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ABSTRACT

For the last three to four decades, the early age shrinkage of high performance
cementitious mixtures has become a concern among engineers. Despite this fact, information
about early age shrinkage is still not well documented in the literature. This thesis firstly
focused on issue pertaining to the selection of the starting point or the “time zero” value (i.e.
TZV) to be used for early age shrinkage monitoring of high performance cementitious mixtures
cured under sealed and unsealed curing conditions.

Following the issue of TZV for early age shrinkage monitoring, an improved image
analysis technique capable of monitoring early age shrinkage strains with respect to the depth
from the top surface of cementitious prism specimens during the first 24 hours after adding
water to the mixture was described in the present study. The improved image analysis technique
can be applied for either sealed prism specimens (generally used for autogenous shrinkage
monitoring) or unsealed prism specimens (typical of those used for early age drying shrinkage
monitoring) with acceptable accuracy.

Once the improved image analysis technique was established, the technique was used to
investigate the influence of some constituent materials and mixture properties such as
superplasticizers, water-to-cementitious ratio, aggregate volume, and silica fume on the
development of shrinkage strains within prism specimens exposed to a dry environment from an
early age.

With the knowledge of early age shrinkage strains monitored on monolithic prism
specimens, the study was extended to investigate the influence of substrate preparation on the
early age shrinkage strains and cracking (de-lamination) during the first 24 hours after adding
water to the mixture of newly cast cementitious materials in composite prism specimens. The
findings provide a better understanding of early age shrinkage of high performance cementitious

mixtures cast either as a monolithic or as a two layer composite prism specimen.

Keywords: Early age shrinkage at various depths, Time zero value, Image analysis, Bonded-

concrete overlay, High performance cementitious mixture, Cracking, De-lamination
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Chapter 1 - Introduction

Chapter 1 INTRODUCTION

1.1  Background and Motivation

Over the last three to four decades, many improvements have been made in concrete
technology in order to meet the increasing demands of material performance, one of which is
the introduction of enhanced cementitious mixtures also known as High Performance
Cementitious Mixtures (HPCM) or High Performance Concrete (HPC). The advantages of using
High Performance Cementitious Mixtures are widely acknowledged. The use of HPC in high
rise buildings will increase the lateral stiffness and reduce the deflection of these buildings, thus
providing more comfort level for the occupants. In addition, the use of HPC on building
construction is also preferable due to the higher strength/weight ratio. A reduction in overall
building weight makes it possible to build on soils with marginal load-carrying capacities.

Despite these advantages, durability issues of high performance cementitious mixtures
have become a concern among engineers. Both practical and laboratory studies have shown that
high performance cementitious materials are more susceptible to cracking during the early ages.
This early age cracking may greatly compromise the performance of a concrete structure, both
aesthetic performance and overall service life performance. While the cause of such early age
cracking can be numerous, for example improper design and overloading during the early ages,
one major cause of this early age cracking is early age shrinkage. Studies have shown that a
significant amount of shrinkage strains was generated during the early ages after casting of such
high performance cementitious mixtures [Aitcin (2001)]. The relatively significant amount of
early age shrinkage strains in conjunction with several factors, such as high degree of restraint
and other relevant material properties, might cause early age cracking. In addition, it is widely
known that the cracking risk of cementitious elements increases when they are exposed to a dry
environment at an early age. Although it is generally accepted that the influence of drying at
early ages can be eliminated by proper handling and curing techniques, it is often difficult to

provide an ideal curing environment for cementitious materials in practice. This phenomenon is
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also important in the case of high performance cementitious mixtures. A typical high
performance cementitious mixture is expected to be more susceptible to early age cracking
when exposed to a dry environment at an early age.

With increasing awareness of early age shrinkage, some issues are still contentious.
These include disagreement on a globally accepted standard procedure and on the starting point
or the time zero “value” (i.e. TZV) for commencement of early age shrinkage monitoring. On
top of this, early age shrinkage is also of concern when high performance cementitious mixtures
are utilized as overlays in repair work. In the following section, brief descriptions relating to
some of these contentious issues are presented. More detailed literature review relevant for the
specific issue of early age shrinkage monitoring of high performance cementitious mixtures is

provided at the beginning of each chapter.

1.1.1 Early Age Shrinkage of Cementitious Material

The exact interpretation of “early age” for the whole range of cementitious materials
may vary tremendously depending on the context and the purpose of study. With reference to
early age shrinkage, the term “early age shrinkage” of cementitious material may refer to
volume changes occurring immediately after placing of the cementitious mixture up to about 24
hours thereafter [Holt and Leivo (1999), Kyaw (2007)]. This period of time, as shown in Figure
1.1 and Figure 1.2, includes the time when the cementitious material is still fluid and workable
(i.e. plastic stage), the transition stage when it experiences stiffening and initial hardening due to
cement hydration, and finally the hardening stage when appreciable mechanical strength
continues to develop in the cementitious material [Mehta and Monteiro (1993), Schindler

(2004)].
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Volume change of cementitious material itself consists of many types; chemical
shrinkage, autogenous shrinkage, early age settlement, drying shrinkage, plastic shrinkage, and
thermal deformation. Among these volume changes, autogenous shrinkage, drying shrinkage
(i.e. plastic shrinkage), and thermal deformation are the most common types of volume changes
encountered during the early ages. Autogenous shrinkage is generally defined as apparent
volume change due to hydration process while drying shrinkage or plastic shrinkage is defined
as apparent volume change due to moisture loss to the environment. Thermal deformation, on
the other hand, is defined as volume changes that occur when the cementitious mixture
undergoes temperature fluctuations. It is important to note that these volume changes can occur

simultaneously and the effect of these volume changes may affect and mutually interact with
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each other during the early ages. Hence, some researchers often resort to referring early age
shrinkage strains monitored in a test specimen as “total early age shrinkage strains” of the

cementitious material being tested. [Holt and Leivo (1999), Kyaw (2007)].

1.1.2 Time Zero Value

As mentioned previously, the starting point or the “time zero” value (i.e. TZV) to be
used for early age shrinkage monitoring is not well defined in the literature [Weiss (2002),
Kyaw (2007)]. In most early age shrinkage studies, the TZV used would depend on either the
purpose of the study or on the limitations of the testing equipment utilized. As a result, different
TZV are used and a meaningful comparison between different materials and between various
studies for seemingly similar cementitious mixture is difficult to be performed. Thus a rational
approach to identify a suitable TZV for use especially for early age shrinkage monitoring of

high performance cementitious mixtures is needed.

1.1.3 Technique for early age shrinkage monitoring

For shrinkage monitoring of cementitious materials, standard apparatus and procedure
for long-term shrinkage strain monitoring are well defined in ASTM-C490-04 (2004) and
ASTM-C157/C157M-04 (2004) respectively. On the other hand, in the case of early age
shrinkage monitoring, various researchers had used a number of different specimen sizes,
shapes and gauge lengths [Holt (2001), Al-Amoudi et al. (2006), Jensen and Hansen (1996),
Ishikawa et al. (2000)]. In addition, early age drying shrinkage monitoring of cementitious
mixtures is also prone to difficulties associated with instrument limitations. It is important to
note that early age drying shrinkage has been reported to exhibit behavior similar to long term
drying shrinkage in that it varies with depth from the exposed surface [Neville (2003), Ong and
Kyaw (2006)]. Despite this fact, most of the linear measurement technique in use at present time
can only provide an “average” value of the early age drying shrinkage strain across the whole
cross section of the specimen. This is likely to compromise quantitative comparison between

results reported by a number of researchers dealing with early age shrinkage measurement.
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1.1.4 Early age drying shrinkage monitoring

As mentioned previously, the loss of moisture from the cementitious mixtures due to
evaporation would increase early age shrinkage of such high performance cementitious mixtures.
For a typical cementitious specimen, the moisture loss usually start from the top exposed
surface and progresses into the interior of the high performance cementitious mixtures
depending on the inherent mixture properties and the relative humidity, temperature, wind speed
prevailing in the surrounding environment. This loss of moisture is expected to cause different
shrinkage strains to be registered along the depth of the specimen with higher shrinkage strains
being monitored at the surface. This situation may eventually increase the risk of cracking of
such mixtures.

A review of available studies shows that research on the variation of shrinkage strain
with respect to the depth from the top exposed surface of cementitious specimens during the
first 24 hours after adding water to the mixture is very limited, particularly those cast using high
performance cementitious mixtures. The variation of shrinkage strains within the cementitious
specimens were typically monitored after having undergone a period of curing [Kim and Lee
(1998), Al-Saleh and Al-Zaid (2006)]. Thus technically they miss out monitoring of shrinkage

strains developed during the first 24 hours after adding water to the mixture.

1.1.5 Early age shrinkage of composite system

As mentioned previously, casting a new cementitious layer on the top of old concrete
substrate is frequently applied in the area of concrete repair and retrofitting. In such composite
systems, unlike typical monolithic systems, the differences in the shrinkage strains that develop
near the top surface and at the interface between the hardened substrate and newly cast
cementitious layer may result in tensile stresses being developed within the newly cast
cementitious layer. These stresses may lead to cracking of the newly cast cementitious layer or
delamination (i.e. debonding) at the interface between the hardened substrate and the newly cast

cementitious layer. Although performance of composite systems has been studied extensively in
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the literature [Wall and Shrive (1988), Austin et al. (1995), Xu (1999), Climaco and Regan
(2001; Kyaw (2007), Bisschop and van Mier (2002), Kim and Weiss (2003), Pease et al. (2004),
Kyaw (2007), Banthia and Gupta (2009)], the development of early age shrinkage strains
occurring during the first 24 hours after adding water to the mixture of the newly cast
cementitious mixtures cast on top of the hardened substrate has not been fully explored and

investigated.

1.2  Objectives and Contribution

The objective of this thesis is to obtain a better understanding of early age shrinkage of
high performance cementitious mixtures monitored through tests conducted on monolithic and
composite prism specimens. Several issues dealing with early age shrinkage of high
performance cementitious mixtures are addressed. More specifically, the objectives of this study
are:

1. To provide an overview pertaining to the selection of TZV and to recommend a
rational approach to select a suitable TZV for early age shrinkage monitoring of high
performance cementitious mixtures under two test conditions; sealed and unsealed
conditions.

2. To review the existing techniques for monitoring early age shrinkage strain with
emphasis on early age drying shrinkage in order to provide a better understanding of
early age shrinkage development of cementitious materials particularly within the first
24 hours after water is added to the mixture.

3. To investigate and quantify the early age shrinkage strains in high performance
cementitious mixtures with respect to the depth during the first 24 hours after adding
water to the mixture, especially for specimens exposed to early age drying conditions.
Several key parameters that affect early age shrinkage strain including: the water-to-
cementitious ratio of the mixtures, the inclusion of chemical admixtures, the
aggregate volume, and the inclusion of supplementary cementitious materials (SCMs)

will be indentified for tests conducted on prism specimens.
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4. To investigate the effect of substrate preparation on the early age shrinkage strains
and cracking (i.e. delamination) during the first 24 hours after adding water to the

mixture of newly cast cementitious materials in composite prism specimens.

The finding of this research is expected to provide better understanding of early age
shrinkage of high performance cementitious mixtures both in monolithic or composite systems.
Moreover, the results could provide useful information for the estimation of stress and cracking
due to early age shrinkage strains.

The research presented here is limited to high performance cementitious mixtures cast
with normal Type I OPC used in relatively thin concrete specimens. Although the effects of
early age shrinkage are also important in thick / mass concrete structures, they are not within the

scope of the present study.

1.3 Organization of Thesis

This thesis consists of 6 chapters. As mentioned previously, a brief introductory section
associated with the early age shrinkage monitoring, including the objectives of the present
investigation was presented in Chapter 1. More detailed literature review relevant for the
specific issue of early age shrinkage monitoring of high performance cementitious mixtures is
provided at the beginning of each chapter.

In Chapter 2, a rational approach for selecting the starting time for early age shrinkage
monitoring or the “time zero” value (i.e. TZV) was reviewed. The TZV determination based on
assessment of the S-wave reflection loss at the interface between steel plate and cementitious
materials was also presented in this chapter along with an assessment of stiffening time with
respect to the depth from the top surface of both sealed and unsealed mortar specimens.

Chapter 3 discussed the technique for monitoring early age shrinkage strain with
emphasis on plastic or early age drying shrinkage monitoring. Several techniques were reviewed

and an improved image analysis technique for monitoring early age shrinkage with respect to
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the depth from the top surface during the first 24 hours after adding water to the mixture was
presented in this chapter.

In Chapter 4, an experimental study on the effect of several mixture constituents on the
development of early age shrinkage strains with respect to the depth from the top exposed
surface during the first 24 hours after adding water to the mixture was presented and discussed.

Chapter 5 presents an investigation of early age shrinkage strains of a newly cast
cementitious layer in composite prism specimens during the first 24 hours after adding water to
the mixture. The influence of substrate surface preparation and its moisture condition on the
new cementitious layer was investigated along with an assessment of early age cracking and de-
lamination by means of an image analysis approach.

Finally, a summary of the main findings in this investigation along with the suggestions

for future research were given in Chapter 6.



Chapter 2 — Time Zero Value for Early Age Shrinkage Monitoring

Chapter 2 TIME ZERO VALUE FOR EARLY AGE SHRINKAGE
MONITORING BASED ON S-WAVE REFLECTION LOSS
MEASUREMENT

2.1 Introduction

During the past two decades, the importance of early age shrinkage in high performance
cementitious materials have been reported in numerous studies [Springenschmidt et al. (1994),
Jensen and Hansen (1996), Tazawa and Miyazawa (1999), Holt (2001), Aitcin (2001), Weiss
(2002), Zhang et al. (2003), Bjontegaard and Sellevold (2004), Kaufmann et al. (2004), Ong and
Kyaw (2006), Sant et al. (2006), Esping (2007), Kyaw (2007), Wong et al. (2007)]. Along with
the acknowledgment of the importance of early age shrinkage, one important issue that still
remains open for discussion is the starting point or the “time zero” value (i.e. TZV) to be used
within the timeline along which early age shrinkage occurs. Earlier studies by Aitcin (1999),
Weiss (2002), and Sant et al. (2006) showed that the actual starting time used could influence
the measured response and may substantially underestimate the magnitude of shrinkage strains
monitored. Moreover, Weiss (2002) also reported that the difference in the TZV used is likely to
account for the disparity in the magnitude of the early age shrinkage strains for seemingly
similar cementitious mixtures reported in the literature.

Currently, there is no general agreement on the time from which early age shrinkage
monitoring should start [Weiss (2002), Kyaw (2007)]. Some researchers such as Tazawa and
Miyazawa (2001) and Bjentegaard et al. (2004) followed the Japan Concrete Institute’s (JCI)
recommendation to use the initial setting time obtained by the penetration test as the TZV for
shrinkage measurement. Others, depending on the capability of the test set-up used, specify the
“time zero” value either at a suitable time (e.g. 30 minutes after adding water to the mix, time
just after placing, etc.) [Jensen and Hansen (1996), Kaufmann et al. (2004), Ong and Kyaw
(2006), Sant et al. (2006), Esping (2007), Wong et al. (2007)] or at the time when quantifiable

strains are being registered in the measurement sensors. Examples of the latter include
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restrained shrinkage test set-up [Springenschmidt et al. (1994)] and free shrinkage monitoring
using embedded strain transducers [Zhang et al. (2003)].

The difference in the TZV used makes comparison between various studies difficult to
perform. Therefore, the present study aims to provide an overview of the selection of TZV and
to recommend a suitable TZV for early age shrinkage monitoring of high performance
cementitious mixtures under two test conditions; sealed and unsealed conditions.

According to earlier studies by Holt (2001) and Kyaw (2007), two possible TZV can be
adopted, based on whether the emphasis is on a “materials” or “structural” perspective. From
the “materials” perspective it is preferable to start the early age shrinkage monitoring as soon as
mixing is completed or from the onset of hydration. On the other hand, from the “structural”
perspective, it is generally agreed that early age shrinkage measurements are meaningful only
when the shrinkage strains lead to quantifiable stresses induced within the cementitious
specimens (i.e. the time when the cementitious materials start to set or stiffen).

In the determination of TZV for early age shrinkage monitoring from both the
“materials” and “structural” perspective, it is necessary to examine the cementitious material’s
setting and hardening development with time. As far as the setting and hardening behavior of
cementitious materials is concerned, a number of techniques for monitoring the setting of
cementitious materials have been investigated over the years [Weiss (2002)]. However, it is
important to note that each technique has its own advantages and disadvantages in describing
the stiffening time of cementitious materials during the early ages. The following sections will
discuss several techniques used to monitor the stiffening time of cementitious materials, noting
each advantage and disadvantage, as well as its ability to pinpoint the TZV for early age

shrinkage monitoring.
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2.2 Various Techniques Available for Monitoring Stiffening Behavior of Cementitious
Materials
2.2.1 Penetration Resistance Test

The penetration tests ASTM-C191 (2004) and ASTM-C403/403M (2008) for cement
paste and concrete mortar respectively) are the most widely used method for determining the
setting time of cementitious materials. In the penetration resistance test (i.e. ASTM-C403/403M
(2008)), the setting and hardening time of cementitious materials are specified based on the
change in the penetration resistance of cementitious specimen with respect to time. The setting
known as the initial setting time is regarded as the time at which the penetration resistance
reaches a value of 3.4 MPa (500 psi). While the hardening time, also known as the final setting
time, occurs when the penetration resistance reaches a value of 27.6 MPa (4000 psi).

Despite the standardization of the penetration resistance test, some differences on
concrete stiffening time were addressed by various researchers. For example, The British
Standard Institute BS 5075 defined the limit for placing and compacting of concrete at 0.5 MPa
(72 psi). Another study by Abel and Hover (2000) observed that the time to begin finishing
operations, which in practice was determined as the time when the boot of an adult male left an
imprint approximately 6 mm deep in a fresh concrete surface, occurred at a penetration
resistance of approximately 0.1 MPa (15 psi). In addition, Bury et al. (1994) observed that a
finishing operations on concrete slabs performed using finishing machine were understood to
start as soon as the measurable values of penetration resistance were obtained on companion
mortar specimen. These evidences suggest that stiffening time started sooner than the time
corresponding to the initial setting time as specified by ASTM-C403/403M (2008). Based on
several evidences aforementioned, the initial and final setting time can be accepted as arbitrary
points that only serve as a convenient reference points for determining the relative rates of
hardening of mortars from different concretes both at the early and later stages [Christensen
(2006)]. Although these points are useful for determining the effect of variables such as
temperature, type of cement, mixture proportions, and an addition of admixtures upon the time

of setting and hardening characteristic of the mortar; these points might not give the exact time
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at which cementitious material develop its stiffness. Another major drawback of the penetration
resistance test is the need to perform wet-sieving process in order to obtain the mortar phase
from the concrete mixtures. The mortar phase sieved might have slightly different setting
behavior from the corresponding concrete mixtures. In addition, the mortar fraction wet-sieved
from concrete does not have a common initial stiffness which varies with the w/c ratio and sand
content. Thus, these point might not suitable for pinpoint the “time zero” value for early age

shrinkage measurement.

2.2.2 Heat Evolution Method
Hydration process of cement is an exothermic process which heat is liberated by the
system. The typical rate of heat liberated by cement hydration is shown in Figure 2.1. Based on

the rate of heat evolution, five stages have been defined in the literature.
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Figure 2.1 Schematic representation of heat evolution during hydration of cement and water,
based on Gartner et al. (2001).

In the heat evolution method, it is generally assumed that the stiffening time
corresponds closely with a point that occurs near the transition between dormant (stage II) to
acceleration period (stage III). While the hardening time (final setting time), is considered to
occur somewhere around the peak experienced in acceleration (stage III) and deceleration
periods (stage [V). Instead using calorimeter, the simplest approach to assess the heat evolution
in cementitious materials is by monitoring the temperature development as a function of time

through a thermocouple embedded inside the cementitious specimen. Using this temperature
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development, Christensen (2006) and Meddah et al. (2006) pointed out the correlation between
the derivatives of temperature development to the setting or the stiffening time of the tested
cementitious materials. Christensen (2006) found that the peak in the second derivative occurs
earlier than the initial setting time monitored by ASTM-C403/403M (2008) and it seems to
correlate better with the time when the penetration test achieving a value of 1.25 MPa (200 psi).
While Meddah et al. (2006), on the other hand, correlates the peak in the first derivative to the
solid percolation or the stiffening time of the tested concrete mixture. Despite this correlation,
Weiss (2002) pointed out that although the heat evolution method provides information
regarding the hydration kinetics; it is not specifically related to a measure of structural

properties.

2.2.3  Volume Change Measurement

Other methods for determining the TZV for early age shrinkage monitoring is by
performing volume change measurement. Currently two approaches are adopted. The first
approach is based on the free shrinkage measurement, while the second approach is based on the
stress development in the restrained shrinkage measurement.

On the first approach, the TZV for early age shrinkage monitoring is determined from
the measurement of chemical and autogenous shrinkage. Chemical shrinkage is defined as the
reduction in the absolute volume of the final product due to hydration reaction while autogenous
shrinkage is defined as the reduction of the external (i.e. apparent) volume of cementitious
materials. Hammer (1999), Boivin et al. (1999) and Holt (2002) have independently illustrated
that at early age the chemical shrinkage and autogenous shrinkage measurements are reasonably
similar. As the cementitious material hydrates and forms solid skeleton, the autogenous
shrinkage starts to deviate from the chemical shrinkage. The time at which the deviation starts to
occur corresponds to the “suspension-solid transitions” as well as the TZV for early age
shrinkage measurement. Although this approach is appealing, a major drawback of this
approach is that the measurement of the chemical shrinkage can only be performed on cement

or binder paste without the inclusion of aggregates.

13



Chapter 2 — Time Zero Value for Early Age Shrinkage Monitoring

30

25 ¢

Chemical shrinkage
(absolute volume contraction)

je (mm3/ g. of

Autogenous shrinkage
|+ (apparent volume contraction)

Volume

e e L ey =

0 200 400 600 800 1000 1200 1400
Time {min.)

Figure 2.2 Comparison of chemical shrinkage and autogenous shrinkage (Boivin et al. (1999))

As mentioned previously, the second approach to define the TZV for early age
shrinkage monitoring is by measuring the stress development in the restrained shrinkage test.
On the restrained shrinkage test, a load required to bring back the cementitious specimen into its
original length is monitored with time. Thus based on the load (i.e. stress) monitored, the TZV
for early age shrinkage monitoring is determined to the time at which the compressive or tensile
stresses started to develop in the cementitious specimen. Nevertheless, Weiss (2002) noted two
difficulties for using the restrained shrinkage test for determining the TZV. The first difficulty
deals with the mass of the test frame, friction and slip at the end grips due to a relatively soft
concrete at the early ages. The second difficulty corresponds to the treatment of bleed water.
Previous study by Bjentegaard and Sellevold (2000) showed that the removal or addition of

bleed water to the system can significantly alter the autogenous shrinkage.

2.2.4 Mechanical Properties Development and Degree of Hydration

Another method to observe the stiffening behavior of cementitious materials is by
monitoring the development of mechanical properties such as Young’s modulus, compressive
strength, or tensile strength. At the early ages, shrinkage strains will cause internal stresses
when appreciable magnitude of Young’s modulus has developed. Thus the TZV for early age
shrinkage monitoring is taken as the time at which the Young’s modulus starts to increase. In

order to facilitate this approach, the relationship between the Young’s modulus and degree of
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hydration is taken into account. An earlier study by Olken and Rostasy (1994) showed that the
development of mechanical properties (i.e. Young’s modulus) may begin at a critical degree of
hydration (i.e. 0p). The same approach can also be used for early age shrinkage monitoring. The
time at which the critical degree of hydration (o) occurred within the cementitious materials is

considered as the TZV for early age shrinkage monitoring.

2.2.5 Electrical Technique

For the past two decades, the use of electrical method as a way to provide information
regarding chemical reaction, microstructure, and chemical transport has increased significantly.
An earlier work by Perez-Pena and Roy (1989) reported on the correlation between the
electrical conductivity, the heat development, and microstructure changes. On the other hand,
instead of monitoring the conductivity of cementitious materials, Calleja (1953) studied the
correlation between the stiffening process and the electrical resistance on Portland cement and
high alumina cement respectively. More recently, an improvement in the electrical resistivity
measurement by using non-contacting equipment has been reported by Li et al. (2003), Wei and
Li (2005), and Xiao and Li (2008). It is also interesting to note that study by Xiao and Li (2008)
met with some success in measuring the bulk electrical resistivity of fresh concrete using the
new apparatus. In addition, Xiao and Li (2008) also measured the cementitious pore solution
resistivity with respect to time. Comparing the resistivity of bulk cementititous materials with
that of the pore solution, Xiao and Li (2008) suggested that a change in the electrical resistivity
during this early age is due to changes in porosity and connectivity of the cementitious materials.

Based on these studies, the development of setting and hardening in the cementitious
material can be marked by two characteristic points. The first characteristic point is the onset of
the hydration process as indicated by the maximum conductivity or the minimum resistivity
occurring in the cementitious materials. The second characteristic point from electrical testing is
the time when the change in the rate gain of electrical conductivity and resistivity occurs. It is

postulated that the change in the rate gain corresponds to the rapid changes taking place in the
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microstructure of the cementitious materials resulting particularly in an increase in cementitious
material’s stiffness.

Although the electrical testing may provide an information regarding the setting
behavior of cementitious materials, it is still questionable whether the specifically identifiable
points on electrical curves correspond directly with “time zero” for early age shrinkage

measurement.

2.2.6  Ultrasonic Method

Similar to electrical testing, numerous studies [Keating et al. (1989),Reinhardt and
Grosse (1996),Grosse and Reinhardt (2001),Rapoport et al. (2000),Voigt and Shah
(2003),Subramaniam et al. (2005)] have been published on the use of ultrasonic waves to
monitor the setting and hardening process of cementitious materials. Some of the techniques
rely on the propagation of ultrasonic waves through the specimen while others utilize the
reflection of the ultrasonic waves. For either transmission or reflection methods, a longitudinal
wave (i.e. compression wave / P-wave) or a transverse wave (i.e. shear wave / S-wave) can be
used.

In the transmission method, the pulse velocity and the energy of the ultrasonic waves
propagating through the cementitious sample is monitored. In an earlier study on cement slurries,
Keating et al. (1989) pointed out that the increase in the solid phase connectivity will determine
the change in velocity of the cement paste at an early age. Further study by Reinhardt and
Grosse (1996) proposed an ultrasonic device capable of monitoring the development of
ultrasonic wave velocity as early as after the placing of the cementitious mixtures in the mould.
This technique has been successfully used in the investigation of the setting and hardening of
concrete [Grosse and Reinhardt (2001)].

On the other hand, the reflection method is based fundamentally on the phenomenon
that an ultrasonic wave will be partially reflected and partially transmitted when traveling
through a medium upon encountering a boundary between two mediums with different acoustic

impedances. By monitoring the change in the reflection coefficient over time, previous works
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by Rapoport et al. (2000), Voigt and Shah (2003), and Subramaniam et al. (2005) have
demonstrated the sensitivity of wave reflection to a change in cementitious microstructure.

In ultrasonic testing techniques, similar to other techniques, the TZV for early age
shrinkage based on the ability of ultrasonic techniques to determine the setting or the stiffening
time of the cementitious materials. So far, two recommendations of the stiffening time based on
ultrasonic assessment have been made. The first recommendation suggests that setting occurs
when a specific ultrasonic wave velocity is reached within the cementitious materials, while the
second recommendation relates the change in the P-wave or S-wave responses to the setting of
the cementitious materials. Nevertheless, it should be noted that these times have not been used

to establish the suitable TZV for early age shrinkage monitoring.

2.3 The Determination of TZV: Material and Structural Point of View

As mentioned previously, the determination of TZV for early age shrinkage monitoring
can be determined based on whether the emphasis is on a “materials” or structural perspective.
Comparing the TZV from the “materials” and the “structural” perspective, the latter seems more
appealing due to the following:

e Equipment capability. Shrinkage monitoring from the onset of hydration requires the
use of equipment that is sufficiently sensitive to be able to measure the small volume changes
especially during the first hour or so after mixing.

e Time Consideration. The onset of hydration as monitored by electrical testing typically
occurs within the first hour or so, sometimes as early as 20 minutes after adding water to the
mixtures [Wei and Li (2005), Li et al. (2007)]. Thus there is a possibility that early age
shrinkage monitoring might not be possible given the lead time needed to complete all
preparatory works beforehand (i.e. time for mixing, casting, finishing and placing the specimen
into the exposure chamber and experimental set-up). Moreover, when larger specimens are

involved, the preparation works may take even longer time to finish.
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e Early age settlement. During early ages when the cementitious mixture is still fluid
and workable, the cementitious mixture may also register early age settlement under gravity.
This early age settlement may affect the early age shrinkage measurement especially in
techniques that involve the monitoring of strains along the length of specimens cast in rigid
molds.

e Stress and Cracking Development. During the early ages, before the cementitious
mixture sets or stiffens, the cementitious mixture is free to deform without inducing any
appreciable stresses. However, as the cementitious mixture hardens and shrinks due to cement
hydration, the rigidity (i.e. stiffness) of the cementitious mixture also begins to increase. Once a
certain degree of stiffness has developed, the development of shrinkage strains may result in
appreciable stresses which may lead to cracks developing. In this regards, starting early age
shrinkage monitoring from the stiffening time is more preferable since this stiffening time may
be used to indicate when appreciable stresses will begin to develop within the cementitious

mixture caused by shrinkage effects.

2.4 Technique for Determining the Stiffening Time

Determining the stiffening time requires the selection of an appropriate technique. Two
main considerations apply. First, the technique should be able to determine the stiffening time
through direct access to the material or specimens without any additional procedural
requirements that may affect setting and hardening behavior. Thus extracting the mortar
component of a concrete mixture for stiffening time tests may not be desirable. Second, the
technique should take into consideration the exposure conditions of the test specimens, which
means the technique should be applicable for a variety of casting and curing conditions since
early age shrinkage monitoring may be required to be performed under a range of exposure
conditions, e.g. sealed or unsealed conditions.

Table 2.1 summarizes the recommendation on the stiffening time of cementitious
materials based on different techniques mentioned earlier (i.e. penetration resistance test, heat

measurement, volume change measurement, mechanical properties development, electrical
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testing, and ultrasonic technique). It can be seen that several techniques are clearly inappropriate
when benchmarked against some of conditions existing in practice. The penetration test, for
example, has been reported to be operator sensitive [Christensen (2006)]. The heat measurement
method is also questionable due to its lack of correlation with the development of mechanical
properties of the cementitious material being tested [Weiss (2002)]. In the same way, the
determination of stiffening time based on restrained volume change measurement may also be
questionable due to the possible loss of grip and friction during the early ages [Weiss (2002)].
Among this list of techniques, ultrasonic testing seems to have some inherent advantages. First,
ultrasonic testing offers the possibility for determining the stiffening time non-destructively and
is conducted directly on the actual sample of cementitious mixture. Second, it is also possible to
conduct ultrasonic testing on test samples under both sealed and unsealed curing conditions.
Third, the setup of ultrasonic testing is deemed to be simpler and the method is easier to conduct
under both laboratory and site conditions. Nevertheless, a number of disadvantages in the
ultrasonic testing have also been reported in the literature [Popovics et al. (1990), Keating et al.
(1989), Sayers and Dahlin (1993), and Aggelis and Philippidis (2004)]. Therefore, it is
important that an appropriate ultrasonic technique test methodology be selected for determining
stiffening time.

As mentioned previously, currently there are two recommendations to obtain stiffening
time based on ultrasonic assessment. The first suggests that stiffening time occurs when a
specified ultrasonic wave velocity is reached within the cementitious materials [Reinhardt and
Grosse (1996), Lee et al. (2004)], while the second recommendation relates to the change in the
P-wave or S-wave response when the cementitious material sets [Pessiki and Carino (1988),
Boumiz et al. (1996), and Voigt et al. (2005)]. The significance of these two recommendations

will be discussed in the following section.
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Table 2.1 Recommendation on Stiffening Time based on various methods

Specific Stiffening Time pointed out Advantages Disadvantages

Penetration test (ASTM-C191 (2004), ASTM-C403/403M (2008)))

1. There is a need for the wet sieving

Initial setting time at 3.4 MPa (500 Easy to perform process to obtain the mortar phase. This
psi) may slightly change the stiffening behavior.
2. Reference points are arbitrary defined

Heat Evolution (Mindess et al. (2003), Meddah et al. (2006))

1. The stiffening of cementitious
materials is assumed to occur near the 1. Provide the information on hydration
transition from induction (i.e. kinetics but not specifically related to
dormant) period to acceleration mechanical properties (Weiss (2002))
period. (Mindess et al. (2003)) 2. The exact stiffening time is not well
2. Maximum of Thermal Flux defined.

(Meddah et al. (2006))

Can be performed on paste,
mortar, and concrete mixtures.

Mechanical Properties and Degree of hydration (Olken and Rostasy (1994))

1. The assessment of mechanical properties
is often very difficult to perform, especially
at early ages.

2. The assessment of degree of hydration is
typically performed on paste, without the
inclusion of aggregates.

Provides information regarding
the structural / mechanical
properties development.

Critical degree of hydration (0l)
(Olken and Rostasy (1994))

Early Age Volume Change: 1. Free shrinkage test (Hammer (1999), Boivin et al. (1999) and Holt (2002))

The stiffening time is selected to be
the time when the autogenous
shrinkage start to deviate from
chemical shrinkage

May provide the time when the
“solid skeleton” develops within
the cementitious materials

Chemical shrinkage measurement may only
be performed on thin paste only.

Early Age Volume Change: 2. Restrained shrinkage test (Springenschmidt et al. (1994))

The stiffening time is assumed to be . .
the time when compressive or tensile May provide the exact time when Friction and loss of grip during the early
the stresses are induced within the

stresses start to occur within the . ages are possible. (Weiss (2002))
. materials.
specimen.

Electrical (Li et al. (2003), Wei and Li (2005), and Xiao and Li (2008))

1. Maximum conductivity or

minimum resistivity is regarded as the | 1. May provide the exact time 1. Considered difficult to perform
beginning of hydration process. when the hydration process starts. | 2. The rapid change in the rate of

2. Stiffness of cementitious materials | 2. Non-destructive in nature conductivity or resistivity typically occurs
is expected to develop rapidly when 3. Can be applied for various after the final setting time.

the rate gain of conductivity or types of cementitious materials

resistivity is increased

Ultrasonic : P-wave
(Pessiki and Carino (1988), Reinhardt and Grosse (1996), Lee et al. (2004), Popovics et al. (1990), Keating et al. (1989),
Sayers and Dahlin (1993), Aitcin and Neville (2003), Aggelis and Philippidis (2004))

1. The stiffening time is regarded as 1. Non_destructive in nature P-wave velocities may be affected by
the time when the P-wave start to 2' Can be applied for various several factors, such as:

increase. (Pessiki and Carino (1988)) ’ os of ce rI:1 I::nti tious materials 1. Internal densification due to aggregate
2. The stiffening time corresponds to t3pran be used for various settlement

the time when specific P-wave e).( osure conditions 2. Wave attenuation

velocity is achieved. (Reinhardt and 4 %Vi delv available 3. The extensive use of chemical

Grosse (1996), Lee et al. (2004)) ) y admixtures.

Ultrasonic : S-wave
(D'Angelo et al. (1995), Boumiz et al. (1996), Rapoport et al. (2000), Voigt et al. (2005))

1. The stiffening time is regarded as
the time when the first S-wave can be
transmitted through the cementitious
materials. (Boumiz et al. (1996))

2. The stiffening time is regarded as
the time when the reflection of S-
wave starts to decrease. (Voigt et al.
(2005))

1. Shear wave does not propagate
through liquid or gas; only
propagate through solid medium
2. Can be applied for various
types of cementitious materials

3. Can be applied for various
exposure conditions

May be affected by the wave attenuation.
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From the perspective of the first recommendation in the ultrasonic testing technique,
specifying a certain wave velocity to indicate setting of the cementitious material needs to take
into account the wave propagation in the cementitious mixture progressing from a fresh state to
a hardened state. It is well known that cementitious materials are considered as dispersive
mediums in which the ultrasonic wave velocity is affected by many parameters, such as:
ultrasonic frequency, air content, aggregate content, and aggregate size. A study by Popovics et
al. (1990) reported that ultrasonic waves with higher frequency attenuated more in cementitious
materials, especially at early ages. Other studies by Keating et al. (1989) and Sayers and Dahlin
(1993) showed that the presence of air bubbles have a significant effect in reducing the
longitudinal ultrasonic waves velocity. A more recent study by Aggelis and Philippidis (2004)
also reported that sand content and size significantly influence the ultrasonic wave velocity in
cementitious materials especially during a fresh state. Moreover, it is important to note that the
specific ultrasonic velocity to be used to indicate the stiffening time is based on correlations
with the initial setting time obtained via the penetration test which is rather operator sensitive.
Thus selecting a value of ultrasonic wave velocity for benchmarking might not be appropriate as
a reliable indicator of stiffening time of the cementitious material being tested especially if the
exposure environment is not constant.

The second recommendation in ultrasonic testing technique utilizes the change in the P-
wave or S-wave responses to indicate setting of the cementitious materials. This can be when an
increase in the ultrasonic P-wave velocity occurs [Pessiki and Carino (1988)], when the
ultrasonic S-wave is first detected [Boumiz et al. (1996)], or when an increase in the S-wave
reflection loss is noted [Voigt et al. (2005)]. In the case of monitoring an increase in the
ultrasonic P-wave velocity, available data in the literature suggest that this approach faces
several challenges. First, the time when the P-wave velocity starts to increase is sometimes
difficult to identify due to severe wave attenuation when propagating through fresh cementitious
materials [Pessiki and Carino (1988)]. Second, the increase in the P-wave velocity during the
first few hours after adding water to the mixture can only be attributed to the formation of

ettringitte and calcium hydroxide that may have little or no influence on the stiffening process
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[Aitcin and Neville (2003)]. Third, internal settlement of the solid particles (e.g. cement
particles and sand) due to gravity may also create a denser microstructure without significant
bond between the individual particles which may provide a path for the ultrasonic waves to
propagate [Voigt et al. (2005)]. Fourth, identification of the time when the P-wave velocity
increases is sometimes difficult especially in the case of low water-to-cementitious ratio
mixtures with added high-range water reducing admixture (HWRA) [Lee et al. (2004)]. The
shorter distance between solid particles (i.e. cement and aggregates) in low water-to-
cementitious ratio mixes with significant retardation effect due to HWRA causes a rather slow,
gradual and prolonged increase in P-wave velocities without a clear transition point.

Instead using the P-wave, some researchers have study the relation between ultrasonic
S-wave and the setting of cementitious materials [Rapoport et al. (2000), Boumiz et al. (1996),
D'Angelo et al. (1995)]. Earlier work by D'Angelo et al. (1995) in the monitoring of S-wave
propagation through cementitious materials reported that the S-wave is more sensitive than P-
wave to solid particles connectivity. However, precise monitoring of the S-wave onset time is
also prone to attenuation problem. Boumiz et al. (1996) stated that although the cementitious
materials develop non-zero shear modulus at the solid percolation boundaries, the severe wave
attenuation when propagating through the fresh cementitious materials might mask detection of
the very first shear waves. On the other hand, monitoring the S-wave development via reflection
technique as reported by Rapoport et al. (2000) seems to be more promising. Since S-wave does
not propagate through a fluid or gaseous media, during the period of time which cementitious
material is still fluid and workable, the S-wave transmitted will be fully reflected and reflection
loss would be equal to zero. As hydration proceeds, the bonds between cement particles occur
within the cementitious material. Consequently, the S-wave starts to propagate through the
inter-connected solid particles (i.e. cement particles and aggregates) and simultaneously, the S-
wave reflection loss starts to increase.

In summary, the S-wave reflection loss technique is a suitable for determining the time
when the bonding of the cementitious particles occur (i.e. stiffening time) especially for low w/c

ratio mixtures. Considering several criteria that have been mentioned earlier, the S-wave
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reflection loss can be applied directly on various cementitious materials being tested from paste
to concrete mixtures. In addition, it is also possible to extend the S-wave reflection loss
technique to obtain stiffening time to be used as the TZV within the timeline along which early
age shrinkage of cementitious materials occurs under both sealed and unsealed curing

conditions.

2.5 Shear Wave Reflection Loss

Earlier application of the S-wave reflection technique was reported by Stepisnik et al.
(1981). The reflection coefficient of S-wave was shown to be a sensitive indicator of the
hydration behavior of the cement paste at early ages. Further study by Rapoport et al. (2000)
and Subramaniam et al. (2005) attempted to investigate the correlation between the S-wave
reflection coefficient and the setting time via the penetration resistance test. More recently,
more comprehensive studies on the use of S-wave reflection loss to describe the chemical and

physical parameters of cementitious materials was reported by Voigt et al. (2005).

2.5.1 Principles of Shear Reflection Loss

The S-wave reflection technique is principally based on the phenomenon that the S-
wave will be partially reflected and partially transmitted upon encountering a boundary between
two mediums with different acoustic impedances. In the S-wave reflection technique, the
reflection coefficient of ultrasonic S-wave at the interface between buffer material and the
corresponding cementitious material monitored. The schematic measurement of S-wave

reflection coefficient is shown in Figure 2.3.
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Figure 2.3 Schematic measurement of S-wave reflection coefficient [Voigt (2005)]

As can be seen in Figure 2.3, S, is an ultrasonic wave that is transmitted from the
transducer into the buffer material. At the moment this ultrasonic wave encounters the interface
between the buffer and cementitious materials, a part of the ultrasonic wave is transmitted into
the cementitious material (i.e. T;) and another part is reflected back to the transducer (i.e. Si).
When the ultrasonic wave encounters the buffer-transducer interface, a part of ultrasonic wave
is received by the transducer (i.e. R|) and another part is reflected back into the buffer material
(i.e. Sy). This process repeats until the ultrasonic wave attenuates.

In a typical signal analysis, the reflection coefficient (i.e. r) is calculated based on the
amplitude of the first and the second reflections (i.e. A; and A; in Eq. 2.1). The amplitudes A;

and A; can be measured both in time or frequency domain.

r:% Eqg. 2.1

In the calculation of S-wave reflection coefficient, it is important to emphasize that the
reflection coefficient is not only influenced by the transmission losses at the interface between
the buffer material and the cementitious material, but also influenced by transmission loss
between the transducer and the buffer material, as well as the geometric losses while

transmitting through the buffer material. This is schematized in Figure 2.4
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Free Boundary Case

Cementitious
Buffer Air Buffer Material
i : d, '
2" Reflection A, <
d r=»0
3 ]
‘ . g,
1" Reflection A, [«
d r=»0
Initial Signal S, . >

Figure 2.4 Analytical procedure for calculating the reflection coefficient [Voigt (2005)]

In order to eliminate the transmission losses, a procedure that initially developed by
Ozturk et al. (1999) was adopted. The procedure uses the amplitudes derived from the frequency
domain. However, the procedure can also be applied to reflection calculation in the time domain.

Based on the procedure, the first and the second reflection loss can be written as:

A =S,xd;xrxd, Eq. 2.2
A, =S, xd; xrxd,xr'xd,xrxd, Eq. 2.3
A;and A, : the amplitude of the first and the second reflection in the time domain
respectively;
So : the incident wave including the variables due to coupling;
r : the reflection coefficient at interface between the buffer material and the
cementitious materials;
r : the reflection coefficient at interface between the transducer and buffer material;

d;,d;,d3,d4 : the variables to express the signal losses when the S-wave propagate through the

buffer material.

Calculating the ratio of Ay/A; is not sufficient to determine the reflection coefficient

since the variables d; and d4 remain in the expression. In order to isolate the variables ds and da,

a measurement on a free boundary must be performed. In the case of free boundary case, the
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reflection coefficient at the interface of the buffer and air is equal to zero since the S-wave can
not travel through air.
Thus the ratio of the second reflection to the first reflection in the free boundary case

results in:

Az,freeboundary — So x dl X d2 xr'x d3 X d4

Al,free boundary SO x d1 x d2

=d,xr'xd, Eq. 2.4

And finally, the reflection coefficient (r) can be isolated with Eq. 2.6, where the ratio
derived in Eq. 2.5 is divided by the ratio for the free boundary case (Eq. 2.4).

!
Spxd, xrxd,xr'xd,xrxd,

Spxd, xrxd,

i: =d,xrxr'xd, Eg. 2.5
A

A /A, _dyxrxrxd,
A2vffeebOUndalry/Al,free boundary dg,>< r'x d4

Eq. 2.6

2.5.2 Reflection loss
The reflection coefficient is usually measured in decibel, known as reflection loss (i.e.

Rp). The conversion of reflection coefficient into reflection loss can be done according to

Eq. 2.7.
R, (t)=-20log [r(1)] Eq. 2.7

Where r(t) and R, (t) are the reflection coefficient and the reflection loss at a given time

t, respectively.
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2.5.3 Mathematical Determination of Stiffening Time based on Shear Reflection Loss
Using steel as the buffer material, the typical curve of S-wave reflection loss versus

time at the interface between steel and cementitious materials is shown in Figure 2.5

»

b

Reflection Loss (dB)

Point Sr

»
= L

Time (hours)
Figure 2.5 Typical curve of S-wave reflection loss with steel buffer

Based on this curve, a critical point (i.e. St) representing the stiffening time is
determined. According to an earlier study by Rapoport et al. (2000), the procedure for
determining the critical point St involves calculating the first derivative of the S-wave reflection
loss and setting a threshold value at which the stiffening time is expected to occur. In the present
study, a widely adopted numerical procedure for differentiating experimental data was followed.
The procedure included to fit a set of polynomial or spline curves to the data and then to
differentiate these curves analytically to obtain the required derivatives (Wahba (1990),Dierckx
(1993)). More specifically, a widely used Savitzky-Golay (SG) method was used to obtain the
first derivative of the S-wave reflection loss in the present study (Savitsky and Golay (1964)).

The threshold value adopted in the present study was based on the free boundary case.
In the free boundary case, the S-wave reflection loss at the interface between steel and air is
measured and the first derivative of S-wave reflection loss is calculated. Based on the calculated
first derivative of S-wave reflection loss, an upper bound value corresponding to 98%
confidence interval is set as the threshold value for determining the stiffening time of the

cementitious materials.
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2.6 Methodology and Materials
2.6.1 Assessment of the Stiffening Time

In order to assess the stiffening time of high performance cementitious materials, both
the penetration resistance test and ultrasonic techniques (i.e. P-wave and S-wave) were used.
The penetration resistance test was conducted according to ASTM-C403/403M (2008). The
experimental test set-up for measuring the ultrasonic P-wave velocity was made by following
Reinhardt and Grosse (1996). As shown in Figure 2.6, the mould was made from Perspex walls
on which ultrasonic transducers were attached. P-wave ultrasonic transducers with central
frequency of 150 kHz and 54 kHz were used for the mortar and concrete mixtures respectively.
The sample thickness was adjusted according to the cementitious material being considered.
The sample thickness was 30 mm and 100 mm for the mortar and concrete mixtures
respectively. A commercial UPV (i.e. Ultrasonic Pulse Velocity) device with a resolution of 0.1
ps was used to monitor the travel time of the ultrasonic P-wave through the cementitious sample.
The first P-wave velocity reading was taken immediately after casting and successive readings

were taken at intervals 5-minutes during the first 24 hours after adding water to the mixture.

P-wave P-wave
."I. ranstltlu:cr | Sample T r;umlhlt.'cr
(Transmitter) | | (Receiver)

IS
|_ UPV Unit <j>

Personal Computer

Figure 2.6 P-wave velocity testing arrangement [Reinhardt et al. (2000)]

Figure 2.7 shows the S-wave reflection loss test set-up. The test set-up was constructed
based on earlier studies conducted by Rapoport et al. (2000) and Voigt and Shah (2003). The
test set-up consists of a personal computer, a digitizer card, a pulser/receiver unit, a transducer,
a perspex container, and a steel plate on which S-wave transducer with a frequency of 2.25 MHz

was fixed. The S-wave transducer was connected to the digitizer card via the pulser/receiver
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unit. The pulser/receiver unit excited the transducer and transmitted the analog signal of the
received reflections to the digitizer card. The analog signal was digitized and stored in the
personal computer for further analysis. The measurement of the reflection signal was recorded

at S-minutes intervals during the first 24 hours after adding water to the cementitious mixture.

Cementitious

Material
Steel Plate ——
:::i | —
e Ll !
Shear Transducer Pulser/Receiver Digitizer Card

Personal Computer

Unit

Figure 2.7 Shear wave reflection loss test arrangement [Rapoport et al. (2000)]

In the present study, to investigate the possibility of using the S-wave reflection loss for
monitoring the stiffening time with respect to the depth of the specimens, the shear transducer
was fixed at three different depths; 10 mm, 50 mm, and 100 mm from the top surface of the
specimens. The test configuration can be seen in Figure 2.8. Two surface treatments were
considered in the present study; sealed or unsealed top surface. The former is representative of
autogenous shrinkage while the latter is representative of early age drying shrinkage. In the case
of sealed specimens, the top surface of the specimen was sealed with a layer of plastic wrap as
soon as the casting was completed. On the other hand, the specimen with top surface unsealed
was exposed to a dry environment (i.e. temperature of 30 = 0.5 °C and relative humidity of 65 +

2 %) as soon as casting was completed.
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Figure 2.8 Shear wave test arrangement for monitoring the shear reflection loss at different
depths from the top surface.

2.6.2 Materials

In the present study, OPC mortar and concrete mixtures with water-to-cementitious
ratio of 0.20, 0.25, 0.30, 0.35, or 0.45 were prepared. In addition, concrete mixtures containing
silica fume were cast with water-to-cementitious ratio of 0.30. Four replacement levels of silica
fume were considered; 0%, 5%, 10%, and 15%. These mixtures proportions were selected as a
representative of high performance cementitious mixtures (i.e. low w/c ratio with or without
silica fume) and normal strength cementitious mixtures (i.e. high w/c). The mortar and concrete
mix proportions are summarized in Table 2.2.

In all mortar and concrete mixtures, ASTM Type I normal OPC was used. In the case of
silica fume concrete mixtures, densified silica fume with specific gravity of 2.2 was used. The
fine aggregates used was natural sand with fineness modulus and specific gravity of 2.8 and 2.6
respectively. Crushed granite with maximum size of 12.5 mm was used as coarse aggregates in
all concrete mixtures having water-to-cementitious ratio of 0.25, 0.35, or 0.45. For concrete
mixtures cast with a water-to-cementitious ratio of 0.30, crushed granite with maximum size of
19 mm was used as coarse aggregates. The proportion of fine aggregates was kept at 50% by
volume for the mortar mixtures. For the concrete mixtures, the total proportion of fine and

coarse aggregates was kept at 65% by volume.
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In all mortar and concrete mixtures, a polycarboxylate type high range water-reducing
admixture (i.e. HWRA) was used to achieve the target workability. The target workability was
determined based on flow test (ASTM-C1437-07 (2007)) and slump test (ASTM-C143/C143M-
09 (2009)) for the mortar and concrete mixtures respectively. The target flow for mortar was
approximately 110%. While the target slump for the concrete mixture was about 100 to 150 mm.

The amount of liquid from the HWRA was accounted for in the mixture proportions.

Table 2.2 Mix Proportions

v | we | S5 e com | Sk | Fe | Come | HRA |y

% g/m kg/m kgm’ | Kg/m® | Kg/m® | lym? by binder ability
mass (%)

M20 0.20 50% 155 906 - 1300 - 40.83 1.80 110 %
M25 0.25 | 50% 211 843 - 1300 - 5.28 0.25 140 %
M30 0.30 50% 233 776 - 1300 - 2.34 0.12 110 %

M35 0.35 50% 251 718 - 1300 - 1.26 0.07 90 %
M45 0.45 50% 281 625 - 1300 - - 0.00 110 %
C25 0.25 65% 147 588 - 790 900 4.42 0.30 110 mm
C35 035 65% 175 501 - 790 900 1.88 0.15 165 mm
C45 0.45 65% 196 436 - 790 900 0.66 0.06 90 mm
C30-SFO0 030 = 65% 157 539 - 790 900+ 2.50 0.18 80 mm
C30-SF5 0.30 65% 157 500 26 790 9007 3.60 0.27 165 mm
C30-SF10 0.30 65% 155 476 52 790 900} 5.10 0.39 165 mm
C30-SF15 030 = 65% 154 436 77 790 900+ 6.00 0.47 200 mm

Note : 119 mm MSA

2.7 Results and Discussion
2.7.1 Threshold value for S-wave Reflection Loss

As mentioned previously, the threshold value for the S-wave reflection loss was
determined based on the first derivative of S-wave reflection loss measurement in the free
boundary case. Figure 2.9(a) and Figure 2.9(b) shows the results of three measurements in the
free boundary case. Theoretically, the S-wave reflection loss and its first derivative in the free
boundary case should be equal to zero. However, due to random noise in the actual experiment,
the S-wave reflection loss and its first derivative may not be equal to exactly zero. As shown in

Figure 2.9(b), based on 98% confidence interval, the upper bound value of the first derivative of
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the S-wave reflection loss results was about 0.028. This upper bound value was later adopted as
the threshold value to determine the stiffening time of the cementitious materials tested in the

present study.
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Upper bound
8 s st Test 4 VPP
o 98% Confidence Interval = 0.028
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~— [72] *
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Figure 2.9 (a) S-wave reflection loss in the free boundary case; (b) the corresponding first
derivative of S-wave reflection loss in the free boundary case
2.7.2  Stiffening time measured via Penetration resistance test and Ultrasonic Technique

As mentioned previously, two ultrasonic techniques and penetration resistance test were
conducted for monitoring the stiffening time of mortar and concrete mixtures. The experimental
results are summarized in Table 2.3. The results of penetration test, P-wave velocity, and S-
wave reflection loss for cementitious mixtures tested in the present study are shown in Figure
2.10 to Figure 2.14.

As shown in Table 2.3 and Figure 2.10, the penetration resistance test showed that the
initial setting time of the mortar and concrete mixtures was delayed with a decrease in water-to-
cementitious ratio and with an increase in the silica fume content. This retardation can be
attributed to the higher dosage of HWRA used in the tested cementitious mixtures. The
corresponding P-wave velocity of the cementitious mixtures tested also showed good agreement
with that of the penetration resistance test. It can be seen in Figure 2.11 that the time when the
P-wave starts to increase was delayed with a reduction in water-to-cementitious ratio, as well as

with an increase in silica fume content. The present results also showed that the assessment of
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the stiffening time through S-wave reflection loss showed good agreement with that of the
penetration resistance test and P-wave velocity monitoring. It can be seen in Figure 2.12, Figure
2.13, and Figure 2.14 that an increase in the stiffening time was observed with a reduction in

water-to-cementitious ratio, as well as with an increase in silica fume content.

Table 2.3 Stiffening Time of Cementitious Mixtures Tested

Stiffening time via

P-wave velocit .
wave v Y S-wave reflection

increase (hr)

Penetration test

Mixture w/c Initial set (hr)

loss (hr)
M20 0.20 5 11.1 12.8
M25 0.25 0.75 4.0 5.7
M30 0.30 1.50 2.9 4.5
M35 0.35 1.25 2.7 32
M45 0.45 1.25 1.9 3.6
C25 0.25 6.5%/2.25 4.6 5.2
C35 0.35 5.2%/2.80 3.1 48
C45 0.45 3.5% 24 3.8
C30-SF0 0.30 3.6% 2.3 3.8
C30-SF5 0.30 4.2% 3.3 5.1
C30-SF10 | 0.30 4.8% 42 6.1
C30-SF15 | 0.30 5.9% 5.4 6.9
Note: * old testing set-up
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Figure 2.10 Setting time via penetration test for (a) Mortar mixtures with different water-to-
cementitious ratios; (b) Concrete with different water-to-cementitious ratios; and (c) Concrete
with different silica fume contents
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Figure 2.11 P-wave velocity for (a) Mortar mixtures with different water-to-cementitious
ratios; (b) Concrete with different water-to-cementitious ratios; and (c) Concrete with different
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Figure 2.12 (a) S-wave reflection loss; and (b) First derivative of S-wave reflection loss for
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Figure 2.13 (a) S-wave reflection loss; and (b) First derivative of S-wave reflection loss for
concrete mixtures with different water-to-cementitious ratios
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Figure 2.14 (a) S-wave reflection loss; and (b) First derivative of S-wave reflection loss for
concrete mixtures with different silica fume contents

Comparison between the results of penetration resistance test, P-wave velocity and S-
wave reflection loss showed that for the mortar mixtures cast with water-to-cementitious ratio in
the range of 0.25 to 0.45, the P-wave velocity started to increase very early, approximately at
0.75 to 1.50 hours after adding water to the mixtures. The results were consistent with the
earlier study by Aitcin and Neville (2003) which suggested that the formation of early age
hydration products (i.e. ettringitte and calcium hydroxide) significantly affects the ability of
mortar mixtures to transmit the P-wave in the early ages. The stiffening time, on the other hand,
was occurred between the time when P-wave velocity started to increase and the time when the
initial setting obtained via penetration resistance test. In the case of mortar mixtures tested, the
stiffening time occurred between 2.0 and 4.6 hours after adding water to the mixture, while the
corresponding initial setting time via the penetration test occurred later, between 3.2 and 5.7
hours after adding water to the mixture. In the mortar mixture cast with water-to-cementitious
ratio of 0.20 (i.e. M20), a similar trend was observed, the P-wave started to increase at 5 hours
after adding water to the mixture, while the stiffening time via S-wave reflection loss and the
initial setting time via penetration resistance test occurred at 11.2 and 12.8 hours after adding
water to the mixture respectively.

In the case of concrete mixtures cast with either different water-to-cementitious ratios or

different dosages of silica fume, as can be seen in Table 2.3, similar trends in the results were
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also obtained. The stiffening time obtained via S-wave reflection loss occurred before the initial
setting time obtained via the penetration test conducted on companion mortar cubes. The
stiffening time occurred between 2.3 and 5.6 hours after adding water to the mixtures, while the
initial setting time via the penetration resistance test occurred between 3.8 and 6.9 hours after
adding water to the mixtures. Nevertheless, the corresponding P-wave velocity measurement
showed a contradicting result; the P-wave velocity started to increase at much later time than the
stiffening time. This could be attributed to the testing set-up used in the present study. As
mentioned earlier, the testing set-up for monitoring the P-wave velocity was different for the
mortar and concrete mixtures. In the present study, a specimen with thickness of 30 mm was
used for mortar mixtures. While in the case of concrete mixtures, due to the inclusion of coarse
aggregates, it was necessary to use a thicker specimen (i.e. 100 mm thick). As shown in Figure
2.15(a), the present testing setup was capable to measure the P-wave velocity on mortar
mixtures as low as 300 m/s at the beginning of the test. However, using the test set-up for the
concrete specimens, the testing setup registered a P-wave velocity of 1300 m/s at the beginning
of the test. This value was much higher than that reported by Lee et al. (2004) of about 500 m/s
at the beginning of the test. Therefore, in the P-wave testing set-up for concrete mixture, it is
possible that the P-wave propagates through the mold during the early hours. Only after
hydration products have filled the empty pore space and a certain degree of stiffness has
developed which allows P-wave to transmit through the concrete mixture, the increase in the P-
wave velocity can be measured properly. This assumption was verified by repeating the
measurement on the modified testing set-up. As can be seen in Figure 2.15(a) and Figure
2.15(b), using the modified testing set-up, the P-wave velocity of approximately 200 m/s was
registered for concrete mixtures at early ages. Moreover, similar to that of the mortar mixtures
tested, it can be seen that the P-wave velocity started to increase at much earlier time that the
stiffening time via the S-wave reflection loss.

In the case of concrete mixtures with different dosages of silica fume, as can be seen in
Table 2.3, similar trends in the results were also obtained. The stiffening time obtained via S-

wave reflection loss occurred before the initial setting time obtained via the penetration test
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conducted on companion mortar cubes. The stiffening time occurred between 2.3 and 5.6 hours
after adding water to the mixtures, while the initial setting time via the penetration resistance

test occurred between 3.8 and 6.9 hours after adding water to the mixtures.

5000 — 5000 —
i T M3S == (25 - Modified test set-up
=8~ (35 - Modified test set-up —— (25- Old test sct-up
4000 — —°— (C35- 0Old test set-up 4000 —
Q) @
E | E ]
2 3000 — 2 3000 —
3 3
E | E |
£ 2000 — 2 2000
] ]
s s
o o
1000 — 1000 —
0 — I I | 0 \ \ \ \
0 4 8 12 16 0 4 8 12 16
Time (hours) Time (hours)
(a) (b)

Figure 2.15 (a) P-wave velocity of mortar and concrete cast with w/c ratio of 0.35; and (b) P-
wave velocity of concrete cast with w/c ratio of 0.25

2.7.3  Stiffening time of mortar mixtures cured under sealed and unsealed conditions

As mentioned previously, the technique for determining stiffening time should also be
applicable for a variety of casting and curing conditions since early age shrinkage monitoring
can be performed on either sealed or unsealed specimens. For a 100-mm thick mortar specimens
tested in the present study, when sealed curing is applied on the top surface of a freshly cast
cementitious materials, the stiffening time is expected to occur at about the same time
throughout the depth of the specimens. On the other hand, when the top surface of a freshly cast
cementitious material is exposed to a drying environment at an early age, moisture loss to the
environment (i.e. evaporation) may affect microstructural development of the cementitious
material, as well as the stiffening time. As shown in Figure 2.16, at the beginning just after
mixing, spaces between cement particles and aggregates form a system of interconnected pores
which is completely filled with water (A). Due to evaporation and hydration (i.e. self-

desiccation), water is drawn from the system until water menisci finally start to form between
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cement particles near the exposed surface. When the water menisci form, the curvature of these
water menisci causes a negative pressure that consolidates the microstructures especially at the
surface layer (B) [Brinker and Scherer (1990), Lura et al. (2007)]. As evaporation continues to
remove the water from the surface of the cementitious mixtures, two scenarios are possible; the
surface layer may be unaffected by the drying and stiffen at the same time as the interior (i.e.
C,) or it may stiffen earlier (i.e. C,). In the former scenario, as shown in stage C,, interior of
cementitious material may able to supply water to the surface layer through the interconnected
pore system. Simultaneously, this process may also consolidate the microstructure of the interior,
causing the cement particles and aggregates to move closer to each other. As the distance
between the cement particles in the interior is decreased due to water migration, a subsequent
hydration process may produce enough hydration products to bridge the gap between these
cement particles. As a result, a similar stiffening time may occur in the interior layers. In the
latter scenario, as shown in stage C,, it is also possible that below a critical water-to-
cementitious ratio, the water loss from the exposed surface may significantly affects the distance
between the cement particles near the top exposed surface. Since the initial distance between
cement particles decreases with a reduction in the water-to-cementitious ratio, a relatively
shorter distance between cement particles may cause significant negative pressures to build-up
near the exposed surface from where the water is removed through evaporation and hydration
process. The high negative pressure may significantly consolidate both the cement particles and
aggregates, causing these particles to be in contact to each other, and creating a “skin layer”
near the exposed top surface. In addition, it is possible that once the “skin layer” is formed near
the exposed top surface, this “skin layer” may also act as a surface barrier thus the stiffening
time in the interior may be less affected by evaporation. As shown in stage D, as evaporation
continues, the drying front recedes into the interior of the cementitious material. Simultaneously,
as hydration products fill the spaces between solid particles, the interconnected pore system may
become discontinuous and the interior may not be able to replenish the water that is lost from
the surface layer. As a result, further hydration near the exposed top surface may be hindered

due to the lack of the available free water.
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Figure 2.16 Drying sequence for mortar mixture when exposed to drying environment at early
ages

2.7.3.1 Stiffening time at different depths of sealed mortar specimens

As mentioned previously, the S-wave reflection loss was monitored at three different
depths; 10 mm, 50 mm, and 100 mm depth from the top surface of the mortar specimens. The
results of S-wave reflection loss of the sealed mortar specimens cast with different water-to-
cementitious ratios are shown in Figure 2.17 to Figure 2.21. The corresponding stiffening time
determined from the first derivative of the S-wave reflection loss is summarized in Table 2.4.

The results showed that the sealed mortar specimens registered a lower S-wave
reflection loss at a depth of 10 mm and 50 mm from the top surface. The corresponding results
of the stiffening time of the sealed mortar specimens showed that a similar stiffening time was
monitored at a depth of 50 mm and 100 mm from the top surface, while a slight earlier
stiffening time was monitored at a depth of 10 mm especially on sealed mortar specimens cast
with water-to-cementitious ratio of 0.25, 0.35, and 0.45. Although the results are unexpected,
some possible causes for this can be attributed to localized bleeding, as well as an increase in
local porosity due to slight moisture loss experienced by the sealed mortar specimens.

If isolated bleeding occurs near the top surface of the specimens, the presence of bleed
water is expected to increase the water content at the surface locally. This increase in the water-
to-cementitious ratio would result in a reduction in the “absolute” S-wave reflection loss value

monitored [Voigt and Shah (2003)]. If this is the case then an increase in the local water-to-
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cementitious ratio should result in lower S-wave reflection loss values during the first few hours
after casting, accompanied simultaneously by a longer stiffening time. This however was not
observed in the results reported herein.

On the other hand, an increase in mortar porosity due to moisture loss especially near
the top surface may contribute to a reduction in S-wave reflection loss and the earlier stiffening
time observed near the top surface. It has been reported that an increase in the cementitious
porosity was accompanied by a reduction in the shear wave velocity [Lafhaj et al. (2006)].
Similarly, since the S-wave reflection loss is affected by the density and the shear velocity of
the cementitious materials [Rose (1999)], a lower shear wave velocity would result in a decrease
in the S-wave reflection loss. As shown Figure 2.22, the weight loss monitored on the M25 and
M45 mortar specimens showed a slight moisture loss in the sealed mortar specimens during the
first 24 hours after adding water to the mixture. This loss of moisture, although it was not as
severe as that monitored in the case of unsealed mortar specimens, may also contribute to an
increase in the local porosity as well as the earlier stiffening time observed in the surface layer.
Based on the results obtained, ignoring the earlier stiffening time observed at 10 mm depth from
the top surface, the results obtained at 50 mm and 100 mm depth from the top surface showed

that the stiffening time was similar throughout the depth of the sealed mortar specimens..
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Figure 2.17 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for sealed mortar mixtures cast with water-to-cementitious
ratio of 0.20
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Figure 2.18 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for sealed mortar mixtures cast with water-to-cementitious
ratio of 0.25
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Figure 2.19 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for sealed mortar mixtures cast with water-to-cementitious
ratio of 0.30
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Table 2.4 Stiffening time at different depths on sealed mortar specimens

Mortar

Depth 10 mm
M20 11.2
M25 35
M30 2.9
M35 1.7
M45 1.6

Stiffening Time — S-wave Reflection Loss (hours)

Depth 50 mm Depth 100 mm
- 11.1
3.9 4.0
2.7 29
2 2.7
- 1.6
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Figure 2.22 Moisture loss monitored on mortar mixture cast with water-to-cementitious ratio of
(a) 0.25 and (b) 0.45 starting from 30 minutes after adding water to the mixture

2.7.3.2 Stiffening time at different depths of unsealed mortar specimens

In the case of the unsealed mortar specimens tested, as expected, the results showed that
the S-wave reflection loss varied with depth from the top exposed surface. The plots of S-wave
reflection loss-versus-time also showed that the development of S-wave reflection loss at
different depths was similar during the first few hours after adding water to the mixture. After
that, a more gradual increase in the S-wave reflection loss was monitored near the top exposed
surface before the plots of the S-wave reflection loss flatten with time. A comparison of S-wave
reflection loss monitored at a depth of 10 mm from the top surface between the sealed and
unsealed mortar specimens showed that higher S-wave reflection losses were monitored in the
sealed mortar specimens, with the exception of M25 and M30 mortar specimens. The higher S-
wave reflection loss monitored in the unsealed M25 and M30 mortar specimens could be
attributed to consolidation brought about by the evaporation. As the evaporation draws water
out from the mortar mixtures, the negative pore pressure consolidates the cement particles and
aggregates near the top surface. Consequently, as the hydration products fill the gaps between
these cement particles, the solid networks allows more S-waves to be transmitted through the

mortar mixtures. As a result, the S-wave reflection loss increases.
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The corresponding results of the stiffening time showed that the two possible scenarios
mentioned previously were observed in the unsealed mortar specimens tested. The unsealed
mortar specimens cast with water-to-cementitious ratio of 0.25, 0.30, 0.35, and 0.45 showed
similar stiffening times at different depths. On the other hand, a much earlier stiffening time
near the exposed top surface was observed on the unsealed mortar specimen cast with a water-
to-cementitious ratio of 0.20. The stiffening time at 10 mm depth from the top exposed surface
occurred approximately at 3.7 hours after adding water to the mixture while in the interior (i.e.
50 mm and 100 mm depth from the top exposed surface), the stiffening time occurred between
17.0 and 17.5 hours after adding water to the mixture. The results confirm that when the top
surface is exposed at such early ages, a migration of water from the interior may influence the
stiffening time of the mortar specimens. The latter consolidates the microstructure of the interior,
and with hydration products fill the gap between cement particles and aggregates, a similar
stiffening time occurs in the interior. Nevertheless, once the water-to-cementitious used
becomes too low and reaches a critical value, a “skin layer” forms within the exposed top
surface of the mortar specimens as indicated by the much earlier stiffening time monitored via

S-wave reflection loss.
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Figure 2.23 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for unsealed mortar mixtures cast with water-to-
cementitious ratio of 0.20
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Figure 2.24 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for unsealed mortar mixtures cast with water-to-
cementitious ratio of 0.25
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Figure 2.25 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for unsealed mortar mixtures cast with water-to-
cementitious ratio of 0.30
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Figure 2.26 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for unsealed mortar mixtures cast with water-to-
cementitious ratio of 0.35
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Figure 2.27 (a) S-wave reflection loss at different depths; and (b) The corresponding first
derivative of S-wave reflection loss for unsealed mortar mixtures cast with water-to-

cementitious ratio of 0.45

Table 2.5 Stiffening time at different depths on unsealed mortar specimens

Mortar
10 mm Depth
M20 3.7
M25 33
M30 2.7
M35 1.6
M45 1.6

Stiffening Time — S-wave Reflection Loss (hours)

50 mm Depth 100 mm Depth
15.4 14.8
3.9 3.7
1.8 2.1
29 1.6
- 1.4
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2.8 Summary and Conclusion of TZV for early age shrinkage monitoring

In early age shrinkage monitoring, the selection of an appropriate “time zero” value or
TZV is still a contentious issue. Motivated by this fact, this chapter specifically aims to provide
a means to select an appropriate TZV for use in early age shrinkage monitoring of high
performance cementitious mixtures with low water-to-cementitious ratios. Based on the results
obtained, although the penetration resistance test (i.e. ASTM C403) has been used in the
standard method for monitoring autogenous shrinkage (i.e. ASTM C1698-09), the initial and
the final setting time might not give the exact time at which cementitious material develop its
stiffness. Another major drawback of the penetration resistance test is the need to perform wet-
sieving process in order to obtain the mortar phase from the concrete mixtures. The mortar
fraction sieved might have slightly different setting behavior from the corresponding concrete
mixtures. In addition, the mortar fraction does not have common initial stiffness which varies
with the w/c ratio and sand content. Thus, these point might not suitable for pinpoint the “time
zero” value for early age shrinkage measurement. On the other hand, S-wave reflection loss is
deemed to be an appropriate method for selecting TZV as it able to detect solid particles
connectivity - the time when the cementitious mixture starts to develop its stiffness. The S-wave
reflection loss can also be applied directly on various cementitious materials being tested from
paste to concrete mixtures. Furthermore, it is also possible to extend the S-wave reflection loss
technique to obtain stiffening time to be used as the TZV within the timeline along which early
age shrinkage of cementitious materials occurs under both sealed and unsealed curing
conditions.

The results of mortar specimens tested in the present study implied that in the case of
sealed conditions, a similar stiffening time occurred throughout the depth of the mortar
specimens. On the other hand, in the case of unsealed mortar specimens, it was found that the
stiffening time may vary with depth depending on the water-to-cementitious ratio used. Based
on results obtained, when the water-to-cementitious ratio of 0.20 was used, the mortar
specimens registered a much earlier stiffening time especially near the top exposed surface. It is

postulated that the water migration within the specimen as well as the formation of a “skin
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layer” may significantly affect the occurrence of the stiffening time within the unsealed mortar
prism specimens tested. This may affect the selection of an appropriate TZV for use in
autogenous and early age drying shrinkage monitoring of high performance cementitious
mixtures. However, it is important to note that the findings obtained are based on prism
specimens cast using low water-to-cementitious ratio mixtures. Other cementitious mixtures
with other types of binders and incorporating different mineral and chemical admixtures should
also be tested. In addition, since only prism specimens with thicknesses up to 100 mm were
tested, the numerical values reported may not apply in the case of specimens with other

geometric dimensions.
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Chapter 3 TECHNIQUE FOR EARLY AGE SHRINKAGE MONITORING

3.1 Introduction
3.1.1 Standardization in early age shrinkage monitoring

In the shrinkage monitoring of cementitious materials, the standard apparatus and
procedure for monitoring long-term shrinkage strains are well defined in ASTM-C490-04
(2004) and ASTM-C157/C157M-04 (2004) respectively. The standard specimens are
75%x75%285 mm and 100x100%285 mm for aggregates passing 25 mm and 50 mm sieve
respectively. Shrinkage strain is then calculated based on the length change monitored using
comparator with a recommended gauge length of 250 mm. Paradoxically in the case of early age
shrinkage monitoring, numerous monitoring techniques have been developed around the world.
Study of literature showed that various researchers used a number of specimen sizes, shapes and
gauge lengths in their early age shrinkage tests [Holt (2001), Al-Amoudi et al. (2006), Jensen
and Hansen (1996), Ishikawa et al. (2000)]. This situation creates a stumbling block in
quantifying and comparing the results of numerous studies on early age shrinkage measurement.

Earlier studies on the early age shrinkage monitoring showed that specimen size and
shape may produce significant effect on early age shrinkage monitored. In the autogenous
shrinkage monitoring, earlier study by Miyazawa and Tazawa (2001) reported that the rate of
autogenous shrinkage increased with an increase in specimen size. This could be attributed to
the acceleration in hydration process due to higher temperature rise on larger specimens. On the
other hand, in the early age drying shrinkage monitoring, earlier study by Slowik et al. (2004)
showed that the early age drying shrinkage was nearly independent of the specimen size during
the first few hours (i.e. approximately within the first 6 hours after water was added to the
mixture). However, as the evaporation proceeded, smaller specimen shrank faster. Another
study by Wong et al. (2007) tested two specimens with a volume-to-exposed surface area or V/S
ratio of 25 mm and 75 mm. The results showed that during the early ages, the specimen with

lower V/S ratio registered a higher shrinkage strains compared to the specimen with higher V/S
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ratio. Despite the extensive study on the effect of specimen sizes and shapes, the effect of gauge
length on early age shrinkage strain has not been comprehensively explored and quantified in
the literature. A review of available studies [Holt (2001), Al-Amoudi et al. (2006), Jensen and
Hansen (1996), Ishikawa et al. (2000), Glisi¢ and Simon (2000), Slowik et al. (2004)] showed
that the gauge length used typically the longest available gauge length which may depend on the
test set-up and the specimen size. Some of the shrinkage measurements utilized a fixed gauge
length (e.g. embedded strain gauge) [Ishikawa et al. (2000)] or due to the nature of the
instrumentation, a relatively small gauge length vis-a-vis the length of the specimen was used
(e.g. when fiber optic sensors or large specimens are used) [GliSi¢ and Simon (2000), Slowik et
al. (2004)]. Moreover, as only one gauge length is adopted by each method, a meaningful
comparison of the effects of adopting a different gauge length other than the one adopted in a
particular study is not possible. In this regard, by utilizing the image analysis technique to
quantify early age shrinkage strains, it is possible to use various gauge lengths on the same
specimen and to observe the effect of gauge lengths on the early age shrinkage strains

monitored.

3.1.2 General Technique for Monitoring Early Age Shrinkage Strain

In the monitoring of early age shrinkage of cementitious materials, emphasis has been
placed on monitoring either autogenous shrinkage strains or early age drying shrinkage strains.
For both autogenous and early age drying shrinkage monitoring, several techniques reported in
the literature can be classified as being either volumetric or linear-based measurement
techniques. Volumetric measurements are often performed by casting a fresh batch of
cementitious material encased in a membrane, e.g. rubber balloon that is submerged in a fluid.
The volume change of the specimen is calculated based on the buoyancy principle (i.e. the
variation of the weight of the submerged sample with time) [Tazawa and Miyazawa (1995),
Holt and Leivo (1999), Loukili et al. (2000)]. On the other hand, linear-based measurements are
frequently performed by casting the cementitious materials in a low friction rigid mold and

recording the length change with respect to time [Holt (2001), Jensen and Hansen (1996),
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Takada et al. (1999), Hammer (1999), Bjontegaard et al. (2004), Zhang et al. (2003), Glisi¢ and
Simon (2000), Slowik et al. (2004), Ong and Kyaw (2006), JCI (1999), Morioka et al. (1999),
Ishikawa et al. (2000), Esping (2007)]. Based on data available in the literature, most of the

testing techniques that measure shrinkage linearly can be grouped as follows:

e Testing techniques that use “cast in nails” through a hole at the end of specimen with
nail heads embedded in the cementitious materials [JCI (1999)].

e Testing techniques that use moveable endplates with plugs [Hammer (1999),
Bjoentegaard et al. (2004), Morioka et al. (1999)].

e Testing techniques that use horizontal transverse bars cast within the cementitious
materials [Takada et al. (1999)]

e Testing techniques that use vertical cast-in-bars [Holt (2001), Ong and Kyaw (2006)]

e Testing techniques that use embedded strain sensors [Zhang et al. (2003), Glisi¢ and
Simon (2000), Slowik et al. (2004), Ishikawa et al. (2000)]

e Testing techniques that make use of corrugated plastic moulds [Jensen and Hansen

(1996), Esping (2007)]

Monitoring linear shrinkage strains at an early age is faced with several instrumental
challenges that can generate ambiguous results. The difficulty of providing a firm anchorage at
monitoring locations prior to setting, problems arising from mould friction, settlement problems,
and problems with the rigidity of strain sensors have been reported in the literature [Holt and
Leivo (1999), Kyaw (2007)].

Early age drying shrinkage is a complex phenomenon incorporating a range of
deformations that occur immediately after casting. Autogenous shrinkage and shrinkage due to
evaporation typically govern early age drying shrinkage [Radocea (1994)]. On top of this,
during the early stage of a cementitious material, thermal dilation due to exothermic hydration

and subsequent effects of cooling must also be accounted for in the measurement of early age
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drying shrinkage. Typically most early age drying shrinkage monitoring techniques used at
present time are rather similar to those used in monitoring linear autogenous shrinkage. Aside
from taking into account temperature rise due to heat of hydration, the difference between
autogenous shrinkage and early age drying shrinkage monitoring lies in whether there is
moisture exchange between the specimen and the environment. In the former, the top surface is
usually sealed by diffusion-tight plastic or aluminium foils immediately after casting to prevent
any evaporation. While in the latter, the top surface may be left exposed to the environment as
soon as the casting process is completed. It is important to note that early age drying shrinkage
has been reported to exhibit similar behavior to long term drying shrinkage in that it varies with
depth from the exposed surface [Neville (2003)]. This indication of variation on early age
drying shrinkage was also mentioned by Ong and Kyaw (2006). It stated that: “... it is
reasonable to expect that the pins would move along with the specimen as it shrinks; the pins,
due to their small diameter, may adopt an inclined position if shrinkage varies with the depth of
the specimen. Because the water loss is expected to be highest from the exposed trowelled
surfaces, it is likely that in the present test setup, shrinkage is not as high in parts of the
specimen near the base of the mold’. Despite this fact, most of the linear measurement
techniques in use at present seem to be monitoring an “average” value of the early age drying
shrinkage strain across the whole cross section of the specimens.

An earlier attempt to directly measure the shrinkage strains at different depths was
reported by Hammer (2002) and Slowik et al. (2004). The early age drying shrinkage strains
were measured at 5 mm and 50 mm below the top exposed surface by using either “cast-in-
nails” screwed into IDT (inductive displacement transducers) through a hole at each end of the
specimens [Hammer (2002)] or FBGs (fiber Bragg gratings) sensors [Slowik et al. (2004)]. In
using the first method, it is important to note that there is a possibility of loss of grip in the
“cast-in-nails” used. In addition, the inherent rigidity of the IDT in comparison to the still soft
cementitious materials may also affect the accuracy of some of the early age shrinkage readings
[Kyaw (2007)]. The use of FBGs sensors may solve the aforementioned problem. However,

with the rather complicated experimental test setup, fragility and high cost of the sensors; such
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limitations may become major drawbacks for the use of FBGs in the monitoring of early age

drying shrinkage [Slowik et al. (2004),Wong et al. (2007)].

3.2 Methodology

In the light of the aforementioned, the effect of gauge length used on the early age
shrinkage strains monitored was studied by using the image analysis technique. In addition, the
following section also describes a technique capable of monitoring shrinkage development at
different depths from the top surface of newly cast cementitious materials with acceptable
accuracy. The proposed technique is based on the image analysis technique developed
previously by by Ong and Kyaw (2006). In the present study, the image analysis technique has
been extended to allow capturing of images of targets mounted on the side of the prism
specimens. The proposed technique enables early age shrinkage monitoring to be conducted on
prism specimens which are expected to register differences in shrinkage with depth from the top

surface.

3.2.1 Image Analysis Technique
3.2.1.1  Principles of Image Analysis

As mentioned previously, the image analysis technique used for monitoring early age
shrinkage is based on earlier work reported by Ong and Kyaw (2006). This technique goes some
way in overcoming some of the difficulties associated with the fixing and placing of
measurement gauges for early age shrinkage monitoring on fresh cementitious mixtures starting
from before the mixture sets. The method reported is able to monitor shrinkage strains as early
as 30 minutes after adding water to the mixture. Another advantage of the image analysis
technique include its flexibility to be used with a number of specimen configurations, viz. slabs
or prisms, specimen with different cross section, as well as composite specimens comprising
freshly cast cementitious materials on a hardened concrete substrate. A flowchart of the image

analysis technique is shown in Figure 3.1. This technique comprises embedding targets into the
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cementitious materials, capturing the image of the targets, analyzing the position of the targets

on an image database, and finally evaluating the shrinkage strains.

Embedding Image Image Analysis
Targets Capturing | Threshold/ S ) Evaluation of
lIl' ) & o rels(‘ old/ Segmentation Shrinkage Strain
Cementitious Image - Aracxing .
. 3. Coordinate Correction
Materials Database algorithm

Figure 3.1 Flowchart of image analysis technique

3.2.1.2 Targets used for Image Analysis Technique

As shown in Figure 3.2, the present study utilized a similar light-weight target used by
Ong and Kyaw (2006). The targets were made from steel pins 75 to 125 mm long and 1.5 mm in
diameter. These pins were topped with plastic discs, 6 mm in diameter. A 4 mm square inked
target was glued on the top of the plastic disc. Each of these targets weighs about 1.3 to 2.6
gram. Pairs of these 4 mm squares were used as targets for monitoring shrinkage of the

cementitious test specimen.

Square inked

/ target

-

Steel pin

Figure 3.2 Target pin used in image analysis technique for monitoring early age shrinkage
strains
3.2.1.3 Image Capturing
The image analysis technique relies on the use of high resolution Digital Single-Lens
Reflex (DSLR) cameras to capture the movement of targets embedded in the cementitious

specimens. Three DSLR cameras with a maximum resolution of 6.3, 10.1, and 12.4 megapixels
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were used in the present study. In the image analysis technique, it is important to capture a sharp
image of the targets thus necessary precautions are emphasized to reduce vibration that might
affect the results of the image captured. These include securing the cameras on a tripod or a fix
platform and controlling the cameras remotely. In addition, in order to minimize the effect of
lens distortion, a specific focal length must be maintained during the entire testing period. A
more detailed treatment on the effects of lens distortion, as well as the influence of the distance
between targets and the lens on accuracy of the image analysis technique are available in
previous work reported by Kyaw (2007).

The initial reading (i.e. the first image captured) was taken approximately 30 minutes
after water was added to the mixture. The subsequent images of these targets were taken at
specified time intervals, e.g. 5-minute intervals. Using the aforementioned equipments, the size
of each image captured using the current test set-up was either 3072x2048 pixels, 3888%x2592
pixels, or 4288x2848 pixels. According to previous study reported by Kyaw (2007), the
sensitivity of the image analysis can be improved by resizing the image to approximately three
times of its original size. Therefore, similar procedure was also implemented in the present
study. After the resizing process, a series of images captured were compiled into one database,

ready to use as the input for the image analysis process.

3.2.1.4 Image Analysis Process

To analyze the image database, commercially available image analysis software' was
used in the present study. There are several steps in the image analysis process. These include
segmentation, tracking, and coordinate-correction algorithm.
3.2.1.4.1 Segmentation/Threshold

The targets embedded in cementitious materials are the key information of the

cementitious deformation. Therefore, image segmentation (i.e. separating targets from the

" Image Pro 6 was used due to the availability of image analysis software. Any brands of image analysis
software could be used for the image analysis technique; provided that the software is capable of
performing tasks mentioned in this thesis.
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background) is a fundamental process. The simplest approach to do image segmentation is by
conducting a thresholding. The important factor in the thresholding process is the choice of the
threshold value. Several methods for choosing threshold value are available; it can be manually
or automatically picked. In the present study, the threshold value is manually determined from
the colour intensity values. Figure 3.3 shows the target used with the corresponding red channel
intensity values for the target and background. The threshold value was manually calculated
based on EQ. 3.1. In this approach, the threshold value was picked based on a mean intensity
value of object (i.e. targets) and the background. As the present study used a RGB color image
(i.e. Red Green Blue color space) on its analysis, the same procedure was performed for each
color channel.

Threshold value= % Eqg. 3.1
Where: A s the average pixel value of the background

B is the average pixel value of the object / target

RGB Image ; Red Channel

300 —
Full intensity value = 255
250
; Background 200
|'. %
= 150
z
Line 2 100
o
50
0
Obj ect Zero intensity value =0
-50 I I I \
target
( l'g ) 0 50 100 150 200
Pixel location along the line
(@) (b)

Figure 3.3 (a) original image of the target; and (b) corresponding pixel value along the line
marked in the original image
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3.2.1.4.2 Tracking

After the targets are separated from the background, the next step is tracking process. In
the tracking process, the program tracks the “same” target in the subsequent images. In the
present study, the interest was to determine the variation X-Y coordinates with time (i.e. X(t)

and Y(t)) of the targets embedded in the cementitious materials.

3.2.1.4.3 Coordinate Correction Algorithm

In the image analysis technique, coordinate correction algorithm is also important. As
mentioned previously, necessary precautions were emphasized to reduce a vibration that might
affect the results of the image captured. Nevertheless, a slight vibration during the experiment
was still possible to occur. This unwanted vibration may induce additional variation in the
target’s coordinate computed in the previous step. Therefore, to compensate an error due to the

unwanted vibration, a coordinate correction algorithm was employed as follows:

X(t)= X(t,original)- [ x(t) - x(0)] £q. 32
Y(t)=Y(t,original)-[ y(t)- y(0)] o
Where:
X(t) and Y(t)  are the X-Y coordinate of specific target at time t after the correction
X(t,original)  is the X coordinate of specific target at time t before the correction
Y(t,original)  is the Y coordinate of specific target at time t before the correction

X(t) and y(t) are the X-Y coordinate of reference point at time t

x(0) and y(0)  are the X-Y coordinate of reference point at time 0

3.2.1.5 Shrinkage Strains Evaluation

In the image analysis, the shrinkage strain is calculated based on a length change (i.c. a
change in the number of pixels) between a pair of targets embedded in the cementitious
materials (i.e. EQ. 3.3). The original distance between the two targets is calculated at the time

zero value (i.e. TZV) adopted. At certain time t, the distance between this pair of targets is
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recomputed. The shrinkage strain is obtained by dividing the length change with the original
length. Given the present testing arrangement, the resolution of the image analysis technique is

approximately + 12 pe [Ong and Kyaw (2006)].

L(0)- L(t)

Shrinkage strain=
L(0)

Eq. 3.3

Where:
L(t)  isthe number of pixels between the two targets at time t

L(0)  is the number of pixels between the two targets at TZV

3.2.2 Image analysis for monitoring the early age shrinkage strains

Figure 3.4 shows the measurement schematic and the actual equipment set-up used in
the present study. Shrinkage monitoring was carried out using cameras focused on two faces;
the top trowelled surface of the specimens (i.e surface shrinkage) and the side of the specimens

(i.e. shrinkage strains with respect to depth from the top exposed surface).

1: high resolution DSLR camera
2: steel mould

I I Top Camera
L

Side

Camera

0= E)Ep
PP

[

» Data Logger
or
* Personal Computer

Specimen
Cross Section

(@) (b)
Figure 3.4 (a) schematic of shrinkage measurement; and (b) the actual testing arrangement for
monitoring shrinkage strains from the top and side faces.
In the present study, two sizes of molds were used. Steel molds with inner dimensions

of 75 mm width by 75 mm depth and 285 mm length were used for mortar specimens, while

steel molds with inner dimensions of 100 mm width by 100 mm depth and 400 mm length were
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used for concrete specimens. The steel molds were lined with 1 mm thick Teflon sheets to
reduce friction. A lining of plastic wrap was also used between the mortar mixture and the
Teflon sheets to prevent leakage of the freshly placed cementitious mixture. During casting, the
fresh cementitious mixture was placed in the molds and compacted on a vibration table. The
exposed top surface was trowelled smooth and the targets for shrinkage monitoring from the top
surface were inserted into the freshly cast specimen. In the case of autogenous shrinkage
monitoring, the pins pierced through the plastic wrap that was placed over the top surface
immediately after trowelling. Based on several preliminary tests, the effect of piercing the
plastic wrap on the evaporation or shrinkage strains monitored was negligible. The targets on
the top surface did not settle as the pins penetrated through the full depth of the specimens. The
pins were firmly bonded to the surrounding mortar. Although it is reasonable to expect that the
bond between the pin and the freshly placed mortar might not be robust during the initial one to
two hours or so, once the mortar mixture stiffens, the pins were expected to move along with the
mortar as it hardened and shrunk. This was confirmed by Ong and Kyaw (2006) by comparing
the shrinkage strains monitored using laser sensor and image analysis. Both image analysis and

laser sensor registered comparable shrinkage magnitudes after the initial setting time.

A

250 mm

285

Figure 3.5 The arrangement of targets on top surface for gauge length experiment, mm
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For studying the effect of gauge length on the shrinkage strains monitored, numerous
pairs of targets were arranged so that the desired number of gauge lengths could be
accommodated on the 285 mm long prism specimens. Figure 3.5 shows the nominal gauge
length (i.e. distance between selected pairs of targets) on the top surface of the specimen. The
longest nominal gauge length was 250 mm and the shortest was 75 mm. The actual distance in
pixel values between selected pairs of targets was used to compute the shrinkage strains in the
present study.

As mentioned previously, the shrinkage monitoring was carried out from the top surface
and at one side of each specimen. While the targets for shrinkage monitoring on the top surface
were inserted into the freshly cast specimen just after casting was completed, the targets for
shrinkage monitoring on the side of the specimen were positioned in the steel mold prior to
casting. As shown in Figure 3.6, the early age shrinkage strains on the sides of the prism
specimen were monitored using pairs of targets placed at different depths. In the case of
75%x75%285 mm steel mold, the targets were placed at depths of 3, 20, 40, and 60 mm from the
trowelled surface of the specimen. While for the 100x100x400 mm steel mold, the targets were

placed at depths of 3, 20, 40, 60, and 80 mm from the trowelled surface of the specimen.

25.025.0 Steel Mold
L
T ® 1200 | w vF
® @ 40.0 e e
. @g | 600 . . 75.0
® ® ® ® J
| |
‘ 285.0 |
25.0 Steel Mold
3.0
LS00
° N i °
® o— 1 40.0 ° o
5 60.0
@ ® 80.0 ® ®
100.0
® ® a ®
e @ =] ® J
| |
\ 400.0 |
SIDE VIEW

Figure 3.6 The arrangement of targets on the side face of mould for two types of prisms used in
the present study, mm
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As shown in Figure 3.7(a), 6 mm diameter holes were predrilled through both sides of
the steel mold. Corresponding holes were also made in the Teflon sheets lining the interior faces
of the steel mold. Figure 3.7(b) shows a layer of plastic wrap was used between the mortar
mixture and the Teflon sheets to prevent leakage of the freshly placed cementitious mixture. A
grease lubricant was also applied at locations where the pins pierced the plastic wrap to further
minimize the possibility of leakage. As shown in Figure 3.7(c), to hold the pins in position
before and during casting, two semicircular rubber pieces were fitted into the 6 mm diameter
holes after the pins were inserted through the plastic wrap lining the sides of the steel mold. The
cementitious mixture was placed, compacted on the vibration table, and transported to the
environmental chamber with the rubber pieces left in-place. These rubber pieces were removed
prior to the start of early age shrinkage monitoring. The removal of the rubber pieces did not
lead to leakage of any material from the still soft cementitious mixture due to the presence of
the plastic wrap and viscous grease lubricant. As shown in Figure 3.7(d), the monitoring of the
targets started as soon as the specimen was placed in the environmental chamber, approximately
30 minutes after adding water to the mixture and monitored continuously for 24 hours. A
temperature of 30 + 0.5°C [86 = 0.9°F] and a relative humidity of 65 + 2% were maintained in
the environmental chamber for the entire duration of the experiment. The temperature and

relative humidity were selected to simulate environmental conditions prevailing under

Singapore’s tropical climate.
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Figure 3.7 Specimens preparation for monitoring early age shrinkage with depth from
the top surface
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3.2.3 Laser technique

Besides the image analysis technique, the laser technique was also used for determining
the length change of the cementitious specimens. The early age shrinkage strain monitored
using the laser technique is typically referred as the “average” shrinkage value over the entire
specimen’s cross section. The laser testing set-up was made based on an earlier work by
Morioka et al. (1999). As shown in Figure 3.8(a), the laser sensors' with a resolution of 5 um
were fixed onto base plates to ensure the stability with the time. The cementitious deformation
was measured via the reflection of laser beams from the surfaces of the reflection plate attached
at both ends of the specimen. The reflection plate used for the laser sensor was made from 3 mm
thick Perspex plate. Each plate was attached to 25 mm long 3 mm diameter threaded screw. The
gauge length was taken as the distance between innermost ends of the screws attached to the

reflection plates.

ne
Laser = Reflection Plate Steel Mold Laser
Sensor Sensor
Gauge Length 75
235 J
Base Base
285
(a) SIDE VIEW
Laser Laser
Sensor Sensor
Reflection Ring
1 —3 Exposed Surface
.= I L B
L] OJ 20 40 | e o T
o o— 6|0 e o 75
e o e o l
285 {
(25125 SIDE VIEW Steel Mold
(b)

Figure 3.8 (a) Test set-up for early age shrinkage monitoring using laser sensors [Morioka et al.
(1999)], and (b) test set-up for monitoring early age settlements of mortar prism specimens
[Kaufmann et al. (2004)], mm

! Micro laser sensors, LM10 - ARN 1150 series, Nais, Matsushita Electronic Works Pte. Ltd
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In addition to the early age shrinkage monitoring, the laser sensors were also used for
monitoring the settlements of mortar prism specimens. As shown in Figure 3.8(b), the
settlements of mortar specimens were measured via the reflection of laser beams from a 6 mm
diameter reflection ring located on the top surface of the mortar specimen. The reflection ring
was made from PE plastic with metallic coating. The thickness of this reflection ring is about
0.02 mm and its weight is 0.0086 gr. This light-weight ring was placed directly on the top

surface of the mortar specimen as soon as casting was completed [Kaufmann et al. (2004)].

3.24 Materials used

To study the effect of gauge lengths on the early age shrinkage strain monitored as well
as to assess the capability of the image analysis technique for monitoring early age shrinkage
with respect to the depth from the top surface, several mortar and concrete mixtures with water-
to-cementitious ratio ranging from 0.25 to 0.35 were prepared. In all the mixtures, ASTM Type
I normal OPC was used together with natural sand as the fine aggregate. The natural sand had
fineness modulus and specific gravity of 2.8 and 2.6 respectively. Crushed granite with a
maximum size of 12.5 mm and a specific gravity of 2.6 was used as coarse aggregates. Both
coarse and fine aggregates were prepared according to the requirements specified in ASTM-

C33-08 (2008).

Table 3.1 Mix porportions

ili i HRWRA
Agg. Water,  Cement, Silica Fine | Coarse W

Mixture wie V;ZL kg/ m’ kg/ m’ i;n;? I?gg/rgn} I?;rgnz lt/m® by cement

mass (%)
M25 0.25 50% 208 843 - 1300 - 5.28 0.25
M30 0.30  50% 231 776 - 1300 - 2.34 0.12
M35 0.35 50% 250 718 - 1300 - 1.26 0.07
C25 0.25 65% 144 588 - 790 900 4.42 0.30
C35 0.35 65% 175 501 - 790 900 1.88 0.15
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In the case when a high range water-reducing admixture' was used, the amount of liquid
was accounted for in the mix proportion calculation based on its liquid volume fraction of about
64.5%. Table 3.1 shows the summary of the mortar and concrete mixtures proportion used in the

present investigation.

3.3 Results and Discussion
3.3.1 The effect of gauge length on early age shrinkage strains monitored

As shown previously in Figure 3.5, the arrangement of targets on the top surface
allowed shrinkage strains to be monitored based on nominal gauge lengths of 75, 150, 200 or
250 mm. Early age shrinkage strains of mortar mixtures cast with water-to-cementitious ratio of
0.25, 0.30, and 0.35 monitored from as early as 30 minutes up to 24 hours after adding water to
the mixtures are shown in Figure 3.9 to Figure 3.11 respectively. In this thesis, the early age
shrinkage strains reported refer to the total shrinkage strains experienced by the cementitious
materials. No thermal or temperature correction was made to the results as this requires accurate
determination of CTE (i.e. Coefficient of Thermal Expansion) at such very early ages. Results
of early age shrinkage monitoring showed that the shape of strain-time curve for both sealed and
unsealed specimens monitored by different gauge lengths is very similar. In the sealed mortar
specimens tested, there was no significant difference in “absolute” shrinkage strains value
monitored. However, in the unsealed mortar specimens, especially on M30 and M35 mortar
mixtures, a reduction in the “absolute” value of shrinkage strain at 24 hours after adding water

to the mixture was observed with shorter gauge lengths.

" ADVA 181N, W.R. Grace Pte. Ltd. Singapore
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Figure 3.9 Early age shrinkage strains of (a) the sealed, and (b) the unsealed mortar specimens
cast with water-to-cementitious ratio of 0.25 monitored based on different gauge lengths.
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Figure 3.10 Early age shrinkage strains of (a) the sealed, and (b) the unsealed mortar
specimens cast with water-to-cementitious ratio of 0.30 monitored based on different gauge
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Figure 3.11 Early age shrinkage strains of (a) the sealed, and (b) the unsealed mortar
specimens cast with water-to-cementitious ratio of 0.35 monitored based on different gauge
lengths.
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In order to investigate the effect of gauge length more clearly, the shrinkage-time curves
were divided into three stages: plastic, transitional, and hardening stage. The stiffening time, as
discussed in Chapter 2, was used as the boundary between plastic stage and transitional stage. In
a similar approach with the heat evolution assessment, the peak temperature time was selected
as the beginning of hardening stage. The amounts of shrinkage strains developed during these
stages are shown in Figure 3.12 and Figure 3.13 for the sealed and unsealed mortar specimens
respectively. As three measurements for each gauge length are possible, a range of results for
each gauge length was also noted on the top of each bar.

In the sealed mortar specimens tested, considering the variation of the test results, there
was no significant effect of gauge length on the shrinkage strains monitored at different stages.
During the plastic stage, as shown in Figure 3.12(a), the “absolute” early age expansion values
of 110, 140, 130, and 120 pe were monitored in M25 mortar specimens using nominal gauge
lengths of 75, 150, 200, and 250 mm respectively. While during the transitional stage, the
“absolute” expansion values of 70, 40, 60, and 70 pue were monitored using nominal gauge
lengths of 75, 150, 200, and 250 mm respectively. Similarly, during the hardening stage, the
“absolute” shrinkage strain values of 210, 220, 220, and 230 pe were monitored using nominal
gauge lengths of 75, 150, 200, and 250 mm respectively. In the case of M30 and M35 mortar

specimens, similar trends were also observed.
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—) negative : expansion Sealed Specimens
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Figure 3.12 Comparison between shrinkage strains monitored based on different gauge lengths
on the sealed mortar specimens during (a) plastic stage; (b) transitional stage; and (c)
hardening stage
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Figure 3.13 Comparison between shrinkage strains monitored based on different gauge lengths
on the unsealed mortar specimens during (a) plastic stage; (b) transitional stage; and (c)
hardening stage

In the case of the unsealed mortar specimens, as shown in Figure 3.13, the reduction in
the early age shrinkage monitored using different gauge length was more prominent at early
ages. As shown in Figure 3.13(a), during the plastic stage, results showed that the M30 mortar
specimen registered lower shrinkage strain values when the nominal gauge length used was less
than 200 mm. On the other hand, the M25 mortar specimens showed that there was no
significant decrease in shrinkage strain values using different sets of gauge lengths. During the
transitional stage, as shown in Figure 3.13(b), the M25 and M30 mortar specimens showed no
reductions in the shrinkage strain values with shorter gauge lengths. In fact, slightly higher
shrinkage strains were observed with shorter gauge lengths. On the other hand, the M35 mortar
specimens showed a reduction in the shrinkage strain values when the gauge length used was
less than 150 mm. Finally, during the hardening stage, as shown in Figure 3.13(c), no
significant reduction in the “absolute” shrinkage strain values was monitored for all the mortar
specimens tested. It can be seen that comparable “absolute” shrinkage strain values were
monitored for the M25, M30, and M35 mortar specimens, regardless of the gauge length used.
Present results showed that for the unsealed mortar specimens tested, the “absolute” shrinkage
strains value monitored was affected by the gauge length used. The reduction monitored on
shorter gauge lengths mainly occurred during the plastic stage, prior to the stiffening time. After

the stiffening time was reached, the “absolute” shrinkage strains value was less affected by the
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gauge length used. Present results also showed that rather similar “absolute” shrinkage strains
values for unsealed mortar specimens can be achieved using nominal gauge lengths of either
200 mm or 250 m. Although gauge lengths of more than 250 mm were not tested in the present
study, shrinkage strains were expected to be similar to those based on 250 mm nominal gauge
length.

Based on the present results, shorter gauge lengths may be used for monitoring early
age shrinkage strains on sealed specimens. On the other hand, shorter gauge lengths may not be
appropriate for unsealed specimens if the early age shrinkage strains that develop during plastic
and transition stages are included in the measurement. In this regard, it is recommended to use
longer gauge lengths (i.e. 200 or 250 mm) for typical prism specimens used for early age
shrinkage monitoring. In the present study, for further analysis of results, a nominal gauge

length of 250 mm will be the norm used.

3.3.2 Early age shrinkage strain with depth from the top surface of prism specimen
3.3.2.1 Settlement of the target monitored from the side of the prism specimen

In the present study, one objective is to demonstrate that the image analysis technique is
capable of measuring settlements and early age shrinkage strains from one side of the prism
specimen without any ambiguity in results. One potential issue concerns settlement of the target
pins under its own weight. This “additional” settlement of the targets may affect the shrinkage
strains monitored. In order to address this issue, settlement checking was conducted. The
settlements of the targets located at different depths from the top exposed surface were
compared to the settlements of the mortar specimens measured using laser sensors. As shown
previously in Figure 3.8, laser sensors measured the settlement of mortar specimens through the
reflection of laser beams from a 6 mm diameter reflection ring located on the top surface of the

mortar specimens.
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Figure 3.14 A comparison between settlements monitored using image analysis technique and
laser sensor on mortar mixtures cast with water-to-cementitious ratio of (a) 0.25, and (b) 0.35
respectively.

Figure 3.14(a) and Figure 3.14(b) show the settlements measured using the image
analysis technique and laser sensors on mortar specimens cast with a water-to-cementitious ratio
of 0.25 and 0.35 respectively. As expected, during the first 24 hours after adding water to the
mixture, the settlement readings of targets located at different depths showed that settlement of
mortar specimens reduced with depth from the top exposed surface. The targets located near the
top exposed surface registered higher “absolute” settlement values compared to that monitored
near the base of the specimen. It can be seen also that the targets nearest to the base of the
mould registered negligible settlements; in fact a slight “expansion” was registered. The results
also showed that up to 4 hours after adding water to the mixture, the targets located at a depth of
3 mm from the top exposed surface registered settlement readings comparable to that monitored
using laser sensors. At the end of the testing period (i.e. 24 hours after adding water to the
mixtures) the laser sensors registered a slightly higher settlement compared to that measured
using the image analysis technique. This however is not unexpected since the reflection ring
used for the laser sensors was located directly on the surface of the mortar specimen, thus is
expected that the reflection ring will settle more than the targets used in image analysis. Based
on the results obtained, the self-weight of the targets used in the image analysis technique

seemed to have a negligible effect to the settlement monitored. Thus the target movements
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monitored from the side of the cementitious specimen correspond to the actual movement of the

cementitious material in which the targets are embedded.

3.3.2.2 Early age shrinkage strains with depth in sealed mortar and concrete prism
specimens

Figure 3.15(a) and (b) show the early age shrinkage strain monitored at various depths
from the top surface of the sealed mortar specimens cast with a water-to-cementitious ratio of
0.25 and 0.30 respectively. The early age shrinkage strains were plotted from approximately 30
minutes after water was added to the mixture. It can be seen that the shrinkage-time curve of
shrinkage strains monitored from the side of the sealed mortar specimens were rather similar.
However, while total shrinkage strains monitored during the first few hours after adding water
to the mixture showed primarily positive values (i.e. shrinkage), those monitored on the top
surface registered negative values (i.e. expansion). When the total shrinkage strains for the same
specimens were plotted using the stiffening time as the TZV, as shown in Figure 3.16(a) and
Figure 3.16 (b), it was observed that all the total shrinkage strains plotted including those
monitored form the side of the specimens registered negative values (i.e. expansion) during the
first few hours followed by positive values (i.e. shrinkage) at the later ages. In addition, the
magnitudes of shrinkage strains monitored from both top surface and from the side of the
specimens are largely similar. This phenomenon could be explained by examining in more
detail the total shrinkage versus time values during the first 10 hours as plotted in Figure 3.17 to
Figure 3.19. In addition to the total shrinkage values, the settlements of the targets are also
plotted. As mentioned previously, the settlements were obtained by tracking the vertical
movement of the targets with time. It may be noted that upon closer inspection, the difference
monitored for the shrinkage measurement from the top and from the side of the specimen
occurred mainly during the plastic stage when the mortar is still fluid and workable. Moreover,
the results also showed that the difference in the total shrinkage strain with time monitored
during the plastic stage may be partially attributed to the difference in the water-to-cementitious

ratio of the mixture being investigated. It can be seen that in the case of mortar specimens cast
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using the mixture with a water-to-cementitious ratio of 0.25, the settlements measurement
registered an expansion at a depth of 3 mm from the top surface during the plastic stage.
Simultaneously, the corresponding shrinkage strains monitored from the top surface (i.e.
“surface”) also showed expansion during this stage. In the case of mortar specimens cast using a
water-to-cementitious ratio of 0.35, settlements measurement showed no expansion was
monitored. The corresponding shrinkage strains monitored from the top surface also showed no
expansion during this stage. In the case of M30 mortar specimens cast using a mixture with a
water-to-cementitious ratio of 0.30, it is expected that its behavior would be in between that
monitored for the M25 and the M35 mortar specimens. The shrinkage strain monitoring from
the top surface of the M30 mortar specimens showed a similar result to that of the M25 mortar
specimens. The shrinkage strains monitored from the top surface of the specimens registered an
expansion during this plastic stage. Based on the results obtained, it seemed that in the mortar
specimens tested, this early age expansion during the plastic stage may contribute to the
difference observed between the early age shrinkage strains monitored from the top surface (i.e.
“surface”) and from the side of the mortar specimens. As shown in Figure 3.20, when early age
shrinkage is monitored from the top surface of the prism specimens, movement of the targets
towards the camera lens (i.e. expansion) would result in a reduction in distance between the
target and the camera lens. This may be registered as an increase in the number of pixels
between the two targets embedded on the top surface. The reverse occurs in the event of a
settlement. On the other hand, when the early age shrinkage measurement is carried out from
the side of the prism specimens, the distance between the target and the camera lens does not
change when there is settlement of the cementitious material. Even if there is settlement, the
movement of the targets towards the base of the prism mold can be used to monitor the amount
of settlement taking place.

The results, as shown in Figure 3.17 to Figure 3.19, also showed that the shrinkage
strains measurement from the side of the specimen seems to be less sensitive to the early age
expansion or settlement of the mortar specimens during the plastic stage. It can be seen that the

shrinkage trains monitored at a depth of 3 mm from the top surface registered comparable
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absolute values to that monitored at a depth of 60 mm from the top surface of the sealed mortar
specimens tested.

The results of early age shrinkage strains monitored using the image analysis technique
was also compared with that monitored using laser sensors. Both tests were performed on the
same specimens. The results for sealed mortar specimens cast with a water-to-cementitious ratio
of 0.35 is shown in Figure 3.19. The result showed that during the plastic stage, the laser
sensors registered a significant amount of shrinkage strains compared to that observed using the
image analysis technique. The results implied that the shrinkage strains monitored using laser
sensors were significantly affected by the settlement of mortar specimens, especially during the
plastic stage. During this stage, mortar specimens are most likely to experience early age
settlement as there is no solid skeleton to resist the volumetric deformation. This early age
settlement may exert a force on the reflection plate attached on both ends of the mortar prism,
causing the laser sensors to register shrinkage strains. Nevertheless, the results showed that after
the stiffening time was reached, the shrinkage strains monitored using the image analysis
technique and the laser sensors were rather similar in trend and magnitude.

In the case of concrete specimens, the results of early age shrinkage monitoring from
sealed concrete specimens cast with a water-to-cementitious ratio of 0.25 and 0.35 are shown in
Figure 3.21(a) and Figure 3.21(b) respectively. It can be seen that similar to that monitored on
the sealed mortar prism specimens tested; the results showed that similar shrinkage strains were
obtained at the various depths of the sealed concrete prism specimens. In a completely sealed
specimen, shrinkage was not expected to show any major differences with depth. However,
some minor variations were noted in the sealed concrete specimens tested, most probably due to
a minor moisture loss from the sealed top surface and due to the resolution of the present test
set-up.

The repeatability of early age shrinkage measurements conducted on two sealed mortar
specimens each cast with a water-to-cementitious ratio of 0.25 and 0.30 are shown in Figure
3.22(a) and Figure 3.22(b) respectively. It can be seen that the variability is small. Repeated

tests on other batches of mortar cast with the same water-to-cementitious ratio under the same
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test conditions showed almost identical results. This implied that after the stiffening time is

reached, image analysis technique could be used for monitoring early age shrinkage strains of

the sealed mortar specimens with acceptable accuracy.

400 —

200

-200

Shrinkage Strain (x10'6)
(e}

-400

~ W

Mortar w/c 0.25

. e -
JRN—
R —
R —
—_—

tiffening Time
~ 3.5 hours)
T ‘ T

Surface

3 mm
20 mm
40 mm

60 mm

1
8 12 16
Time (hours)

(@)

I
20 24

Shrinkage Strain (><10'6)

400

200

-200

-400

i —_e_— Surface Mortarw/c0.30
i —— 3 mm
| —8— 20mm
| —e— 40mm
| —— 60mm ‘/_/‘_/.\/
1
L\”‘\ ‘/\\,//\.
L e
| \e - e
AR N
| e
! Stiffening Time
' (~ 2.0 hours)
T 1 T ] \ \
4 8 12 16 20 24
Time (hours)
(b)

Figure 3.15 Early age shrinkage strain with respect to the depth from the top surface on sealed
mortar specimens cast with water-to-cementitious ratio of (a) 0.25 and (b) 0.30 starting from 30
minutes up to 24 hours after adding water to the mixture.
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Figure 3.16 Early age shrinkage strain with respect to the depth from the top surface on
sealed mortar specimens cast with water-to-cementitious ratio of (a) 0.25 and (b) 0.30 starting
from stiffening time up to 24 hours after adding water to the mixture.
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Figure 3.17 Early age shrinkage strains and settlements monitored using image
analysis on sealed mortar specimens cast with water-to-cementitious ratio of 0.25, starting from
30 minutes up to 10 hours after adding water to the mixture.
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with a water-to-cementitious ratio of (a) 0.25 and (b) 0.30 starting from the stiffening time
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3.3.2.3 Early age shrinkage strains with depth in unsealed mortar and concrete prism
specimens

Results of early age shrinkage monitoring from the top and the side of unsealed mortar
specimens cast with water-to-cementitious ratio of 0.30 and 0.35 are shown in Figure 3.23 and
Figure 3.24 respectively. The results clearly showed that different shrinkage strains at different
depths were monitored in the unsealed mortar specimens. Starting either from 30 minutes after
water was added to the mixture or from the stiffening time, the plots of the early age shrinkage
strain at various depths versus time were rather similar one to another. However, “absolute”
values of shrinkage strain decreased with depth from the top surface. A comparison of the
shrinkage strains monitored on the top surface and from the side of the specimens showed that
the targets inserted from the top surface registered the highest early age shrinkage strain. In the
mortar specimens cast with water-to-cementitious ratio of 0.30, as shown in Figure 3.23(a),
starting from about 30 minutes up to 24 hours after water was added to the mortar mixture, the
targets inserted into the top surface registered an “absolute” shrinkage strain value of 2350 pe.
The corresponding targets located at depths of 3 mm and 60 mm registered “absolute” shrinkage
strain values of 2260 pe and 1050 pe respectively. Similarly, plotting with the TZV set at the

stiffening time, as shown in Figure 3.23(b), differences in the “absolute” shrinkage strain values
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were also observed. An “absolute” shrinkage strain value of 1690 pe was observed from the
targets inserted into the top exposed surface, while at depths of 3 mm and 60 mm, the
“absolute” shrinkage strain values were about 1420 pe and 940 pe respectively.

Figure 3.25(a) shows the development of early age shrinkage strains on mortar
specimens cast with water-to-cementitious ratio of 0.35 during the first 6 hours after water was
added to the mixture. It can be clearly seen that the shrinkage strain near the exposed surface
started earlier. As shown in Figure 3.25(b), at 1.5 hours after water was added to the mixture,
the targets located at 3 mm depth from the top exposed surface already registered “absolute”
shrinkage strain value of 250 pe. As the evaporation continued, the shrinkage strains progressed
into the interior of the mortar specimens. At the time when the stiffening time occurred, the
“absolute” shrinkage strain values of 770 pe and 125 pe were observed at the depth of 3 mm and

60 mm respectively.
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Figure 3.23 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.30 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively.
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Figure 3.25 (a) Early age shrinkage strain with respect to the depth from the top
surface on unsealed mortar specimens cast with water-to-cementitious ratio of 0.35 starting
from 30 minutes up to 6 hours after water was added to the mixture; (b) Early age shrinkage

strain of unsealed mortar specimens as a function of depths from the top exposed surface during

the paste-suspension phase.

The repeatability of early age shrinkage measurement was also conducted on two

unsealed mortar specimens. Figure 3.26 shows two sets of test results of early age shrinkage

strains with depth from the top surface on two unsealed mortar specimens cast with a water-to-

cementitious ratio of 0.30. It can be seen that both sets of test results were almost identical
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except for that monitored at a depth of 60 mm. Nevertheless, the results imply that variability

between specimens is relatively small.
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Figure 3.26 Early age shrinkage measurements on (a) first and (b) second unsealed mortar
specimens cast with a water-to-cementitious ratio of 0.30 starting from the stiffening time
respectivel

The early age shrinkage strains monitored using the image analysis technique on
unsealed mortar specimens was also correlated with that measured using laser sensors. As
shown in Figure 3.27 and Figure 3.28, the results showed that during the plastic stage, the
shrinkage strains monitored using laser sensors were lower than that monitored on the top
surface. On the other hand, the development of shrinkage strains monitored using laser sensors
was comparable to the average value of the shrinkage strains monitored from the side of the
specimens, especially in the case of mortar specimens cast with a water-to-cementitious ratio of
0.25. Tt is also clear that after the stiffening time was reached, the shrinkage strains monitored
using laser sensors were more in agreement with the average value of the shrinkage strains
monitored from the side of the specimens.

In the case of concrete specimens, the results of early age shrinkage monitoring from
unsealed concrete specimens cast with a water-to-cementitious ratio of 0.25 and 0.35 are shown
in Figure 3.29(a) and Figure 3.29(b) respectively. It can be seen clearly that different shrinkage

strains values were monitored at different depths from the top exposed surface of the unsealed
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concrete prism specimens. A more detailed discussion dealing with early age drying shrinkage
of unsealed mortar and concrete specimens is elaborated in the Chapter 4 of the present thesis.
Based on the present study, the results showed that the image analysis can be conveniently used
for monitoring early age shrinkage strains with respect to the depth from the top surface of both

unsealed mortar and concrete prism specimens respectively.
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Figure 3.27 Early age shrinkage strain monitored using image analysis and laser sensors on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.25; starting from (a)30
minutes after adding water to the mixture, and (b) the stiffening time respectively.
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Figure 3.28 Early age shrinkage strain monitored using image analysis and laser sensors on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.30; starting from (a) 30
minutes after adding water to the mixture, and (b)the stiffening time respectively.
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Figure 3.29 Early age shrinkage strains monitored using image analysis on unsealed concrete
specimens cast with a water-to-cementitious ratio of (a) 0.25 and (b) 0.35 starting from 30
minutes up to 24 hours after adding water to the mixture.

3.4  Summary

This chapter discussed several issues related to the measurement of early age shrinkage
strains in a typical cementitious prism specimen. Based on experimental studies carried out, the
following conclusions could be drawn:

1. The gauge length used in early age shrinkage may affect the “absolute” value of
shrinkage strains monitored. For several gauge lengths tested (i.e. 75, 150, 200, and 250 mm),
the results showed that in the case of sealed prism specimens tested, a gauge length less than
200 mm could be used for monitoring early age shrinkage strains without any significant
difference in the “absolute” shrinkage strains value monitored. On the other hand, a gauge
length of less than 200 mm may not be suitable for unsealed prism specimens. The
corresponding “absolute” shrinkage strain values were found to be lower than those obtained
based on a nominal gauge length of 250 mm. The reduction in the “absolute” shrinkage strain
values monitored when using shorter gauge lengths primarily occurred during the plastic stage,
prior to the occurrence of the stiffening time. After the stiffening time, the “absolute” shrinkage
strains value was less affected by the gauge length used. In this regard, it is recommended that
gauge lengths in the order of 200 to 250 mm be used for early age shrinkage monitoring of

typical prism specimens, especially unsealed prism specimens.
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2. The present study also showed that image analysis technique may be used to monitor
early age shrinkage strains with respect to the depth from the trowelled surface of monolithic
mortar and concrete prisms specimens starting as early as 30 minutes after adding water to the
mixture with acceptable accuracy. This technique can be applied for either sealed prism
specimens (generally used for autogenous shrinkage monitoring) or unsealed prism specimens
(typical of those used for early age drying shrinkage monitoring).

3. Based on the early age shrinkage strain monitoring using image analysis and laser
sensors performed on sealed mortar prism specimens, the results showed that early age
shrinkage readings using laser sensors and image analysis from the top surface of the specimens
were affected by early age settlements or expansions during the plastic stage. On the other hand,
the early age shrinkage readings from the side of the specimens seemed to be less affected by
this early age settlements or expansions. The present results also showed that after the stiffening
time is reached within the mortar specimens, comparable early age shrinkage strains were
monitored using the image analysis technique either on the top surface or on the side of the
specimens, as well as those monitored using laser sensors. Furthermore, as expected with the
sealed mortar and concrete prism specimens, the early age shrinkage strain is relatively uniform
across the whole cross section of the specimen.

4. The applicability of image analysis technique for monitoring early age shrinkage
strains with respect to the depth from the top surface starting from approximately 30 minutes
after adding water to the mixture was also demonstrated on the unsealed mortar and concrete
prism specimens. As expected, the early age shrinkage strains vary significantly with depth
from the exposed top surface of the mortar and concrete specimens especially when adopting a
chronologically earlier TZV. A comparison between early age shrinkage strains monitoring
using image analysis technique and laser sensors also showed that shrinkage strains monitoring
using laser sensors is likely to provide an “average” value of shrinkage strain that develop

across the whole cross section of the prism specimens.
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Chapter 4 EARLY AGE SHRINKAGE STRAINS VERSUS DEPTH OF HIGH
PERFORMANCE CEMENTITIOUS MIXTURES

4.1 Introduction

Early age drying shrinkage of cementitious materials is a parameter that affects the
durability of concrete structures, including those made with high performance cementitious
mixtures. To minimize the risk of cracking due to early age drying shrinkage, adopting adequate
and proper curing processes starting from an early age is essential. Many techniques are
available, including water-ponding, water-fogging, plastic sheeting, or wet burlap. Besides the
aforementioned techniques, many construction practitioners also rely on the use of curing
compounds for the proper curing of concrete. Unfortunately, the effectiveness and suitability of
curing compounds depends largely on the concentration of volatile organic compounds (VOC),
which has become the focus of the environment regulations. A study by Whiting and Snyder
(2003) reported that the effectiveness of curing compounds decreases with a reduction in the
VOC concentration. The reduction in the effectiveness of curing compounds as well as the
difficulty to ensure that the environment is ideal curing in practice may eventually increase the
possibility of fresh cementitious mixtures being exposed prematurely to a drying environment at
an early age.

When curing is delayed or inadequate, the loss of moisture to the environment
significantly increases the magnitude of early age shrinkage strains in such mixtures
[Almusallam (2001)]. The loss of moisture generally starts from the exposed surface and
progresses into the interior of the high performance cementitious mixtures depending on the
inherent mixture properties and environmental conditions such as relative humidity, temperature,
prevailing wind speed, etc. Since moisture loss varies with the depth from the exposed surface
of a cementitious material, a non-uniform distribution of shrinkage strains within the
cementitious material will develop [Neville (2003)]. An earlier study by Shin and Lange (2004)

showed that in some cases of overlays, this non-uniform shrinkage strains may become one of
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the major factors giving rise to surface cracking or debonding at the interface between the
overlay and substrate layer. In addition, the variation of early age shrinkage with respect to the
depth from the top surface of cementitious mixtures may also play an important role in early age
cracking observed. The non-uniform shrinkage strains in conjunction with a high early age
shrinkage strains experienced by most high performance cementitious mixtures may also
increase the risk of cracking in such cementitious material.

In reality, the loss of moisture due to delayed or inadequate curing can occur very early
and studies on the variation of shrinkage strain with respect to the depth from the top surface of
high performance cementitious mixtures during the first 24 hours after adding water to the
mixture is very limited. A review of available studies shows that the variation of shrinkage
strains within cementitious specimens tested were typically monitored by assessing the changes
in internal relative humidity [Shin and Lange (2004), Grasley et al. (2006)] or by direct
monitoring of shrinkage strains at various depths [Kim and Lee (1998), Hammer (2002), Al-
Saleh and Al-Zaid (2006)]. The direct monitoring of shrinkage strains at various depths reported
in available literature is extremely rare. Some of these studies started measurements only after a
period of curing has elapsed, thus very early age shrinkage strains developed during the first 24
hours after adding water to the mixture are not available [Kim and Lee (1998), Al-Saleh and Al-
Zaid (20006)].

As mentioned previously in Chapter 3, earlier attempts to monitor the development of
shrinkage strains at different depths have been reported by Hammer (2002) and Slowik et al.
(2004). Results by Hammer (2002) showed that higher and earlier shrinkage strains developed
near the exposed surface of concrete mixtures cast with a water-to-binder ratio of 0.30 when the
top surface was exposed to an environment with 50% RH immediately after casting. A study by
Slowik et al. (2004) on 60 mm thick cement paste with water-to-cementitious ratio of 0.45
showed that there was no significant difference in early age shrinkage strains monitored at depth
of 5 mm and 50 mm. Only after about 1 day, the FBG sensor near the exposed surface started to

register higher shrinkage strains compared to those located near the bottom of the specimens.
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In this chapter, the development of early age shrinkage strains with respect to the depth
from the top exposed surface by means of direct measurement was investigated. The influence
of several mixture parameters to the variation of early age shrinkage strains within the specimen
cross section was studied. The mixture parameters that were varied included the water-to-
cementitious ratio, the aggregate volume proportion, and the addition of chemical or mineral

admixtures.

4.1.1 Effect of High-range water reducing admixture (i.e HRWRA / superplasticizer)
High-range water-reducing admixtures or superplasticizers play an important role in
today’s high performance cementitious mixtures. As it is common to use low water-to-
cementitious ratio cast with or without any addition of supplementary cementitious materials in
such high performance cementitious mixtures, the use of high-range water reducing admixtures
or superplasticizers is inevitable to achieve the desired workability. Earlier studies by Al-
Amoudi et al. (2006) and Kyaw (2007) reported that the effect of superplasticizers on early age
shrinkage is dependent on the type of superplasticizer used. Al-Amoudi et al. (2006) reported
that the cementitious mixtures cast with Sulfonated naphthalene polymer (SNP) type
superplasticizers registered higher early age shrinkage strains compared with other types of
superplasticizers (i.e Modified lignosulfate polymer (MLP), Sulfonated naphthalene
formaldehyde (SNF), and Polycarboxylic ether (PCE)). A more recent study by Kyaw (2007)
reported that the cementitious mixtures cast with naphthalene formaldehyde type
superplasticizer registered higher early age shrinkage strains compared with those cast with
Polycarboxylate based superplasticizers. This higher early age shrinkage was attributed to the
excessively longer retardation experienced by concrete mixtures with naphthalene formaldehyde

based superplasticizers.

4.1.2  Effect of aggregate content
In a typical cementitious mixture, the aggregate particles may occupy 30% to 75% of

the overall volume. These aggregate particles often act as a form of internal restraint that resists
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movements and deformation, thus reducing the shrinkage strain monitored. An earlier study by
Hobbs (1974) showed that the important influencing parameters pertaining to aggregates that
affect the shrinkage of concrete are aggregate volume fraction and shrinkage of the aggregates
themselves. In high performance cementitious mixtures, it has been reported that the stiffness of
the aggregate could also affect the shrinkage response. Generally as the stiffness of the
aggregate increased, the shrinkage strain monitored is reduced. Overall, the effect of aggregate
in restraining the shrinkage strains monitored is substantial, as the shrinkage of a cement paste

may be almost ten times higher than the shrinkage of a concrete (Neville (2003)).

4.1.3 Effect of water-to-cementitious ratio

The water-to-cementitious ratio is also regarded as an important parameter that
influences the early age shrinkage of cementitious material. In high performance cementitious
materials, in the absence of water curing, the autogenous shrinkage develops very rapidly and
intensively due to its finer porosity. Studies by Tazawa and Miyazawa (1999) and Zhang et al.
(2003) has clearly shown that the autogenous shrinkage of concrete increased with a reduction
in the water-to-cementitious ratio. Similarly, when the top surface is exposed to dry
environment at early ages, an increase in the early age shrinkage with a reduction in the water-
to-cementitious ratio is noted especially during the first few hours after adding water to the

mixture (Kyaw (2007)).

4.1.4 Effect of silica fume

The effect of silica fume on early age shrinkage is still controversial. An earlier study
by Hammer (2001) tested for early age shrinkage starting just after the casting of concrete
mixtures with a water-to-cementitious ratio of 0.40 and with 5, 10, or 15% silica fume
replacement. It is reported that there was no significant effect of silica fume replacement on the
early age shrinkage strains monitored. On the other hand, Al-Amoudi et al. (2004) reported that
silica fume replacement increased the plastic shrinkage strains of concrete mixtures cast with a

water-to-cementitious ratio of 0.45. Similar increase in the early age shrinkage strains of

86



Chapter 4 - Early Age Shrinkage Strains Versus Depth

concrete mixtures cast with a water-to-cementitious ratio of 0.30 or 0.35 and with 7 or 15%
silica fume replacement was reported by Kyaw (2007). The increase in the early age shrinkage
strains was more prominent during the first few hours after adding water to the mixture. The
higher hydration rate and the lesser amount of bleed water available in the concrete mixtures
with silica fume replacement were deemed as the cause for an increase in the early age

shrinkage strains monitored.

4.2  Methodology and Mix Compositions

In this investigation, the image analysis technique as described in Chapter 3 was used
for monitoring the variation of early age shrinkage strain with respect to the depth from the top
surface of the prism specimens. The moisture loss with respect to time was monitored during the
testing period by weighing the prism specimens on a digital scale with 0.1 g sensitivity. The
first reading was taken immediately after casting and successive readings were taken
automatically using data acquisition software. The moisture loss was computed by subtracting
wii (weight at i-th hours) from wy.;y (weight at (i-1)-th hours). Simultaneously, temperature
readings were monitored on the same specimen using a thermocouple via an automatic data
logger with a sensitivity of 0.1°C. The workability of mortar and concrete mixture were
determined via the flow test method (ASTM-C1437-07 (2007)) and the slump test method
(ASTM-C143/C143M-09 (2009)) respectively. The flow of the mortar mixture or the slump of
the concrete mixture was measured just after mixing was completed (i.e. within 10 to 15
minutes after water was added to the mixture). The assessment of stiffening time was performed
by using the S-wave reflection technique as discussed previously in Chapter 2. In addition, the
initial setting and the final setting time were also determined via the penetration test (ASTM-
C403/403M (2008)) on companion mortar cubes. All the specimens were tested in the
temperature and humidity controlled room with ambient temperature and relative humidity of 30
+0.5°C and 65 + 2 % respectively for the entire duration of the experiment.

The mortar and concrete mixtures tested with water-to-cementitious ratio ranging from

0.20 to 0.45 are shown in Table 4.1. Type I Portland cement with a Blaine fineness of 365 m*/kg
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was used in all cementitious mixtures. Crushed granite with a maximum size of 19.0 mm or

12.5 mm and a specific gravity of 2.60 was used as coarse aggregates. The smaller maximum

aggregate size was used since it has less inherent defect as compared to the larger maximum

aggregate size. In addition, study by Aitcin (2001) also showed that larger MSA may lead to

weaker transition zones containing more micro-cracks. Nevertheless, when the parent rock

(from which the aggregate is derived) is sufficiently strong and homogeneous, 20 or 25 mm

MSA can also be used without adversely affecting the workability and strength of the concrete

[Aitcin (2001)]. The fine aggregates used was natural sand with fineness modulus and specific

gravity of 2.80 and 2.60 respectively. Both coarse and fine aggregates were prepared according

to the requirement specified in ASTM-C33-08 (2008).

Table 4.1 Mixture proportion of mortar and concrete mixtures

Agg. Silica Fine | Coarse HRWRA
Mixture w/c Vol. Y(vge}iirg’ legrer?t’ Fume, | Agg. Agg. by bind
% kg/m® | Kg/m® | Kg/m® | It/m’ nilasslrz ‘Vi )r
M30-SP 0 030 @ 36% 291 952 - 942 - 0 0.00
M30-SP 0.08 030 | 36% 290 952 - 942 - 2.20% 0.08
M30-SP 0.18 030 | 36% 288 952 - 942 - 4.50* 0.18
M30-SP 0.28 030 = 36% 286 952 - 942 - 6.70* 0.28
M20 0.20 | 50% 155 906 - 1300 - 40.83 1.80
M25 0.25 | 50% 208 843 - 1300 - 5.28 0.25
I\I\gg’_i/g;)(f}:o 0.30 | 50% 231 776 - 1300 - 2.34 0.12
M35 035 50% 250 718 - 1300 - 1.26 0.07
M45 045 | 50% 281 625 - 1300 - - 0.00
M30-SF5 030 | 50% 229 724 38 1300 - 4.39 0.23
M30-SF7.5 030 = 50% 227 701 57 1300 - 4.74 0.25
M30-SF10 030 | 50% 223 677 75 1300 - 8.10 0.43
M30-AG36 030 | 36% 300 1000 - 942 - 1.75 0.07
M30-AG45 030 | 45% 256 857 - 1170 - 2.15 0.10
M30-AGS5 030 | 55% 205 694 - 1430 - 5.21 0.30
C25 025 | 65% 144 588 - 790 900 4.42 0.30
C35 035 | 65% 175 501 - 790 900 1.88 0.15
C45 045 65% 196 436 - 790 900 0.66 0.06
C30-SF0 030 65% 156 539 - 790 9007 2.50 0.18
C30-SF5 030 65% 155 500 26 790 9007 3.60 0.27
C30-SF10 030 65% 153 476 52 790 900+ 5.10 0.39
C30-SF15 030 | 65% 149 436 77 790 9007 6.00 0.47
Note :* ADVA 108
1 19 mm MSA
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Commercially available high-range water-reducing admixtures * were used in the
cementitious mixtures to achieve the target workability. These chemical admixtures conform to
ASTM-C494/C494M-08a (2008) as type F or G (retarding) admixtures. ADVA 108 and ADVA
181N have a specific gravity of 1.07 and 1.125 respectively. The solid content of these
admixtures is about 35.5% by weight.

The mineral admixture used was commercially available densified microsilica with a

specific gravity of 2.2. The SiO, content according to the product specification is 92.4%.

4.3  Results and Discussion
43.1 Effect of HRWRA

The effect of different dosage of HRWRA / superplasticizer was studied on mortar
specimens cast with a water-to-cementitious ratio of 0.30. Four different dosages of
superplasticizer, i.e. 0%, 0.08%, 0.18%, and 0.28%, were used. As can be seen in Table 4.2, the
resulting workability based on the flow method was 40%, 80%, 100%, and 155% respectively.
Results also showed that the stiffening time, the initial setting, and the final setting time were
delayed with the addition of superplasticizer. The retardation became more prominent in mortar

specimens with a higher dosage of the superplasticizer.

Table 4.2 Mixture properties of mortar with different dosages of surperplasticizer

Mixture wie | A& workability Stltfifglrgng I“i(tlijl)set Fiz‘lfl}sjet Peilfnizmp
’ (hrs) (hrs)
M30-SP 0 030 | 36% 40% 1.0 25 38 78
M30-SP 0.08 030 36% 80% 1.6 3.1 46 8.5
M30-SP 0.18 030 36% 100% 25 40 5.7 95
M30-SP 0.28 030 36% 155% 37 52 73 15

The temperature development of mortar specimens cast with different dosages of
superplasticizer during the first 24 hours after adding water to the mixture is shown in Figure

4.1. The results showed that the addition of superplasticizer did not change the peak temperature

* ADVA-108 and ADVA-181N, W.R. Grace Pte. Ltd. Singapore
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reached. However, the peak temperature time was delayed with the addition of superplasticizer.
This delay in the temperature rise was consistent with the delay in the stiffening time or the

setting time as tested in the companion mortar cube.
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26 \ \ \ \ \ \
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Time (hours)
Figure 4.1 Temperature development of mortar mixtures with different dosages of HRWRA

The moisture loss measurement for these mortar specimens starting either from 30
minutes after adding water to the mixture or from the stiffening time up to the 24 hours after
adding water to the mixture are shown in Figure 4.2(a) and Figure 4.2(b) respectively. Starting
from 30 minutes after adding water to the mixture, the results of moisture loss measurement
showed that the total moisture loss increased with an addition of superplasticizer. During the
first few hours after adding water to the mixture, the total moisture loss was similar for all the
mortar specimens. At about 8 hours after adding water to the mixture, the total moisture loss for
the mortar specimens with lower superplasticizer dosages started to increase more gradually
compared to those mortar specimens with higher superplasticizer dosages. At the end of the
testing period (i.e. 24 hours after adding water to the mixture), the total moisture loss was about
62.3 gram and 72.3 gram for the mortar specimens without any superplasticizer (i.e. M30-SP 0)
and with a superplasticizer dosage of 0.28% (i.e. M30-SP 0.28) respectively. The increase in the
total moisture loss for the mortar specimens with higher superplasticizer dosages can be

attributed to the retardation effect of the superplasticizer. As the stiffening time of the mortar
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mixtures was delayed; evaporation would take place for a longer duration. As shown in Figure
4.2(b), if the results were plotted starting from the stiffening time, the total moisture loss
decreased with the addition of superplasticizer. This can be attributed to the fact that some
portion of the mixing water present in the mortar mixture has already lost prior to the stiffening
time, and as a part of the water became chemically bound due to cement hydration, less water

became available for further evaporation.
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Figure 4.2 Moisture loss measurement for mortar specimens with different dosages of
superplasticizer starting from (a) 30 minutes after adding water to the mixture, and (b)
stiffening time up to 24 hours after adding water to the mixture

The early age shrinkage monitored at different depths from the top exposed surface of
mortar specimens cast with different dosages of superplasticizer starting either from
approximately 30 minutes after adding water to the mixture or from the stiffening time up to 24
hours after adding water to the mixture are shown in Figure 4.3 to Figure 4.6. The results
clearly showed that in the case of inadequate curing, moisture loss affected the shrinkage strains
throughout the depth of the mortar specimens. Starting either from 30 minutes after adding
water to the mixture or from the stiffening time, the shapes of the shrinkage strains-versus-time
plots at different depths were similar and decreased rapidly with depth from the top surface.
Plots of “absolute” shrinkage strains value-versus-distance from the top surface of the mortar

specimens at 24 hours after adding water to the mixture with starting time either from 30
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minutes after adding water to the mixture or from the stiffening time are shown in Figure 4.7(a)
and Figure 4.7(b) respectively. Starting from 30 minutes after adding water to the mixture, as
shown in Figure 4.7(a), the results showed that the addition of superplasticizer increased the
“absolute” shrinkage strains value monitored at all depths due to its "side effect" of delaying the
stiffening time as well as prolonging the transitional stage of the cementitious mixture being
investigated.. The increase in the “absolute” shrinkage strains value became more significant at
higher dosages of superplasticizer. At a depth of 3 mm from the top exposed surface, the mortar
mixture with superplasticizer dosage of 0%, 0.08%, 0.18% and 0.28% registered “absolute”
shrinkage strain values of 2370 pe, 2240 pe, 3250 pe, and 4830 pe respectively.

On the other hand, plotting shrinkage strains from the stiffening time, as can be seen in
Figure 4.7(b), the results showed more gradual decrease in the “absolute” shrinkage strain value
with depth from the top exposed surface. The addition of superplasticizer also increased the
“absolute” value of shrinkage strain at all depths. An average increase of about 7%, 44%, and
110% in the “absolute” shrinkage strain value was registered by mortar specimens with
superplasticizer dosage of 0.08%, 0.18%, and 0.28% respectively. This increase in the
“absolute” shrinkage strains is observed even though the results of moisture loss assessment (i.e.
Figure 4.2(b)) showed that starting from the stiffening time, the total moisture loss decreased
with the addition of superplasticizer. The increase in the shrinkage strains with the addition of
superplasticizer may be due to longer transitional stage (i.e. period between the stiffening time
and the peak temperature time) in the mixture with higher dosage of superplasticizer. It can be
seen that the transitional stage of the mortar specimens with superplasticizer dosage of 0%,
0.08%, 0.18%, and 0.28% was about 6.8 hrs, 6.9 hrs, 7.0 hrs, and 7.8 hrs respectively. During
this prolonged transitional stage, more gradual refinement of the mortar specimen’s
microstructure and porosity networks may occur. Simultaneously, as the evaporation draws
water out from the mortar specimen, higher shrinkage strains could be induced within the
mortar specimen.

Based on the results obtained, it seems that the use of HWRA with prolonged retarding

effect would be detrimental in the case where early age shrinkage and cracking is important.

92



Chapter 4 - Early Age Shrinkage Strains Versus Depth

Nevertheless, in order to get a firm conclusion, we also need information on the development of
mechanical properties of the mortar mixtures, such as its elastic modulus. Even though the
shrinkage strains might be higher, if the elastic modulus of the mortar is low, then the resultant
stresses generated within the mortar mixtures are also low. On the contrary, even though the
shrinkage strains are lower, but if the elastic modulus of the mortar is quite high, then the
resultant stresses are also high. In addition, in order to conclude whether the resultant stresses
are high enough to cause cracking within the mortar mixture, then the tensile resistance/capacity
as well as its creep or tensile relaxation of the mortar mixture needs to be taken into account. As

long as the resultant stresses are lower than the mortar’ tensile capacities, then the cracks will

not occur.
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Figure 4.3 Early age shrinkage strain with respect to the depth from the top surface on unsealed
mortar specimens cast with superplasticizer dosage of 0% starting from (a) 30 minutes after
water was added to the mixture, and (b) stiffening time respectively
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Figure 4.4 Early age shrinkage strain with respect to the depth from the top surface on unsealed
mortar specimens cast with superplasticizer dosage of 0.08% starting from (a) 30 minutes after
water was added to the mixture, and (b) stiffening time respectively
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Figure 4.5 Early age shrinkage strain with respect to the depth from the top surface on unsealed
mortar specimens cast with superplasticizer dosage of 0.18% starting from (a) 30 minutes after
water was added to the mixture, and (b) stiffening time respectively
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(@)
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Figure 4.6 Early age shrinkage strain with respect to the depth from the top surface on unsealed
mortar specimens cast with superplasticizer dosage of 0.28% starting from (a) 30 minutes after
water was added to the mixture, and (b) stiffening time respectively
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Figure 4.7 Plotting of early age shrinkage strains with respect to the depth from the top exposed
surface of mortar mixtures with different superplasticizer dosages at 24 hours after adding
water to the mixture, starting from (a) 30 minutes after adding water to the mixture, and (b)
stiffening time respectively

4.3.2 Effect of Aggregate Volume

The effect of different aggregate volume on the variation of early age shrinkage strain
with respect to the depth from the top exposed surface was studied on mortar specimens cast
with a water-to-cementitious ratio of 0.30. The fine aggregates were varied from 36% to 55% by
volume. To bring each mortar mixture to a target workability of approximately 110%, different
amounts of superplasticizer had to be used. The resulting workability based on the flow method,
as can be seen in Table 4.3, varied between 80% and 140%. The results also showed that the
stiffening time, the initial setting, and the final setting time were delayed in the mortar

specimens with higher aggregate volumes. This retardation can be attributed mainly to the use

of higher dosages of superplasticizer.
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Table 4.3 Mixture properties of mortar with different aggregate volume

Stiffening - . Peak temp
Mixture w/c é}i‘lg Workability time Inl(tlllz:l)set Fl?harls;et time
’ (hrs) (hrs)
M30-AG36 0.30 36% 110% 1.5 3 39 6.3
M30-AG45 0.30 45% 140% 2.0 3.5 4.4 8.0
M30-AG50 0.30 50% 80% 2.0 33 4.5 7.7
M30-AGS55 0.30 55% 140% 4.0 5.6 7.0 10.5
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Figure 4.8 Temperature development of mortar mixtures with different aggregate volumes
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Figure 4.9 Moisture loss measurement for mortar specimens with different aggregate volumes
starting from (a) 30 minutes after adding water to the mixture, and (b) stiffening time up to 24
hours after adding water to the mixture

The temperature development of mortar specimens cast with different aggregate

volumes during the first 24 hours after adding water to the mixture is shown in Figure 4.8. As
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expected, the results showed that the higher aggregate volumes resulted in a decrease in the
peak temperature reached. In the mortar specimens cast with an aggregate volume of 36%, 45%,
50%, and 55%, the maximum temperature reached was 400C, 35.5°C, 34°C, and 33°C
respectively. The lower peak temperature observed can be attributed to the lower cement
content available for hydration in the mortar specimens with higher aggregate volumes. A delay
in the peak temperature time was also observed in the mortar specimens with higher aggregate
volumes. This delay in the temperature rise was consistent with the delay in the stiffening time
or the setting time as tested on the companion mortar cubes.

The total moisture loss for these mortar specimens plotted starting either from 30
minutes after adding water to the mixture or from the stiffening time up to the 24 hours after
adding water to the mixture are shown in Figure 4.9. The results suggested that the total
moisture loss decreased with a higher aggregate volume. Less mixing water available in the
mortar mixtures with a higher aggregate volume may be a possible reason for the reduction in
the total moisture loss. One exception was noted; despite had the reduced amount of mixing
water, the mortar specimens with an aggregate volume of 55% (i.e. M30-AGS55) registered
higher moisture loss as compared to that monitored for the M30-AG50. The significant higher
total moisture loss of the M30-AGS55 specimens can be attributed to a significant longer
stiffening time leading to a longer transitional stage experienced by the M30-AG55 mortar
specimens.

Figure 4.10 to Figure 4.13 show the early age shrinkage strains monitored at different
depths from the top exposed surface of the mortar specimens cast with different aggregate
volumes starting either from 30 minutes or from stiffening time up to 24 hours after adding
water to the mixture. As expected, the results showed that the moisture loss affected the
shrinkage strains throughout the depth of the mortar specimens. Starting from 30 minutes after
adding water to the mixture, it can be seen that the shapes of the shrinkage strains-versus-time
plots were similar and decreased with the depth from the top exposed surface. In addition, it is
also noted that in the mortar specimens cast with an aggregate volume of 55% (i.e. M30-AGS5S5),

the shrinkage strains developed rapidly during the plastic stage. When the stiffening time

97



Chapter 4 - Early Age Shrinkage Strains Versus Depth

occurred at 4 hours after water was added to the mixture, “absolute” shrinkage strains values of

1700 pe, 1440 pe, 1180 pe, and 560 pe was registered at the depths of 3, 20, 40, and 60 mm

respectively. It can also be seen that if the results are plotted starting from the stiffening time,

the difference between the early age shrinkage strains monitored near the top exposed surface

and that monitored at deeper depths was reduced with higher aggregate volumes.
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Figure 4.10 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with aggregate volume of 36% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.11 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with aggregate volume of 45% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.12 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with aggregate volume of 50% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.13 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with aggregate volume of 55% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively

In order to investigate the effect of aggregate volume more clearly, shrinkage strains-
versus-distance from the top surface at 24 hours after adding water to the mixture were plotted,
starting either from 30 minutes after adding water to the mixture or from the stiffening time.
These plots are shown in Figure 4.14 and Figure 4.15 respectively. Starting from 30 minutes

after adding water to the mixture, the results showed that the mortar specimens cast with an
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aggregate volume of 45% (i.e. M30-AG45) registered the lowest “absolute” shrinkage strains
values while the mortar specimens cast with an aggregate volume of 55% (i.e. M30-AGS55)
registered the highest “absolute” shrinkage strains values. This result showed that for the mortar
specimens tested, the effects of aggregate restraint may also be tempered with the effects of
superplasticizer. The coupled effect of aggregate restraint and superplasticizer was clearly
shown in the case of mortar specimens cast with aggregate volume of 36% and 50%. In the
M30-AG50 mortar specimens, the higher restraining effect of aggregate seemed to have been
offset by the use of a higher dosage of superplasticizer. As a result, the M30-AG50 mortar
specimens registered comparable “absolute” shrinkage strains value to that of the M30-AG36
mortar specimens. For lower dosages of superplasticizer, the effect of superplasticizer is
expected to be less significant. A comparison between the results of the M30-AG36 and M30-
AG45 mortar specimens showed that the “absolute” shrinkage strains decreased with a higher
aggregate volume.

A comparison of shrinkage strains plotted starting from the stiffening time is shown in
Figure 4.15. The higher restraining effect due to higher aggregate volumes was clearly observed
especially near the top exposed surface. The results showed that a higher aggregate volume
reduced the early age shrinkage strains monitored near the top exposed surface. At a depth of 3
mm from the top exposed surface, the mortar specimens cast with aggregate volume of 36%,
45%, 50%, and 55% registered absolute shrinkage strains values of 2220 pe, 1650 pe, 1530pe,
and 1070 pe respectively. On the other hand, the early age shrinkage strains monitored at the
depths of 60 mm showed interesting result. While a reduction was observed when the aggregate
volume was increased from 36% to 45%, an increase in the early age shrinkage strains was
observed when the aggregate volume was increased from 45% to 50% or 55%. As mentioned
previously, one possible explanation of the higher shrinkage strains observed at deeper depths is
due to the use of a higher dosage of superplasticizer in the mortar mixtures cast with aggregate
volume of 50% or 55%.

In addition, the results also showed that the “absolute” shrinkage strains value

decreased more gradually with the depth from the top surface in the mortar specimens with

100



Chapter 4 - Early Age Shrinkage Strains Versus Depth

higher aggregate volumes. In the mortar specimens cast with aggregate volume of 55% (i.e.
M30-AGS55), the “absolute” shrinkage strains value monitored near the exposed top surface
registered lower values compared to that monitored near the base of the specimens. This result
suggests that a “skin layer” effect may have taken place with an increase in the aggregate
volume. As shown in Figure 4.16, in the mortar specimens tested, the negative capillary
pressure due to evaporation may consolidate the internal structure of the mortar specimens with
higher aggregate volumes, bringing the solid particles (i.e. cement particles and fine aggregates)
closer to each other especially near the top exposed surface. The contact between these solid
particles may provide an internal solid skeleton resulting in higher internal restraint in the “skin
layer”. With the higher internal restraint and less moisture available for hydration, the shrinkage
strain monitored may thus show reductions when compared to shrinkage strains monitored at
deeper depths. At deeper depth, the distance between the solid particles as well as the hydration
process may be less affected. It is expected that at such condition, a refinement of
microstructure due to hydration may cause the mortar specimens to register higher shrinkage

strains.
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Figure 4.14 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of mortar mixtures with different aggregate volumes at 24 hours after adding
water to the mixture, starting from 30 minutes after adding water to the mixture
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Figure 4.15 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of mortar mixtures with different aggregate volumes at 24 hours after adding

water to the mixture, starting from stiffening time
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Figure 4.16 Drying sequence for mortar mixture with different aggregate volumes when
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4.3.3 Effect of Water-to-Cementitious Ratio

The effect of water-to-cementitious ratio on the variation of early age shrinkage strains

with respect to the depth from the top exposed surface was studied on mortar and concrete

specimens cast with different water-to-cementitious ratios ranging between 0.20 and 0.45. The

aggregate volume was kept at 50% and 65% by volume for the mortar and concrete mixtures

respectively. To achieve the target workability, different amounts of superplasticizer had to be

used. As can be seen in Table 4.4, the resulting mortar workability based on the flow method

varied between 80% and 140%, whereas the slump for the concrete mixtures varied between 90
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mm and 165 mm. The results also showed that the stiffening time, the initial setting, and the
final setting time were delayed longer in the mortar and concrete mixtures with lower water-to-
cementitious ratios. This retardation can be attributed mainly to the use of higher dosages of

superplasticizer.

Table 4.4 Mixture properties of mortar and concrete mixtures with different w/c ratios

Mixture wie | A& \Workability e | Initalset | Finalser | e e
vol. (hrs) (hrs) (hrs) (hrs)
M20 020 50% 110% 148/37% | 128 17.9 217
M25 025 50% 140% 35 5.0 7.0 9
M30 030 50% 80% 2.0 33 45 75
M35 035 50% 90% 2.0 32 46 8.5
M45 045 50% 110% 2.0 36 49 9
25 025 | 65% 110 mm 52 6.2 83 12
35 035 65% 165 mm 3.1 48 6.1 103
45 045 65% 90 mm 26 36 48 8.4

Note: * stiffening time monitored near the exposed surface

The temperature development of mortar and concrete specimens cast with different
water-to-cementitious ratios during the first 24 hours after adding water to the mixture are
shown in Figure 4.17(a) and Figure 4.17(b) respectively. As expected, the results showed that
the specimens cast with lower water-to-cementitious ratios registered higher peak temperature.
The peak temperature reached was 31.7°C, 32.8°C, 34.1°C, and 34.4°C for the mortar specimens
cast with a water-to-cementitious ratio of 0.45, 0.35, 0.30, and 0.25 respectively. One exception
was noted for the mortar specimens cast with water-to-cementitious ratio of 0.20 (i.e. M20). The
M20 mortar specimens registered lower peak temperature compared to that monitored on mortar
mixture specimens cast with a water-to-cementitious ratio of 0.25 (i.e. M25). The lower peak
temperature reached in M20 mortar mixture could be attributed to several factors. First, the loss
of moisture caused by evaporation during the very early ages may significantly reduce the water
available for the hydration process. Second, due to the very low water-to-cementitious ratio of
the M20 mortar specimens, the space between aggregate particles to be filled by hydration

product are more limited. Third, the significant amount of superplasticizer used may have also
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affected cement hydration in the M20 mortar specimens. A combination of these factors may
have contributed to the lower peak temperature monitored.

In the case of concrete specimens tested, similar results were obtained. The peak
temperature increased with a reduction in the water-to-cementitious ratio. The peak temperature
reached was 32.9°C, 33.6°C, and 35.4°C for the concrete specimens cast with a water-to-
cementitious ratio of 0.45, 0.35, and 0.25 respectively. Similarly, a delay in the peak
temperature time was also observed. This delay was consistent with the delay observed in the

stiffening and initial setting times.
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Figure 4.17 Temperature development of (a) mortar specimens, and (b) concrete specimens cast
with different water-to-cementitious ratios

The moisture loss measurements for these mortar and concrete specimens starting either
from 30 minutes or from the stiffening time up to the 24 hours after adding water to the mixture
are shown in Figure 4.18 and Figure 4.19 respectively. It can be seen that the plot of moisture
loss-versus-time increased more gradually with a reduction in the water-to-cementitious ratio.
The total moisture loss monitored at 24 hours after adding water to the mixture also decreased
with a reduction in water-to-cementitious ratio for the mortar and concrete specimens tested.
The reduction in the total moisture loss may be attributed to the fact that less water was present

in the specimens cast with lower water-to-cementitious ratios.
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Figure 4.18 Moisture loss measurement for mortar specimens with different water-to-
cementitious ratios starting from (a)30 minutes after adding water to the mixture, and (b)
stiffening time up to 24 hours after adding water to the mixture
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Figure 4.19 Moisture loss measurement for concrete specimens with different water-to-
cementitious ratios starting from (a) 30 minutes after adding water to the mixture, and (b)
stiffening time up to 24 hours after adding water to the mixture

In the case of mortar specimens cast with different water-to-cementitious ratios, the
early age shrinkage monitored at various depths from the top exposed surface starting either
from 30 minutes after adding water to the mixture or from the stiffening time up to 24 hours
after adding water to the mixture are shown in Figure 4.20 to Figure 4.24. Whether plotted from

30 minutes after adding water to the mixture or from the stiffening time, the results clearly

showed different shrinkage strains at different depths from the top exposed surface. The results
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also showed that the plots of early age shrinkage strain at various depths versus time were rather
similar. Starting from 30 minutes after adding water to the mixture, it can be seen that shrinkage
strains near the top exposed surface started to develop earlier as expected. Thus significantly
higher shrinkage strains were monitored near the exposed surface of the mortar specimens.
Similarly, starting from the stiffening time, it can be seen that the early age shrinkage strains
developed more rapidly near the top exposed surface as compared to that monitored near the
base of the specimens with the exception of the M25 mortar specimens. The different behavior

observed for the M25 mortar specimens will be discussed later.
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Figure 4.20 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.45 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.21 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.35 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.22 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.30 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.23 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.25 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.24 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with water-to-cementitious ratio of 0.20 starting from 30
minutes after water was added to the mixture
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In order to investigate the effect of water-to-cementitious ratio more clearly, the
shrinkage-time curves for the mortar specimens cast with a water-to-cementitious ratio of 0.45
or 0.25 may be characterized as following the plastic, transitional, and hardening stage as shown
in Figure 4.25. The shrinkage strains monitored was zeroed at the beginning of each stage. It
can be seen that during the plastic stage, the M25 mortar specimens registered significantly
higher early age shrinkage strains especially near the top exposed surface as compared to the
M45 mortar specimens. During the transitional stage, the results showed that reducing the
water-to-cementitious ratio increased the early age shrinkage strains at all depths. The M25
mortar specimens registered higher shrinkage strains compared to that monitored in the M45
mortar specimens. The result also showed that during this transitional stage, different behaviors
were observed for the M25 and M45 mortar specimens tested. The M45 mortar specimens
registered a rapid increase in the shrinkage strains near the top exposed surface while a more
gradual increase of shrinkage strains was monitored near the base of the specimens. On the
other hand, when the water-to-cementitious ratio was reduced to 0.25, the opposite of the above
was observed. The M25 mortar specimens showed a relatively more gradual increase in
shrinkage strains near the top exposed surface and a more rapid increase in shrinkage strains
near the base of the specimens. It can be seen that at the end of transition stage, the M25 mortar
specimens registered “absolute” shrinkage strains values of 1180 pe, 1300 pe, 1410ue, and 1470
pe at the depths of 3, 20, 40, and 60 mm respectively, while the M45 mortar specimens
registered “absolute” shrinkage strains values of 860 pe, 830 pe, 510ue, and 520 pe at the depths
of 3, 20, 40, and 60 mm respectively. The difference in behavior of the M25 and M45 mortar
mixtures could be attributed to the “skin layer” effect, mentioned previously in Chapter 2.
During early ages, when the top surface was exposed to a dry environment, rigidity (i.e.
stiffness) of the cementitious mixture near the top exposed surface may be affected. It is
possible that within the “skin layer”, the stiffness of the cementitious mixture increased rapidly
compared to that of the interior. This increase in the cementitious mixture’s stiffness would

provide higher internal restraint locally thus reducing the early age shrinkage strains monitored.
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Finally, during the hardening stage, the M45 and M25 mortar specimens showed
behavior typical of a hardened mortar when exposed to a dry environment; the top exposed
surface registered higher “absolute” shrinkage strains values compared to that monitored in the
interior. In addition, the M25 mortar mixtures also registered higher shrinkage strains at all
depths during this hardening stage. This can be attributed to contraction due to the reduction in
temperature of the mortar specimens during the hardening stage. As the M25 mortar specimens
registered higher temperature rise, a higher contraction as the temperature dropped (i.e. from the

peak temperature monitored to the ambient temperature) is expected.
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Figure 4.25 Shrinkage strains monitored at different depths on mortar specimens with water-to-
cementitious ratio of 0.25 and 0.45 during plastic, transition, and hardening stages
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The plots of shrinkage strains-versus-distance from the top surface at 24 hours after
adding water to the mortar mixture of the mortar mixtures cast with different water-to-
cementitious ratios starting either from 30 minutes after water was added to the mixture or from
the stiffening time are shown in Figure 4.26 and Figure 4.27 respectively. As shown in Figure
4.26, the “absolute” shrinkage strains value at all depths increased with a reduction in the water-
to-cementitious ratio. The “absolute” shrinkage strain at a depth of 3 mm from the top exposed
surface registered a value of 1050 pe, 2360 pe, 2270 pe, 2690 pe, and 3200 pe for the M45,
M35, M30, M25, and M20 mortar specimens respectively; whereas the “absolute” shrinkage
strain at a depth of 60 mm from the top exposed surface reached a value of 590 pe, 1010 pe,
1270 pe, 2000 pe, and 2060 pe for the M45, M35, M30, M25, and M20 mortar specimens
respectively. The higher “absolute” shrinkage strain values observed could be attributed to the
delay in the stiffening time as well as to the higher shrinkage rate in the mortar specimens cast
with lower water-to-cementitious ratios. With the stiffening time delayed, the shrinkage induced
by moisture loss would be prolonged, resulting in higher “absolute” shrinkage strain values. In
addition, the higher shrinkage rate of the mortar specimens cast with lower water-to-
cementitious ratios could be attributed to the finer micro-pores and meso-pores in these mortar
specimens. The removal of moisture or water from these pores would generate higher capillary
stresses that eventually led to higher shrinkage strains.

As shown in Figure 4.27, the development of shrinkage strains at various depths from
the top surface starting from the stiffening time showed that an increase in the “absolute”
shrinkage strains value near the top exposed surface was observed when the water-to-
cementitious ratio was lowered from 0.45 to 0.35. However, further reductions in the water-to-
cementitious ratio to 0.30 and lower values resulted in a reduction in the “absolute” shrinkage
strain monitored instead. At a depth of 3 mm from the top exposed surface, the mortar
specimens cast with water-to-cementitious ratio of 0.35, 0.30, and 0.25 registered “absolute”
shrinkage strains values of 1670 pe, 1530 pe, and 1370 pe respectively. On the other hand, the

early age shrinkage strain monitored near the base of the specimens showed that the “absolute”
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shrinkage strains values increased with a reduction in the water-to-cementitious ratio. It can be
seen that at a depth of 60 mm from the top exposed surface, the mortar specimens cast with a
water-to-cementitious ratio of 0.45, 0.35, 0.30, and 0.25 registered an “absolute” shrinkage
strain values of 580 pe, 980 pe, 1210 pe, and 1580 e respectively. Figure 4.27 also shows that
the “absolute” value of shrinkage strains decreased more gradually with depth from the top
exposed surface in the mortar mixtures with a lower water-to-cementitious ratio. Moreover, it
can be seen that in the case of M25 mortar specimens, the “absolute” shrinkage strains
monitored near the top exposed surface registered lower values compared to that monitored at
deeper depths. This behavior seemed similar to that monitored in mortar specimens cast with

high aggregate volume.
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Figure 4.26 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of mortar specimens cast with different water-to-cementitious ratios at 24
hours after adding water to the mixture, starting from 30 minutes after adding water to the

mixture
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Figure 4.27 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of mortar specimens cast with different water-to-cementitious ratios at 24
hours after adding water to the mixture, starting from stiffening time

In the case of concrete specimens cast with a water-to-cementitious ratio of 0.45, 0.35,
and 0.25 tested, behavior similar to that of the mortar specimens were observed. As can be seen
in Figure 4.28 to Figure 4.30, the early age shrinkage strains monitored at the depths of 3, 20,
40, 60, and 80 mm from the top exposed surface starting from 30 minutes up to 24 hours after
adding water to the concrete mixture showed that the moisture loss during the early ages
affected the shrinkage strains throughout the depth of the concrete specimens. The effect of
moisture loss on the shrinkage strains at different depths also became more significant with a
reduction in the specimen’s water-to-cementitious ratio. As shown in Figure 4.31, it can be seen
that during the plastic stage, the shrinkage strains monitored at all depths in the C25 concrete
specimens increased rapidly compared to that monitored in the C45 concrete specimens. When
the stiffening time occurred in the concrete specimens, the C25 concrete specimens registered
“absolute” shrinkage strains values of 1950 pe, 1700 pe, 1530 pe, 1260 pe, and 990 pe at the
depth of 3, 20, 40, 60, and 80 mm respectively. While the C45 concrete specimens registered
“absolute” shrinkage strains values of 560 pe, 370 pe, 280 pe, 150 pe, and 80 pe at the depth of
3,20, 40, 60, and 80 mm respectively.

During the transitional stage, good agreement with that monitored for the mortar
specimens were also observed in concrete specimens cast with lower water-to-cementitious

ratios. It can be seen in Figure 4.31 that the C45 concrete specimens registered a relatively rapid

113



Chapter 4 - Early Age Shrinkage Strains Versus Depth

increase in the shrinkage strains near the top exposed surface and a more gradual increase in
shrinkage strains near the base of the specimens. On the other hand, the C25 concrete specimens
showed a more rapid increase in shrinkage strains near the base of the specimens. As mentioned
previously, the different behavior of the C25 and C45 concrete mixtures could be attributed to
the “skin layer” effect.

During the hardening stage, as expected the top exposed surface layer of hardened
concrete registered higher “absolute” shrinkage strains values compared to that monitored in the
interior, was observed especially in the C25 concrete specimens. The results also showed
agreement with that obtained for the mortar specimens. The C25 concrete specimens registered
higher shrinkage strains at all depths during this hardening stage. As mentioned previously, the
higher shrinkage strains monitored for the C25 concrete specimens can be attributed to the more

significant contraction due to a higher temperature drop upon hardening.
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Figure 4.28 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with water-to-cementitious ratio of 0.45 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.29 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with water-to-cementitious ratio of 0.35 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.30 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with water-to-cementitious ratio of 0.25 starting from (a) 30
minutes after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.31 Shrinkage strains monitored at different depths on concrete specimens with water-
to-cementitious ratio of 0.25 and 0.45 during plastic, transitional, and hardening stages
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The plots of shrinkage strains-versus-distance from the top surface at 24 hours after
adding water to the mixture, starting either from 30 minutes after adding water to the mixture or
from the stiffening time is shown in Figure 4.32. Starting from 30 minutes after adding water to
the mixture, the results showed that the highest “absolute” shrinkage strain values was observed
near the top exposed surface and decreased with the depth from the top exposed surface. The
results also showed that the “absolute” shrinkage strains values at all depths increased with a
reduction in the water-to-cementitious ratio. The “absolute” shrinkage strain at a depth of 3 mm
from the top exposed surface reached a value of 1180 pe, 2120 pe, and 2630 pe for the C45,
C35, and C25 concrete specimens respectively; while the “absolute” shrinkage strain at a depth
of 60 mm from the top exposed surface reached a value of 580 pe, 1270 pe, and 1790 pe for the
C45, C35, and C25 concrete specimens respectively. The increase in the shrinkage strains
monitored, as discussed previously, can be attributed to the delay in the stiffening time as well
as to the higher shrinkage rate in concrete specimens cast with lower water-to-cementitious
ratios.

Using the stiffening time as the TZV, Figure 4.32(b) shows that different plots of
shrinkage strains-versus-distance from the top exposed surface were obtained for concrete
specimens cast with different water-to-cementitious ratios. In the C45 concrete specimens, the
“absolute” shrinkage strains values gradually decreased with depth from the top exposed surface.
However, when the water-to-cementitious ratio was reduced to 0.35, the shrinkage strains
“absolute” value was observed to be similar at all depths of the concrete specimen. Finally, in
the C25 concrete mixture, the “absolute” shrinkage strains value gradually increased with depth
from the top exposed surface. In addition, similar to that monitored in the mortar specimens, the
“absolute” shrinkage strain values monitored in the concrete specimens increased when the
water-to-cementitious ratio was lowered from 0.45 to 0.35. However, further reductions in the
water-to-cementitious ratio to 0.30 or lower values resulted in a reduction in the “absolute”

shrinkage strain values monitored at all depths. This reduction in the “absolute” shrinkage strain
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values, as mentioned previously, may be linked to the “skin layer” effect developed in
cementitious specimens cast with lower water-to-cementitious ratios.

Overall, the results obtained for the mortar and concrete specimens cast with different
water-to-cementitious ratios showed that a reduction in the water-to-cementitious ratio led to an
increase in the early age shrinkage strains monitored especially during the plastic stage. In
addition, the results also showed that below a certain water-to-cementitious ratio, a “skin
layering” effect may have taken place resulting in lower shrinkage strains monitored near the
top exposed surface. As the surface layer dried out at a much faster rate than water could
migrate up from below the surface, the surface layer may develop higher stiffness and
accompanied by slower hydration resulting in lower “absolute” shrinkage strains being
registered. In the present study, this phenomenon was clearly discernable in the mortar and
concrete specimens cast with a water-to-cementitious ratio of 0.25. The phenomenon did not
seem to be predominant in the case of the mortar specimens cast with higher water-to-
cementitious ratios. It is possible that in the case of mortar specimens cast with a higher water-
to-cementitious ratio, more moisture could migrate up from interior to replenish the moisture

lost from the top exposed surface.
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Figure 4.32 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of concrete specimens cast with different water-to-cementitious ratios at 24
hours after adding water to the mixture, starting from (a) 30 minutes after adding water to the

mixture, and (b) stiffening time respectively
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4.3.4 Effect of Silica Fume

The effect of silica fume as a cement replacement on the variation of early age
shrinkage strains with respect to the depth from the top exposed surface was studied on mortar
and concrete specimens cast with a water-to-cementitious ratio of 0.30. The silica fume content
was varied from 5% to 15% by weight of cement. The aggregate volume was kept at 50% and

65% by volume for the mortar and the concrete mixtures respectively.

Table 4.5 Mix properties of mortar and concrete mixtures with different silica fume contents

Mixture wie [\X/%% Workability Stﬁ;ﬁng Initial set | Final set Peaﬁnfimp
o hrs hrs hrs Hrs
M30-SFO 030 50% 80% 2.0 33 45 75
M30-SF5 030 50% 140% 27 42 5.4 9
M30-SF7.5 030 50% 136% 24 3.9 5.1 8.6
M30-SF10 030 50% 135% 32 47 6.1 10.1
C30-SF0 030 65% 80 mm 21 38 54 9.4
C30-SF5 030 65% 165 mm 24 5.1 6.9 1
C30-SF10 030 65% 165 mm 41 6.1 78 115
C30-SF15 030 65% 200 mm 5.5 6.9 8.4 13.5

Table 4.5 provides a summary of the experimentally determined physical properties of
the mortar and concrete mixtures. The resulting mortar workability based on the flow method
varied between 80% and 140%, while the slump for the concrete mixtures varied between 80
mm and 200 mm. Due to the higher dosages of superplasticizer used in the mixtures with silica
fume, a longer delay in the stiffening time, the initial setting, and the final setting time was
observed.

The temperature development of mortar and concrete mixtures cast with different silica
fume contents during the first 24 hours after adding water to the mixture are shown in Figure
4.33. The results showed that the peak temperature in both mortar and concrete mixtures
reduced with an increase in silica fume content. In addition, the peak temperature was also
delayed in the specimens with higher silica fume contents. The delay in the time to reach peak
temperature was consistent with the delay in the setting time as tested using the penetration

resistance method.
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Figure 4.33 Temperature development of (a) mortar specimens, and (b) concrete specimens cast
with different silica fume contents
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Figure 4.34 Moisture loss measurement for mortar specimens with different silica fume contents
starting from (a) 30 minutes after adding water to the mixture, and (b) stiffening time up to 24
hours after adding water to the mixture
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Figure 4.35 Moisture loss measurement for concrete specimens with different silica fume
contents starting from (a) 30 minutes after adding water to the mixture, and (b) stiffening time
up to 24 hours after adding water to the mixture
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The moisture loss development of the mortar and concrete specimens cast with different
silica fume contents starting either from 30 minutes after adding water to the mixture or from
the stiffening time up to the 24 hours after adding water to the mixture are shown in Figure 4.34
and Figure 4.35 respectively. Despite the delay in the stiffening time observed for the mortar
and concrete specimens cast with silica fume, the results showed that there was no significant
difference in the total moisture loss monitored. At the end of testing period (i.e. 24 hours after
adding water to the mixture), a total moisture loss of 45.9 gr, 44.6 gr, 46.5 gr, and 45.1 gr was
monitored on mortar specimens cast with silica fume content of 0%, 5%, 7.5%, and 10%
respectively. In the case of concrete specimens, only concrete specimens cast with a silica fume
content of 15% registered higher total moisture loss while the rest were rather similar. The
rather similar total moisture loss monitored may be attributed to the reduced bleeding expected
in cementitious mixtures with silica fume. According to Neville (2003), the addition of silica
fume reduces bleeding in cementitious materials due to its high fineness. As the bleed water is
reduced, less water will be available for evaporation.

In the case of mortar specimens cast with different silica fume contents, the plots of
early age shrinkage monitored at various depths from the top exposed surface starting either
from 30 minutes after adding water to the mixture or from the stiffening time up to 24 hours
after adding water to the mixture are shown in Figure 4.36 to Figure 4.39. The results showed
that the addition of silica fume changed the mortar’s response when subjected to a dry
environment at an early age. It can be seen in mortar specimens cast with silica fume, more
rapid increase of shrinkage strains was monitored at all depths from the top exposed surface.
Moreover, it can be seen that in mortar specimens with a higher silica fume content, early age
shrinkage strains monitored in the interior gradually approached a comparable value to that
monitored near the top exposed surface.

In order to illustrate the effect of silica fume more clearly, the shrinkage-time curves for
the mortar specimens cast with silica fume contents of 0% and 7.5% were divided into the

plastic, transitional, and hardening stages as shown in Figure 4.40. The results showed that
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during the plastic stage, the shrinkage strains monitored near to the top surface up to a depth of
40 mm from the top surface were significantly increased with higher silica fume contents. On
the other hand, the results showed that the inclusion of silica fume increased the shrinkage
strains in the interior and near the base of the mortar specimens during the transitional stage. At
the end of transitional stage, the M30-SF7.5 mortar specimens registered “absolute” shrinkage
strains values of 1270 pe, 1320 pe, 1450pe, and 1580 pe at the depths of 3, 20, 40, and 60 mm
respectively. Finally, during the hardening stage, the results showed that there was only a slight
increase in the “absolute” shrinkage strain values monitored in the mortar specimens cast with
silica fume replacements. This small increase in the shrinkage strain during the hardening stage
is to be expected as the silica fume has yet to be significantly activated to change the mortar
structure. Nevertheless, the results of the M30-SFO and M30-SF7.5 mortar specimens showed
behavior typical of a hardened mortar when exposed to dry environment; the mortar layer near
the top exposed surface registered higher “absolute” shrinkage strains values compared to that

monitored in the interior.
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Figure 4.36 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with silica fume content of 0% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.37 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with silica fume content of 5% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.38 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with silica fume content of 7.5% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.39 Early age shrinkage strain with respect to the depth from the top surface on
unsealed mortar specimens cast with silica fume content of 10% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.40 Shrinkage strains monitored at different depths on mortar specimens with silica
fume content of 0% and 7.5% during plastic, transitional, and hardening stages
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The plots of shrinkage strains-versus-distance from the top surface at 24 hours after
adding water to the mixture with the starting time either from 30 minutes after adding water to
the mixture or from the stiffening time are shown in Figure 4.41 and Figure 4.42 respectively.
As shown in Figure 4.41, the results showed that starting from 30 minutes after adding water to
the mixture, the mortar specimens cast with higher silica fume contents only registered a slight
increase in the “absolute” shrinkage strain values near the top exposed surface. It can be seen
that at a depth of 3 mm from the top surface, an “absolute” shrinkage strain value of 2270 pe,
2350 pe, 2240 pe, and 2440 pe was monitored for the mortar mixtures cast with a silica fume
content of 0%, 5%, 7.5%, and 10% respectively. However, in the interior, the higher silica fume
contents significantly increased the “absolute” shrinkage strain values. It can be seen that at a
depth of 60 mm from the top surface, for the mortar specimens tested, the mortar specimens cast
with a silica fume content of 10% registered “absolute” shrinkage strain values more than
double that monitored on mortar specimens without any inclusion of silica fume. Moreover, the
results also showed that a gradual change in the plots of shrinkage strains-versus-distance from
the top surface was observed with increasing silica fume content. In the mortar specimens
without any replacement of silica fume (i.e. M30-SF0), the “absolute” shrinkage strains value
decreased rapidly with depth from the top exposed surface. On the other hand, when a 5% or
7.5% by weight of cement was replaced by silica fume, the “absolute” shrinkage strain values
decreased more gradually with depth from the top exposed surface. For the highest silica fume
content of 10%, the “absolute” shrinkage strains values increased more gradually with the depth
from the top exposed surface.

As mentioned previously, shrinkage strains-versus-distance from the top exposed
surface at 24 hours after adding water to the mixture may also be plotted with the TZV taken as
the stiffening time. As shown in Figure 4.42, it can be seen that a slight decrease in the
“absolute” shrinkage strains value with increasing silica fume replacement was observed at a
depth of 3 mm from the top exposed surface. On the other hand, a significant increase in the

“absolute” shrinkage strains values with increasing silica fume content was observed near the

125



Chapter 4 - Early Age Shrinkage Strains Versus Depth

base of the specimens. At a depth of 60 mm from the top exposed surface, an increase of about
36%, 40%, and 82% in the “absolute” shrinkage strains value were registered for the mortar
specimens cast with a silica fume content of 5%, 7.5%, and 10% respectively. The results also
showed that the ‘absolute” shrinkage strains values increased with the depth from the top

surface in the mortar specimens cast with silica fume.
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Figure 4.41 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of mortar specimens cast with different silica fume contents at 24 hours after
adding water to the mixture, starting from 30 minutes after adding water to the mixture
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In the case of concrete specimens cast with different silica fume contents, the early age
shrinkage strains monitored at different depths from the top exposed surface starting either from
30 minutes after adding water to the mixture or from the stiffening time up to 24 hours after
adding water to the mixture are shown in Figure 4.43 to Figure 4.46. Similar to that monitored
in the mortar specimens tested, it can be seen that a significant increase in the early age
shrinkage strains in the interior was observed for concrete specimens cast with a higher silica
fume content.

A comparison of shrinkage strain development during the plastic, transitional, and
hardening stages for the concrete specimens cast with silica fume content of 0% and 15% is
shown in Figure 4.47. It can be seen that during the plastic stage, a significant increase in the
shrinkage strains was monitored with an increase in the silica fume content. This significant
increase in the early age shrinkage strains could be attributed to the delay in the stiffening time
as well as to the higher shrinkage rate in the concrete specimens cast with silica fume. During
the transitional stage, it can be seen that for the C30-SF0 and C30 SF15 concrete specimens, the
early age shrinkage strains gradually increased with the depth from the top exposed surface.
Moreover, it can be seen that the difference between the “absolute” shrinkage strains value
monitored at a depth of 3 mm and 60 mm also increased with an increase in the silica fume
content. At the end of the transitional stage, the difference in the “absolute” shrinkage strains
value was about 170 pe and 360 pe for concrete specimens cast with silica fume content of 0%
and 15% respectively. Finally, at the hardening stage, the results showed that there was no
significant difference in the “absolute” shrinkage strains value monitored in the concrete
specimens cast with 15% and without silica fume replacements. Nevertheless, the results
showed that the concrete layer near the top exposed surface registered a slightly higher
“absolute” shrinkage strains values compared to that monitored in the interior and near the base
of the specimens.

The plots of shrinkage strain-versus-distance from the top surface at 24 hours after
adding water to the mixture for concrete specimens cast with different silica fume contents,

starting from 30 minutes after adding water to the mixture is shown in Figure 4.48. The results
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showed that the increase in the “absolute” shrinkage strain values was more prominent when the
silica fume content was increased from 0% to 5%. However, when the silica fume content was
increased to 10% or 15%, there was only a slight increase in the shrinkage strains monitored at
all depths as compared to that of the C30-SF5 concrete specimens.

Figure 4.49 shows the plots of shrinkage strains-versus-distance from the top exposed
surface at 24 hours after adding water to the mixture with the TZV taken as the stiffening time.
A comparison between the C30-SFO and C30-SF5 concrete specimens showed that the
“absolute” shrinkage strain values increased with the addition of silica fume. It can be seen that
an increase of about 400 pe to 600 pe at all depths was monitored for the C30-SF5 concrete
specimens as compared to that of the C30-SFO concrete specimens. However, the results also
showed that when the silica fume contents was increased to 10% or 15% (i.e. C30-SF10 or C30-
SF15), the “absolute” shrinkage strains values monitored at various depths were either slightly
lower or comparable to that of the C30-SFO concrete specimens. This could be explained by the
moisture loss measurements as shown in Figure 4.35. The measurement of the total moisture
loss starting from the stiffening time showed that in the case of the concrete specimens tested, a
lower total moisture loss was observed for concrete specimens cast with higher silica fume
contents. However, the results showed that the concrete specimens cast with higher silica fume
contents registered comparable “absolute” shrinkage strain values, thus implying that the rate of
shrinkage strain seemed to increase with the inclusion of silica fume.

Figure 4.49 also shows that in the case of the concrete specimens tested, the ‘absolute”
shrinkage strains values increased with depth from the top surface. Moreover, it can be seen that
the difference between the “absolute” shrinkage strain values monitored at a depth of 3 mm and

60 mm from the top exposed surface also increased with an increase in the silica fume content.
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Figure 4.43 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with silica fume content of 0% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.44 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with silica fume content of 5% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.45 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with silica fume content of 10% starting from (a) 30 minutes
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Figure 4.46 Early age shrinkage strain with respect to the depth from the top surface on
unsealed concrete specimens cast with silica fume content of 15% starting from (a) 30 minutes
after water was added to the mixture, and (b) stiffening time respectively
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Figure 4.47 Shrinkage strains monitored at different depths on concrete specimens with silica
fume content of 0% and 15% during plastic, transitional, and hardening stages
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Figure 4.49 Plotting of early age shrinkage strains with respect to the depth from the top
exposed surface of concrete specimens cast with different silica fume contents at 24 hours after
adding water to the mixture, starting from the stiffening time

Based on the results obtained for the mortar and the concrete specimens cast with
different silica fume contents, the effect of silica fume was found to be more predominant
during the very early ages, i.e. during the plastic and transitional stages. During the plastic stage,
as mentioned previously, the inclusion of silica fume resulted in a rapid development of
shrinkage strains across the specimen’s depth. This rapid increase in the shrinkage strains can be
attributed to the delay in the stiffening time as well as the higher shrinkage rate in cementitious

mixtures with silica fume. With a longer time to reach the stiffening time, higher shrinkage
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strain would be developed during the plastic stage. Moreover, the “filling” effect of the silica
fume particles could also contribute to the higher shrinkage rate observed. As shown in Figure
4.50, with a denser microstructure associated with cementitious mixtures cast with silica fume,
the inter-particles spacing in these mixtures may be reduced significantly. As the evaporation
and hydration proceed, the reduction in the inter-particles spacing will contribute to high
negative capillary pressure. The high negative capillary pressures may significantly increase the

shrinkage of the cementitious material.
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Figure 4.50 Drying sequence for cementitious mixture with and without silica fume when
exposed to drying environment at early ages

In the case of the mortar and the concrete specimens tested in the present study, the
moisture loss due to evaporation during the transitional stage may result in a rather complex
process. First, as discussed earlier, the evaporation may create high negative capillary pressure
in the cementitious mixture cast with silica fume that may lead to high shrinkage strains. Second,
this high capillary pressure may also significantly consolidate both the cement particles and
aggregates, causing these particles to be in contact with each other, and creating “skin layer”
near the top exposed surface. Once the “skin layer” is formed, the subsequent evaporation and
hydration may increase the stiffness of the “skin layer” thus the cementitious mixture will be
able to resist the shrinkage strains induced by the high negative capillary pressure. Third,
evaporation may also reduce available free water for hydration especially near the top exposed

surface. As a result, less shrinkage due to self-desiccation may be expected. Due to the
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aforementioned conditions, similar “absolute” shrinkage strain values for the cementitious
mixture cast with different silica fume contents may be observed near the top exposed surface at

24 hours after adding water to the mixture.

44 Summary

This chapter discussed several mixtures parameters that influence the development of
early age drying shrinkage within the first 24 hours after adding water to the mixture. Based on
experimental studies carried out, the following conclusions could be drawn:

1. The addition of superplasticizers significantly increased the early age shrinkage
strains monitored at all depths during the first 24 hours after adding water to the mixture. The
increase in the shrinkage strains monitored can be attributed to the delay in the stiffening time as
well as the prolonged transitional stage.

2. The higher aggregate volume, as expected, led to higher internal restraints within the
cementitious specimens. Moreover, while it was typically observed in early age drying
shrinkage monitoring that the “absolute” shrinkage strain values decreased with depth from the
top exposed surface of prism specimens, in the case of mortar prism specimens cast with the
highest aggregate volume (i.e. 55%), opposite results were observed. The “absolute” shrinkage
strain values monitored near the exposed top surface registered lower values compared to those
monitored near the base of the prism specimens. This high internal restraint led to a “skin layer”
effect being included near the top exposed surface.

3. The reduction in the water-to-cementitious ratio significantly increased the early age
shrinkage strains monitored during the plastic stage. In addition, a “skin layer” effect may also
have taken place below a certain water-to-cementitious ratio. As the surface layer dried out at
much faster rate than could be replaced by water migrating from below, the surface layer may
develop higher stiffness as well as lower hydration resulting in less “absolute” shrinkage strain
values. In the preset study, this phenomenon was clearly discernable in the mortar and concrete
specimens cast with a water-to-cementitious ratio of 0.25. The phenomenon did not seem to be

predominant for the mortar and concrete specimens cast with higher water-to-cementitious
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ratios. Perhaps there was more moisture migration from below, replenishing the loss of moisture
from the top exposed surface.

4. For the cementitious specimens cast with similar water-to-cementitious ratio, the
inclusion of silica fume significantly increased the early age shrinkage strains monitored,
especially during the plastic and transitional stages. This can be attributed to the denser
microstructure in the mortar and concrete specimens cast with silica fume as well as the delay in
the stiffening time. During the transitional stage, the development of shrinkage strain near the
top exposed surface was influenced by stiffening of the surface layer or the “skin layer” effect.
As a result of this “skin layer” effect, similar “absolute” shrinkage strain values for the
cementitious mixtures cast with different silica fume contents was observed near the top
exposed surface at 24 hours after adding water to the mixture. Nevertheless, in the interior,

shrinkage strains were observed to increase with an increase in the silica fume content.
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Chapter 5 EARLY AGE SHRINKAGE OF HIGH PERFORMANCE

CONCRETE IN BONDED CONCRETE OVERLAY

5.1 Introduction

The technique of casting a new cementitious layer on top of an old concrete substrate is
frequently applied in the area of concrete repair and retrofitting. In such composite systems, the
durability of the repaired structure depends on the interaction between the new and the old
concrete at the interface as well as the durability of the new concrete layer (Xu (1999)). In such
repair work, it is recognized that the properties of the old substrate layer may have a significant
influence on the bond at the interfacial layer. These include surface roughness, soundness,
cleanliness, and moisture condition prior to the application of the new concrete layer [Wall and
Shrive (1988), Austin et al. (1995), Xu (1999), Climaco and Regan (2001), Kyaw (2007)]. It is
also important to note that at the same time, some of the substrate properties namely substrate
roughness and moisture condition may also influence the durability of the new concrete layer
(Xu (1999)). As the surface of the substrate gets rougher, higher restraints are provided by the
substrate and consequently, relatively higher stresses develop within the new concrete material
which may lead to premature cracking. Simultaneously, the moisture condition of the old
substrate layer may also influence the durability of the new concrete layer. Xu (1999) postulated
that the early age shrinkage of the new concrete layer would be higher due to water absorption
by the substrate layer in contact with the newly cast cementitious layer at the interface. In
addition, the water absorbed by the substrate layer may also induce early age expansion of the
adjacent substrate layer that can lead to de-lamination at the interface between the two layers.
Subsequent study by Kyaw (2007) showed results which contradicted postulations by Xu (1999).
As the substrate layer absorbed water from the new concrete layer, the newly cast concrete layer

on composite systems did not shrink as much as newly cast monolithic specimen. This anomaly
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was attributed to the restraint effect provided by the substrate surface in contact with the newly
cast cementitious layer.

In the literature, two types of failure in a composite system, often reported are cracking
and de-lamination of the new layer (Xu (1999), Carlswird (2006), Kyaw (2007)). Both
phenomena are usually reported to be caused by internal stresses due to shrinkage of the new
concrete layer coupled with shrinkage differences between the new concrete layer and the old
substrate. The assessment cracking of the new concrete layer due to its shrinkage, both at the
microscopic and macroscopic levels, has been extensively reported in the literature (Xu (1999),
Bisschop and van Mier (2002), Kim and Weiss (2003), Pease et al. (2004), Banthia and Gupta
(2009)). At the microscopic level, the presence of microcracks has been documented
experimentally by using optical and scanning electron microscopy (Xu (1999), Bisschop and
van Mier (2002)) as well as by using acoustic emission sensors (Kim and Weiss (2003), Pease et
al. (2004)). At the macroscopic level, the development of macrocracks in the new concrete layer
has been documented by Carlswérd (2006) and Banthia and Gupta (2009). A study by
Carlswérd (2006) on composite specimens after 5 days of sealed-moist curing reported the
occurrence of cracks with widths in the range of 0.05 to 0.6 mm on the surface of the new
concrete layer. Another study by Banthia and Gupta (2009) on composite specimens exposed to
a dry environment of 50°C and 5% RH as soon as the casting was completed, showed that
plastic shrinkage cracks started to develop rapidly during the first three hours after adding water
to the mixture. At 20 hours after adding water to the mixture, the cracks width monitored was in
the range of 0.4 to 1.8 mm. The occurrence of de-lamination at the interface between the
concrete substrate and the new concrete layer was also reported by Xu (1999), Shin and Lange
(2004) and Carlswird (2006). An earlier study by Xu (1999) noted that after a period of moist
curing, cracks with widths in the range of 0.1 to 0.6 mm were observed at the interface between
the old substrate and the new concrete layer. Another study by Shin and Lange (2004) starting
from 1 day after casting showed that de-lamination was observed at the edges of the composite
specimens after 2 days exposure to a dry environment. A more recent study by Carlswird

(2006) reported that the de-lamination on composite slab specimens was also apparent from
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visual inspection. Despite the numerous studies on cracking and de-lamination of composite
specimens, it is important to note that most of the studies were carried out after a period of
curing in which the influence of very early age shrinkage strains during the first 24 hours after
adding water to the mixture was not included.

In this chapter, the development of early age shrinkage strain with respect to the depth
from the top exposed surface of composite prism specimens by direct measurement is
investigated with emphasis on the first 24 hours after adding water to the mixture. The influence
of substrate surface preparation and moisture condition prior to the application of the new
concrete layer is studied along with an assessment of cracking and de-lamination due to early

age shrinkage during the first 24 hours after adding water to the mixture.

5.2 Methodology and Mix Compositions

In this investigation, the image analysis technique as described in Chapter 3 was used
for monitoring the variation of early age shrinkage strain with respect to the depth from the top
surface of the composite prism specimens. The temperature readings were monitored on the
same specimen via a thermocouple with an automatic data logger with a sensitivity of 0.1°C.
The workability of concrete mixture was determined according to the slump test method
(ASTM-C143/C143M-09 (2009)) respectively. The slump of concrete mixture was measured
just after the mixing process was completed (i.e. within 10 to 15 minutes after water was added
to the mixture). The assessment of stiffening time was performed by using the S-wave reflection
technique as discussed previously in Chapter 2. After the casting was finished, all the specimens
were placed in the temperature and humidity controlled room maintained at 30 + 0.5°C and 65 +
2 % for the entire duration of the experiment.

Table 5.1 shows a summary of concrete mixture proportions used in the present study.
The substrate concrete layer was cast with a water-to-cementitious ratio of 0.50 while two
different concrete mixtures were prepared for the new concrete layer. These two concrete
mixtures representative of a high performance concrete and a normal strength concrete

respectively, were prepared with water-to-cementitious ratios of 0.25 and 0.45 respectively. The
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substrate cast with w/c ratio of 0.50 was used since the focus of the present study is to
investigate the effect of substrate surface preparation and substrate moisture absorption on the
development of early age shrinkage and cracking (i.e. delamination) development of the new
overlay mixtures. In such cases, the effect of substrate moisture absorption can be observed
more clearly since it is expected that the substrate cast with high w/c ratio will absorb more
moisture as compared to that of substrate cast with low w/c due to their inherent properties.
Nevertheless, it should be noted that in the actual practice, the requirement for elastic and
dimensional compatibility will dictate the selection of the repairs/overlay materials.

In all concrete mixtures, type I Portland cement with Blaine fineness of 365 m*/kg was
used. Crushed granite with a maximum size of 12.5 mm and a specific gravity of 2.60 was used
as coarse aggregates. The fine aggregates used was natural sand with fineness modulus and
specific gravity of 2.80 and 2.60 respectively. Both coarse and fine aggregates were prepared
according to the requirement specified in ASTM-C33-08 (2008). The total volume of the
aggregates was kept between 62% and 65% by volume. A commercially available high-range
water-reducing admixture’ with a specific gravity of 1.125 and a solid content of about 35.5%
by weight was used in the concrete mixtures to achieve target workability. This chemical

admixture conform to ASTM-C494/C494M-08a (2008) as a type F and G (retarding) admixture.

Table 5.1 Mix proportion of concrete mixtures

' Age. | Water, Cement, Fine Coarse HRWRA
Mixture w/c vol Ke/m’ Ke/m’ Agg. Agg.
. g g kg o kg m?> 1t/m® by cement
mass (%)
C25 — New concrete layer | 0.25 | 65% 144 588 790 900 4.42 0.30
C45 — New concrete layer | 0.45 65% 196 436 790 900 0.66 0.06
C50 — Old substrate layer | 0.50 | 62% 224 448 736 873 0 0.00

> ADVA 181N, W.R. Grace Pte. Ltd. Singapore
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5.2.1 Shrinkage monitoring and crack opening (de-lamination) measurement

Two types of shrinkage strains were monitored in the present study; free shrinkage
strains and restrained shrinkage. The restrained shrinkage was monitored on composite
specimen comprised of 50 mm thick substrate and 50 mm thick new concrete layer. The
shrinkage strains monitored on composite specimens were compared to free shrinkage strains
monitored on monolithic specimens, which had thicknesses equal to the thickness of the new
concrete layer (i.e. 50 mm).

Figure 5.1 shows a composition of the composite specimens and the locations of targets
on the composite specimens. The targets used for the new concrete layer were exactly the same
to that described earlier in Chapter 3, while the target used for the substrate layer comprises of a
plastic disc topped with a 4 mm square inked target. This target was directly epoxy-glued on the
surface of the concrete substrate. The shrinkage strains of the new concrete layer were
monitored at a depth of 3, 20, and 40 mm from the top surface of composite specimen, while the
shrinkage strains of the substrate layer were monitored at a depth of 60, 75, and 90 mm from the
top surface of composite specimen. Two surface treatments, sealed and unsealed surface, were
performed on the new concrete layer. The sealed and unsealed surfaces represented, respectively,
“adequately cured” and “inadequately cured” specimens.

The cracks on the surface of the new concrete layer and the de-lamination development
at the interface between the new concrete and substrate layers were monitored by means of the
image analysis technique. Two approaches were carried out in the image analysis technique. In
the first approach, images of cracks were captured as they develop. The cracks images were
obtained by demolding the composite specimens at a specific time and capturing images of the
cracks or the de-laminations manually from the top or the side of the specimen by using a digital
microscope (i.e. VMS-004) with a 20x magnification. Subsequently, the composite specimen
was cut by a concrete cutter according to the cutting configuration as shown in Figure 5.2. After
cutting, each section was carefully examined under stereomicroscope (i.e. Leica MZ8) with a
maximum magnification of 50x for closer inspection of cracks and de-laminations. In this

investigation, a similar procedure to that developed by Qi et al. (2003) was performed to
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quantify the cracks widths. This includes: 1) acquiring the image of cracks by using either
digital microscope or stereomicroscope, 2) extracting the cracks contour in the binary image by
means of intensity thresholding, 3) image cleaning, 4) grid subtraction, and 5) cracks width
measurement. Figure 5.3(a) shows a typical gray-scaled image of a crack which occurred at the
interface between the new concrete and substrate layers. As reported in an earlier study by Qi et
al. (2003), the image of the crack would have a certain range of gray level intensities that were
different from the surrounding area. This change in gray level intensity is shown in Figure
5.3(b) for the line “A” shown in the original image. It can be seen that the crack typically had
lower gray level intensities compared to that of the surrounding area. Based on these intensities,
a threshold value was taken to be the average value of the intensities of the crack area and the
surrounding area. The resulting binary image after the thresholding process is shown in Figure
5.3(c). Subsequently, image cleaning process was performed to remove unwanted pores or
craters while at the same time preserving the crack’s features (i.e. Figure 5.3(d)). For crack
width measuring purpose, a series of predetermined vertical lines were superimposed on the
crack image. This step allowed the crack width to be determined at consistently spaced locations
along the length of the crack (i.e. Figure 5.3(e)). In this investigation, depending on the
magnification used, the resolution of the test set-up ranged between 5 and 15 pm/pixel.

In the second approach, the development of de-laminations or cracks at the interface
was monitored by the same target used for the early age shrinkage monitoring. As shown in
Figure 5.4, the occurrence of de-lamination and the cracks width development were assessed by

calculating the distance between two targets located near the interface of the new concrete and

substrate layers at a specific time (D, ). The present test set-up allows the cracks width to be

measured at two locations, i.e. at a distance of 25 mm and 75 mm from the edge of the prism
specimens. Given the ability of image analysis technique to resolve the movement of target in

sub-pixels value, the resolution of the present test set-up is approximately 4 pm.
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Figure 5.3 Image analysis procedures for quantifying the crack width at interface; (a) original
image,(b) selection of threshold value, (c) binary image after thresholding process, (d) binary
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Figure 5.4 The target used for monitoring the crack and de-lamination

5.2.2 Substrate preparation

In the present study, the concrete substrate used was at least 3 months old at the time of
the placement of the new concrete layer to make sure that most of its drying shrinkage had taken
place. This concrete substrate was firstly cast and de-molded the next day before being moist-
cured for 28 days. After moist curing, it was allowed to dry in the temperature and relative

humidity controlled room at 30 + 0.5°C and 65 + 2% for at least 90 days.
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Prior to the casting of the new concrete layer, the concrete substrate was prepared with
three different moisture conditions; oven-dry (OD), pre-wetted surface (SW), and saturated
surface dry (SSD). For the substrate with OD condition, the substrate was firstly placed in an
oven at a temperature of 105 + 5°C for a duration of 24 hours. After heating, the substrate was
allowed to cool down for about 2 hours before all the surfaces were sealed using an aluminium
tape except one surface that will be in contact with the fresh new concrete layer. Finally, the
substrate was allowed to cool down to room temperature for about 22 hours before casting of
the new concrete layer.

The SW and SSD substrates were prepared in the same manner as the OD substrates,
but were subjected to water-ponding for 1 hour and 24 hours prior to the casting of the new
concrete layer respectively. The surface of the SW and SSD substrate was mopped dry to
remove the excess moisture just before casting of the new concrete layer.

In order to investigate the influence of substrate surface roughness on shrinkage of the
new concrete layer, two different surface conditions were prepared; smooth surface and rough
surface. The smooth surface was obtained from casting against the mould face while the rough
surface was obtained by creating a series of “U” groove of about 5 mm width and 5 mm deep on
the surface of the smooth substrate. As shown in Figure 5.5, centre-to-centre spacing between
these grooves was approximately 20 mm. This rough substrate has been determined to have
arithmetical mean roughness (R,) of 17.45 mm and the differences between the highest peak and

the deepest valley (Ry.x) of 50.35 mm.
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Figure 5.5 Substrate with rough surface used in present investigation

5.3 Results and Discussion

In the present study, two assumptions were made as follows:

o In the free shrinkage strains monitoring on monolithic specimens, as layers of Teflon
sheet and plastic wrap were placed between the newly cast cementitious material and the steel
mold, minimum restraint effect (i.e. minimum friction and no bonding strength) was assumed to
occur at the interface of the newly cast cementitious material and the steel mold. In the case of
composite specimens cast with smooth substrate, restraint effects in terms of friction and bond
between the newly cast cementitious material and the substrate was assumed to occur at the
interface. Similarly, in the case of composite specimens cast with rough surface, higher restraint
effects as compared to that provided by the substrate with smooth surface was assumed to occur
at the interface between the newly cast cementitious material and the substrate. This higher

restraint effects was due to mechanical interlocking arising from the presence of grooves.
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o Similar assumption was made for the water absorption by the substrate. The substrate
with oven-dry condition (i.e. OD substrate) was expected to have the highest absorption
capacity. While the substrate with saturated surface dry condition (i.e. SSD substrate) was
expected to have the minimum water absorption capacity. The absorption capacity of the pre-
wetted substrate (i.e. SW substrate) was expected to be in between of that of the OD and SSD
substrates. In the case of the monolithic specimens, as the bottom part was sealed by plastic

wrap, no water movement was considered.

5.3.1 Substrate deformation

The effect of substrate moisture absorption on its deformation is clearly shown in
Figure 5.6 and Figure 5.7 for the C25 and C45 composite specimens respectively. The OD
substrates which were expected to have the highest moisture absorption, registered the highest
expansion among the three substrates. The results also showed that during the first few hours
after casting of the new concrete layer, the expansion of the OD substrates reduced with
distance from the interface. A rapid expansion was registered at a distance of 10 mm from the
interface (i.e. at a depth of 60 mm from the top surface of composite specimen), while a more
gradual increase in expansion was registered at a distance of 40 mm from the interface (i.e. at a
depth of 90 mm from the top surface of composite specimen). In the case of SW and SSD
substrates, the results showed that the SW and SSD substrates still registered a slight expansion
during the first few hours after casting of the new concrete layer, followed by a contraction up
to the end of the testing period. A comparison between SW and SSD substrates also showed that
the SW substrates registered a slightly higher expansion as compared to that monitored for the
SSD substrates especially in the C25 composite specimens.

In the case of the composite specimens tested, although the expansion of the substrate
was mostly attributed to its moisture absorption, the expansion and contraction registered by the
substrates could also be affected by the variation in the temperature of the substrate. As shown
in Figure 5.6 and Figure 5.7, the temperature monitoring at the mid-height of substrate

thickness showed that most of the substrates registered a temperature increase of about 1.5°C
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before finally cooling down with time. This increase in the substrate temperature could be
attributed to heat transferred from the hydration reaction of the new concrete layer. As the
substrate temperature increases, the substrate expands. Simultaneously, when the substrate
temperature starts to decrease, the substrate shrinks. As can be seen in Figure 5.6 and Figure
5.7, the effect of temperature variation on substrate deformation was clearly shown in the
substrates with SSD condition.

The substrate deformation measurement also showed that at later ages, the bottom
portion of the substrate registered either similar or higher rate of expansion as compared to that
monitored near the interface. Considering the test set-up in which both ends of the composite
specimen were left free to move, the results showed that the early age shrinkage of the new
concrete layer was sufficient to induce “curling” behavior in the composite specimens tested.

This “curling” behavior of composite specimens was also reported by Kyaw (2007).
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Figure 5.6 Substrate deformations monitored at a depth of 60 mm and 90 mm from the top
surface of composite specimens with different moisture conditions, for both smooth and rough
surfaces (new concrete layer w/c ratio 0.25; sealed top surface).
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Figure 5.7 Substrate deformations monitored at a depth of 60 mm and 90 mm from the top
surface of composite specimens with different moisture conditions, for both smooth and rough
surfaces (new concrete layer w/c ratio 0.45; sealed top surface)
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5.3.2 Temperature development of the new concrete layer

The temperature development of the C25 and C45 concrete specimens, both for
monolithic and composite specimens with either sealed or unsealed top surface during the first
24 hours after adding water to the mixture, are shown in Figure 5.8 and Figure 5.9 respectively.
The temperature reading is taken at the mid-height of the specimen thickness (i.e. 25 mm from
the top surface of the new concrete layer). The results showed that there was no significant
difference in the temperature development between the 50 mm thick monolithic specimens and
the composite specimens with different substrate moisture conditions.

The effect of sealing the top surface to the temperature rise of the new concrete layer
was also noticeable in both C25 and C45 concrete specimens. In the case of the unsealed
concrete specimens, the temperature of the new concrete mixture decreased during the first few
hours before it started to increase with time. Moreover, it can be seen that the peak temperature
registered by the unsealed concrete specimens was also about 1°C or 2°C lower compared to that

monitored for the companion sealed concrete specimens.
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Figure 5.8 Temperature development of C25 new concrete layer with (a) sealed, and (b)
unsealed top surface during the first 24 hours after adding water to the mixture.
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Figure 5.9 Temperature development of C45 new concrete layer with (a) sealed, and (b)
unsealed top surface during the first 24 hours after adding water to the mixture.

5.3.3 Composite specimens with sealed top surface
5.3.3.1 Effect of substrate surface roughness

In order to investigate the influence of substrate surface roughness on early age
shrinkage of the new concrete layer, a comparison was made between the monolithic specimen
and the SSD composite specimens. In addition, another comparison was also made between the
shrinkage strains monitored on the new concrete layer cast on smooth and rough substrates.

Table 5.2 and Table 5.3 shows the “absolute” shrinkage strains values monitored at 24
hours after adding water to the mixture on the sealed monolithic and composite specimens for
C25 and C45 new concrete layer respectively. The shrinkage strain was “zeroed” at the
stiffening time. Comparing the “absolute” shrinkage strain values monitored on the 50 mm thick
monolithic specimens with that monitored on the new concrete layer cast on SSD substrate with
smooth surface, both the C25 and C45 new concrete layer showed a similar trend; lower
“absolute” shrinkage strains values or expansion were monitored on the composite specimens. It
seems that with the friction provided by the substrates along with minimal water migration
towards the saturated substrates, the shrinkage of the new concrete layer would not exceed the

shrinkage strains of the corresponding monolithic specimens.
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A comparison between the shrinkage strains monitored on the new concrete layer cast
on smooth and rough substrates showed that there was no significant difference in the
“absolute” shrinkage strain values monitored for the new concrete layer cast on SSD substrate
with smooth and rough surfaces. On the other hand, the new concrete layer cast on either SW or
OD substrates clearly showed a reduction in the shrinkage strains with rougher substrates.
Moreover, based on the results obtained, it seems that the restraining effect of substrate may not
only influence the early age shrinkage strain of the new concrete layer near the interface but this
influence extends also up to the top surface of the new concrete layer. It can be seen that in the
case of the C25 new concrete layer cast on OD substrate, the ‘absolute” shrinkage strains values
monitored near the interface (i.e. at a depth of 40 mm from the top surface of composite
specimens) decreased from 100 pe to 20 pe. Near the top surface of the composite specimens
(i.e. at a depth of 3 mm from the top surface), a reduction was also observed. The “absolute”

shrinkage strains value decreased from 350 pe to 240 pe.

Table 5.2 Effect of substrate surface roughness on “absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.25 and sealed top
surface)

Depth from Shrinkage strains values (ug)
the t(()III)1 1slll)rface Monolithic SSD Substrate SW Substrate OD Substrate
(S0mm) | Smooth | Rough | Smooth | Rough | Smooth | Rough
3 110 40 20 370 230 350 240
20 100 20 20 260 170 260 140
40 100 10 20 130 110 100 20

Table 5.3 Effect of substrate surface roughness on ““absolute’ shrinkage strains values at 24

hours after adding water to the mixture (new concrete layer cast with w/c of 0.45 and sealed top

surface)
Depth from Shrinkage strains values (ue)
the t(()rirsrlf)rface Monolithic | SSD Substrate SW Substrate OD Substrate
(50 mm) | Smooth | Rough | Smooth | Rough | Smooth | Rough
3 0 -70 -30 220 240 210 100
20 -10 -40 -10 250 150 180 50
40 0 -40 -30 130 80 40 -20
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In order to investigate the effect of substrate roughness on the early age shrinkage of the
new concrete layer more clearly, the shrinkage-versus-time curves of the monolithic and
composite specimens were plotted and divided into three stages as discussed previously in
Chapter 4 (i.e. plastic, transitional, and hardening stages). As shown in Figure 5.10 and Figure
5.11, in the case of sealed monolithic and sealed composite specimens with SSD substrate, the
results showed that the effect of substrate roughness was not significant. It can be seen that
during the plastic, transition, and hardening stages, comparable shrinkage strains were
monitored for the monolithic and composite specimens with either smooth or rough surfaces.
The results implied that the new concrete layer cast on SSD substrate shrank as much as the
companion 50 mm thick monolithic specimens.

In the case of composite specimens cast with SW and OD substrates, the effect of
substrate roughness on the early age shrinkage strain of the new concrete layer was much
clearer. As shown in Figure 5.12 to Figure 5.15, significantly lower shrinkage strains were
clearly observed at all depths in composite specimens cast with a rough substrate. From closer
inspection, the effect of substrate roughness was more significant during the plastic and
transitional stages. It can be seen that a more gradual increase in shrinkage strains was observed
on composite specimens cast with a rough substrate during these stages. At the hardening stage,
the effect of substrate roughness was less apparent. It can be seen that comparable shrinkage

strains were monitored for composite specimens cast with either smooth or rough substrates.
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Figure 5.10 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens with SSD substrate during
plastic, transitional, and hardening stages (new concrete layer w/c = 0.25).
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Figure 5.11 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens with SSD substrate during
plastic, transitional, and hardening stages (new concrete layer w/c = 0.45).
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Figure 5.12 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed composite specimens with SW substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.25).
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Figure 5.13 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed composite specimens with SW substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.45).
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Figure 5.14 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed composite specimens with OD substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.25).
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Figure 5.15 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed composite specimens with OD substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.45).
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5.3.3.2 Effect of substrate moisture absorption

The influence of substrate moisture absorption was assessed by comparing the
shrinkage development of the C25 and C45 new concrete layer cast on substrate with different
moisture conditions respectively (i.e. SSD — saturated surface dry, SW — substrate with pre-
wetted surface, and OD — oven dry substrate). As shown in Table 5.4 and Table 5.5, the results
showed that in the case of the C25 and C45 new concrete layer tested, the effect of substrate
moisture absorption on the early age shrinkage of the new concrete layer was significant. It can
be seen that the “absolute” shrinkage strains values monitored on the new concrete layer were
much higher in the composite specimens with either SW or OD substrate as compared to the

corresponding composite specimens with SSD substrate.

Table 5.4 Effect of substrate moisture condition on “absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.25 and sealed top
surface)

Depth from the Shrinkage strains values (ug)
top(ri;lr;f)ace Monolithic Smooth Substrate Rough Substrate
(S0mm) | gsp SW oD SSD SW oD
3 110 40 370 350 20 230 240
20 100 20 260 260 20 170 140
40 100 10 130 100 20 110 20

Table 5.5 Effect of substrate moisture condition on ““absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.45 and sealed top
surface)

Depth from the Shrinkage strains values (ue)
tOP(IS;léqf)ace Monolithic Smooth Substrate Rough Substrate
(S0mm) | gsp SW oD SSD SW oD
3 0 -70 220 210 -30 240 100
20 -10 -40 250 180 -10 150 50
40 0 -40 130 40 -30 80 -20

In the case of the C25 new concrete layer, the result showed that when the substrate
moisture conditions was changed from SSD to SW condition, the “absolute” shrinkage strain
values monitored at a depth of 40 mm from the top surface (i.e. near the interface) increased

from 10 pe to 130 pe and from 20 pe to 110 pe for the smooth and rough substrate respectively.
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Similarly, the “absolute” shrinkage strains values monitored at a depth of 3 mm from the top
surface (i.e. near the interface) also increased from 40 pe to 370 pe and from 20 pe to 230 pe for
the smooth and rough substrate respectively. The increase in the early age shrinkage strains was
also observed in the case of C45 new concrete layer. It can be seen in the C45 new concrete
layer cast on substrate with smooth surface, the results showed that the “absolute” shrinkage
strains values monitored at a depth of 3 mm and 40 mm from the top surface increased from -70
pe to 220 pe and from -40 pe to 130 pe respectively.

In the case when the substrate moisture conditions was changed from SW to OD
conditions, the results showed that comparable ‘“absolute” shrinkage strain values were
monitored at a depth of 3 mm from the top surface. However, at a depth of 20 mm from the top
surface and also near the interface (i.e. at a depth of 40 mm from the top surface), a reduction in
the “absolute” shrinkage strains were monitored. It can be seen that in the case of the C25 new
concrete layer, the “absolute” shrinkage strains monitored near the interface decreased from 130
pe to 100 pe and from 110 pe to 20 pe for the smooth and rough substrates respectively.

In order to investigate the effect of substrate moisture conditions on the early age
shrinkage of the new concrete layer more clearly, the shrinkage-time curves of monolithic and
composite specimens were plotted and divided into three stages (i.e. plastic, transitional, and
hardening stages). The results for the C25 and C45 new concrete layer are shown in Figure 5.16
to Figure 5.19. The results showed that during the plastic stage, the new concrete layer cast on
SSD substrate registered comparable shrinkage strains vis-a-vis that monitored for the 50 mm
monolithic specimens. This indicated that in the case of sealed specimens, there seems to be
negligible moisture migration to the SSD substrate. It can also be seen that the shrinkage strains
of the new concrete layer developed more rapidly when cast against dryer substrates. In the case
of the C25 new concrete layer cast on OD substrate, a slight expansion at a depth of 40 mm
from the top surface was observed during the plastic stage. It is possible that the expansion
registered in the C25 new concrete layer may have been caused by the expansion of the
substrate. As shown previously in Figure 5.6, the substrate with OD conditions registered a

relatively high expansion due to moisture absorption during the plastic stage. This expansion
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may exert an expansionary influence on the C25 newly cast concrete layer in contact with this
substrate, resulting in a net expansion being registered during the plastic stage.

In the subsequent stage, i.e. transitional stage, the new concrete layer cast on SSD
substrate registered slightly lower shrinkage strains as compared to that monitored for the 50
mm thick monolithic specimens. As discussed previously, the lower shrinkage strain values
could be caused by the restraining effect of the substrate surface. On top of this, the shrinkage
strain monitored for the new concrete layer cast on substrate with SW and OD conditions
showed that the new concrete layer which was cast on SW substrate registered a relatively
higher shrinkage strains at a depth of 40 mm from the top surface (i.e. near the interface) as
compared to that monitored for the new concrete layer cast on the OD substrate. The new
concrete layer cast on the OD substrate itself, registered comparable shrinkage strains vis-a-vis
the new concrete layer cast on SSD substrate. Similarly, at the depth of 3 mm from the top
surface, the results also showed that the new concrete layer which was cast on the SW substrate
registered a shrinkage strains which is either higher or comparable to that monitored for the new
concrete layer cast on OD substrate. These results indicated that the 1-hour pre-wetting
procedure performed on the SW substrate was not enough to eliminate the moisture absorption
by the SW substrates. In addition, the results also indicate that the new concrete layer cast on
the SW substrate may experience a bond failure at the interface as indicated by the much higher
shrinkage strains developed near the interface. This will be elaborated more in the next section
which deals with unsealed composite specimens.

In the last stage, i.e. hardening stage, given the accuracy of the present image analysis
technique of about £ 12 peg, the results showed that the effect of substrate moisture absorption
was less apparent. No significant difference in the shrinkage strains of the new concrete layer

cast on substrates with the three different substrate moisture conditions was observed.
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Figure 5.16 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens cast on substrate with smooth
surface during plastic, transitional, and hardening stages (new concrete layer w/c = 0.25).
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Figure 5.17 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens cast on substrate with smooth
surface during plastic, transitional, and hardening stages (new concrete layer w/c = 0.45).
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Figure 5.18 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens cast on substrate with rough
surface during plastic, transitional, and hardening stages (new concrete layer w/c = 0.25).
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Figure 5.19 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the sealed monolithic and sealed composite specimens cast on substrate with rough
surface during plastic, transitional, and hardening stages (new concrete layer w/c = 0.45).
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5.3.4 Composite specimens with exposed top surface
5.3.4.1 Effect of substrate surface roughness

Table 5.6 and Table 5.7 shows the “absolute” shrinkage strains values monitored at 24
hours after adding water to the mixture on the unsealed monolithic and composite specimens
comprising a new C25 and C45 concrete layer cast on top of a smooth and rough substrates
respectively. The shrinkage strain was “zeroed” at the stiffening time. Comparing the “absolute”
shrinkage strain values monitored on the 50 mm thick monolithic specimens with that
monitored on the new concrete layer cast on the SSD substrate with smooth surface, both the
C25 and C45 new concrete layer showed that a significant reduction in the “absolute” shrinkage
strains values was monitored on the composite specimens. As expected, the reduction was more
significant near the interface as the new concrete layer was restrained through bonding with the
substrate. These results implied that even with a smooth surface, restraint afforded by the
substrate surface seems to be sufficient to reduce the early age “absolute” shrinkage strains of
the new concrete layer.

In the case of the new concrete layer cast on substrate with either smooth or rough
surfaces, the shrinkage monitoring showed that the restraining effect of substrate roughness was
more apparent near the top surface of the composite specimen. While near the interface (i.c. at a
depth of 40 mm from the top surface), the results showed that the new concrete layer registered

a comparable “absolute” shrinkage strain values regardless of the substrate roughness.

Table 5.6 Effect of substrate surface roughness on “absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.25 and unsealed
top surface)

Depth from Shrinkage strains values (ug)
the t(()IIl)] Isnu)rface Monolithic SSD Substrate SW Substrate OD Substrate
(S0mm) | Smooth | Rough | Smooth | Rough | Smooth | Rough
3 600 420 300 350 300 250 180
20 630 290 260 250 250 180 100
40 690 120 120 140 140 60 30
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Table 5.7 Effect of substrate surface roughness on ““absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.45 and unsealed
top surface)

Depth from Shrinkage strains values (ug)
the t(()gnill)rface Monolithic SSD Substrate SW Substrate OD Substrate
(50 mm) | Smooth | Rough | Smooth | Rough | Smooth | Rough
3 1220 270 250 330 180 210 140
20 1230 240 190 190 110 180 80
40 1170 120 110 110 150 -30 30

Figure 5.20 to Figure 5.25 show plots of shrinkage strains-versus-time curves during
plastic, transitional, and hardening stages of the unsealed monolithic specimens and composite
specimens cast on substrate with different surface roughness. A comparison between the 50 mm
thick monolithic specimens and composite specimens with SSD substrate, as shown in Figure
5.20 and Figure 5.21 for the C25 and C45 new concrete layer respectively, showed that the new
concrete layer which cast on SSD substrate with smooth surface registered a significantly lower
shrinkage strains at all depths compared to that monitored for the 50 mm thick monolithic
specimens reduction especially during the plastic and transitional stages. On the other hand,
when the SSD substrate surface was changed from smooth to rough, the results seem to indicate
that there was only a slight reduction in the early age shrinkage strains observed near the
interface and near the top exposed surface. In the subsequent stage, i.e. the hardening stage, it
was found that there was no significant difference in the shrinkage strains monitored for the
monolithic specimens and the new concrete layer in the composite specimens. This implied that
the new concrete layer shrank as much as the monolithic specimens.

In the case of unsealed composite specimens with SW and OD substrates, the results
showed that the early age shrinkage strains monitored at all depths for the C25 new concrete
layer were reduced with a rough substrate. Similar to that of the unsealed composite specimens
with SSD substrate, the reduction observed for the C25 new concrete layer was more apparent
during the plastic and transitional stages. It can also be seen that the reduction was more

significant near the top exposed surface. However, in the case of C45 new concrete layer, an
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exception was noted. As shown in Figure 5.23 and Figure 5.25, it can be seen that the new
concrete layer cast on the rough substrate registered higher shrinkage strains during the plastic
and transitional stages as compared to that monitored for the new concrete layer cast on the
smooth substrate. Although this was unexpected, this may be due to the higher bond at the
interface of the composite specimens with smooth substrate. With a higher bond at the interface
between the new concrete layer and the concrete substrate, lower shrinkage strains would be
monitored. In the subsequent stage, i.e. hardening stage, the results for both the C25 and C45
new concrete layers showed that the effect of substrate roughness was less apparent. It can be
seen that there was no significant difference between the shrinkage strains monitored in the

composite specimen with smooth and rough substrates.
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Figure 5.20 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens with SSD substrate
during plastic, transitional, and hardening stages (new concrete layer w/c = 0.25).
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C45 Monolithic and Composite-SSD Substrate
Depth: 40 mm from the unsealed top surface
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Depth: 3 mm from the unsealed top surface
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Figure 5.21 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens with SSD substrate
during plastic, transitional, and hardening stages (new concrete layer w/c = 0.45).
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C25 Composite - SW Substrate
Depth : 40 mm from the unsealed top surface
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Figure 5.22 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed composite specimens with SW substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.25).
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Figure 5.23 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed composite specimens with SW substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.45).
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Figure 5.24 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed composite specimens with OD substrate during plastic, transitional, and

hardening stages (new concrete layer w/c = 0.25).
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Figure 5.25 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed composite specimens with OD substrate during plastic, transitional, and
hardening stages (new concrete layer w/c = 0.45).
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5.3.4.2 Effect of substrate moisture absorption

In the case of unsealed composite specimens, the influence of substrate moisture
absorption on the early age shrinkage strains of the new concrete layer was assessed by
comparing the shrinkage development of the C25 and C45 new concrete layer cast on substrate
with different moisture conditions respectively. A comparison between the monolithic

specimens and the composite specimens with SSD substrate was also made.

Table 5.8 Effect of substrate moisture condition on “absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.25 and unsealed
top surface)

Depth from the Shrinkage strains values (ue)
tOP(ISIqu)ace Monolithic Smooth Substrate Rough Substrate
(S0mm) | ggp SW oD SSD SW oD
3 600 420 350 250 300 300 180
20 630 290 250 180 260 250 100
40 690 120 140 60 120 140 30

Table 5.9 Effect of substrate moisture condition on “absolute” shrinkage strains values at 24
hours after adding water to the mixture (new concrete layer cast with w/c of 0.45 and unsealed
top surface)

Depth from the Shrinkage strains values (pe)
top(iléf)ace Monolithic Smooth Substrate Rough Substrate
(S0mm) | gsp SW oD SSD SW oD
3 1220 270 330 140 250 180 140
20 1230 240 190 80 190 110 80
40 1170 120 110 30 110 150 30

As shown in Table 5.8 and Table 5.9, a comparison between the 50 mm thick
monolithic unsealed specimens and the new concrete layer cast on SSD substrate with smooth
surface showed that significantly lower “absolute” shrinkage strains values were observed in the
new concrete layer, indicating that in the case of unsealed composite specimens with SSD
substrate, there seems to be negligible moisture migration to the SSD substrate.

A comparison between unsealed composite specimens with different substrate moisture
conditions indicated that the “absolute” shrinkage strains values at all depths of the new

concrete layer decreased with dryer substrates. This behavior was observed for both the C25 and
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C45 new concrete layers. It can be seen that in the case of the C25 new concrete layer cast on
smooth substrate with SSD, SW, and OD substrate, the ‘absolute” shrinkage strains monitored
near the interface (i.e. at a depth of 40 mm from the top exposed surface) registered a value of
120 pe , 140 pe, and 60 pe respectively. At a depth of 3 mm from the top exposed surface, a
similar trend was observed. The C25 new concrete layer cast on smooth substrate with SSD,
SW, and OD substrate registered “absolute” shrinkage strain values of 420 pe, 370 pe, and 250
pe respectively. These results are particularly important since it usually expected that since the
OD substrate has the highest moisture absorption; it should give rise to higher shrinkage strains
in the new concrete layer.

Based on the results obtained, it seemed that in the case of unsealed composite
specimens, the moisture absorption by a dry substrate may exacerbate the effect of evaporation,
causing the new concrete layer to stiffen at an earlier time. This mechanism may result in lower
shrinkage strains being registered in the new concrete layer cast on OD substrate. In addition, in
the case of SSD and SW substrate, analogous to that of the Interfacial Tansition Zone of cement
paste and aggregate (i.e. ITZ), there is a possibility of an “interfacial zone” being formed at the
interface between the newly cast concrete and the substrate layer. In this interfacial zone, an
increase in the local water-to-cementitious ratio may occur thus creating a porous layer with low
bonding strength that may act as a “sliding layer” for the new concrete layer. This result is in
agreement with a previous study reported by Morgan (1996). It was reported that an excessively
wet surface (i.e. defined as a surface conditions that would wet when a hand is drawn over it)
would result in a high local water-to-cementitious ratio at the bond interface and thus may have
a more damaging effect on the bond strength. The formation of “interfacial zone” may also
explain the results obtained for the sealed composite specimens with SW substrate. As discussed
previously in Chapter 5.3.3.2, the new concrete layer cast on SW substrate registered an
increase in the shrinkage strains monitored near the interface when compared to that monitored
for the composite specimens with OD substrate. Due to the formation of this “interfacial zone”
in the composite specimens with SW substrate, the new concrete layer could shrink more

compared to the same mixtures cast on OD substrate.
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Figure 5.26 to Figure 5.29 show plots of shrinkage strain-versus-time curve during
plastic, transitional, and hardening stages of the unsealed monolithic specimens and composite
specimens cast on substrate with different moisture conditions. As shown in Figure 5.26 and
Figure 5.27, the new concrete layer cast on SSD substrate with smooth surface registered a
significantly lower shrinkage strains as compared to that monitored for the 50 mm thick
monolithic specimens especially during the plastic and transitional stages. This indicated that
the moisture absorption of SSD substrate was negligible and the restraining effect of the
substrate at the interface was more dominant during these stages. In the case of the new concrete
layer cast on the smooth substrate with different moisture conditions, the results showed that a
more gradual increase in the shrinkage strains was observed with dryer substrates. A similar
result was also observed in the case of the new concrete layer cast on the rough substrate, as
shown in Figure 5.28 and Figure 5.29. This behavior, as mentioned previously, could be
attributed to the stiffening of the new concrete layer arising from the absorption of moisture
from the newly cast concrete layer by the OD substrate and to the possibility of the “interfacial
zone” formation at the interface of SSD and SW substrates.

In the last stage, i.e. hardening stage, given the accuracy of the present image analysis
technique of about £ 12 pg, the results showed that the effect of substrate moisture absorption
was less apparent. The present results showed that there was no significant difference in the
shrinkage strains monitored for composite specimens cast with the three different substrate

moisture conditions.
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Figure 5.26 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens cast on substrate with
smooth surface during plastic, transitional, and hardening stages (new concrete layer w/c =

0.25).
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Figure 5.27 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens cast on substrate with
smooth surface during plastic, transitional, and hardening stages (new concrete layer w/c =
0.45).
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Figure 5.28 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens cast on substrate with
rough surface during plastic, transitional, and hardening stages (new concrete layer w/c =

0.25).
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Figure 5.29 Early age shrinkage strains monitored at a depth of 40 mm and 3 mm from the top
surface of the unsealed monolithic and unsealed composite specimens cast on substrate with
rough surface during plastic, transitional, and hardening stages (new concrete layer w/c =

0.45).
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5.3.5 Assessment of early age crack and de-lamination

As mentioned previously, two kinds of failure in composite systems due to early age
shrinkage strain that are often reported are cracking and de-lamination of the new concrete layer.
In the present study, there were no cracks visible to the naked eye on the top surface of the new
concrete layer. The absence of surface crack could be attributed to several factors. First, the
tensile creep and stress relaxation of the new concrete layer. It is well known that during early
ages of cementitious material, it undergoes significant tensile creep and stress relaxation (Weiss
et al. (1998),Cusson and Hoogeveen (2007)). Second, the lack of restraint at both ends of the
composite specimen may also contribute to the absence of surface cracks. As the restraint was
provided only at the bottom of the new concrete layer through interface bonding with the
substrate concrete, this restraint may not be sufficient to induce surface cracks. Third, the size of
the composite specimens used in the present investigation may not be sufficient to result in the
formation of surface cracks.

On other hand, the occurrence of de-lamination or cracks at the interface was clearly
observed in the composite specimens tested in the present study. Figure 5.30 to Figure 5.37
show images of interface near the ends of the C25 composite specimens. The substrate used was
OD substrate with either the smooth or rough surfaces. The image was taken using the digital
microscope (i.e. VMS-004) from the side of the specimen immediately after demolding at 6, 12,
18, and 24 hours after adding water to the new concrete mixture. The results showed that partial
de-lamination at the interface was clearly visible as early as about 6 hours after adding water to
the mixture especially in the composite specimens cast with smooth substrate. After initial
observation from the top and the side of the composite specimens, the specimens were cut open.
The cutting of composite specimen at 6 hours after adding water to the mixture could not be
accomplished since the new concrete layer had not attained sufficient stiffness and bond
strength at the interface. Due to this reason, the wet-cutting was only performed at the age of 12
hours and beyond. Figure 5.38 to Figure 5.40 show the de-lamination observed near the edge of
the C25 composite specimens at 12, 18, and 24 hours after adding water to the new concrete

mixture respectively. It can be seen that for both composite specimens cast with the smooth and
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rough substrates, partial de-lamination at the interface between the two concrete layers was

clearly visible.

& New Concrete Lz
§ wic 0.25

Time : 6 hours

Substrate Concrete : Smooth OD |
w/c 0.50

Figure 5.30 De-lamination at the interface of the unsealed compositespecimen monitored from
the side of the specimen at 6 hours after adding water to the mixture (OD substrate with smooth
surface)

New Concrete Layer

Substrate Concrete : Smooth OD
w/c 0.50

Figure 5.31 De-lamination at the interface of the unsealed composite speC|men monltored from
the side of the specimen at 12 hours after adding water to the mixture (OD substrate with
smooth surface)

& New Concrete Layer

Figure 5. 32 De- Iamlnatlon at the mterface of the unsealed composite spemmen monitored from
the side of the specimen at 18 hours after adding water to the mixture (OD substrate with
smooth surface)
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Figure 5.33 De-lamination at the interface of the unsealed composite specimen monitored from
the side of the specimen at 24 hours after adding water to the mixture (OD substrate with
smooth surface)
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Figure 5.34 De-lamination at the interface of the unsealed composite specimen monitored from
the side of the specimen at 6 hours after adding water to the mixture (OD substrate with rough
surface)
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Figure 5.35 De-lamination at the interface of the unsealed composite specimen monitored from
the side of the specimen at 12 hours after adding water to the mixture (OD substrate with rough
surface)
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Figure 5.36 De-lamination at the interface of the unsealed composite specimen monitored from
the side of the specimen at 18 hours after adding water to the mixture (OD substrate with rough
surface)
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wle 0.25
Time : 24 hours

Figure 5.37 De-lamination at the interface of the unsealed omposite specimen monitored from
the side of the specimen at 24 hours after adding water to the mixture (OD substrate with rough
surface)
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(a) | (b)
Figure 5.38 De-lamination at the interface of the unsealed composite specimen with (a) smooth,
and (b) rough substrate monitored from the cutting section of the specimen at 12 hours after
adding water to the mixture
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Figure 5.39 De-lamination at the interface of the unsealed composite specimen with (a) smooth,
and (b) rough substrate monitored from the cutting section of the specimen at 18 hours after
adding water to the mixture

{ New Concrete Layer
w/c 0.25
Time : 24 hours

Figure 5.40 De-lamination at the interface of the unsealed composite specimen with (a) smooth,
and (b) rough substrate monitored from the cutting section of the specimen at 24 hours after
adding water to the mixture

As mentioned previously, two approaches for measuring the crack widths by using the
image analysis technique are possible. In the first approach, the crack widths were measured
using the crack images captured. While in the second approach, the crack widths were measured
by making use of the same target used for early age shrinkage monitoring.

Table 5.10 shows the results of crack width monitored at the interface between the two

concrete layers by using the first approach. In this approach, an average and a maximum crack

width at a distance of 10 to 20 mm from the ends of the composite specimens were measured
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through the crack images taken from the side or from the cut cross-section of the composite
specimens. Based on the results obtained, it can be seen that both the average and the maximum
cracks widths increased with time. Although this approach was able to quantify cracks width, it
is important to note that it may not be able to provide continuous information on how the cracks
or de-lamination at the interface develop with time. In addition, some difficulties associated
with this approach are noted. First, identifying the crack width may prove to be quite
challenging as the cracks may be discontinuous along the length of the cracks. This
discontinuity may affect the crack width measurement. Second, the wet-cutting process prior to
the assessment of cracks or de-lamination may induce either additional cracks or the closure of
cracks due to energy release through the cutting process. Third, the approach required a crack
image to be taken either from the side of the composite specimens or from the cut cross-section
of the composite specimens at a specific time. This may not be practical since time is always

needed for sample preparation and the cutting process.

Table 5.10 Cracks width measurement from microscope & stereomicroscope

Smooth Substrate Rough Substrate

Crack width (um) Crack width (um) Crack width (um) Crack width (um)

Time from side surface from cut section from side surface from cut section
Average | Maximum | Average | Maximum | Average | Maximum | Average | Maximum

6 hrs 63 188 - - - - - -
12 hrs 52 125 72 156 60 292 64 286
18 hrs 84 267 106 316 98 357 87 453
24 hrs 88 263 85 237 85 400 66 224

Note: cracks were measured at a distance of 10 to 20 mm from the ends of prism specimens.

In order to overcome these problems, the cracks width or the de-lamination was
measured using the same targets used for early age shrinkage monitoring. Using the same
composite specimens with images of the cracks taken from the side or from the cut cross-section
of the composite specimens, the cracks width or the de-lamination development at the interface
of the composite specimen was monitored by calculating the increase in the distance between a

pair of targets located near the interface. In this approach, it was assumed that the increase in the
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distance between the two targets would be equal to the increase in width of crack observed at
the interface of the composite specimens. Figure 5.41 show the typical development of cracks at
the interface of the C25 unsealed composite specimens. It can be seen that the cracks developed
rapidly from the start of the casting of the new concrete layer up to the time when the stiffening
time of the new concrete layer occurred. After the stiffening time, a more gradual increase in the
crack width was observed. In addition, the crack width measurement also showed that the
targets located at 25 mm from the ends of the composite specimen registered wider cracks
widths compared to those monitored using targets located at 75 mm from the ends of the
composite specimens. This was expected since the de-lamination would start from the ends of

the composite specimens and progressed into the middle portion of the composite specimens.

C25 Composite specimens C25 Composite specimens
160 — OD Substrate - Smooth surface 160 — OD Substrate - Rough surface
| | | | Distance from
| | the ends of prism specimen
T 120 - 1 T 120 - 1 > 25mm
E! ! el ! —— 75 mm
- 1 Distance from - [
= . . =} !
S g - the ends of prism specimen S !
= —@— 25 mm 'z ‘
=< 1 —— 75 mm 3 |
IS © !
S — |
O 40 O |
0 T T T T T \ ‘
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hours) Time (hours)
(@) (b)

Figure 5.41 Cracks width monitored at the interface of C25 unsealed composite specimens with
(a) smooth substrate, and (b) rough substrate during the first 24 hours after adding water to the
mixture.

Repeatability of the cracks width measurements using the targets located near the
interface were summarized in Table 5.11. Comparing the results of two similar composite
specimens, it can be seen that the crack widths measured are in agreement. Considering the
resolution of the present testing setup of about 4 um as well as the possible variation in the

composite specimens itself, a difference about 7 to 15 um in the crack widths measured for the

two composite specimens seems reasonable.
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Comparing the crack widths measured using the crack images with those measured
using the targets near the interface, it can be observed that the crack widths measured using the
targets near the interface were generally wider than those measured using the crack images. This
was not unexpected since it was assumed that the increase in the distance of these targets would
correspond to the widening of the crack width at the interface. This may not be true in all cases.
It was possible that several thin cracks parallel to the interface may develop within the two pair
of targets monitored, thus the targets measured the “total” increase in crack width instead of the
increase in individual crack width. Nevertheless, crack widths monitoring using the targets
mounted near the interface may be more useful for assessing the development of cracks or de-

lamination of the new concrete layer cast on different types of substrates.

Table 5.11 Repeatability of cracks widths measurement using a same target used for early age
shrinkage monitoring

Smooth substrate Rough substrate
Crack width Crack width Crack width Crack width
measured at 25 mm | measured at 75 mm | measured at 25 mm | measured at 75 mm
from the ends of from the ends of from the ends of from the ends of
specimen specimen specimen specimen
(um) (um) (um) (um)
) 1 st 2nd 1 st 2nd 1 st 2nd 1 st 2nd
Time specimen | specimen | specimen | specimen | specimen | specimen | specimen | specimen
4.8 hrs 82 99 48 33 71 70 42 19
6 hrs 88 102 51 32 75 76 42 20
12 hrs 110 123 59 39 87 93 49 27
18 hrs 114 130 61 46 89 96 49 34
24 hrs - 131 - 45 - 95 - 34

Note:  + Measurement was started at about 30 minutes after adding water to the mixture
+ Location of the targets = 25 mm or 75 mm from the ends of 400 mm long prism specimen

5.3.5.1 Effect of Substrate Surface Preparations and Moisture Conditions
In the present study, the effect of substrate surface preparation and its moisture conditions on
the development of de-lamination at the interface of composite specimens were investigated.

Table 5.12 to Table 5.15 shows the cracks width measured at the interface of C25 and C45

190



Chapter 5 - Early Age Shrinkage of HPC in Bonded Concrete Overlay

composite specimens with either smooth or rough substrates. The “absolute” crack width values
were measured at 24 hours after adding water to the new concrete layer.

Comparing the “absolute” cracks width values measured on composite specimens with
smooth and rough substrates, the results showed that the composite specimens with smooth
substrate generally registered wider cracks compared to that with a rough substrate. As expected,
the composite specimens with a smooth substrate exhibit higher risks of de-lamination at the
interface. In the composite specimens with a rough substrate, the grooves may provide
mechanical interlocking that inhibits the occurrence and development of de-lamination and also
prevents the cracks from developing further into the middle section of the composite specimens.
As shown in Figure 5.42, a manual inspection from the cut cross-section of composite
specimens showed that the cracks were apparent only towards the ends of the specimens up to
the first groove which was located at about 20 mm from both ends of the composite specimens.

The effect of substrate moisture conditions on cracks development was also found to be
significant. It can be seen that wider cracks were observed in all the composite specimens with
the oven-dry (i.e. OD) substrate. In addition, the results also showed that water-ponding for
about 1 hour prior to the casting of the new concrete layer did not significantly reduce the risk
of partial de-lamination at the interface. The results of composite specimens with the SW
substrate showed that the crack widths measured at the interface was only slightly narrower than
that monitored on the composite specimens with the OD substrate.

Comparing the sealed and unsealed composite specimens, the results also indicated that
sealing the top surface of the new 50 mm thick concrete layer may not be sufficient to reduce
the risk of de-lamination at the interface, as moisture absorption by the substrate may cause the
sealed composite specimens to register crack widths at the interface comparable with that
monitored on the unsealed composite specimens. It can be seen from the results that in the case
of both the C25 and C45 composite specimens with SW and OD substrates, the sealed and
unsealed composite specimens registered comparable ‘“absolute” cracks width values

irrespective of the substrate roughness.
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Table 5.12 Cracks width measurement of C25 sealed composite specimens
Smooth substrate Rough substrate

Substrate | Crack width | Crack width | Crack width | Crack width
moisture at 25 mm at 75 mm at 25 mm at 75 mm

condition (um) (um) (um) (um)
SSD 0.0 3.0 7.0 7.0
SW 105.0 56.0 12.0 3.0
oD 136.0 63.0 95.0 42.0

Table 5.13 Cracks width measurement of C25 unsealed composite specimens
Smooth substrate Rough substrate

Substrate | Crack width | Crack width | Crack width | Crack width
moisture at 25 mm at 75 mm at 25 mm at 75 mm

condition (um) (um) (um) (um)
SSD 37.0 23.0 22.0 0.0
SW 121.0 71.0 69.0 21.0
oD 130.0 73.0 82.0 23.0

Table 5.14 Cracks width measurement of C45 sealed composite specimens
Smooth substrate Rough substrate

Substrate | Crack width | Crack width | Crack width | Crack width
moisture at 25 mm at 75 mm at 25 mm at 75 mm

condition (um) (um) (um) (nm)
SSD 2.0 6.0 11.0 11.0
SW 42.0 20.0 34.0 8.0
oD 55.0 26.0 73.0 31.0

Table 5.15 Cracks width measurement of C45 unsealed composite specimens
Smooth substrate Rough substrate

Substrate | Crack width | Crack width | Crack width | Crack width
moisture at 25 mm at 75 mm at 25 mm at 75 mm

condition (um) (um) (um) (nm)
SSD 40.0 25.0 0.0 0.0
SW 64.0 20.0 47.0 29.0
OD 102.0 41.0 48.0 13.0
Note: SSD : water ponding for 24 hours prior to casting the new layer
SW : water ponding for 1 hour prior to casting the new layer
OD : oven-dry substrate

192



Chapter 5 - Early Age Shrinkage of HPC in Bonded Concrete Overlay

A TR

; \o“ ( unut,h I ayer

Substrate : Rough OD

o]

4 i.A.L.‘?;!" '."' X ; B Lo WAL g AR e A s
Figure 5.42 De- lamination at the mterface of the composne spemmen with rough substrate
monitored from the cutting section of the specimen at 24 hours after adding water to the mixture

5.4  Summary

This chapter discusses the effect of substrate roughness and its moisture conditions on
the development of early age shrinkage of a new concrete layer cast on top of old concrete
substrate. In addition, the assessment of early age cracking and de-lamination due to early age
shrinkage during the first 24 hours after adding water to the mixture was also performed. Based
on experimental studies carried out, the following conclusions could be drawn:

1. The restraining effect of substrate surface roughness on early age shrinkage strains
of the newly cast concrete layer was found to be significant at all depth, i..e both near the
interface and near the top surface of a 50 mm thick new concrete layer.

2. The results showed that the restraining effect of substrate surface roughness was
mainly observed during the plastic and transitional stages. While during the hardening stage, the
restraining effect of substrate roughness was less apparent. In addition, the early age shrinkage
strains monitored during the hardening stage were similar for both monolithic and composite
specimens, suggesting that the new concrete layer shrank as much as the monolithic specimens.

3. The moisture conditions of the substrate concrete prior to the casting of the new
concrete layer significantly influenced the early age shrinkage strain development of the 50 mm
thick new concrete layer. The effect of substrate moisture absorption on the early age shrinkage
development of the new concrete layer was also observed mainly in the plastic and transitional
stages. Based on the results of the sealed and unsealed composite prism specimens, it is
postulated that in the case of SSD and SW substrates, a presence of “interfacial zone” at the

interface between the newly cast concrete and substrate layers may result in the formation of a
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more porous layer with lower bonding strength. This more porous layer may act as a “sliding
layer” and could give rise to slippage of the new concrete layer as indicated by higher
“absolute” shrinkage strains values monitored. In addition, it also noted that the substrate
moisture absorption may also exacerbate the effect of evaporation since it may lead to earlier
stiffening time of new concrete layer. This mechanism may result in lower shrinkage strains be
registered in the new concrete layer cast on OD substrate.

4. In this investigation, the targets used for early age shrinkage monitoring can also be
used for the continuous monitoring of de-lamination development at the interface of composite
specimens during the first 24 hours after adding water to the mixture with reasonable accuracy.
This approach eliminates several difficulties associated with cracks width measurement such as
the need to cut open the specimen to view the crack itself, the need for locating the cracks being
formed, capturing images of cracks, and identifying the crack contour. In addition, the new
approach may be more useful for assessing the development of cracks or de-lamination of the
new concrete layer cast on different types of substrates.

5. The development of de-lamination on the composite specimens due to early age
shrinkage strain during the first 24 hours after adding water to the mixture was clearly observed
in the present study. The composite specimens with smooth substrate generally registered wider
cracks compared to those with rough substrate. In the composite specimens with the roughened
substrate, the presence of the groove seems to provide a higher mechanical interlocking as well
as preventing the cracks from extending further towards the middle section of the composite
specimens. The substrate moisture condition prior to the casting of the new concrete layer also
plays a significant role in the de-lamination development at the interface. The results showed
that a significant increase in the crack widths was observed in composite specimens with the
SW and OD substrate. In addition, the results also suggested that sealing the top surface of the
new 50 mm thick concrete layer may not be sufficient to reduce the risk of de-lamination at the
interface, as moisture absorption by the substrate may cause the sealed composite specimens to
register crack widths at the interface comparable with that monitored on the unsealed composite

specimens.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Findings and Conclusions

This study is aimed at obtaining a better understanding of early age shrinkage of high
performance cementitious mixtures monitored through test conducted on monolithic and
composite prism specimens. More specifically, issues pertaining to the selection of “time zero
value” (i.e. TZV) for early age shrinkage monitoring were discussed. The image analysis
technique was modified in order that early age shrinkage strains may be monitored with respect
to the depth from the top surface of cementitious prism specimen with acceptable accuracy.
Simultaneously, the influence of material constituents on the development of shrinkage strains
within prism specimens exposed to a dry environment from an early age was studied. The
influence of substrate preparation on early age shrinkage strains and cracking (i.e. delamination)
during the first 24 hours after adding water to the newly cast cementitious mixtures in
composite prism specimens was also presented. The findings provide a better understanding of
early age shrinkage of high performance cementitious mixtures cast monolithically and as a two

layer composite prism specimen.

The main contribution of the present study can be summarized as follows:

1. S-wave reflection loss was shown to be a suitable method for selecting “time zero”
value or TZV for early age shrinkage monitoring as it able to detect solid particles connectivity -
the time when the cementitious mixture starts to develop its stiffness. The S-wave reflection loss
could also be applied directly on various cementitious materials being tested from paste to
concrete mixtures. Furthermore, the possibility of using the S-wave reflection loss technique to
obtain stiffening time to be used as the TZV within the timeline along which early age shrinkage
of cementitious materials occurs under both sealed and unsealed curing conditions had also been

shown.
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2. The results of mortar specimens tested in the present study seemed to show that for
sealed specimens, a similar stiffening time occurred throughout the depth of the mortar
specimens. On the other hand, in the case of unsealed mortar specimens, it was found that the
stiffening time tends to vary with depth depending on the water-to-cementitious ratio of the
mortar mixture used. In the case of mortar specimens cast with water-to-cementitious ratio of
0.20, a much earlier stiffening time especially near the top exposed surface.

3. For several gauge lengths tested (i.e. 75, 150, 200, and 250 mm) in the present
study, the effect of gauge length used on the early age shrinkage strains monitored was found to
be negligible in the case of sealed mortar prism specimens. However, a gauge length of less than
200 mm may not be suitable for unsealed prism specimens. The corresponding “absolute”
shrinkage strain values were found to be lower than those obtained based on a nominal gauge
length of 250 mm. The reduction in the “absolute” shrinkage strain values monitored when
using shorter gauge lengths primarily occurred during the plastic stage, prior to the occurrence
of the stiffening time. After the stiffening time, the “absolute” shrinkage strains value was less
affected by the gauge length used. In this regard, it is recommended that gauge lengths in the
order of 200 to 250 mm be used for early age shrinkage monitoring of typical prism specimens,
especially unsealed prism specimens.

4. The present study showed that the image analysis technique can be used to monitor
early age shrinkage strains with respect to the depth from the trowelled surface of monolithic
mortar and concrete prism specimens starting as early as 30 minutes after adding water to the
mixture with acceptable accuracy. This technique can be applied for either sealed prism
specimens (generally used for autogenous shrinkage monitoring) or unsealed prism specimens
(typical of those used for early age drying shrinkage monitoring). The results showed that as
expected, the early age shrinkage strains monitored were relatively uniform across the whole
cross section of the sealed prims specimen. On the other hand, the early age shrinkage strains
varied significantly with depth from the exposed top surfaces of the unsealed prism specimens
especially when adopting a chronologically earlier TZV.

5.
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6. Experimental study on the influence of several mixture parameters on early age
drying shrinkage strains of prism specimens showed that inclusion of superplasticizers
significantly increased the early age shrinkage strains monitored at all depths during the first 24
hours after adding water to the mixture. The increase in the shrinkage strains monitored can be
attributed to the side effect of HWRA in delaying the stiffening time as well as prolonging the
transitional stage.

7. While it was typically observed in early age drying shrinkage monitoring that the
“absolute” shrinkage strain values decreased with depth from the top exposed surface of prism
specimens, in certain circumstances, such as in the case of mortar prism specimens cast with the
higher aggregate volume, lower water-to-cementitious ratio, and/or with inclusion of silica fume,
opposite behavior was observed. The “absolute” shrinkage strain values monitored near the
exposed top surface might register lower values compared to those monitored near the base of
the prism specimens. This opposite behavior could be attributed to the “skin layer” effect. As
the top surface was exposed to a dry environment at such early ages, rigidity (i.e. stiffness) of
the cementitious mixture near the top exposed surface may be affected. It is possible that within
the “skin layer”, the stiffness of the cementitious mixture increased rapidly compared to that of
the interior. This increase in the cementitious mixture’s stiffness would provide higher internal
restraint locally thus reducing the early age shrinkage strains monitored.

8. The effect of substrate surface preparation and its moisture content prior the
application of new concrete overlay on early age shrinkage strains of the new concrete layer was
found to be significant both near the interface and within a 50 mm thick new concrete layer. In
addition, based on the results of the sealed and unsealed composite prism specimens, it is
postulated that in the case of SSD and SW substrates, a presence of “interfacial zone” at the
interface between the newly cast concrete and substrate layers may result in the formation of a
more porous layer with lower bonding strength. This more porous layer may act as a “sliding
layer” and could give rise to slippage of the new concrete layer as indicated by higher
“absolute” shrinkage strains values monitored. In addition, it also noted that the substrate

moisture absorption may also exacerbate the effect of evaporation since it may lead to earlier
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stiffening time of new concrete layer. This mechanism may result in lower shrinkage strains be
registered in the new concrete layer cast on OD substrate.

9. The present study also showed that the same targets used for early age shrinkage
monitoring can also be used for the continuous monitoring of de-lamination development at the
interface of the composite prism specimens. It was found that composite specimens with smooth
substrate generally registered wider cracks compared to those with a rougher substrate. In the
composite specimens with the roughened substrate, the presence of the grooves seemed to
provide higher mechanical interlocking and seemed to result in reduced propagation of cracks
with time. The substrate moisture condition prior to the casting of the new concrete layer also
played a significant role in the de-lamination development observed at the interface. The results
showed that a significant increase in the crack widths was observed in composite specimens

with the SW and OD substrate.

6.2 Recommendation for further study

The following are some suggestion for future research to obtain more insights on the
early age shrinkage behavior of high performance cementitious mixtures:

1. The finding obtained from the assessment of the stiffening time via the shear-wave
reflection loss technique is limited to rather low water-to-cementitious ratio mixtures cast with
type I normal OPC. In the future, further study regarding the stiffening time of cementitious
mixtures cast with other types of binders, as well as cementitious mixtures incorporating
mineral and chemical admixtures should be carried out. In addition, as the present study was
limited to the assessment of stiffening time in rather thin sections, the results of using thick /
mass cementitious sections should be investigated in the future.

2. In this investigation, it is postulated that the water redistribution as well as the
formation of a “skin layer” may significantly affect the occurrence of the stiffening time and the
development of early age shrinkage strains in the unsealed prism specimens tested. In the future,

analytical or numerical approaches can be carried out in order to shed more light on this issue.
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3. Dealing with early age shrinkage monitoring, it is realized that there is still a need for
some means of standardization to interpret the actual early age shrinkage strain values
monitored using the various methods currently available for use. In the present investigation, a
comparison was only made between early age shrinkage strains monitored using image analysis
technique and those monitored using laser sensors. Perhaps future studies can be conducted on
specimens tested using other early age shrinkage monitoring technique in order to shed more
light on this particular issue. Nevertheless, it is important to note that a comprehensive
understanding needs to take into account the various underlying and influencing factors arising
from the adoption of a specific size of specimen, duration of monitoring, exposure conditions,
mixture properties (w/c ratios, aggregate volume, etc.) and constituent materials
(superplasticizers, silica fume, fly ash, GGBS, etc.).

4. 1Tt is realized that using prism specimen may not be representative of a number of
field applications. Thus further test should be conducted to simulate actual field applications e.g.
using specimens of various geometric dimensions, etc. This kind of information would be useful
for estimating shrinkage strains that could be taken into consideration to meet the requirements
of serviceability limit states during the design stage. In addition, it is possible to use the image
analysis in order to investigate the restrained shrinkage behaviour of cementitious materials
using a typical specimen of various geometric dimension, such as slab, etc. This information
would be useful to assess the cracking risk of such cementitious material.

5. Although Chapter 4 provided a description on the influence of several key parameters
such as superplasticizers, water-to-cementitious ratio, aggregate volume, and silica fume on the
shrinkage development with respect to the depth from the top exposed surface of prism
specimens, the influence of temperature, relative humidity and wind speed on early age drying
shrinkage has not been fully investigated.

6. In the present investigation, only a few configurations of composite specimens were
tested. Further tests are required to achieve a better understanding of early age shrinkage in

composite specimens with other geometric and dimensional properties. In addition, an analytical
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approach could be developed in order to shed more light on the behaviour of such composite

systems.
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