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ABSTRACT

Manufacturing high performance/strength concrete requires use of low water-cement
ratio and addition of supplementary cementitious materials (pozzolans, fly ash, silica
fume). The maximum hydration of cement is difficult to obtain due to the higher water
requirements and the lower permeability that makes external curing inefficient.
Additionally, higher autogenous shrinkage is usually observed. Both, limited hydration
and higher shrinkage, can impact the development of mechanical properties and
durability of concrete. Thus, a method to provide curing water from the interior of
concrete (known as internal curing) has been studied in recent years. Internal curing of
concrete can be provided by pre-wetted lightweight aggregates (LWAs) as partial
replacement of the normalweight aggregate. The so called internal curing agents retain a
high amount of water, which they release once the self-desiccation of concrete starts.
Nevertheless, some issues remain unresolved.

This research makes a comparative analysis between natural and artificial LWAs and
focuses on their efficiency as internal curing agents. Characterization of the moisture
properties and the pore microstructure of LWAs are made in order to explain their
performance as internal curing agents. In consideration of the results, two alternatives
are analyzed to improve the performance of artificial LWA in internal curing: the use of
shrinkage-reducing admixture (SRA) in the internal curing water, and the reduction of
the particle size distribution of the aggregate.

The results show higher degree of hydration and reduction of the autogenous shrinkage
when internal curing is used. Also, adverse impacts are observed in compressive
strength and chloride ion permeability tests when high amount of LWA is used.

Natural LWAs present higher capillary porosity, pore interconnectivity and more
accessible porosity than artificial LWASs. In addition, natural LWAs show more
efficiency than artificial LWAs, i.e., using a lower replacement of LWAs, similar or

better performance as internal curing agent is observed with natural LWA:s.
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When SRA solution (15% by mass) is used for pre-wetting of LWA, slower rates of
water uptake and release, lower diffusion coefficients and higher autogenous shrinkage
are observed as compared to pure water. Additionally, when the particle size distribution
is reduced, faster rates of water uptake and release, higher diffusion coefficients, and
lower autogenous shrinkage are observed.

An extensive analysis is recommended to be performed on water release test. In
addition, other properties of concrete, such as the determinations of the Young modulus

toughness or total shrinkage, should be tested.
Keywords: lightweight aggregates, pumice, expanded clay, expanded slate, cement

hydration, autogenous shrinkage, shrinkage-reducing admixture, water uptake, water

release, water diffusion.
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RESUMEN

Los hormigones de alto desempefio/resistencia requieren para su fabricacion el uso de
baja razon agua-cemento y la adicion de materiales cementicios suplementarios
(puzolanas, ceniza volante, silica fume). La hidratacion méaxima del cemento es dificil de
obtener debido a los mayores requerimientos de agua y a la menor permeabilidad que
hace ineficiente el curado externo tradicional. Adicionalmente, es comln observar
mayor retraccion autégena. Estos dos factores pueden impactar el desarrollo de las
propiedades mecanicas y la durabilidad del hormigdn. Por esta razén, en los ultimos
afios se ha desarrollado un método, conocido como curado interno, para proveer un
curado desde el interior del hormigén. El curado interno del hormigén puede ser
provisto por agregados livianos, previamente humedecidos, como reemplazo de parte del
agregado normal. Los Ilamados agentes de curado interno retienen una alta cantidad de
agua, que luego liberan dentro del hormigoén, a medida que ocurre el auto-secado. Sin
embargo, algunos aspectos relativos al curado interno ain no han sido resueltos.

Esta investigacion realiza un analisis comparativo entre agregados livianos naturales y
artificiales, enfocandose en su eficiencia como agentes de curado interno. Se realizé una
caracterizacion de las propiedades de absorcién y entrega de agua y de la
microestructura de poros de los agregados livianos, con el objetivo de explicar su
desempefio posterior en el hormigon. A partir de este analisis, se estudiaron dos
alternativas para la mejora del desempefio de los agregados livianos artificiales: el uso
de un aditivo reductor de retraccion en la solucion liquida que provee el curado interno y
la reduccidn de la distribucion de tamafios del agregado.

Los resultados muestran un mayor grado de hidratacion y una reduccion de la retraccion
autdgena cuando se utiliz6 curado interno. Ademas, se observo efectos adversos sobre la
resistencia a la compresion y en la permeabilidad a iones cloruro, cuando altas
cantidades de agregado liviano fueron utilizadas.

Los agregados livianos naturales presentan mayor porosidad capilar, interconectividad

de poros y una porosidad mas accesible que los agregados livianos artificiales. Ademas,
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los agregados livianos naturales muestran una mayor eficiencia que los agregados
livianos artificiales, es decir, utilizando un menor reemplazo de agregado normal por
agregado liviano se obtienen desempefios similares o superiores sobre el hormigon al ser
utilizados como agentes de curado interno

Cuando se utiliz6 una solucion aditivo reductor de retraccion (15% en masa) en la pre-
saturacion de los agregados, se observd menores tasas de captacion y entrega de agua,
menores coeficientes de difusion y mayor retraccion autégena, al compararlo con el uso
de agua pura. Adicionalmente, cuando se redujo la distribucion del tamafio de agregado,
se obtuvo mayores tasas de captacion y entrega de agua, mayores coeficientes de
difusion y menores valores de retraccion autégena.

Se recomienda realizar un analisis detallado del ensayo de desorcion. Junto con lo
anterior, otras propiedades del hormigon, como la determinacion del médulo de Young,

la tenacidad o la retraccion total deben ser ensayadas.
Palabras Claves: agregados livianos, piedra pomez, arcilla expandida, pizarra

expandida, hidratacion del cemento, retraccidn autégena, aditivo reductor de retraccion,

absorcién de agua, entrega de agua, difusién de agua.
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1. STRUCTURE OF THESIS

The thesis is divided as follows:

The second chapter presents an introduction about the cement hydration, the need for
curing of concrete and different ways to provide proper curing. Also, it is explained how
the internal curing of concrete works, the use of saturated LWASs as internal curing
agents and the characteristics of the SRA as surface tension modifiers.

The third chapter includes the questions that the investigation addresses, the hypothesis
and objectives from this questions and the adopted structure for the presentation of the
document.

The fourth chapter presents the two articles submitted to ISI journals, which contain the
main analysis and conclusions obtained from the research. The article “Assessing
Lightweight Aggregate Efficiency for Maximizing Internal Curing Performance” was
submitted to ACI Materials Journal and was co-authored by the student and the advisor;
while the article “Modifying Water Uptake and Release Kinetics: An Attemp to Improve
Internal Curing” was submitted to Cement and Concrete Research and was co-authored
by the student, the advisor and Magdalena Walczak, professor of the Department of
Mechanical and Metallurgical Engineering of the Pontificia Universidad Catélica de
Chile. The format of the articles was adapted for this thesis, in accordance with the
required specifications.

The fifth chapter presents the conclusions and recommendations obtained during the

research.



2. INTRODUCTION

Concrete is one of the most widely used construction materials but often one faces with
concrete in bad conditions or with excessive deterioration (Neville, 2003). In particular,
early-age cracking is observed due to restrained deformations occurred at the first stages
of concrete as a result of moisture loss, chemical reaction or temperature loss. These
cracks are unsightly, reduce load-carrying capacity, and can lead to durability problems
(Hossain et al., 2003). Thus, early-age cracking need to be prevented to minimize the
impact in the mechanical properties of concrete and to avoid insufficiency of durability
during the life cycle of the concrete structure or element. Several strategies are used to
mitigate early-age shrinkage, such as curing of concrete or shrinkage-reducing

admixtures, among others.
2.1 Hydration of Cement and Curing of Concrete

After the mixing water of concrete, defined as the water in freshly mixed sand-
cement grout, mortar or concrete, excluding water previously absorbed by the
aggregate (ACI 116R, 2005), reacts with dry cement, several chemicals reactions
take place. A fraction of the water combines chemically to form calcium silicate
hydrates (C-S-H), another part forms calcium hydroxide (CH) and another part is
adsorbed in the surface of the hydration products. The rest is retained in the
capillary pores which are originated during hydration (Mindess et al., 2005).
Capillary pores are formed due to the lower volume of the hydrated cement paste

relative with the volume of the raw materials after the cement hydration (Neville,



2003). It is necessary that the capillary pores remain fully or partially saturated in
order to allow that new hydration products can occupy the available space. Once
the water in the capillary pores has been consumed or removed, hydration stops
which can produce high porosity and reductions in the mechanical properties and
durability of the concrete (Neville, 1996). The objective of the curing water is to
keep concrete saturated to allow a continuous hydration of cement. When the
relative humidity within the capillary pores drops below 80%, the hydration is

greatly reduced (Powers, 1947).

CURING OF CONCRETE

|
[ 1

EXTERNAL CURING INTERNAL CURING
[ . \ [ T .
INTERNAL INTERNAL WATER
— WATER CURING — SEALED CURING SEALING — CURING
| Lightweight
Water Ponding Water-Proof ightweig
Paper Water-Soluble Aggregales
Chemicals
Water Spraying Plastic Sheeting Superabsorbent
Polymers
Saturated Curing \a’\ﬁla;rerrrjha;g:'s;?d
Coverings Membranes Aggregates
o Waood-Derived
Fog Misting Products
Recycled
Aggregates

Figure 1: Classification of methods of curing concrete (Kovler and Jensen, 2007)

Curing of concrete is the name given to procedures used for promoting the
hydration of cement, and consists of a control of temperature and of the transfer of

moisture from and into the concrete (Neville, 1996). Curing of concrete deserves



special attention in the construction practice because inadequate curing frequently
leads to the lack of proper strength and durability (Mehta and Monteiro, 2006).

A brief classification of curing methods is shown in Figure 1.

A complete description and recommendations to apply external curing could be
seen in ACI308.1 (1998) and ACI 308R (2001).

Since some properties of concrete do not have a standard or unified definition, the
following definitions are used along this document (Jensen and Hansen, 2001):

Chemical shrinkage: Reduction of internal volume associated with the hydration

reactions in a cementitious material.

Autogenous shrinkage: The bulk deformation of a closed, isothermal, cementitious

material system not subjected to external forces.

Autogenous relative humidity change: The change of internal relative humidity

(RH) in a closed, isothermal, cementitious material system not subjected to
external forces.

Self-desiccation: Change of autogenous relative humidity of a set cementitious

material system caused by chemical shrinkage.

Chemical shrinkage is an effect caused by the lower volume occupied by the
hydration products as compared to volume of the reacting materials (total volume
of raw materials). Before set, this volumetric reduction can be completely
converted into a bulk deformation of the system. After set, chemical shrinkage
creates inner, empty cavities if the cement paste is kept sealed. Due to the

formation of menisci, chemical shrinkage leads to an RH-decrease and a shrinkage



of the cement paste, i.e., self-desiccation and self-desiccation shrinkage,
respectively (Jensen and Hansen, 2001).

Kelvin equation (equation 2.1) can be used to explain this phenomenon. It
expresses the vapor pressure (relative humidity) above a meniscus in a cylindrical

pore of radius r as follows (Alberty and Daniels, 1980):

_27/ Vm

In(RH) = -

2.1)

where RH is the relative humidity, y is the surface tension of the pore solution
(N/m), Vi is the molar volume of the solution (m*mol), r is the radius of the
largest water-filled cylindrical pore (m), R is the universal gas constant (8.314
J/(mol-K)), and T is the absolute temperature (K). This equation indicates that as
vapor-filled pores are created within the concrete, the internal RH decrease (Jensen
and Hansen, 1995a).

The capillary tension, ocap (Pa) in the pore liquid is given by the equation 2.2

(Bentz and Jensen, 2004):

_ 2ycos@
r

(22)

cap

where 0 is the contact angle between solid and liquid.
A slight modification of an equation developed by MacKenzie (1950), allows
expressing shrinkage of a partially saturated porous medium due to capillary

stresses in the water-filled pores can be estimated as follows:



S
&= Feap i_i (2.3)
3 (K K,

where ¢ is the linear strain of shrinkage, S is the saturation fraction of water-filled
pores, K is the bulk modulus of the porous material (Pa), and K is the bulk
modulus of the solid framework within the porous material (Pa). From equation
2.2 it follows that as water is removed from smaller pores (with a decrease of r)
due to self-desiccation, the values of ocap Will increase. However, as water is
removed, according to equation 2.3, the saturation value, S, decreases. Since
autogenous shrinkage usually occurs at high RH (> 80%), saturation S plays a
secondary role in determination of ¢ (Bentz and Jensen, 2004).

Nearly all the researchers studying chemical shrinkage, the effects of relative
humidity (RH) changes and pore water pressure in low water-binder ratio (w/b)
systems or low water-cement (w/c) ratio, have come to the conclusion that a major
reason of early-age cracking sensivity of high-strength and high-performance
concrete (HSC/HPC) is self-desiccation (Kovler, 2007).

The two critical parameters for self-desiccation shrinkage, as described by
equations 2.1-2.3, are surface tension of the pore solution and radius of the

meniscus of the largest water-filled pore within the microstructure.
2.2 Internal Curing of Concrete

Internal water curing of concrete is the incorporation of a curing agent that serves
as an internal reservoir of water and gradually releases it as the concrete dries out.

Internal curing is complementary to the traditional method of curing (external



curing) when complete hydration of cement is difficult to achieve, e.g., low w/c
concretes, concrete with supplementary cementitious materials (SCMs) such as fly
ash, silica fume, natural pozzolans or slag. These concrete mixtures generally
present a denser cement paste and a low superficial permeability, so water access
of external curing water is impeded and insufficient mixing water remains to
sustain further hydration (ACI 308R, 2001). Internal curing agents do not deliver
water during mixing of concrete, so the initial w/c remains unaffected.

During hydration, a system of capillary pores is formed in the cement paste. The
radii of these pores are smaller than the pores of an internal curing agent. When
the RH decreases due to hydration and drying, a humidity gradient arises. With the
internal curing agent acting as a water reservoir, the pores of the cement paste
absorb the water from the LWA by capillary suction. Capillary suction, the value
of which is the inverse of the pore radius squared, increases as the radius becomes
smaller. Therefore, the swelling of cement paste promotes a continuous absorption
of water by its pores (Weber and Reinhardt, 1997).

There are several materials that can serve as internal curing agents: bentonite clay,
superabsorbent polymers, lightweight aggregates, wood-derived powders and
fibers, substances with chemically bound water (e.g., ettringite), recycled
aggregates and substances with unbound water (microencapsulation or emulsified
water) (Jensen and Lura, 2007). However, the hitherto studies have been focused

mainly on the use of lightweight aggregates and superabsorbent polymers.



2.3 Internal Curing of Concrete Using Lightweight Aggregates

Lightweight aggregates (LWASs) can be divided in two main groups depending of
its origin or method of production: i) artificial (manufactured) lightweight
aggregates and ii) natural lightweight aggregates.

Most of the artificial LWAs are made from clay, shale, slate or pulverized-fuel
ash, which are subjected to an expansion or agglomeration process. Expansion of
the raw material occurs in effect of heating to fusion temperature at which
pyroplasticity of the material is reached simultaneously with the formation of gas.
Agglomeration occurs when part of the raw material melts and the various
particles are bonded together (Chandra and Berntsson, 2003). Also, some artificial
LWAs are waste from industrial processes, typically non-metallic materials (e.g.,
sugar slag or iron slag). When they are rapidly cooled with water, porous
lightweight aggregates are obtained. However, great variability in properties of
these materials is often observed in practice. Natural LWAs, in turn, are un-
processed products and organic materials that can be used as lightweight
aggregates. The main natural LWAs are pumice, scoria, volcanic cinders,
vesiculated lava and diatomite (FIP, 1983).

More detailed information on the main LWAs used in the research is given below.
2.3.1 Expanded Clay

This type of artificial LWA is made from a special grade of clay suitable for

bloating. The clay passes through a rotary kiln reaching temperatures of about



1200°C. The expanded clay formed by this process consists of hard rounded
particles with a smooth dense skin surrounding a porous core (Chandra and
Berntsson, 1983). The porosity of the expanded clay may be as a high as 90%;
however, a large part of the pores are closed and not available for water absorption
(Jensen and Lura, 2007). A typical value of absorbed water after 24 hours of
immersion is 0.17 kg/kg (Lura, 2003), (Zhang and Gjgrv, 2001a). An image of
expanded clay in concrete, obtained from an optical microscope, can be seen in

Figure 2.

Figure 2: Optical microscopic image of expanded clay in concrete
2.3.2 Expanded Slate

This LWA is formed from selected raw slate. The raw material is crushed to pass a
13 mm screen and fed into a rotary kiln, which expands the slate at a temperature

of about 1200°C. After the discharge from the kiln the expanded slate is cooled,



10

crushed and graded. The final material is chemically inert and has highly vitrified
internal pore structure (Short and Kinniburgh, 1963). Compared with other LWAs,
expanded slate has a relatively fine and less continuous pore system. The amount
of retained water at 24-h saturated surface-dry condition is about 0.06 kg/kg
(Jensen and Lura, 2006). However, this value will depend on the particle size
distribution of the aggregate. An optical microscopic image of expanded slate is

shown in Figure 3.

Figure 3: Optical microscopic image of expanded slate in concrete
2.3.3 Pumice

Pumice is a volcanic rock, the porous structure of which is formed by dissolved
gasses precipitating during the cooling of lava (Jensen and Lura, 2007). The cells
are elongated, parallel to each other and sometimes interconnected. Pumice is

chemically inert and has variable qualities depending on its source (FIP, 1983). An
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optical microscopic image of concrete, internally cured with pumice, is shown in

Figure 4.

CONCRETE

0,6 mm =—

Figure 4: Optical microscopic image of pumice in concrete
2.3.4 LWA Requirements

The attractiveness of LWA is defined by large internal porosity with high degree
of interconnectivity. Nevertheless, LWAs present a great variability depending of
their sources, way of manufacture, and characteristics of the raw material, among
others conditions and properties. It is therefore necessary to establish minimal
specifications to be accomplished by an LWA to be used in internal curing. The

principal characteristics are:

a) Water uptake (absorption)
It is desired that the LWA can retain high amounts of water and that the rate of

water uptake allows for practical use. LWASs have high porosity but it might not
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reach complete saturation with water for several weeks or even months (Holm et

al., 2003).

b) Water release (desorption)
Since the water stored in internal pores need to be delivered to the drying cement
paste, it is required that most of the absorbed water be released from the LWA as

quick as possible. The driving force for this process should be the RH gradient.

C) Dispersion of the LWA

Zhutovsky el al. (2004) calculated the water flow distance from saturated LWA in
cement pastes at various ages (time from mixing). Estimated distances vary from
centimeters at early ages to millimeters at middle ages to hundreds of micrometers
at later ages (see Table 1). Given the limited radius of action of the internal curing,
the chosen LWA has to be well dispersed in concrete, therefore a lower maximum
size of aggregate (MSA) is preferred, so the same amount of internal curing water

is better distributed throughout the concrete.

Table 1: Estimated travel of internal curing water at different ages (Zhutovsky et al.,

2004)
Age Flow Distance
(mm)
Early (<1d) 21.4
Middle (1-3 d) 3.90
Late (2-7 d) 0.98
Worst (> 28 d) 0.25
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d) Resistance to mixing

Usually, due to its high porosity, LWAs present a lower intrinsic strength than
normalweight aggregates (NWAs). Hence, an LWA utilized as internal curing
agent should maintain its original particle size distribution.

The availability of the stored water is a central issue for the proper function of
internal curing and can be separated into three different topics: (i) total amount of
water, (ii) availability determined by the loss of thermodynamics (thermodynamic
availability) and (iii) availability determined by kinetics of the involved processes
(kinetic availability) (Jensen, 2007). The total amount of needed water depends on
the mixture composition, the external curing conditions and the objective of the
internal curing. Thermodynamic availability of water in relation to cement
hydration requires an equilibrium relative humidity close to 100% (activity close
to 1), because lowering the RH significantly affect the cement hydration (Jensen et
al., 1999). Kinetic availability refers to the transport of water from the saturated
LWA to all parts of the self-desiccating, cementitious material. This requires that
the water is not confined but readily available when RH drops and that internal
curing water should be homogeneously distributed (Jensen, 2007). This last aspect
is hardly impacted in low w/c concrete (HSC and HPC) due to depercolation

(disconnection) of the capillary pore structure during concrete hydration.
2.4 Using Shrinkage-Reducing Admixtures (SRA) as Water Modifier.

Shrinkage-reducing admixtures (SRA) were first used in Japan, in 1982. The main

component is polyoxyalkylene alkyl ether, a lower alcohol alkyleneoxide adduct.
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These admixtures are low viscosity, water-soluble liquids that function by
reducing capillary tension developed within the concrete pores during self-
desiccation (Nmai et al., 1998).

SRAs belong to a class of organic chemical known as surfactants. Surfactants are
amphiphilic molecules, having a hydrophilic (polar) head covalently bonded to a
hydrophobic (non-polar) tail (Zana, 2005). The hydrophilic head is attracted by
polar and hydrogen bonding solvents, such as water, and oppositely charged
surfaces (Adamson and Gast, 1997), while the hydrophobic tail is attracted by non-
polar solvents, such as oil, but is repelled from polar molecules such as water
(Zana, 2005).

When dissolved in water, amphiphiles are attracted to non-polar interfaces (water-
air or water-oil interfaces) (Zana, 2005). Adsorption of surfactants at interfaces
causes a reduction in the interfacial energy; thus, addition of SRA leads to
reduction in the surface tension of the water-air interface (Rajabipour et al., 2008).
At low concentrations, these molecules can be present as monomers dissolved in
water. However, at higher concentrations, amphiphiles tend to aggregate and form
micelles in order to reduce the unfavorable contact between the hydrophobic tails
and water molecules (Zana, 2005). The formation of micelles occurs at
concentrations exceeding the so-called critical micelle concentration, which is
characteristic for each surfactant. An explanatory diagram of the interactions of
amphiphilic molecules in a polar solvent (e.g., water) could be seen in Figure 5

(Zana, 2005).
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Figure 5: Interactions of surfactant molecules with a polar solvent (Zana, 2005)

Pease (2005) measured a 54 % reduction of surface tension in a 15% by mass
concentration of SRA. Exceeding this percentage; the successive addition of SRA
did not show changes in the surface tension of the solution. Other research has
shown that the same degree of reduction can be obtained with different
commercial types of SRAs (Radlinska and Weiss, 2008).

In concrete industry, SRAs had been used to: 1) reduce the magnitude of capillary
stresses and shrinkage strains that occur when concrete is drying (Shah et al.,
1992), (Tazawa and Miyazawa, 1995), 2) to reduce evaporative water loss during
early-age curing (Bentz et al., 2001) and 3) to reduce early-age cracking (Bentz

and Weiss, 2008).
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EXTENDED SUMMARY OF CONDUCTED WORK
3.1 Background

It has been shown that low wi/c concrete presents several problems to reach
maximum hydration. The lower permeability due to depercolation of the capillary
porosity reduce significantly the effect of the traditional curing on cement
hydration. The objective of the internal curing is to provide water from the interior
of concrete to counteract self-desiccation of cement paste and attain a higher
degree of hydration of the cementitious materials. This should result in mitigation
of the autogenous shrinkage and reduction of the early-age cracking.

Despite of the research made in the past, the impact of internal curing agents, and
specifically lightweight aggregate, on the compressive strength of concrete is still
not fully understood. On one hand, LWAs have a lower intrinsic strength so a
reduction in the strength of concrete might be expected. On the other hand, some
researchers have argued that the improvement of the cement paste due to an
enhanced hydration can compensate this effect or even increase the strength of
concrete (Bentz, 2007). If the inclusion of LWA reduces the mechanical properties
of concrete, then a minimization of the lightweight aggregate replacement will be
desirable. More efficient LWAs, which can provide the benefits of internal curing
at lower volume fraction than other LWAs, will be preferred.

Additionally, it is interesting to observe how modifications in the properties of

internal curing agents such as changes in size distribution and surface-to-volume
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ratio and changes in the surface tension of water impact over internal curing
performance.

SRA is often used as an additive to reduce drying shrinkage of concrete. If SRA is
provided with the internal curing water, a combined effect of shrinkage reduction
due to the effect of SRA and the expected enhancement of cement hydration, could
be achieved. Nevertheless, the use of SRA might reduce the rate of water
diffusion, so a lower uptake and release of water by the LWAs might be expected.
Therefore, the effect of a SRA solution in the performance of LWAs as internal

curing reservoirs is analyzed.
3.2 Objectives and Methodology

The main objective is to assess the efficiency of LWA as internal curing agent and
to identify the relevant contributions. The potential performance of the aggregates
as internal curing agents in concrete is assessed by characterization and evaluation
of the different properties in artificial and natural LWA (water uptake kinetics,
water release Kkinetics and study of the pore microstructure). The actual
performance in concrete mixtures is determined in a permeability test (chloride ion
permeability test at 90 days), degree of hydration at 90 days, compressive strength
at 28, 56 and 90 days and autogenous shrinkage. Additionally, the modifications in
the performance of the internal curing agents is analyzed when different particle
size distributions are used, and when the internal curing water contains shrinkage-
reducing admixtures (SRA). The detail of the obtained data and images of the tests

are collected in appendices of this work.
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3.3 Hypothesis

The main hypothesis is that in low w/c concrete, the use of natural LWA as
internal curing agents, results in concrete with a higher degree of hydration than
that produced using artificial LWA when the same amount of internal curing water
is provided. This should be reflected in an improvement in several properties of
concrete, such as: lower chloride ion permeability, higher compressive strength
and lower autogenous shrinkage.

This hypothesis comprises three specific issues:

a) The pore structure (pore size distribution, pore connectivity and shape) of an
LWA, which allows a more efficient water storage and delivery in case of
natural LWA.

b) The efficiency of a LWA as internal curing agent could be improved by
changes on the particle size distribution.

c) The efficiency of a LWA as internal curing agent could be improved by
modifications of the surface tension of the water absorbed by the LWA, before
mixing.

3.4 Experimental Procedure

Lightweight aggregates used in this study include:

a) Pumice from Chile: natural LWA.

b) Pumice from Ecuador: natural LWA.
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C) Expanded clay: artificial LWA, three different particle size
distributions:

- Expanded clay 20/10".
- Expanded clay 10/5.
- Expanded clay 5/0.08.

d) Expanded slate: artificial LWA, two different particle size

distributions:
- Expanded slate 20/5.
- Expanded clay 10/0.08.

e) Industrial slag 1 (iron slag): artificial LWA, waste from steel

industrial process.

f) Industrial slag 2 (sugar slag): artificial LWA, waste from fuels used in

industrial sugar process.

The experimental work was divided in two parts:

(1) The evaluation of the basic characteristics: (i) the moisture properties (water
release/uptake), (ii) the analysis of the microstructure of the LWAs by SEM
(scanning electron microscope) micrographs and (iii) porosity test by MIP
(mercury intrusion porosimetry).

(2) The performance as internal curing agents in reference to the impact on
mechanical properties (compressive strength), chloride ion permeability,

mitigation of autogenous shrinkage and degree of hydration.

! The numbers correspond to the maximum and the minimum size of particle in the aggregate,

respectively.



20

3.5 Structure of Chapter 4

Two articles were submitted to ISI journals after the research was conducted.
These two articles are included in this thesis and present the main results obtained
from the investigation. Each article is focused on a particular hypothesis (see 3.3).

The first of them is referred to the efficiency of the LWAs used as internal curing
agents and a comparative analysis between natural and artificial LWAs. The
second one refers to the modification of the moisture properties of the LWA,
trough the use of SRA solution for the pre-wetting of the aggregate and the use of
different particle size distributions to obtain a better dispersion of the internal

curing agent.



4.

21

JOURNAL ARTICLES

4.1 Assessing Lightweight Aggregate Efficiency for Maximizing Internal

Curing Performance

Abstract
Internal curing, extensively investigated in the last decade, has shown to enhance

hydration, diminish autogenous shrinkage, and mitigate early-age cracking due to
self-desiccation in high-performance concrete. However, it also increases internal
porosity of concrete which might reduce mechanical properties. Thus, a better
understanding of what makes a LWA effective and efficient for internal curing is
fundamental to maximize the gains and minimize the shortcomings.

The present study analyses the performance of a wide set of LWAs for internal
curing including artificial and natural LWAs. Water uptake, water release, and
pore structure of LWAs was determined; as well as their performance in concrete
assessed using degree of hydration, compressive strength, chloride ion
permeability and autogenous shrinkage. Results showed that natural LWA possess
higher, coarser, and more interconnected porosity than artificial LWA. This allows
natural LWA to store more water and to present higher and faster water release for
internal curing. Natural LWAs produced concrete with similar or better
performance than that with artificial LWAs in despite of having lower dosages.
Selection of a LWA for internal curing needs to consider not only the effectiveness
in reducing autogenous shrinkage but also efficiency and other performance

criteria such as permeability and compressive strength.
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Keywords: pumice; chloride ion permeability; autogenous shrinkage; pore

microstructure; degree of hydration; water release; water uptake.
Introduction

After concrete is batched, the mixing water - defined as the water in freshly mixed
concrete exclusive of any previously absorbed water by the aggregate (ACI 116R,
2005) - reacts with the cementitious materials carrying out diverse chemical
reactions. Some portion of the water combines to form calcium silicate hydrates
(C-S-H), primary strength-giving phase in portland cement concrete; some water
forms other hydration products such as calcium hydroxide, ettringite or
monosulphate; some water is adsorbed by the surface of the hydration products;
and the rest remains within the capillary pores originated during hydration
(Neville, 2003).

As cement hydration develops necessary water to continue hydration is partially
obtained from the capillary pores. The emptying of the capillary pores produces an
increase in surface tensions over the aggregates and hydration products developed.
The macroscopic effect of the drying, under sealed isothermal unrestrained
conditions, produces dimensional deformations of the cementitious system known
as autogenous deformations (Kovler and Jensen, 2007) (Jensen and Hansen, 2001).
Two factors determine the cement maximum attainable degree of hydration: the
availability of space for hydration products and the availability of water for the
cement hydration (Mindess et al., 2003). Powers (1947) established a theoretical

lower limit of 0.36 for water-to-cement ratio (w/c) to have enough space for the
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formation of the hydration products while for w/c between 0.36 and 0.42 an
additional supply of water is needed to reach complete hydration of cement
(Mindess et al., 2003). When the additional supply of water is external to concrete,
its water permeability becomes a key factor allowing that water reaches unreacted
cement.

High-performance / high-strength concretes present a challenging scenario with
respect to hydration, autogenous deformation, and curing because they usually
have low w/c and low permeability (Duran-Herrera et al., 2007), (Aitcin, 1998);
thus, traditional curing might not be sufficiently effective in such concretes.
Philleo (1991) suggested a partial replacement of fine normalweight aggregate by
pre-wetted lightweight aggregate (LWA) in order to reduce self-desiccation and to
provide curing from the interior of the concrete. This is now known as “internal
curing” — IC. The principle behind IC lays on the water migration from the pre-
wetted LWA to cement paste, by capillary suction according to the Kelvin-Laplace
equation as relative humidity on cement paste decreases (Kovler and Zhutovsky,
2006). IC takes advantage of the LWA high porosity and absorption. That is, water
uptake through 24 hours immersion ranges between 5 and 30% for artificial LWA
and could reach even 50 to 60% in the case of some natural LWA such as pumice.
During the last years, many authors had continued investigating IC (Weber and
Reinhardt, 1997), (Bentz and Snyder, 1999), (Bentz et al., 2005), (Bentur et al.,
2001), (Lura, 2003), (Lam and Hooton, 2005), (Henkensiefken et al., 2009),

(Lopez et al., 2005), (Lopez et al., 2008a) and new data on the benefits of IC on
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hydration, mechanical properties, control and mitigation of the autogenous and
drying shrinkage, cracking susceptibility, and creep has been obtained. Bentz and
Snyder (1999) developed the first theoretical estimation to determine the required
amount of pre-wetted LWA to ensure enough water for complete cement
hydration, based on a 3-D concrete microstructural model. Later on, Bentz et al.
(2005) developed a procedure that has become one of the preferred methods to
estimate the amount of pre-wetted LWA needed for IC. This method considered
the aggregate desorption (water release) rather than absorption (water uptake) in
proportioning LWA for IC.

Even though IC has proven to enhance hydration and to bring important benefits,
the use of IC agents, such as LWA, might limit the compressive strength of
concrete due to their high porosity and lower intrinsic strength (Videla and Lopez,
2000a), (Videla and Lopez, 2000b). This is well known in lightweight aggregate
concrete as ceiling strength (ACI 213R, 2003). Therefore, the use of IC, and
particularly the selection of a LWA for IC, needs to be evaluated not only
considering hydration but also the possible effects in mechanical properties
(Videla and Lopez, 2002).

Most of the research in IC has been carried out using artificial LWA (i.e.,
expanded clay, expanded shale, expanded slate, etc.) as IC agents; although natural
LWA (i.e., pumice) might be a more efficient IC agent as suggested by its high
absorption and open porosity.

Improving the efficiency of the IC agent might reduce collateral effects on
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mechanical properties of concrete.

The few studies using natural LWA for IC (Lura et al., 2004), (Lura et al., 2006),
(Zhutovsky et al., 2002) have not addressed the efficiency of LWA from the
mechanical properties of concrete perspective; furthermore, some of them
observed problems to reach enough saturation for practical applications in natural

LWA.
Experimental Procedure

The experimental program evaluated seven LWA for IC purposes. The evaluation
considered the aggregates’ intrinsic properties and their performance as IC agents.
Two types of characterization were considered for the aggregates’ intrinsic
properties,: (i) aggregates’ moisture-related properties such as water adsorption
and absorption in time (referred as water uptake) and water desorption and
evaporation in time (referred as water release); and (ii) aggregates’ microstructure
such as pore size distribution trough mercury intrusion porosimetry (MIP), and
qualitative analysis through scanning electron microscope (SEM) images. The
assessment of the different IC agents performance was based on the concrete
compressive strength [ASTM C39 (2001)], chloride ion permeability [ASTM
C1202 (2005)], degree of hydration [ASTM C150 (2005)], and autogenous

shrinkage [method developed by Jensen and Hansen (1995b)].
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Aggregate Characterization

To provide enough water for IC in a timely manner, a LWA must possess a good
water uptake capacity, high rates of water release, and an appropriate dispersion
since the limited travel distance of the IC water within the concrete (Lura et al.,
2006), (Bentz et al., 2006).

Seven kinds of aggregates were considered in the study: two natural LWA (pumice
from Chile and Ecuador), and two artificial LWA (expanded slate and expanded
clay) each of one with different particle size distribution. The main properties of
the aggregates are shown in Table 2 where open porosity was obtained by filling

the pores with toluene before the MIP test.

Table 2: Main characteristics of the LWA analyzed in the research

3-day Dry Specific 2 SSD Fineness Open
Absorption Gravity SpeC|_f|c Modulus Porosity
LIGHTWEIGHT AGGREGATE b Gkra;wtay —
w (ll(l?//ymd3) (Ibg/yl}) m(m/in) %

Pumice from Ecuador 10/0.08Y 62.4% 711(1,198) 1,195 (2,014) 3.69 68.8%
Pumice from Chile 20/0.63 56.8% 710 (1,197) 1,063 (1,792) 5.96 67.9%
Expanded Slate 20/5 5.5% 1,364 (2,299) 1,439 (2,426) 6.58  ------ 2
Expanded Slate 10/0.08 13.8% 1,543 (2,601) 1,656 (2,791) 3.92 27.7%
Expanded Clay 20/10 22.3%  1,115(1,879) 1,364 (2,299) 6.96 ------ 2
Expanded Clay 10/5 23.3% 1,231 (2,075) 1,517 (2,557) 577 - 2
Expanded Clay 5/0.08 325% 1,653 (2,786) 1,920 (3,236) 4.16 41.0%

1: numbers in the name indicate the maximum and minimum particle sizes in mm
2: not measured

Aggregate water uptake was assessed by submerging 500 g [1.1 Ib] of each

aggregate, in an oven-dry condition, in 2-liter [67.6 fl 0z.] flasks. As the level of
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water decreased due to the aggregate’s uptake of water, the flasks were refilled and
the change in mass was registered to obtain the amount of water retained by the
aggregate in time. Water evaporation and aggregate floating were avoided. Since
initial semi-instantaneous water uptake occurred when the oven-dry LWA first
take contact with water, the measured values needed to be corrected to include that
initial amount of water not registered the first time. Thus, the mass of water
retained by the aggregate after 24 hours was obtained in parallel samples to make
the adjustment.

Aggregate water release was assessed by drying 400 g [0.88 Ib] of 3-day saturated
surface dry (SSD) aggregate at controlled relative humidity (RH) conditions. The
mass change was registered to obtain the amount of water released by the
aggregate in time. Three samples were tested for each aggregate. In order to
control water release, aggregates were kept in hermetic containers with saturated
salts to set the RH. This procedure aimed to represent the autogenous change of
RH within concrete. The RH imposed by the salts ranged between 97 and 75%
(see Table 3). This range was chosen based in Powers’ work, which proved that
the hydration of cement stops when the RH in the capillary pores drops below 80%
(Powers, 1947).

Two criteria were established to determine the time for reaching hygral
equilibrium between the LWA and the environment: 1) the water loss in the last 24
hours being less than 0.5% of the total amount of water contained by the LWA,

and 2) the drying rate in the last week being lower than the 25% of that in the first
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week (initial drying rate). The test methodology was based on ASTM C1498
(2004), but considered significantly larger samples to obtain more representative

results, and stricter criteria to determine hygral equilibrium.

Table 3: Salts used for control of RH in the measurement of water release

Salt Name Chemical Formula Eafiuz'gPé“(Jgfé)H
Potassium sulphate K2SO4 97%
Potassium nitrate KNO; 94%
Barium chloride dehydrate BaCl,-2H,0 90%
Potassium chloride KClI 85%
Potassium bromide KBr 81%
Sodium chloride NaCl 75%

Additionally, two tests were performed to assess the LWA microstructure
characteristics. Pore size distribution using MIP test (Swanson, 1981) was
measured in the natural and artificial LWA. The MIP test allowed measuring
accesible pores with diameters ranging from 1 mm to 1 nm. Also, SEM
micrographs were taken in the aggregates to observe qualitative differences in pore
size and inner conectivity. The aggregates were embedded in an ultra-low
viscosity resin and then saw cut. The cut surfaces were polished using 120, 240,
360, and 600 silicon carbide (SiC) grit to obtain a suitable surface for imaging.
Then the samples were gold coated to improve the electrical conductivity of the

surface. The micrographs were obtained using a backscatter electron detector.



29

Performance of aggregates in concrete

Aggregate performance, as IC agents, was assessed when used in concrete and
measuring concrete autogenous shrinkage. Concrete mixture design considered
65% of aggregate by volume. Portland cement type | at a water-to-cement ratio of
0.3 was chosen for all the mixtures. The cement had a blaine fineness of 360 m%/kg
[3,600 cm?/g] and the estimated composition was as follows: 20.8% of SiO,, 2.9%
of Fe,03, 6% of Al,O3, 63.2% of CaO, and 1.8% of SO3;. Samples were demolded
24 hours after casting and kept in at RH higher than 90% and 23 °C [73.4 °F] until
the time of testing.

The method developed by Bentz and Snyder (1999) was used to estimate the
amount of IC water needed to maintain complete saturation of the cement paste
during hydration. The amount of LWA was calculated from this value and from
each particular aggregate desorption. This amount of LWA was then replaced by
an equal volume of normal weight aggregate already present in the concrete
mixture. In order to minimize changes in grading, the replacement of NWA by
LWA considered fine aggregate, coarse aggregate or both, depending on the
particle size distribution of the specific LWA. It should be noted that the quantity
of IC water, rather than the quantity of IC agent, was kept constant in all mixtures.
Thus, little differences in autogenous shrinkage and degree of hydration and large
differences in mechanical properties are expected among the mixtures with

different LWA.
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The details of the concretes mixture designs are shown in Table 4. The LWAs
were prewetted for three days since water storage is considerably higher than that
obtained with one day only; and at the same time, it is still a feasible period for
field applications.

Table 4: Mixture designs in kg/m®

Constituent Control P;Jrr(?_rlrfe P;Jrr(?rlrfe Exi)ogay E)é?o%gy Exg;lsate Efglc??ée
Chile Ecuador
Portland Cement 518 518 518 518 518 518 518
Water 155 155 155 155 155 155 155
Coarse Aggregate 790 709 790 589 790 0 790
Fine Aggregate 965 866 814 965 799 814 496
LWA (3-day SSD) | ----------- 71 67 142 119 498 261
Superplasticizer 13 13 13 13 13 13 13

Autogenous shrinkage of mixtures using each LWA was measured by the method
developed by Jensen and Hansen (1995). It uses flexible corrugated tubes as
molds, with a negligible axial stiffnes, to obtain linear deformations after setting.
Three specimens were used for each mixture. Specimens were sealed and stored in
an enviromental chamber at constant temperature (23 °C [73.4 °F]) to avoid drying
and thermal deformations. The initial measurement (zero time) was taken after
setting time according to the Vicat test (ASTM C191, 1999). Specimens were
periodically weighted to verify that specimend remained sealed.

Compressive strenght was measured in 100 x 200 mm [4 x 8 in] cylinder
specimens at 28, 56 and 90 days of age. Detwiler et al.(2009) concluded that the

average of two 100 x 200 mm [4 x 8 in.] cylinders did not have a greater
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variability than the average of three 150 x 300 mm [6 x 12 in.] cylinders, so at
least two specimens were considered on each test.

Chloride ion permeability was measured according to ASTM C1202 (2005). This
method has shown a direct relationship with water permeability (Zhang and Gjerv,
1991b), being a good indicator of the concrete expected durability and a suitable
method for evaluating materials. The samples were obtained sawing 100 x 200
mm, [4 x 8 in.] cylinders to obtain 100 x 50 mm [4 x 2 in] cylinders. Two samples
were tested per each mixture.

Finally, samples of concrete at 90 days of age were grinded down using a mortar
to obtain each concrete mixture degree of hydration. At least three samples of
approximately 30 g [1.058 oz.] of crushed concrete passing 5-mm [0.2-in] sieve
were placed in ceramic crucibles. First, samples were kept at 105 °C [221 °F]
during 24 hours, in order to remove the evaporable water (water in the capillary
pores of concrete). Then, samples were weighted and ignited in a muffle furnace at
a controled temperature of 1,100 °C [2,012 °F] during 3 hours and weigthed again.
At high temperatures, over 1,000 °C [1,832 °F], chemical bonds in the cement
paste are broken and the water that has reacted with cement to form the hydration
products (known as chemically bonded water), is removed. The cement degree of
hydration was calculated based on the mass loss between 105 and 1,100 °C [221
and 2,012 °F], and correcting by the loss on ignition of the unhydrated cement, and

aggregates (NWA and LWA). To calculate the cement degree of hydration, the
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non-evaporable water content for fully hydrated cement is considered to be 0.23 g

[0.008 0z.] of water per 1 g [0.035 o0z.] of cement (Bentz and Hansen, 2000).
Experimental Results and Discussion

From the results shown in Table 2, it can be concluded that the aggregates present
a wide range in their properties to provide IC water, even among those of the same
kind (i.e., expanded slate or expanded clay). However, in a preliminary analysis,
the two pumices (natural LWAS) appear as the more promising ones due to its high

initial absorption and open porosity.
Aggregates Properties

Water uptake of LWAS, expressed as the percentage of water with respect to the
aggregate oven-dry mass, presents great differences within the aggregates studied
herein (see Figure 6). LWAS showed a high initial water uptake with a subsequent
decrease in water uptake with time. This would happen because water starts by
filling large pores first and then continues filling increasingly smaller pores by
diffusion. This continues to occur until all the open pores are full or until there is
not enough energy (pressure) to keep filling the smaller pores. This is manifested
by an equilibrium value when no more water is absorbed or adsorbed by the
aggregate.

Large differences can be noted when comparing the different LWASs shown in
Figure 6. First of all, Natural LWAs had a considerably higher initial and final

water uptake when compared to any of the artificial LWAs. Moreover, natural



33

LWAs presented the highest water uptake, even exceeding the open porosity value

shown in Table 2.
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Figure 6: Water uptake in time

When comparing natural LWAs, it can be concluded that even though pumice
from Ecuador presented a higher initial water uptake, both pumices had relatively
similar final water uptake of approximately 80% of its initial oven-dry mass.

When comparing artificial LWAs, considerable differences between expanded
slate and expanded clay can be observed. Expanded slate exhibited final water
uptake between 10 and 20% depending on the maximum size aggregate (MSA)
while expanded clay ranged between 30 and 40%. In addition, expanded slate
exhibited higher initial and final water uptake as its MSA decreased; i.e., water
uptake of expanded slate 10/0.08 that nearly doubled the one of expanded slate
20/5. On the other hand, expanded clay did not show higher water uptakes as the
MSA decreased; in fact, expanded clay 20/10 (the largest MSA fraction) showed

the highest water uptake, and no significant differences between expanded clay
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10/5 and expanded clay 5/0.08 were recorded. This difference between expanded
slate and expanded clay is believed to be caused by differences in their pore
interconnectivity. That is, in poorly interconnected porosity, water uptake is
greatly influenced by the exposed surface; i.e., accessible pores. As MSA
decreases, the exposed surface and accessible pores increases and the same
happens with water uptake. This would be the case of expanded slate where the
smaller MSA fraction was obtained by crushing down the larger MSA fraction, so
new internal pores become accessible.

In contrast, expanded clay, which various MSA are obtained by sieving particle
sizes after the rotary kiln expansion process, presents similar access to internal
porosity regardless of the MSA. Moreover, the larger water uptake of the
expanded clay 20/10 can be attributed to the bigger internal pores that such

particles can contain as compared to the smaller fractions.
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Figure 7: Water release of LWA under decreasing RH conditions
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Figure 7 shows the water release (evaporation and desorption of water) of the
LWAs. Water release due to relative humidity (RH) gradients in a closed system
characterizes differences in the water delivery capabilities of each LWA.

Figure 7 shows that regardless of the LWA, most of the stored water is release for
HR of 93%. Nevertheless, large differences between the LWAs are observed in the
amount and rate of water release. Natural LWAS released more water and at a
higher rate that any of the artificial LWAs. Pumice from Ecuador exhibited the
highest amount of water released while expanded slate 20/5 exhibit the lowest.
Additionally, natural LWASs presented the highest rates of water delivery (Table 5)
at 97% and 93% RH. Thus, natural LWA are expected to release more water more
rapidly allowing better cement hydration if used as IC reservoir.

Table 5: Rate of released water at 97% and 93% RH

LIGHTWEIGHT AGGREGATE 9(7)(0/;(?1_)'1 gg((y;(?%'l
Pumice from Ecuador 10.1 17.2
Pumice from Chile 7.7 15.6
Expanded Slate 20/5 4.5 5.6
Expanded Slate 10/0.08 5.9 10.7
Expanded Clay 20/10 7.1 13.9
Expanded Clay 10/5 6.0 11.2
Expanded Clay 5/0.08 6.5 13.0

1: Grams of water released by grams of dry LWA per day

When comparing results from Figure 6 and Figure 7, it can be concluded that even
water uptake and water release are governed by different physical processes

(Ruthven, 1984), the aggregate with the highest water uptake also exhibited the
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highest water release (natural LWAS). Likewise, the aggregates with the lowest
water uptake also exhibited the lowest water release (expanded slate). A more
detailed analysis of the moisture-related properties of LWAs could be seen

elsewhere (Paul et al., 2010).
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Figure 8: Pore size distribution of natural and artificial LWAs (MIP test). Vertical line
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Figure 8 presents the results of the MIP test. It can be seen that natural LWAS
present pores with larger diameters than artificial LWA. Pores with diameter larger
than 100 nm approximately can be considered capillary pores, which are useful for
IC water storage (Jensen and Lura, 2003). While the pumice from Ecuador and
Chile presented 91.6% and 85.4%, respectively of capillary pores relative to the
total porosity registered, expanded clay 5/0.08 and expanded slate 10/0.08
presented only 60.5% and 39.7%, respectively of capillary pores. Pores that are
smaller than 100 nm cannot be drained by capillary suction, so they are not

available for IC. Therefore, besides of the higher porosity of natural LWAS with
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respect to artificial LWAs, a better performance as IC agents is expected in natural
LWAs due to their coarser pore size distribution.

SEM images taken in the aggregates showed a greater open and more
interconnected porosity in natural LWAs with respect to artificial LWAs (Figure 9
and Figure 10). These differences are believed to be caused by the formation
processes involved on each kind of aggregate. While the artificial LWAs form its
pores from the gases evolved within the pyroplastic mass trough heating in rotary
Kilns or in the sintering process (ACI 213R, 2003), the natural LWAs studied

herein are volcanic rocks originated by dissolved gases precipitated during cooling

as the lava hurtles through the air (Lura et al., 2004).

Figure 9: SEM image of expanded slate, 520X (left) and 1,300X (right)
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Figure 10: SEM image of pumice from Ecuador, 520X (left) and 1,300X (right)

Concrete Performance

The degree of hydration of cement pastes was calculated at 90 days of age. Table 6

presents the results of degree of hydration and the coefficient of variation. From

the results, it can be observed that all the mixtures with IC presented higher degree

of hydration than the control sample (with no IC). These results suggest an

effective transport of water from LWA to the cement paste.

Table 6: Degree of hydration of concrete mixtures

wxtue | Deareeof Cosfcentof
Control 52.1% 0.09
Pumice from Ecuador 66.0% 0.15
Pumice from Chile 54.2% 0.17
Expanded Clay 5/0.08 61.1% 0.15
Expanded Slate 20/5 61.3% 0.20
Expanded Slate 10/0.08 60.7% 0.16

Even though all mixtures were proportioned considering the same amount of IC

water, the obtained degree of hydration varied widely among them. While
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mixtures with artificial LWAs had similar degrees of hydration ranging from 60.7
to 61.3%, mixtures with natural LWAs showed a great difference between them.
The mixture with pumice from Ecuador as IC agent presented the highest degree
of hydration (66%) with the lowest coefficient of variation while that with pumice
from Chile presented a degree of hydration of 54.2%. This important difference in
hydration is believed to be caused by the finer size distribution of the pumice from
Ecuador (fineness modulus of 3.69) with respect to the pumice from Chile
(fineness modulus of 5.96) that allowed a better dispersion within the concrete.
This effect became important for the natural LWAs, rather than the artificial
LWAs, because of the low volumes of natural LWASs used in such mixtures (see

Table 4).
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Figure 11: Compressive strength of concrete mixtures

As mentioned above, the use of an aggregate with lower intrinsic strength than

NWA could limit the strength attained by the concrete. This effect can be seen in
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Figure 11, where the concrete compressive strengths at 28, 56 and 90 days of age
are displayed. Although 28-day compressive strength of mixtures with natural
LWAs and expanded clay 5/0.08 are similar to that of the control mixture, the 90-
day compressive strength showed reductions between 14 and 23% when using
these aggregates as IC agents. For mixtures containing expanded slate (20/5 and
10/0.08), the reduction in compressive strength is apparent since the 28 days of
age.

Furthermore, there is a good correlation between the 90-day compressive strength
and the level of replacement of the NWA by LWA. When expanded slate 20/5 was
used as IC agent, more than 50% of the NWA aggregate was replaced by LWA
which brought reductions in strength of about 50%. On the other hand, when
pumice from Ecuador was used as IC agent, only 8.6% the NWA aggregate was
replaced by LWA which brought reductions in strength of about 14%.

Reduction of the compressive strength has been reported by several authors when
replacement of NWA by LWA is made (Duran-Herrera et al., 2007), (Bentur et
al., 2001), (Lopez et al., 2008a), (Videla and Lopez, 2000a), (Videla and Lopez,
2000b), (Ackay and Tasdemir, 2009), (Lopez et al., 2008b). Nevertheless, other
investigation measured higher compressive strength when IC is used in blended
cements concretes (Bentz, 2007), attributable to a denser interfacial transition zone
between the LWA and the hydrated cement paste due to a better hydration of the
cementitious system. Not always an increase in the degree of hydration leads to an

increase in compressive strength of concrete when IC is provided. Usually, the
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increase in strength of the cement paste binder cannot be balanced by the increased
porosity of the whole system due to the high internal porosity of the LWASs
(Geiker et al., 2004) and an overall decrease in compressive strength is observed.
It should be noticed that the benefits of IC in other properties such as autogenous
shrinkage and cracking might be enough to accept a decrease in compressive
strength.

It is concluded that the more efficient the IC agent, the lower the volume needed to
provide effective IC and the lower the strength losses due to the ceiling strength.
Therefore, a desirable IC agent not only maximizes beneficial effects but also

minimizes possible detrimental effects.
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Figure 12: Rapid chloride permeability test. Text in boxes corresponds to the category of

penetrability according to the standard

Chloride ion permeability test was performed at 90 days of age as shown in Figure

12. From the results, it can be observed a moderate correlation between the
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chloride ion permeability and the volume of LWA replacement. Although most of
internally cured mixtures showed higher permeability than the control mixture, all
the obtained results were considered as “Low” according to the ASTM standard.
The increase in chloride ion permeability was not expected since improvement in
degree of hydration suggests lower permeability. However, it seems that the
addition of LWA showed an adverse impact in permeability with the exceptions of
the mixture with pumice from Ecuador and with expanded clay 5/0.08 which
presented lower or similar chloride ion permeability, respectively than that of the
control mixture.

Zhang and Gjerv (1991b) measured higher 28-day chloride ion permeability in
their high-strength lightweight concrete mixtures when using LWA of higher
absorption. This would indicate that porosity of the LWA might facilitate chloride
ion diffusion through concrete. A more recent study (Thomas, 2006) concluded
that the 3-year chloride ion permeability of internally cured mixtures having silica
fume was lower than that of the control mixture. One possible difference is that the
present study did not used supplementary cementing materials such as fly-ash or
silica fume in the mixture design, so the beneficial effect of IC in chloride ion
permeability observed in the long-term by Thomas might not be as clear in the
mixtures used herein. In order to assess this, 120-day chloride ion permeability
was measured only in the control mixture and in the internally cured mixture
containing expanded slate 20/5. Results showed no significant differences in

chloride ion permeability between the two mixtures indicating that as hydration
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continues beneficial effects in permeability could counteract the possible initial

detrimental effect for using porous aggregates.
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Figure 13: Autogenous shrinkage. Zero time corresponds to the setting time

Figure 13 shows the results of autogenous shrinkage measured on each of the
mixtures under study. The mitigation of the autogenous shrinkage is one of the
main objectives to use IC of concrete, and as can be seen in Figure 13, the
inclusion of pre-wetted LWA in concrete reduced the autogenous shrinkage in all
cases with respect to the control mixture. Internally cured mixtures exhibited an
initial expansion after setting, followed by shrinkage that developed at a lower rate
than that in the control mixture. This effect in autogenous deformation can be very

advantageous for controlling early-age cracking since autogenous shrinkage is
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reduced and shifted to later ages when concrete has developed most of its strength.
For example, an autogenous shrinkage of 600 microstrains was reached after four
days for the control mixture while it was reached after 10 to 30 days for the
internally cured mixtures.

Nevertheless, significant differences between LWAs could be observed even
though all mixtures were proportioned considering the same amount of 1C water.
Mixtures with pumice from Chile showed the highest expansion and one of the
two lowest autogenous shrinkage results.

The reduction in the MSA of the artificial LWAs allowed for further decrease in
autogenous shrinkage, but none of these seemed to be a better alternative than
pumice from Chile.

Surprisingly, the use of pumice from Ecuador as IC agent did not provide the
greatest improvements as the previous tests suggested. One possible explanation of
this unexpected behavior of the mixture with pumice from Ecuador could be that
an accelerated hydration produced an early depercolation of pores which makes
difficult the water transport and facilitates self desiccation within concrete. Even
so, this possible explanation could not be verified in this paper and needs to be
further investigated. Effects in autogenous shrinkage as those seen herein using
pumice from Ecuador has been reported elsewhere (Ackay and Tasdemir, 2009)
using similar amounts of pumice, although other test was used to measure
autogenous shrinkage (ASTM C157, 1999). When the same autogenous

deformation test was performed, higher autogenous shrinkage were obtained in
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concrete with w/c of 0.3 and 20% of silica fume addition (Lura and Jensen, 2007),
but lower 40-day autogenous shrinkages were measured in blended cement (silica
fume, fly ash or ground granulated blast furnace slag), w/cm = 0.3 mortar mixtures

(Bentz, 2007).
Summary and Conclusions

IC is a technique which objective is to mitigate or avoid the problems derived of
the concrete self-desiccation after setting, i.e., early-age cracking, autogenous
shrinkage and poor hydration of the cementitious materials. The success of this
technique depends of the characteristics of the water reservoirs chosen (i.e., IC
agent). A good IC agent should provide enough water at the right time. Thus,
water uptake, water release and characteristics of the microstructure of various
LWA were analyzed. Two types of natural LWAs (specifically pumices) and two
types of artificial LWAs (specifically expanded clay and expanded slate) were
investigated. Based on these LWAs, the following conclusions were obtained:

(1) Natural LWAs presented higher water storage capacity and higher rates of
water uptake than the artificial LWAs.

(2) Natural LWAs presented higher and faster water release due to RH gradients
than the artificial LWAs.

(3) Natural LWAs presented higher capillary porosity than the artificial LWAS
according to the MIP test.

(4) Natural LWAs sho