
strain and axial strain under simple axial stress, in elastic phase. The Poisson’s ratio
for conventional concrete normally ranges between 0.15 and 0.20. In some cases it
may reach 0.11 or 0.27. Normally, there is a tendency towards lower ratios in high-
strength concretes and higher ratios in saturated concrete and for dynamic actions.



216 M. Vieira

For simple axial stress, when the concrete enters a phase of nonelastic behaviour,
lateral deformation grows rapidly, but, in fact, in this case it is not a variation in the
material’s elastic characteristics but rather deformation due to cracking in the
concrete.

Shrinkage

When a material is deformed, in the absence of external forces, and its final size is
greater than its initial size, there has been expansion. If its size is smaller than initial
size, shrinkage has occurred. In concrete, except for small elements that are
submerged in water or containing expansive constituents, there are always shrink-
age events. Shrinkage is normally expressed in terms of shrinkage strain, that is,
deformation variation compared with initial size.

Generally, concrete shrinks in one of four ways: autogenous shrinkage, drying
shrinkage, carbonation shrinkage and shrinkage caused by temperature change.

Autogenous shrinkage occurs in elements that do not have moisture exchange
with the outside and is mainly due to hydration reactions. Cement hydration causes
the concrete to shrink because it consumes water, and the absolute volume of the
hydrated constituents of cement is lower than the sum of the anhydrous constituents
and the water with which they react.

Drying shrinkage is due to water leaving the inside of concrete through evapo-
ration. This shrinkage is due to stress in the capillaries and can reach very high
levels when external environments are very dry. When drying takes place before the
concrete has begun to harden, it is known as plastic shrinkage. Drying shrinkage,
during any phase, depends on the following factors: wetness of the concrete,
ambient humidity and temperature, wind speed, exposed area/concrete volume
ratio (the shape and volume of the specimen), water and cement content in the
concrete and curing.

The combination of the carbon dioxide and the products formed from the
hydration of cement, mostly calcium hydroxide, also produces solid products
with a volume lower than the sum of the volumes of the hydrated components
and the volume of the carbon dioxide. This variation in volume is called carbon-
ation shrinkage. It should be noted that this shrinkage is generally small, specifi-
cally because it affects a small area of the cross section of structural elements.

Shrinkage caused by temperature change is linked to heat released by the
hydration reactions and later cooling.

Creep

The increase in deformation over time of concrete subjected to constant stress is
known as creep. The causes of creep are very complicated and can be partially
attributed to the movement of water within the concrete and microcracking. Water
migration and increased microcracking also contribute to increased deformation.
The retarded elastic response of the aggregate is another cause of creep. As the
aggregates and the paste are bound, the gradual passing of stress from the paste to
the aggregates increases the elastic deformation of the aggregates, contributing to
creep.



4 Concrete 217

Generally, creep depends on humidity, ambient temperature, water and cement
content, the type of cement and the type of aggregate.

Relaxation

Reduction of stress in concrete subjected to constant deformation over time is
known as relaxation; the phenomenon is the opposite of creep, but is dependent
on the same phenomena.

Thermal Expansion

All materials dilate with heat. Concrete dilation depends essentially on its compo-
sition and the type of aggregates used in particular because of the volume that they
occupy. The thermal expansion coefficient varies from 0.7 x 10>/°C, for concrete
made using limestone aggregates, to 1.2 x 107>/°C for concrete made with siliceous
aggregates.

4.2.2.3 Density

Concrete density is established by the quotient between the mass of a certain
quantity and the volume it occupies. In accordance with EN 12390-7 “Testing
hardened concrete. Density of hardened concrete”, it can be determined using dry or
saturated specimens. The density of concrete depends mostly on the following
factors: density of the aggregates; volume of the paste, W/C ratio; and degree of
compaction of the concrete. For concrete using regular aggregates, dry density is in
the order of 2,400 kg/m’; with lightweight aggregates, it is less than 2,000 kg/m”;
and with heavyweight aggregates, it produces results of more than 2,600 kg/m?>.

4.2.3 Durability of Concrete

Durability can be defined as the ability of a building, system, component, structure
or product to maintain a minimum performance limit for a certain amount of time
(working life) under action from degrading factors. According to EN 206, the
concept of working life is defined by the period of time for which the performance
of the concrete in the structure remains at a level compatible with meeting the
structure’s performance demands, provided that it is properly preserved.

Concrete in structures is subjected to aggressive agents when it comes into
contact with water containing chlorides, sulphates, low pH, aggressive CO,, ammo-
nium or magnesium, or with soil, due to sulphates and acidity, or with the air,
because of the presence of CO, and other gases.

The main factors that condition the durability of concrete structures are the
dosage and type of cement, W/C ratio, the cover of the reinforcements, laying and
curing.

4.2.3.1 Degradation Mechanisms
Concrete, in spite of its qualities, is not eternal and is subjected to several degrada-
tion mechanisms. There are two groups of degradation:



218 M. Vieira

Fig. 4.14 Concrete degradation due to corrosion of reinforcements

» Degradation due to corrosion of the reinforcements, either by carbonation of the
concrete or the presence of chlorides

¢ Degradation due to deterioration of the concrete itself, because of internal
expansive reactions, shrinkage, chemical attack, biological attack or physical
action

Degradation Due to Corrosion of the Reinforcements
The reinforcement inside the concrete are protected from corrosion while they
remain passive. When, around the reinforcement, the pH of the concrete decreases
or chloride content is high, the steel bars are no longer passive. The products arising
from corrosion of the reinforcement inside the concrete tend to occupy a greater
volume than the reinforcement. As they are confined inside the concrete, stress is
generated in the concrete that may lead to cracking and spalling (Fig. 4.14).
Corrosion of the reinforcements may be caused by carbonation of the concrete.
Carbonation is the reaction between carbon dioxide found in the atmosphere and
calcium hydroxide found in concrete. The reaction decreases the pH of the concrete
surrounding the reinforcements to amounts low enough to stop the reinforcements
being passive, making it possible for the corrosion process to begin. The ways of
dealing with carbonation involve treating the surface of the concrete, by applying
protection so that CO, cannot enter the concrete and composing the concrete to
mitigate progression of the carbonation front, using binders with high clinker
content (CEM I or CEM II) so that the concrete has a high calcium hydroxide
(CH) content, which keeps pH levels higher. It should be noted that pozzolanic
additions react with CH, reducing its content in the concrete, so using these
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additions or cements with these additions reduces the concrete’s resistance against
carbonation.

Another mechanism that leads to corrosion of the reinforcements is the presence
of a high level of chlorides close to the reinforcements, which stops them from
being passive. The formation of iron oxides is normally spotted at the start and
forms a concentration that helps to allow the corrosion process to continue.
Chlorides may come from concrete constituents or the external environment
(e.g. maritime areas). Resistance to this degradation mechanism involves limiting
the chloride content of the concrete constituents and increasing concrete’s resis-
tance to diffusion of the chlorides within it. The limits for chloride content are
specified in EN 206. Resistance to the diffusion of chlorides is improved in concrete
with very low porosity, which can be achieved by low W/C ratios and by using
additions.

Degradation of the Concrete Itself

Expansive reactions inside the concrete that may lead to cracking and deterioration
have the following causes: internal sulphate attack, external sulphate attack, alkali-
aggregate reaction and free lime hydration.

The first two are due to sulphate action, which can have internal or external
origins respectively. The presence of sulphates inside the concrete, linked to
alkalinity and humidity and, most of all, high temperature inside the concrete
during its early stages, leads to the formation of delayed ettringite inside the
concrete, a process commonly known as DEF (delayed ettringite formation). Unlike
the ettringite formed during the cement hydration reactions in their plastic phase,
this ettringite is formed within already hardened concrete and, due to its expansive
character, causes cracking to occur. There are no efficient ways to recover a
structure affected by sulphate-induced expansive reactions, which lead to cracking
in the concrete in a random fashion, and preventative measures should be taken to
avoid this anomaly. In accordance with the specification LNEC E 461 “Concrete.
Methods to prevent internal expansive reactions”, these measures involve
controlling concrete’s maximum temperature; controlling concrete’s alkali, alu-
minium and binder sulphate content; controlling humidity and keeping concrete in a
relatively dry state; or controlling the calcium hydroxide content.

Alkali-aggregate reactions, also known as alkali-silica reactions (ASRs), are
another cause of concrete degradation through expansive internal reactions. The
expansive products are the result of alkali reactions, normally the cement reacting
with the reactive silica in aggregates. In Portugal, this is a real problem and justifies
the growing concern with working on this type of degradation. In concrete, it has
the following mechanical consequences: occurrence of expansion pressure, forma-
tion of a network of inter-granular fissures, lack of cohesion at the cement paste/
aggregate interface and altered mechanical characteristics. The most common
macroscopic display of cracking is craquelé (random pattern) cracking, with
efflorescence, frequently with a yellowish colour, as can be seen in Fig. 4.15.

The determining factors for ASRs are the presence of reactive aggregates,
humidity and a highly alkaline paste. Controlling these factors is the best way to
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Fig. 4.15 Cracking caused by alkali-silica reactions

avoid degradation of the concrete. In accordance with LNEC E 461, aggregates
with a reactive silica content of less than 2 % are considered to be nonreactive,
calculated using petrographic analysis according to specification LNEC E
415 “Inert materials for mortar and concrete. Determination of potential reactivity
with alkalis. Petrographic analysis”. As one of the determining factors for reactions
is humidity, since reactions need a relative humidity of more than 80 %, the areas of
the structure that are most sensitive are areas in contact with damp soil, walls
exposed to the elements and areas with poor drainage or lack of waterproofing.

Free lime, which has not been slaked, tends to expand when it comes into contact
with water. This phenomenon, when it occurs in concrete’s hardened state, may
lead to degradation. However, controlling the free lime content in the different
constituents of concrete makes this type of degradation rare.

Concrete shrinkage, when restricted, may cause cracking. Cracking, as well as
affecting the appearance of the structure, can put the durability at risk when deep.
Cracking that occurs due to concrete’s intrinsic behaviour may be classified as
plastic, thermal or drying [23]. Plastic shrinkage is a particular case of drying and
differs from it because it takes place during the plastic phase.

Cracking due to plastic shrinkage is common in slabs (Fig. 4.16), forming
parallel diagonals, at around 45° to the corners of the slabs, distanced around
0.2-2.0 m, and may have a random pattern or follow the lines of the reinforcements.
The main cause is quick drying of the surface, because of a lack of or inappropriate
curing, producing concrete shrinkage at ages when it is still weak.

Thermal cracking takes place at young ages, since later the concrete will be
strong enough to cope with this action. It arises from differences in temperature
between different areas of a concrete element whose movement is restricted. It
occurs most frequently in large volume elements restricted at the sides and is
characterised by a linear orientation with equidistant fissures. There are no simple
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Fig. 4.16 Plastic cracking
crossing the entire slab

Fig. 4.17 Random drying
cracking

recommendations for minimising the risk of this type of fissuring, since it can only
be controlled with good planning of the concreting, for example, the location of
construction joints, requiring coordination between the project designer and the
builder.

Cracking caused by drying shrinkage occurs in the concrete in its dry state. All
the constituents of concrete influence drying shrinkage, either individually or as the
result of their interactions. Shrinkage is also affected by the temperature history,
curing methods, environmental conditions and the relationship between the volume
of the piece and its exposed surface. These cracks are characterised by being
one-directional. Another type of cracking linked with drying shrinkage is random
cracking. This is characterised by cracks that do not have an established direction,
creating joined, irregular shapes (Fig. 4.17) that extend below the surface of the
concrete and are generally caused when the concrete is young. It is also known as
craquelé. Cracks opening may range from very fine cracks, almost invisible to the
naked eye, up to a few tenths of a millimetre. Generally, random cracking may
occur when the concrete was not properly cured and protected; the concrete was
exposed to fast, prolonged drying on the surface; or it was subjected to exaggerated
finishing action, leading to too much cement paste being drawn to the surface. This
type of cracking should not be confused with the one caused by internal expansive
reactions, since they take place at very different ages.
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The most common chemical attacks arise from contact with water that has a low
pH, aggressive CO,, NH,* or Mg?*. Acidity in soil can also attack concrete. These
aggressive agents tend to cause decalcification, which leads to disaggregation of the
concrete. Decalcification is a general process in which, because of the lowered pH
of the interstitial solution, the calcium found in compounds formed during cement
hydration (such as calcium hydroxide and calcium silicate hydrates) is dissolved,
leading to degradation of the structure formed by them.

The main action of microorganisms, in biological attack, as well as the aesthetic
impact, is the decalcification of concrete, caused by the acids formed.

As well as accidental actions, the physical actions that are most common in
concrete degradation are due to erosion by water. This erosion can be caused by
cavitation or wear. Cavitation consists of erosion of the concrete by collapsing
vapour bubbles generated in the water because of differences in pressure in areas
where water flows at a high speed or falls with a great impact. Wear is essentially
due to the mechanical action of particles dragged by water passing over the surface
of the concrete. Erosion through abrasion should also be mentioned, although it is
rarer. It consists of wear due to friction of the cement matrix and aggregates,
occurring mostly because of wind action. Another physical action that may cause
degradation of the concrete is freeze/thaw action, which leads to the formation of
capillary stress in the pores of the concrete, creating microcracks and consequently
new capillary spaces, continuing the degradation process with cracks up to the
surface.

4.2.3.2 Characterisation of Properties Relating to Durability
The methods for characterising properties related to concrete’s durability should
take into account the causes and mechanisms that lead to deterioration.

In the case of the deterioration of concrete through corrosion of the
reinforcements, the mechanisms are essentially related to transporting aggressive
agents (chlorides and CO,) inside the concrete, such as diffusion and permeability.
The regulatory test methods provided for in specification LNEC E 465 to evaluate
concrete durability are described in the following LNEC specifications: E 391 “Con-
crete. Determination of resistance to carbonation”, E 392 “Concrete. Determination
of permeability to oxygen” and E 463 “Concrete. Determination of the chloride
diffusion coefficient by testing migration in non-stationary regime”. Specification
LNEC E 391 establishes the depth of carbonated concrete, over time, of a specimen
subjected to an environment with high CO, content (5 %). In specification LNEC E
392, oxygen permeability is quantified by the oxygen flow that passes through a
concrete specimen under different pressures. In specification LNEC E 463, an
electric potential is applied to a specimen in contact with a chloride solution,
forcing the diffusion of the ions to the inside of the concrete and determining the
depth of penetration.

To decrease the potential for alkali-silica reactions, the reactivity of aggregates
can be characterised by the accelerated test in a mortar bar, according to the
American standard ASTM C 1260 “Standard test method for potential alkali
reactivity of aggregates (mortar-bar method)”, or reactivity of the concrete
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composition is estimated according to the procedures indicated in recommendation
RILEM AAR-0 “Determination of alkali reactivity potential in concrete”.

4.3 Production, Application and Control

The following is quoted from the introduction to EN 206: “This European Standard
defines tasks for the specifier, producer and user. For example, the specifier is
responsible for the specification of concrete, clause 6, and the producer is responsi-
ble for conformity and production control, clauses 8 and 9. The user is responsible
for placing the concrete in the structure. In practice there may be several different
parties specifying requirements at various stages of the design and construction
process e.g. the client, the designer, the contractor, the concreting sub-contractor.
Each is responsible for passing the specified requirements, together with any
additional requirements, to the next party in the chain until they reach the producer.
In the terms of this European Standard, this final compilation is known as the
“specification®. Conversely, the specifier, producer and user may be the same party
(e.g. a contractor doing design and build). In the case of ready mixed concrete, the
purchaser of the fresh concrete is the specifier and has to give the specification to
the producer. This standard also covers the necessary exchange of information
between the different parties. Contractual matters are not addressed. Where
responsibilities are given for parties involved, these are technical responsibilities.”

4.3.1 Specifying Concrete

As quoted above, specifying concrete means establishing the requirements that
concrete must meet, which may be behavioural or composition requirements. The
specifier should bear in mind the following points: the use of fresh and hardened
concrete; curing conditions; dimensions of the structure (heat development); envi-
ronmental actions to which the structure will be exposed; any requirement for
exposed aggregates or surface finishes; any requirement related to reinforcements
cover or minimum cross-sectional width, e.g. maximum dimension of the coarsest
aggregate; and any restrictions on the use of constituent materials with established
suitability, e.g. arising from exposure classes.

EN 206 indicates how concrete should be specified in three different situations:
designed concrete, which uses the strength and exposure classes indicated in the
standard and some requirements for constituent materials as a reference (in this
case, the producer is responsible for the concrete); prescribed concrete, whose
responsibility lies with the specifier, indicating the composition requirements and
respective constituents; and standardised prescribed concrete, if there is a
corresponding valid standard, which is not the case in Portugal.

The most common way to specify concrete is the first one. In this case, the
following elements are always indicated: exposure class; chloride content; maxi-
mum size of the coarsest aggregate; density class, for lightweight or heavyweight
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concretes; and consistency class. The elements, in this order, together with the
references in EN 206, are used to identify the abbreviated form of a certain designed
concrete, e.g. C30/37 XD2(P), C1 0.20, Dmax 22, D1.8 and S4.

4.3.2 Methods for Concrete Mix Design

Before the concrete is produced, its composition should be studied to define the
proportion of each constituent, in order to respond to the pre-established
requirements. This study, which begins by ascertaining the composition through
analytical methods, will always have to be evaluated with experimental mixtures.

When designing the composition of concrete, the following factors should be
taken into consideration: local availability of materials, appropriate workability for
applying the concrete, adequate strength and durability in hardened state and
minimising the final costs of the product. There is a range of good-practice rules
that should be followed when studying concrete composition. They include regu-
larly referring to the applicable standards, consulting all the parties involved in the
construction, checking the properties of the concrete in different states, not
establishing unrealistic demands, not establishing conflicting demands, not altering
demands during the composition study and starting the composition study early
enough.

Among the many methods for establishing concrete composition, we can refer to
those enshrined in American practice [24] and British practice [25] and the methods
based on reference curves [26]. Recently, there has been development in computa-
tional methods applied to concrete mix design [27]. The most commonly applied
methods in Portugal are based on reference curves. These methods assume that the
optimal particle size in the composition is given by a specific curve, previously
defined using experiments. The best-known curves are the Fuller, Bolomey, Joisel,
Dreux and Faury curves, and the last one is the most used.

4.3.3 Concreting Operations

After mixing, which can be done on site or at a concrete plant, the concrete is
transported to the place where it will be moulded into its final form. The different
concreting operations include casting—the range of procedures necessary to place
the concrete in the mould; compacting—an operation to optimise compaction of the
concrete; curing—procedure performed to avoid water evaporating prematurely;
and protecting—operation to protect the concrete from external actions.

As already mentioned, standard EN 13670 “Execution of concrete structures.
Part 1: Common” establishes the demands for materials related to the execution of
structures, covering the above-mentioned operations.
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4.3.3.1 Casting

Before the concrete is cast, some preliminary operations should be performed,
specifically cleaning detritus, snow, ice and water from the moulds, checking the
cover and planned position of the reinforcements and dampening the surfaces to be
concreted.

While the concrete is cast, some basic demands should be respected, such as
depositing the concrete continuously and as closely as possible to its final position;
preserving the quality of the concrete, avoiding alterations in the composition on
site, for example, not adding water and maintaining the water/binder ratio, consis-
tency, homogeneity, among others; properly compacting the concrete (e.g. avoiding
excessive horizontal movement); maintaining appropriate casting ability so that
layer lines and excessive plastic settlement are avoided; keeping reinforcements
embedded in the concrete, in accordance with the cover tolerances; and choosing
equipment appropriate for concrete.

When concreting horizontal elements, such as slabs, it is recommended that
casting begins from one corner, with the concrete unloaded onto previously placed
concrete. Concrete should also never be unloaded in separate piles to be levelled
later, or in large amounts to then be moved into its final position with a pocket
vibrator. These practices normally lead to segregation, causing the mortar to move
in front of coarse aggregates.

Correct concreting of walls is performed by placing the concrete in horizontal
layers with uniform thicknesses of 15-50 cm. Each layer should be compacted
before the following layer is applied. Drop height must be limited to around 1 m so
that the concrete does not segregate, creating “honeycombing”, and so as not to
damage the moulds.

Concrete can be placed through unloading (truck, bucket) or pumping. The latter
is one of the most common processes, as it is versatile and allows the concrete to be
cast at great distances from its arrival point. For the concrete to be pumped, it is
recommended that it has good segregation resistance and low initial bleeding. In
order to ensure this, the dosage of fine aggregates must be sufficient (around 380 kg
at least for elements sized smaller than 80 pm); the fineness modulus of the sand
should be between 2.2 and 2.5; the ratio between coarse and fine aggregates should
be low; it is not advisable to have a maximum aggregate size that is greater than 1/4
of the tube diameter; it is recommended that appropriate admixtures are used to
mitigate bleeding and allow for practical usage time.

4.3.3.2 Compaction
Except for self-compacting concrete, once placed in the mould, it is necessary to
compact the concrete to obtain a higher density, expelling accumulated air and
therefore lowering porosity, with better mechanical strength and durability. Com-
paction also makes it easier to lay the concrete on site, allowing for better filling of
the moulds, better moulded surfaces (without voids) and good adherence between
the concrete and reinforcements.

Defective compaction leads to honeycombing, streaks, layer lines, pores and
excess voids, placing lines and cracking. Excessive compaction may lead to
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Fig. 4.18 Casting and
compaction

segregation of the concrete. There are internal compaction methods (e.g. using
pocket vibrators) and external compaction methods (e.g. formwork vibrators,
surface vibrators, compression rollers). The most common compaction method
for regular concrete is pocket vibrators, as shown in Fig. 4.18. These vibrators
transmit vibrations to the concrete, moving its finer particles, which leads to a
behaviour that is more like a fluid.

In multilayered concrete, the vibrator should penetrate the previous layer (which
should not yet be rigid) vertically and systematically at regular intervals. Layer
thickness should not be more than the length of the vibrator needle. When concrete
is placed on an inclined surface, it should begin to be placed at the bottom, so that
compaction increases with the weight of the concrete added later, and vibration
should take place in the same way as for multilayer concrete.

4.3.3.3 Curing

After setting, concrete continues to gain strength, provided that it does not lack the
water necessary for hydration reactions to continue. The different methods used to
inhibit water from evaporating from the mixture constitute curing. Curing the
concrete is therefore the last of the important concreting operations and is
indispensable.

Concrete at a young age should be cured to minimise plastic shrinkage, to ensure
appropriate strength and durability in the surface area.

Anomalies linked to a lack of curing may be visible or invisible. Among the
visible anomalies, we find surface cracking of the concrete due to plastic shrinkage
and the occurrence of a surface with low abrasive strength, and low adherence of
the cover (disaggregating surface and presence of powder). Invisible effects include
high porosity of the concrete cover, with reduced ability to protect reinforcements,
reducing concrete’s durability and also strength.

As mentioned, plastic shrinkage is drying shrinkage that takes place in the phase
before the concrete hardens. It is more common in horizontal elements because of
the larger exposed area. Aggravating factors for plastic shrinkage include intense
drying (low relative air humidity, high air temperature, wind, high temperature of
the concrete); reduced bleeding and low W/C ratio; and slow-setting concrete, due
to the type of cement, use of additions (slag, fly ash) or admixtures with a setting
delay effect.
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Fig. 4.19 Curing applying a wet covering (a) or curing membrane (b)

Table 4.12 Curing

Class 1 Class 2 Class 3 Class 4
classes

Time 12 h - — —
P fexos - 35 % 50 % 70 %

Curing methods are distinguished by providing additional supply of water or by
sealing the concrete. The additional supply of water may come from flooding or
immersing, spraying or misting, or even using wet covers (Fig. 4.19a). Sealing the
concrete may be done by keeping the formwork, placing impermeable covers over
the concrete or applying a curing membrane (Fig. 4.19b).

According to EN 13670, the duration of curing should depend on the develop-
ment of concrete properties in the surface area. This development is described in
terms of curing classes. These classes should be prescribed in the technical
specifications for the execution project and are defined by the duration of curing
or by the concrete’s strength level, depending on the percentage of its characteristic
strength at 28 days (% f.x2g), as shown in Table 4.12. In Annex F of EN 13670,
curing duration times are recommended for classes 2—4, to be used if the strength of
the concrete cover cannot be estimated.

Protection
In certain circumstances, specifically involving concreting in cold weather or for
architectonic concrete, the concrete should be protected to mitigate the risks of
freezing and harmful impacts or effects.

If, at an early age, the concrete requires protection against aggressive agents
(e.g. chlorides), these demands should be established in the execution specification.

4.3.4 Controlling and Checking Conformity
As mentioned in the section on the regulatory framework, it is compulsory to

control the production and conformity of all concrete structures made on site,
prefabricated structural products, buildings and civil engineering structures.
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Table 4.13 Conformity criteria for compressive strength

Production ‘ Number of results from tests in the group ‘ Criterion 1 ‘ Criterion 2
Initial ‘ 3 fcm chk +4 fci chk —4
Continuous | >15 fom > fo 41480 | fui > fu 4

Controlling production includes all the measures necessary to keeping the
properties of the concrete in conformity with the specified requirements.

Controlling conformity can be established as the evaluation performed by the
producer to check that the product satisfies the specified requirements, and is an
integral part of production control.

For concrete, EN 206 establishes sampling plans and criteria for controlling
conformity, and there are several properties that can be evaluated. Nonetheless,
characteristic compressive strength (f.) is always controlled. As defined in EN
206, characteristic strength is the strength level below which it is hoped only 5 % of
the possible results occur, representing the volume of concrete in question. When
calculated using 28-day-old specimens, it is the value considered in identifying the
concrete’s strength class, e.g. C20/25 represents concrete with 25 MPa, character-
istic strength obtained in cubes with 15 cm sides, or 20 MPa if the specimens are
cylinders with 15 cm diameter and 30 cm height.

In accordance with EN 206, conformity of the compressive strength of concrete
is evaluated using specimens tested at 28 days for average ( f.,,) for groups of “n”
non-overlapping or overlapping consecutive test results (criterion 1) and each
individual test result f; (criterion 2). Conformity is confirmed if both the criteria
given in Table 4.13, reproduced from Table 4.14 of EN 206, for either initial or
continuous production are satisfied.

Portuguese Executive Law No. 301/2007 provides for compulsory checking of
compressive strength of concrete by the user, in general, using identity tests in
accordance with EN 206. Identity tests may be considered as tests upon receipt.
They are carried out by the user or the specifier and are compulsory for concrete
applied to regular structures. The main goal of the tests is to check if a certain
volume of concrete is in accordance with the specifications. The specifier or user
can also use identity tests for strength to check that the concrete in a structural
element or series of elements belongs to a conforming batch, i.e. to ascertain if it is
acceptable or not. The identity checking criteria for compressive strength are
established in Annex B of EN 206.

4.3.5 Concrete Defects Linked with Concreting

There are several defects that can occur in concrete caused by problems during or
after concreting. Among the defects that arise from concreting problems, further to
casting, compaction, finishing and curing operations, those caused by the concrete’s
composition should also be considered. Defects relating to causes that occur after
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Fig. 4.20 Stains caused by 0 ] —~m
spilt paste and segregation of " < |
fine aggregates b

concreting are discussed in Sect. 4.2.3.1 and refer to degradation mechanisms
related to the concrete’s durability.

Below, the most common defects caused by problems related to concreting
operations are presented, and the factors that may cause them are identified.

4.3.5.1 Discolouration

This defect affects the aesthetic qualities of the concrete’s surfaces and is
characterised by a surface colour that is different from the one desired. This defect
may arise in the form of colour variations in large areas of the surface, stains or
darker spots or efflorescence (salts). The largest variations in colour may be due to
alterations in the composition or characteristics of the constituents and also segre-
gation of the finer materials because of inadequate vibration. Dark stains may occur
due to local humidity variations through the formwork, spots on the formwork,
spoiling the surrounding areas, through spilt paste, reduced cover or because of
corroded reinforcements. Efflorescence consists of crystallised salt deposits that
appear on the surface of the hardened concrete and that arise from water circulating
through the material. In an initial phase, there may be deposits of calcium hydroxide
on the surface of concrete with high bleeding (Fig. 4.20).

4.3.5.2 Blistering

Blisters appear as a localised raised section in the fine layer of the horizontal surface
of concrete, arising during or shortly after the finishing operations. This defect is
formed immediately below the surface of the concrete when water tends to bleed or
when air cannot escape from the concrete. Blisters tend to form under the following
circumstances: the surface, when the concrete is placed, has a lower temperature
because of non-uniform setting of the laid concrete; the vibration used was not
sufficient or was excessive; the surface of the concrete was prematurely sealed, due
to inadequate finishing procedures; the environmental conditions cause fast water
evaporation at the surface, erroneously causing the appearance that the bleeding
period had finished; the concrete is thick, resulting in long periods necessary for
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Fig. 4.21 Blisters on the
surface of the concrete

water and air blisters to rise; a surface hardener was applied prematurely; the
concrete is over a vapour barrier (Fig. 4.21).

4.3.5.3 Delamination

Delamination is similar to blistering and takes place when air and water are trapped
on the surface, leading to detachment of portions of mortar, with thicknesses up to
5 mm. The main cause of delamination is a surface finishing applied when the
concrete is still bleeding. Delamination tends to occur when factors that may lead to
increased bleeding time (e.g. cold substrate) are present together with high ambient
temperature.

4.3.5.4 Bugholes

Bugholes are small, regular (spherical) or irregular cavities that normally do not
exceed 15 mm in diameter and are the result of air bubbles trapped on the surface of
moulded concrete during laying and setting. Bugholes appear as small voids in the
moulded surface of the concrete. These defects are typically caused by the presence
of small air bubbles that are not removed during compaction of the concrete or by
the use of an improper dismantling fluid that stops the bubbles rising. Bugholes tend
to form when the concrete was not properly compacted; the vibrators were not
properly spaced or their action areas did not overlap, leaving poorly vibrated areas;
the dismantling fluid is inadequate; or the concrete has a very cohesive and viscous
consistency (Fig. 4.22).

4.3.5.5 Sand Streaking

This anomaly is characterised by a texture similar to that arising from percolation of
a liquid on a surface, such as can be seen at low tide on muddy beaches. The
direction of flow tends to be random and seeks the path of least resistance, dragging
fine aggregate with it and leaving well-defined streaks. Percolation arises when a
less dense fluid (slurry) is able to run through the aggregate skeleton. This takes
place when the formwork is not waterproof or when there is excess vibration. In the
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Fig. 4.22 Bugholes

Fig. 4.23 Formation of sand
streaks on the surface of
concrete

former situation, slurry runs through openings in the formwork, dragging with it
fine aggregate and forming grooves that are only visible after the formwork has
been removed. Excess vibration causes segregation, which leads the fluid part of the
concrete to rise, producing stains and grooves. The larger the area of excessive
vibration, the more widespread the visual effect (Fig. 4.23).

4.3.5.6 Dusting

Dusting is the appearance of dust on hardened concrete, caused by disintegration on
the surface. It tends to appear if a finishing operation is performed when bleeding
water is still found on the surface of the concrete, leading to a high W/C ratio and
therefore lower strength. This anomaly can also occur if appropriate curing is not
performed, since this weakens the surface of the concrete, or if there is no protection
against intense wind, rain or cold action is applied after finishing (Fig. 4.24).

4.3.5.7 Scaling

This defect consists of small, flat flakes of the concrete’s surface becoming
detached. Scaling begins with a small portion of the surface that separates from
the rest of the concrete, normally because of freeze/thaw action. Over time, these
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Fig. 4.24 Dusting

Fig. 4.25 Medium scaling

portions may get larger and join surrounding sections, producing large scaled areas.
Scaling tends to occur if concrete is not resistant against freeze/thaw action, if it has
not been properly cured or if the finishing operations were performed when
bleeding water is still ongoing. Laying concrete in adverse environmental
conditions (intense heat, cold or rain, etc.) may also lead to scaling on the surface
(Fig. 4.25).

4.3.5.8 Honeycombing

Honeycombs are voids in the concrete caused by a lack of mortar using coarse
aggregate agglomerates. This defect normally occurs when the concrete segregates
because of an obstruction blocking flow when the concrete is laid, an excessive drop
height, high reinforcement density or because of paste escaping from the formwork.
It also tends to happen because of the following circumstances: difficult access to
lay the concrete, making it necessary for the concrete to cover large distances;
difficulty in vibration because of high mortar density or the distance between the
access point and the concrete; high ratio between the maximum aggregate size and
reinforcement spacing; and the concrete not properly studied for workability
requirements.
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4.3.5.9 Plastic Settlement Cracks

Defect evidenced by cracking is caused by restrictions on concrete settlement. Most
concrete, after being casted, bleeds, that is, water rises to the surface so the denser
particles settle. This phenomenon is more pronounced, the greater the height of the
concrete element. As settling takes place in a phase when the concrete is still fresh,
it is normally known as plastic settlement. If there are no restrictions to settling, the
result is simply a lower surface level. However, if there are rigid elements, for
example, reinforcement bars, restricting movement of the concrete settlement, it is
possible for cracks to occur above the object causing the restriction (Fig. 4.26).
Plastic settlement cracks may be prevented in three ways: reducing bleeding and
settling, reducing restrictions to settling and using the revibration technique.

Layer Lines

Layer lines are lines visible on the surface of the concrete that show the separation
between consecutive concrete layers. These lines are caused by premature setting of
the lower concrete layer and inadequate penetration of the vibrator into the layer.
They can also be caused by the use of a binding mortar between layers of concrete.

4.4  Concrete and Sustainability

The concept of “sustainable development” was introduced in the final report of the
Brundtland Commission (World Commission on Environment and Development,
WCED) [28] in 1987 and was defined as “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs”.

Meeting social needs for housing and infrastructure in a sustainable way is one
of the most important challenges facing the construction industry. From this
perspective, many construction materials have a large impact on the local and
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global environment. This is particularly true for concrete, since it is the most
commonly used material.

For several reasons, it is thought that the concrete industry is not sustainable.
Firstly, it consumes large quantities of material extracted from nature
(e.g. aggregates); secondly, the main binder is Portland cement, the production of
which contributes to the emission of gases involved in global warming (world
production of Portland cement represents approximately 5 % of all global CO,)
emissions; thirdly, many concrete structures suffer from a lack of durability, which
has an adverse effect on the productivity of the resources used.

In order to increase the sustainability of concrete, so as to meet society’s needs
without compromising the future, the factors causing concrete not to be sustainable
should be mitigated.

The use of recycled materials in construction is an extremely important issue this
century, particularly the use of waste from demolition sites, which can be used to
produce concrete, reducing the amount of natural aggregate used.

Using additions from industrial processes, such as fly ash and slag, to replace
Portland cement reduces the amount of cement binder used. Reducing Portland
cement production will reduce CO, emissions, energy consumption and the global
warming rate. Using additions normally helps reduce costs, also leading to
improved concrete properties. Developing new cements, based on clinker and
using industrial by-products, or cements with low C3S content, that is, those
produced using less energy, has been one of the paths followed to reduce the
environmental impact of using Portland cement.

In order to estimate the environmental impact of a construction material, it is
necessary to take into consideration every stage of the material’s life cycle,
including production, the construction stage, working life and demolition. Planning
concrete projects, therefore, taking into account adequate durability and reusing
materials after the structure’s working life, is one of the factors that contribute to
sustainability in using concrete.

4.5 Final Considerations

For concrete to meet the demands during its use, knowledge about its constituents,
properties and usage processes must be extensive.

Further to cement, the essential binder needed to give concrete its properties, the
factor that most influences concrete performance is water, in its role as a constituent
and its contact with concrete after casting. A high water—cement ratio produces a
more fluid concrete, which leads to greater porosity and a subsequent reduction in
strength and durability. On the other hand, the presence of water after casting
provides a good curing, which guarantees adequate strength and durability of the
surface. Nonetheless, it is water action that in most cases leads to concrete degra-
dation, allowing aggressive agents to be transported into the concrete, for example,
or stimulating internal expansive reactions.
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The durability of a reinforced concrete structure will be guaranteed if the
requirements for the concrete’s constituents and execution of the structure are
met, along with the strength class. Among the requirements for constituents, the
most relevant are the content and type of cement, as well as the water—cement ratio.
The most important factor to consider during execution of the structure is concrete
cover, seen as the main barrier to guaranteeing the integrity of the reinforcements.

Concrete’s performance in service will depend on the demands for which it was
prescribed, provided that appropriate control is enforced, from the choice of
constituents to working life, particularly by applying Executive Law
No. 301/2007, of 23 August 2007, and building rules.

By defining priorities in terms of using waste and by-products, another factor for
the widespread use of concrete can be found: a more and more sustainable environ-
mental impact.
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Abstract

The subject of this chapter is to present materials for construction and civil
engineering that incorporate bitumen and bituminous binders in its composition
to be used in waterproofing systems and pavements of transport infrastructures,
e.g. roads and airfields. General properties of bitumen, bitumen binders and
bitumen emulsions are described. Waterproofing systems and bituminous
mixtures are the main materials regarding the use of bitumen and bituminous
binders for main civil engineering purposes. In the case of bituminous mixtures,
the composition, properties and main products and applications are presented in
the perspective of their use in pavement layers. Surface treatments and other
special products and applications are also included. The main technical
requirements are related to the materials, techniques and equipments involved
during the design, construction, maintenance, rehabilitation and recycling of
these bituminous materials.
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5.1 Introduction

This chapter deals with bituminous binders and mixtures used in waterproofing
systems and in pavements of roads, highways, airfields, etc.

A wide variety of bituminous materials are used in construction, each having its
own distinctive characteristics. Technical, economic and environmental criteria
must be taken into account when choosing suitable materials from each application.
These materials are widely used in waterproofing systems (bridges, retaining walls,
tunnels) and in courses of pavements for roads, urban streets, parking lots, as well as
for airfields.

The pavement is a structure, composed of one or more courses, to assist the
passage of traffic over terrain. Course is the structural element of a pavement
constructed with a single material. Bituminous mixtures are currently used in
pavement construction and maintenance, with respect to the following courses:

— The surface course, the upper course of the pavement which is in contact with the
traffic.

— The binder course, the part of a pavement between the surface course and the
base course.

— The base course, the main structural part of the pavement. The base may be laid
in one or more courses.

A description of the general properties and types of bitumen and bituminous
binders is presented.

Considering the most important applications, water proofing systems and bitu-
minous mixtures are described in terms of building and construction in civil
engineering. In the case of bituminous mixtures, products and applications are
described for road and airfield purposes. Aspects related to maintenance, rehabili-
tation and recycling are also important taking into consideration the life cycle of the
materials when in service.

Along this chapter, the requirements of bitumen, bituminous binders and bitu-
minous mixtures are described strongly relying on the technical specifications valid
for each application type according the European experience.

5.2 Bitumen and Bituminous Binders
5.2.1 General Properties

Bituminous binders are adhesive materials that contain bitumen, which may be in
the form of conventional bitumen, modified bitumen or bitumen emulsion. Due to
their properties, bituminous binders have a wide range of applications in civil
engineering, most notably in the construction of waterproofing systems and in the
paving of transport infrastructures.
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The term “bitumen” refers to a material that is non-volatile, adhesive and
waterproof which is derived from crude oil or present in natural asphalt. It is highly
viscous, nearly solid at air temperature and soluble (completely or nearly
completely) in toluene. Bitumen can be naturally occurring (from natural asphalt
lakes and rock asphalt) or industrially produced.

The term “natural asphalt” refers to bitumen that occurs naturally in asphalt
lakes and rock asphalt in general (including impregnated limestone, etc.). The
earliest known use of natural asphalt dates back to the Middle Palaeolithic period
(40,000 B.C.). Traces of natural bitumen used as an adhesive to join the head and
handle of a scraper were found at Umm el Tlel, Syria [1]. The use of bitumen as a
waterproofing agent is also very old. There is evidence of it having been used in
ancient Assyria (2000—-1000 B.C.) to waterproof cisterns, boats and water lines.
Bitumen was also used as waterproofing in the Hanging Gardens of Babylon (one of
the seven wonders of the ancient world) built during the reign of Nebuchadnezzar 11
(632-562 B.C.), as well as in the construction of ziggurats [2].

Later, materials from other sources with properties similar to those of natural
asphalt were manufactured and used:

(a) Coal tar, which is distilled from bituminous coal—the residue from distilling
the tar is coal tar pitch.

(b) The residue from distilling pine resin, which is known as colophony, rosin or
Greek pitch.

(c) Petroleum bitumen, which is made from the residue of vacuum distillation of
crude oil or a crude oil blend (“vacuum residue™).

The term “pitch” refers to the product used for caulking ships—the term is used
to mean both black pitch and the lighter-coloured rosin.

There is some ambiguity in how the term asphalt is used. In the United States, the
term “asphalt” refers to the product obtained from distilling crude oil (the vacuum
distillation residue). In the British Isles, the same word “asphalt” means a mixture
of petroleum bitumen and mineral aggregate. In France, the word “asphalte” also
refers to the bitumen and mineral aggregate mixture.

As for chemical composition, bitumen is a complex mixture of aliphatic and
aromatic hydrocarbons, both polar and non-polar, that form a complex, polycyclic
system. As the estimated order of magnitude of the number of individual chemical
components is about ten thousands, it is more convenient to describe bitumen in
terms of families of components, defined according to suitable criteria. In most
cases, criteria such as solubility in certain solvents have been adopted.

The chemical composition of naturally occurring bitumen depends on their
geographic origin. The geographic origin of bitumen used in artefacts produced
in ancient times could be determined from their chemical composition. Likewise,
the chemical composition of petroleum bitumen strongly depends on the origin of
the crude oil used, and on how the refining process is carried out [3].

The chemical analysis of bitumen is normally obtained by successive
separations either by precipitation or by extraction, using selected sets of solvents
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according to different conventions [3—10]. The obtained composition in terms of
“families” of components will obviously depend on the method chosen.

The first family of chemical components usually considered is asphaltenes.
Precipitation of asphaltenes is one of the main causes of clogging in crude oil
pipelines. Asphaltenes constitute the fraction of polar cyclic aromatic hydrocarbons
with the highest molecular weight; they are insoluble in low molecular weight
alkanes such as pentane, hexane and heptane [11]. It must be emphasised that, for
any given bitumen the value of the asphaltenes fraction varies according to the
solvent chosen (n-pentane, n-hexane or n-heptane). Not only the asphaltenes
fractions are solvent dependent, but also the colour and other physical properties
of the isolated asphaltenes are also solvent dependent. Therefore, there are chemical
components which may or may not fall into the asphaltenes class, depending on the
alkane chosen to perform the precipitation.

The second family of components is the maltenes [3, 12—17]. “Maltenes” are the
bitumen fraction soluble in the n-alkane used to precipitate asphaltenes. So,
maltenes fraction is solvent dependent too. It should be stressed that maltenes are
not exactly the same thing as “non-asphaltenes”. Since the number of bitumen
chemical components is very big, and since maltenes are separated from
asphaltenes just by precipitation into a single solvent, it is very likely that some
components of bitumen are split between the asphaltenes fraction and the maltenes
fraction in variable proportions depending on the solvent used in fractionation.
Maltenes include polar cyclic aromatic hydrocarbons of relatively lower molecular
weight (as compared to asphaltenes) named “resins” [13], less polar aromatic
unsaturated hydrocarbons (alkenes and dienes) named “aromatics” and non-polar
saturated hydrocarbons (straight-chain alkanes or n-alkanes, isoalkanes and other
branched-chain alkanes and cycloalkanes) that constitute the “saturates” fraction
[12]. In the nomenclature of oil industry, alkanes are named paraffins, cycloalkanes
and their derivatives are named naphthenes, alkenes are named olefins and dienes
are named diolefins.

The acronym SARA (Saturates, Aromatics, Resins and Asphaltenes) is widely
used to assess the chemical composition of bitumen [4, 6]. Other classification
systems are also often used. The Rostler-Sternberg classification method [17]
(ASTM D2006) considers five families of components: asphaltenes (determined
by precipitation in n-pentane), nitrogen bases, first acidaffins, second acidaffins and
paraffins. In the modified Rostler-Sternberg classification system, the following six
families of components are considered: asphaltenes (A), first nitraffins (N1), second
nitraffins (N2), first acidaffins (A1), second acidaffins (A2) and paraffins (P).

Bitumen structure was pictured for a long time as a colloidal system made up of
micelles of asphaltenes dispersed in the maltene phase; on the other hand, in the
maltene matrix, the resins are preferentially placed around the asphaltene micelles
and stabilising the dispersion by this way (“peptising” the asphaltenes)
[14-20]. These are the fundamental assumptions of the so-called “colloidal model”.

However, neither it has been demonstrated that bitumen is a two-phase system
nor experimental evidence exists that peptising actually occurs. Experimental
evidence obtained by atomic force microscopy [21-24] puts the colloidal model
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Fig. 5.1 Atomic force microscopy images of a 50/70 bitumen (tapping mode). (a) force modula-
tion image (topographic mode); (b) phase shift image. Image size: 15 x 15 mm?”. Catana phase
corresponds to bee-shaped formations; periphase surrounds catanae; paraphase does not surround
catanae

into question with respect to both the number of phases in bitumen (three or four,
instead of two) and their relative concentrations [24]. For example, according to the
colloidal model, in a bitumen with 10 % asphaltenes, the micellar phase should
occupy approximately 10 % of the total volume; however, the available experimen-
tal data does not support this assumption. Most probably, resins look more like
mini-asphaltenes or the asphaltenes like maxi-resins, since there appears to be no
obvious structural discontinuity between asphaltenes and resins. Atomic force
microscopy images (Fig. 5.1) show that the catana phase (the dispersed bee-like
structures) includes all the asphaltenes fraction and an important part of the resins
fraction. The remaining components are distributed in the periphase (the phase that
surrounds the catana phase) and in the paraphase (the continuous phase that
surrounds the periphase) [21-24].

The microstructural complexity of bitumen has a strong influence in the rheo-
logical properties and rheological material functions of bitumen and bituminous
materials [20, 25-27]. Bitumen is a viscoelastic liquid, and its rheological
behaviour is strongly dependent on temperature, shear and extensional strain rates
and time. At very high temperatures (160—180 °C) bitumen behaves like an almost-
Newtonian low viscosity fluid (viscosity is on the order of a few mPa.s). As the
temperature drops, its rheological behaviour resembles the one of a shear-thinning
non-Newtonian viscoelastic fluid (the viscosity decreases as shear rate increases)
while at the same time the elastic components of the relevant material functions
(shear modulus, shear compliance, etc.) are enhanced. At a few dozen degrees
below ambient temperature, bitumen may present mechanical behaviour similar to
that of a glass (organic). Several different relaxation processes probably coexist in a
fairly narrow range of temperatures that are usually interpreted as ‘“‘glass
transitions”.
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Fig. 5.2 (a) Temperature dependence of bitumen viscosity (60 °C); (b) Shear rate dependence of
bitumen viscosity (60 °C). Labels: a) 60/70: conventional bitumen 60/70; b) PB1.5: bitumen 50/70
modified with SBS; c¢) MDI: bitumen 60/70 modified with MDI-polymeric; d) TDI: bitumen 60/70
modified with toluene di-isocyanate (TDI)

There is strong experimental evidence that bitumen is not thermo-rheologically
simple, i.e. that time-temperature superposition principle does not hold. These
results are not surprising. Time-temperature superposition in rheological material
functions (viscosity, moduli, compliances, etc.) is observed if and only if all the
relaxation times (or the full relaxation spectrum) exhibit the same temperature
dependence. Given the complexity of bitumen, it would be truly surprising that
the relaxation or retardation spectra of the thousands of components found in
bitumen should present exactly the same temperature dependence (Fig. 5.2a, b).

Bitumen is usually classified by determination of the penetration index [S-1].
This test is done at 25 °C and consists of inserting a standard needle into a bitumen
sample under a constant load of 100 g-force (1.02 N) for 5 s. The penetration index
or, more simply, penetration, is the penetration depth of the needle, expressed in
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Table 5.1 Characteristics and grades of paving bitumens most commonly used in paving work
(adapted from [33])

Classes

Characteristic Test method 35/50 50/70

Penetration at 25 °C EN 1426 [S-1] 35-50 |50-70
ASTM - D5/D5M [S-1a]

Softening point EN 1427 [S-4] 50-58 | 46-54
ASTM - D36/D36M [S-4a]

Change of mass (RTFOT) (%) EN 12607-1 [S-6] <0.5 <0.5
ASTM D6521 [S-6a]

Retained penetration (RTFOT) (%) EN 12607-1, Annexe A [S-6] >53 >50
ASTM D6521 [S-6a]

Increase in softening point (RTFOT) (°C) | EN 12607-1 [S-6] <11 <11
ASTM D6521 [S-6a]

Flash point (°C) EN ISO 2592 [S-7] >240 | >230
ASTM D92 [S-7a]

Solubility (%) EN 12592 [S-8] <99.0 |<99.0
ASTM D5546 [S-8a]
ASTM D2042 [S-8b]

Fraass breaking point (°C) EN 12593 [S-9] <-5 <-8

Kinematic viscosity at 135 °C (mmz/s) EN 12595 [S-10] >370 >295
ASTM D2170/D2170M
[S-10a]

tenths of a millimetre. The penetration index is related to consistency and is one of
the most commonly used properties in classifying bituminous binders.

The various grades of conventional bitumens are defined according to upper and
lower limits of the penetration index: bitumen 35/50 has a penetration index
between 35 and 50 tenths of a millimetre. Table 5.1 shows the main characteristics
and grades of the bitumens most commonly used in paving work [33, S-2, S-3,
S-3a]. Within each class, other properties that are important for characterising
bituminous binders are also considered, such as softening point [S-4] and viscosity
[S-5, S-5a].

The composition of bitumen undergoes changes since the application on the
worksite to the end of its useful life. The more volatile components (i.e. the lower
molecular weight saturates fraction) volatilise, contact with the atmosphere and
sunlight causes oxidation and photo-oxidation reactions; phase morphology may
also change with time, so the main result of all these factors is an increase in the
asphaltenes and resins contents and a decrease in the aromatics and saturates
contents.

The time evolution of bitumen properties, known as ageing, depends on its initial
composition, the original type of crude oil used and the way it was refined, the
thermal cycles suffered after leaving the refinery (modification, transport,
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production of a mixture at a plant, etc.) and the temperature and degree of exposure
to atmospheric conditions on the occasion of the application procedures and during
its in-service life [28, 29]. Aged bitumen is usually harder (with a lower penetration
index) than fresh bitumen: bitumen hardening is one of the effects of ageing, due to
changes in chemical composition. Aged bitumen can be rejuvenated. Rejuvenation
is usually performed by correcting the composition and using appropriate additives.

In addition to the use of conventional bitumen in paving, it is also possible to
modify bitumen properties by incorporating other chemical substances called
modifiers. By this way, modified bitumen is produced with specific properties
that make it suitable for given applications.

Modified bitumen falls into three main categories: modified binders, bituminous
binders with additives and special bitumen [30].

Modified binders result from the addition of polymers and other chemical agents
to conventional bitumen. The microstructure of bitumen is substantially changed as
well as its physical and mechanical properties. Modified binders are prepared
(blended) before application on the work site, either in dedicated plants or in a
special mobile unit. The modified binder may therefore be tested and evaluated
before use. It must be noted that characterisation and classification of modified
binders is a complex and specific task, and it cannot always be done by using the
traditional indicators for conventional bitumen.

Modified bitumen is usually classified as follows [31]:

1. Bitumen modified with natural or synthetic rubber.

2. Bitumen modified with crumb (recycled) rubber.

3. Bitumen modified with thermoplastics: polyolefins like polyethylene, polypro-
pylene, atactic polypropylene, olefinic thermoplastic copolymers and others.

4. Bitumen modified with block copolymers, e.g. styrene-butadiene (SB), styrene-
butadiene-styrene (SBS), ethylene vinyl acetate (EVA) and others.

A new class of modified bitumen was recently introduced [24-27]:

5. Bitumen modified with reactive polymers (poly-isocyanates, polyurethanes,
polyureas and others).

In the first two cases, the bitumen is modified by adding cured (cross-linked)
elastomers. During the blending process, the bitumen components with greater
affinity to the rubber penetrate the crumbs, causing them to swell: the final result
is a suspension of swollen granules in the bitumen. In the third case, the bitumen is
modified with thermoplastics (also known as plastomers); they are expected to
incorporate preferentially the phases more rich in saturates. In the fourth case, the
bitumen is modified with thermoplastic elastomers; the different blocks of block
copolymers are expected to be distributed among bitumen phases according to the
polarity of the blocks. In all these cases, the modifier is not soluble (thermodynami-
cally soluble) in the bitumen. As a result, the blending process is rather complex,
requires an appropriate blender design and several hours of mechanical work at
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temperatures on the order of 170190 °C. The product obtained has a multiphase
texture and it is not in thermodynamic equilibrium; segregation of some of the
components may occur, if it is not taken enough care when handling these
materials. Segregation is prevented and minimised by the use of bitumen modified
with reactive polymers.

In general, modified bitumen presents higher viscosity, higher softening point,
and lower Fraass temperature than the corresponding conventional (unmodified)
bitumen. Modified bitumen is also less sensitive to temperature variations, and is
more cohesive. Best cohesive strength is found for bitumen modified with reactive
polymers [32].

Comparing the effects of using plastomers or elastomers to modify bitumen,
plastomer-modified bitumen shows higher viscosity at ambient temperature,
making it harder and with a higher softening point as compared to elastomer-
modified bitumen. Consequently, plastomer-modified bitumen is comparatively
less workable. On the other hand, elastomer modification confers greater flexibility
and malleability to the binders, both at high and low temperatures.

Bituminous binders with additives are obtained by incorporation of the additives
during the mixing process. In contrast to modified binders, the effect of the additive
on the bituminous binder can only be assessed directly in the already-manufactured
bitumen blend or surface coating. The additives used in bituminous binders can be
of various types and natures. The most common ones are polymers of different
kinds, recycled plastic materials, crumb rubber, fibres, natural bitumen and asphalts
[30]. Natural organic fibres or manufactured fibres may also be added to bitumen.
Manufactured fibres may be synthetic (e.g. polyester, polyethylene, polypropylene
and acrylic), mineral (fibreglass, ceramic fibres, stone wool) and metallic (stainless
steel, steel wool). In general, fibre-reinforced bitumen is more adhesive and more
flexible, which improves the ageing resistance.

Generally speaking, modified bitumen mixtures are used either in original
construction or in maintenance works that require properties that cannot be
achieved with traditional bitumen. This is the case of modified bitumens and
modified bitumen emulsions used in surface coatings, cold-set bitumen micro-
agglomerates, high modulus bitumen blends, asphalt mortars, porous asphalt and
rough microconcrete, and asphalt concrete.

Special bitumen is the result of special crude oil refining processes. It is
manufactured to meet the requirements of very specific applications, which in
some cases are not covered by the usual standards or specifications. The special
bitumen most commonly used in road paving is hard bitumen (with penetration
index of less than 25 tenths of a millimetre), pigmented bitumen, binders and
special emulsions.

Efficient pumping of bitumen requires a low enough value of the viscosity;
heating is the most common procedure to lower the viscosity as required. In
addition to heating, emulsification and dissolution in solvents are other possible
techniques; they give origin to bitumen emulsions and cutback bitumen, respec-
tively. Fluidification of bitumen is a technique that is rarely used today, due to
safety concerns.
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The bituminous binders currently used in construction can be categorised as
follows:

— Conventional bitumen (from direct distillation of bitumen).
Modified bitumen.

Hard bitumen.

— Special bitumen modified with recycled tyre rubber.
Emulsified conventional bitumen (bitumen emulsion).

5.2.2 Bituminous Binders

Conventional bitumen, traditionally used in paving, is the residue from vacuum
distillation of crude. Crude oil is first separated into fractions by fractional atmo-
spheric distillation, in oil refineries. The residual bottoms from atmospheric distil-
lation are further distilled at low pressure (vacuum distillation). The residue from
the vacuum distillation may be further changed by “air-blowing” to more or less
extent: the final result is bitumen. Fully blown bitumen or oxidised bitumen is
suitable for roofing purposes, as well as for flooring mastics and coatings.
Air-rectified or semi-blown bitumen is suitable for paving purposes. In addition
to serving as the raw material for producing other types of bituminous binders (see
below), air-rectified bitumen is used extensively in the manufacture of various types
of hot mix asphalt (HMA) and are widely used in road construction for surface,
binder, and base courses.

Currently, a bitumen for paving must comply with the requirements set out in
EN 12591 [S-2], which specifies the properties and the respective testing methods
to be used for characterising this type of bitumen. As mentioned above, Table 5.1
shows the main classes of conventional bitumen that are most often used in
paving work.

The modified bitumen most commonly used in construction is either hard
bitumen or bitumen modified with recycled tyre rubber. Modified bitumen is
specified by EN 14023 [S-11] (and ASTM D6154 [S-11a]). Modified bitumen is
used when some properties of bitumen blends need to be changed, e.g. flexibility
and temperature sensitivity. Modified bitumen is used in the production of open-
type or thin bitumen blends, such as porous asphalt and rugous asphalt concrete for
thin and ultra-thin surface courses.

Hard paving bitumen is used to produce the so-called high modulus bituminous
mixtures, which are used in base course applications. The characteristics of these
types of bitumen are set out in EN 13924 [S-12] (and ASTM D946/D946M
[S-12a]).

Special rubber-modified bitumen is produced by adding crumb rubber from
recycled used tyres to conventional bitumen. It is used primarily to make porous,
open and rugous asphalt mixtures that act as an anti-cracking interface, or bitumen
mortars made with modified bitumen, which can be of three types: low viscosity,
medium viscosity or high viscosity bitumen.
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Low viscosity bitumen is modified with crumb rubber at a concentration of less
than 8 % (w/w). In medium viscosity bitumen, the corresponding percentage of
incorporated crumb rubber is 8-15 % (w/w). The low viscosity and medium
viscosity modified bitumen with recycled tyre rubber both present suitable storage
stability.

High viscosity bitumen, on the other hand, is modified with crumb rubber at a
concentration of more than 18 % (w/w). Bitumen with such a high percentage of
recycled tyre rubber has low storage stability; in situ preparation at the work site is
mostly required. The basic bitumen to be modified is generally a conventional
paving grade bitumen according to EN 12591 [S-8] (and ASTM D5546 [S-8a]), and
it is selected based on the characteristics required for the project. The crumb rubber
used in this modified bitumen is obtained from recycled tyre rubber (100 %
vulcanised). This bitumen is produced in special reactors at bitumen plants: some
bitumen components (the lighter fractions) penetrate the rubber network which
becomes swollen up to some extent. The reduction of lighter fractions in the bulk
bitumen due to rubber swelling produces some stiffening of the continuous bulk
bitumen matrix; it is compensated by addition of aromatic oils and/or naphthenes at
low percent (w/w) that soften the bitumen matrix to the required level.

When choosing the best type of bitumen for a given application, performance as
well as production and construction conditions are the most important requirements
to be taken into account. In the case of bitumen blends, for example, the choice of
the best bitumen blend strongly depends on the structural and functional perfor-
mance required for the mixture when it is applied to the pavement, and on the traffic
and weather conditions which it will undergo. Low penetration grades of bitumen
are often recommended for areas subject to high summer temperatures since they
are less temperature sensitive.

5.2.3 Bitumen Emulsions

A bitumen (asphaltic) emulsion is a (direct) emulsion of bitumen in water. The
dispersed phase consists of bitumen droplets and the continuous phase consists of
water. These emulsions are not thermodynamically stable. “Stabilisation” of the
emulsion is nothing more than a set of procedures to prevent disruption processes
(emulsion breakdown) and to extend the shelf-life of the emulsion. The disruption
processes may include:

(a) Sedimentation, if droplet density is greater than the density of dispersed phase.

(b) Creaming, if the density of the bitumen droplets is lower than the density of the
water phase.

(c) Flocculation of the particles of the dispersed phase.

(d) Coalescence of the droplets of the dispersed phase.

In general, “stabilisation” is achieved through the combined effects of
surfactants to decrease the interfacial tension between water and bitumen, thereby
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reducing the size of the droplets; ionic compounds that increase the electric charge
of the emulsion droplets in order to produce electrostatic repulsion among them,
thereby preventing coalescence; and additives to change the viscosity of the
dispersed phase in order to reduce the mobility of dispersed phase droplets.

Some additives have multiple effects. For example, the use of ionic surfactants
reduces surface tension and increases the electric charge of the dispersed droplets.
This characteristic is used to classify bitumen emulsions into the following
categories:

(a) Cationic emulsions: if the emulsifier contains, e.g. tertiary amines, the forma-
tion of substituted ammonium compounds on the surface of the dispersed
droplets will give them a positive electrostatic charge.

(b) Anionic emulsions: if the emulsifier contains, e.g. carboxylic acids, substituted
carboxylates will tend to settle on the surface of the droplets, giving them a
negative electrostatic charge.

(c) Non-ionic emulsions: the emulsifiers are non-ionic and provide other
mechanisms of stabilising the emulsion.

Bitumen emulsions must comply with EN 13808 [S-13] and ASTM D2397
[S-13a], which specify the technical requirements and performance classes of
these products.

Emulsions are identified using an alphanumeric code that indicates the most
important properties of cationic bituminous emulsions, namely the polarity of the
bitumen particle, the nominal binder content produced from bitumen, the binder
type and the breaking value. For example, an emulsion of “C 40 B 3” type is a
classic cationic emulsion with a nominal binder content of 40 % produced from
bitumen and a class 3 breaking value. There are two types of emulsions: classic and
modified. Bitumen emulsions of each type are classified according to their ionic
charge, bitumen content and breaking rate.

“Breaking” of an emulsion is the irreversible separation of its constituent phases,
which are bitumen and water. Depending on their breaking rate, both cationic and
anionic emulsions are classified as rapid, medium or slow breaking. The breaking
rate depends on the type of emulsion, on the surface area of the aggregates and on
their mineral composition.

Classic bitumen emulsions can be used in impregnation sprays, bond coat
sprays, dust suppression sprays, curing sprays, surface coatings and cold-set or
heat-set mixtures [33, 34], which will be discussed below under applications.

Bitumen emulsions for a given type of application should be chosen based
primarily on the mineral composition of the aggregate, the cleanness of the aggre-
gate and weather conditions.
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5.3  Water Proofing Systems

The main goal of waterproofing systems is to seal a separating layer, usually a
covering. A substantial number of waterproofing treatments involve application of
bitumen using different methods [35-37]. A number of standards for water proofing
systems may be found in references ([S-15] to [S-21]).

Typical methods of waterproofing include:

. Asphalt shingles.

. Bitumen felt underlayments.

. Oxidised bitumen membranes.

. Bitumen membranes made with modified bitumens.

. Built-up roofing (BUR) systems.

. Non-bituminous synthetic membranes (EPDM, PVC, TPO).
. Waterproofing liquids.

~N N RN -

Asphalt shingles consist of a fibreglass mat impregnated with a bituminous blend
of oxidised bitumen and mineral fillers (such as limestone), coated with mineral
granules on one side. Asphalt shingles are widely used in the United States, where
they account for approximately 63 % of the market in terms of covered area. In
Europe, however, they represent a very small portion of the market (<5 %) [36].

Bitumen underlayments can be considered the precursors of modern bitumen
membranes. They are produced by impregnating organic felts with normal or
oxidised bitumens, or with tar pitch. They are used in the United States under
shingle and tile coverings. These are also not widely used in Europe.

Bitumen membranes are made of a reinforced felt paper impregnated with a
bitumen blend, to which various types of surface finishes are applied. The bitumen
blend is usually a polymer-modified bitumen with mineral fillers. According to the
definition given in EN 13707 [S-14], ASTM D226/D226M [S-14a], ASTM D2626/
D2626M [S-14b] and ASTM D2178/D2178M [S-14c], a reinforced bitumen mem-
brane is a flexible layer of bitumen, incorporating one or two internal or external
reinforcements. It is sold in the form of ready-to-use rolls. The rolls are one metre
wide and vary in length (between 8 and 12 m) and in weight per unit of area
(between 2.5 and 5 kg/m?), with the total weight of a roll ranging between 36 and
40 kg.

Figure 5.3 presents a schematic constitution of a bituminous membrane
(Imperalum).

In construction works, rolls are usually applied by one of three different
processes:

1. Cold-applied at ambient temperature, using special adhesives.

2. Soft-applied, where the material surface is softened (by torch, hot air) in order to
ensure good adhesion to the substrate.

3. Heat bonding, by applying preheated bitumen to the surface.
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Fig. 5.3 Schematic constitution of a bituminous membrane with granular slate finish [37]

Various types of bitumen blends can be used to i