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Abstract

Plastic shrinkage (in fresh concrete) can cause the initiation of early-age cracking, which
can eventually evolve into larger cracks, compromising durability and reducing overall service-
life. Plastic shrinkage cracks can also facilitate the ingress of harmful chemicals (e.g. chlorides)
into the concrete and increase the possibility of corrosion of steel bars.

Plastic shrinkage is affected by various parameters, including the properties and
proportions of the concrete constituents, as well the environmental conditions (temperature,
relative humidity, and wind speed). These parameters affect the bleeding and evaporation rates
of surface water, and are thus directly related to the formation of plastic shrinkage cracks. This
research aims to investigate the mechanisms of plastic shrinkage and plastic shrinkage cracking,
with a view of developing cost-effective and sustainable mitigation strategies to control early-
age cracking.

The main parameters investigated in this research study are: 1) fibre type (i.e. manufactured
steel fibres (MSF) and recycled tyre steel fibre (RTSF) from post-consumer tyres) and fibre
content (10, 20, and 30 kg/m?); 2) water to cement ratio (0.5 — 0.6); 3) environmental conditions
(wind speed and temperature); and 4) concrete curing methods and use of admixtures.

RTSF was found more effective in preventing crack development than MSF, at the
same fibre content. When fresh concrete was exposed to environmental conditions typical of
Saudi Arabia (high temperatures and wind speed), it was found that while 30 kg/m? of RTSF
can control plastic shrinkage cracks at lower w/c ratios (0.5 and 0.55) and in low and mid
environmental conditions (T=28-36 °C, and wind speed=3-4.6 m/s), for higher w/c ratio (0.6)
and in more extreme conditions (T=45 °C and wind speed=7 m/s), the use of 40 kg/m? of RTSF
fibre was required to completely eliminate surface plastic shrinkage cracks. All of the different
mitigation strategies commonly used in construction were successful in restraining plastic
shrinkage cracks, albeit with different associated cost and efficiency. The use of cold water
(7 °C) in the mix, showed the most benefits in terms of cost, quality, and time, while the use of
RTSF gave optimal results in terms of performance and overall structural benefits.

Based on the main results of this study, recommendations are made to control plastic
shrinkage in pavements. The recommendations consider not only the overall mechanical
performance of the concrete (crack initial time, crack reduction ratio) and construction method,

but also cost, speed of construction/application, and sustainable.
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Chapter 1 : Introduction

This chapter provides the motivation and introduces the aim, objectives, and the layout of this

thesis.



Chapter 1 Introduction

1.1. Introduction

Concrete is one of the most used structural materials owing to its low cost and overall good
performance and durability. However, when exposed to harsh environmental conditions,
several aspects can affect its long-term performance, and its deterioration can lead to costly
maintenance [1,2]. One of the main factors affecting concrete durability and long-term

performance is surface cracking [3].

Cracking in concrete, though unavoidable, is a universal problem [4] and considerable
research has been carried out to understand its development. The development of concrete
cracks can be attributed to structural and non-structural causes [5]. Structural cracking in
concrete usually occurs as a result of external loading and much of the existing research has
focused on examining this aspect. Non-structural cracking in concrete is mainly associated with
the nature of the mix design, casting and curing, and environmental exposure [6]. Under normal
circumstance, non-structural cracking does not lead to structural failure, but it can reduce
service life by promoting corrosion of the reinforcing steel and accelerate concrete
deteriorations [7].

Non-structural cracks can appear in concrete at both plastic and hardened state, and are
known as shrinkage cracks. When the concrete is still in its plastic state, within a few hours
from casting and before reaching the hardened state, cracks can develop at the surface of the
concrete due to plastic shrinkage caused by excessive bleeding and evaporation. Cracks that
initiate during the plastic state can progress until the final setting time and continue to develop

in the hardened state due to drying shrinkage.

1.2. Research motivation

The aim of this research work is to understand and improve the performance of fresh
concrete under different environmental conditions against non-structural plastic shrinkage
cracks, and provide a more sustainable concrete. First, an in-depth understanding needs to be
made on the mechanisms of plastic shrinkage cracking and associated phenomena. For many
decades, the use of different types of fibres in concrete has been found to provide the most
effective solution to mitigate plastic shrinkage cracks [8—12]. However, as one of the objectives
of this research is to find a potential and sustainable alternative to manufactured fibres, the
effectiveness of recycled tyre steel fibres is examined to reduce overall costs and improve the
environmental credentials of concrete. Also, as harsher environmental conditions are expected

to develop due to climate change, an investigation on the performance of concrete at its plastic

2
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state is carried out under high, mid, and low environmental conditions to assess the impact of
environmental exposure on plastic shrinkage and associated cracking. Finally, as concrete
curing can critically affect plastic shrinkage, different methods are examined and assessed in
terms of their effectiveness and sustainability credential, including time, quality, and overall

costs.

1.3. Research aim and objectives

The aim of this research is to investigate the plastic shrinkage of concrete exposed to
different environmental conditions and examine the impact of steel fibres and other curing
methods on restraining plastic shrinkage cracking.

To achieve the above aim, the following objectives are identified:

Obj1. To identify the mechanisms contributing for the development of suitable testing methods
to examine plastic shrinkage cracking.

Obj2. To examine the effects of manufactured and recycled tyre steel fibres on the performance
of concrete at the plastic state (plastic shrinkage cracking).

Obj3. To evaluate the impact of environmental conditions on early age strength evolution of
concrete containing manufactured and recycled tyre steel fibres.

Obj4. To study the effects of environmental conditions typical of Middle Eastern regions on
the plastic shrinkage behaviour of concrete.

Obj5. To study the effects of different curing methods and surface finishes on plastic shrinkage
induced cracking in concrete.

Obj6. To assess the environmental benefits and cost implications of different curing methods

and mitigation strategies to control plastic shrinkage cracking.

1.4. Research significance

This work will develop further understanding on the cracking behaviour of concrete at
the plastic state and provide key experimental data that will enable a more reliable assessment
of the effect of environmental conditions on plastic shrinkage cracking. In turn, this will enable
the development of more cost-effective and sustainable solutions to control plastic shrinkage

cracking in concrete and increase the service life of concrete structures.

Recycled tyre steel fibres (RTSF) possess excellent mechanical characteristics and
provide a valid alternative to manufactured steel fibres in structural applications. Their use in

concrete pavements can reduce the demand on natural resources, eliminate issues related to
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their disposal, and offer a promising solution for the development of more sustainable, durable

and economic concrete pavements.

1.5. Thesis layout

This thesis consists of six chapters, including an introductory section in chapter 1 and
a brief literature review of this research in chapter 2, followed by three paper-style chapters
and a concluding section with recommendations for future work. Four Appendixes are also

included the relevant experimental data.

Chapter 1 This chapter provides an introductory section including motivation, aim,

objectives, and significance of this research.

Chapter 2 This chapter provides a brief literature review of this research and

introduces the initial tests for the materials that were used in this study.

Chapter 3 Titled “Performance of Manufactured and Recycled Steel Fibres in
Restraining Concrete Plastic Shrinkage Cracks” is based on Alshammari et al. [13] published
in “Materials” and addresses Objectives 1, 2, and 3. This study evaluates the performance of
recycled tyre steel fibre (RTSF) and manufactured steel fibre (MSF) to restrain plastic
shrinkage cracks. Different doses of RTSF, and MSF were added to the concrete at 0, 10, 20,
30 kg/m? to mitigate plastic shrinkage cracking. The compressive strength was also tested at
the age of one-day, to assess the effects of environmental conditions on early hydration, and at

28 days. The influence of RTSF and MSF on workability is discussed.

Chapter 4 Titled “The Effect of Harsh Environmental Conditions on Concrete Plastic
Shrinkage Cracks: Case Study Saudi Arabia” is based on Alshammari et al. [14] published in
“Materials” and addresses Objectives 1-4. This study examines the effects of high, mid, and
low—wind speed, air temperature, and relative humidity on plastic shrinkage. Saudi Arabia
was used in a case study as a hot weather country. Three of its main cities were selected as
representative of typical environmental conditions and such conditions were replicated in the
laboratory to study their effect on plastic shrinkage induced cracking. The concrete specimens
were exposed to three different air temperatures (28 °C, 36 °C, and 45 °C and wind speeds (3
m/s, 4.7 m/s, and 7 m/s). The effect of different water to cement ratios on plastic shrinkage was

also examined.
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Chapter 5 Titled “Effect of Curing Methods on Plastic Shrinkage Cracking” is based
on Alshammari et al. [15] published in “Construction materials” and addresses Objectives 1,
2,5, and 6. This study assesses the effects of concrete curing methods to avoid or reduce plastic
shrinkage cracking in concrete. The concrete curing methods are compared in terms of
mechanical performance, sustainability, cost, and time of application. The concrete curing
methods that were used in this study included: covering the concrete with plastic sheet or wet-
hessian fabric; finishing the surface using a power float; using cold mixing water; adding three
curing concrete admixtures (Safecure Super, Safcure Super 90W-10%, and Superplastizer);

and adding 40 kg/m? of RTSF.

Chapter 6 This chapter summarizes the main conclusions form all chapters and

provides recommendations for future work.
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Chapter 2 : Literature review
This chapter provides a brief literature review of this research and introduces the initial tests

for the materials that were used in this study.

Appendix A has provided the relevant experimental data of this chapter.



Chapter 2 Literature review

2.1. Research background

2.1.1. Brief literature review on shrinkage cracks

Concrete starts changing its volume soon after casting due to many reasons. Following
vibration, the heavy aggregates tend to sink down while lighter materials, including water, tend
to rise and some water comes out of the mix on the surface as bleed water. Hydration of cement
leads to the development of chemical compounds that occupy less volume than the original
unbound materials. The surrounding environmental conditions also play a critical role as they
affect the initial and final setting of concrete. The volume change of concrete during both the
plastic and hardened stage can cause shrinkage cracking [1] and can have a significant impact
on the long-term performance and durability of structures. These surface shrinkage cracks are
usually divided into two categories (plastic, and drying) [2]. In the following sections, the
different types of shrinkage cracks that occur on the surface of the concrete are briefly

described, and a detailed explanation of the phenomena of plastic shrinkage cracks is given.
2.1.2. Plastic shrinkage

Within the first few hours from casting, and before the concrete begins the final set,
plastic shrinkage cracks may appear in fresh concrete. Plastic shrinkage cracking starts when
all the bleeding water starts to evaporate from the surface of the concrete due to the
environmental conditions [3,4]. Cracks can develop as single or multiple cracks with a length
varying between a few centimetres to a few metres (see Figure 2.1) [5]. The occurrence of
plastic shrinkage is highly likely at high temperatures and wind speed, and low humidity [6,7].
However, there are other factors that make the plastic shrinkage more likely to occur, including
high w/c ratio and high content of fine materials within the mix [8]. After final setting time,

plastic shrinkage cracks will become drying shrinkage cracks [9].
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Figure 2.1: Typical plastic shrinkage cracks [5].

2.1.3. Autogenous shrinkage

The autogenous shrinkage is known as a volume change that is a reason for self-
desiccation and chemical process of cement hydration due to the capillary pressure [10].
Autogenous shrinkage is a macroscopic reduction in length without any moisture loss to or
from the concrete [11]. The autogenous shrinkage concrete is usually caused by the use of high
binder content and low water-to-binder ratio [12]. Altoubat, and Lange [13] made a study that
discusses the water-to-binder ratio (w/b) effects in autogenous shrinkage and reported that the
autogenous shrinkage increased in concrete with the decrease of water-to-binder ratio and is
familiar to occur with less than 0.42 of water-to-binder ratio. In addition to the effects of w/b
on autogenous shrinkage, it also depends on the curing time and condition, and mixture
composition. Most early-age autogenous shrinkage can develop to a potential cracking on
concrete which reduces the durability and mechanical properties of concrete [14].

Fibres were found to resist the autogenous shrinkage on concrete at an early age and
delay the occurrence of cracking. It greatly affects the autogenous shrinkage in terms of their
size, type and content, dispersion and orientation, elastic modulus, and aspect ratio. Wu et al.
[15] investigated the effects of steel fibres (straight, corrugated, and hooked) on restrain
autogenous and drying shrinkage cracks. The volume fraction used in this study was (0%, 1%,
2%, and 3%) of steel fibres. The result showed that the use of hooked fibres was most effective
in reducing autogenous and drying shrinkage and the optimum fibre content was found at 2%
compared to the volume fraction used. Using a combination of steel and polyvinyl alcohol
fibres was found more beneficial in restraining autogenous shrinkage than the use of steel fibre

only [16,17]. Ma et al. [18] evaluated the effects of cellulose fibres by different volume on
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autogenous shrinkage. The results indicated that the cellulose fibres reduced the autogenous

shrinkage values up to 70% and 33% lower than control mix.
2.1.4. Chemical shrinkage

Chemical shrinkage is not at all related to the macroscopic volume change of cement or
concrete like autogenous shrinkage. It is produced by the reaction between un-hydrated cement
and water [11]. The chemical shrinkage was found to be affected by a low water to cement
ratio, and a high thickness of cement paste [19]. The results of early volume change of concrete
as a result of the chemical shrinkage is generally considered a reduction of durability of
concrete structures due to early age cracking [20].

Over the past decades, three measurement methods for chemical shrinkage had outlined
in the literature: dilatometry, pyconometry and gravimetry as shown in Figure 2.2 [21,22].
ASTM C1608 [23] had recommended both dilatometry and pycnometry methods as a reliable
test method to find chemical shrinkage of cementitious materials. Zhang et al. [19] compared
the two methods with a presented method of the chemical shrinkage measurement. The

improved method was much higher precision and repeatability than ASTM C 1608 methods.

Salance

Thermostated bath Sample

Dilatometry

Water level
E <+— Follow-up of the| maintained constant

Syringe

Pycnometry

water level

Sample =
= |

Figure 2.2: Principal measurement methods for chemical shrinkage of cementitious materials
[21,22]
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2.1.5. Drying shrinkage

Drying shrinkage cracks start to develop as early as the first week after casting and
continue for months and years. Most often they develop from cracks that started at the plastic
stage [24]. Relative humidity and temperature are the main factors affecting drying shrinkage
cracks. Saliba et al. [25] explained that plastic shrinkage cracks evolve into drying shrinkage
crack as the larger pores in concrete lose their internal water and dry. The internal change in
relative humidity caused by drying also contributes to accelerate the rate of cracking.
Furthermore, the properties of the concrete constituents, including cement type, aggregates,
w/c ratio, and admixtures also affect drying shrinkage [26].

Most recent studies have focused on drying shrinkage cracks and in finding solutions
to this practical problem. The use of shrinkage reducing admixtures was found to be very
effective in mitigating drying shrinkage as these successfully reduce the surface tension of
water [27]. Many studies have also examined reducing drying shrinkage by adding fibres to
the concrete. It is reported that the use of steel fibres can reduce drying shrinkage by up to 40%
[28]. Younis et al. [29] tested the effects of incorporating short and long recycled steel fibres
(with total RSF content of 60 kg/m? at contents of 30, 50 and 70%) in self-compacting concrete
on drying shrinkage. The results showed that recycled steel fibres reduced and delayed the
drying shrinkage in most of the percentages applied, but the 70% showed the best behaviour to
eliminate the cracks. Glass fibres have also been shown to be effective at mitigating drying

shrinkage cracks and reductions in crack width by up to 20-30% were shown by [30].
2.1.6. The phenomena and the mechanism of plastic shrinkage cracking

Plastic shrinkage occurs when concrete starts to lose (bleed) water from its surface due
to environmental conditions before the concrete sets. As aggregates and binders are heavier
than water, they tend to sink while some matrix with water migrates to the surface and some
of the water bleeds to the surface. The rate of bleeding depends on the water content, particle
size distribution, viscosity and rate of hydration of cement. When the surface water evaporation
rate is higher than the bleeding rate, drying begins. Boshoff and Combrinck [31] and Sayahi
etal. [32] studied the behaviour of plastic shrinkage cracks and found that the capillary pressure
develops rapidly once the drying time begins, but reduces suddenly when air enters the pores,
before initial setting time begins. When initial setting time starts, bleeding is slowed down and
can be considered to end. Soon after the initial setting time, the onset of cracking begins and
the crack width increases up to the final setting time. After the final setting time is reached,

crack growth reduces as the temperature decreases and drying slows down.
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Capillary pressure builds up as air enters the concrete from some weak points on the
surface [33], and drops when the air has penetrated the concrete. As shown in Figure 2.3, six
stages (A - F) can be identified to explain the evolution of capillary pressure inside the concrete

during plastic shrinkage cracking.

Capillary
pressure E
A

Figure 2.3: Stages during capillary pressure build-up [33].

As shown in Figure 2.3, at stage A, just after casting and bleeding starts, a thin film of
water is formed on the surface. At this point the bleeding rate is higher than the evaporation
rate. At stage B, the bleeding water accumulates on the concrete surface as the heavier
materials sink to the bottom of the concrete due to gravity. At this point the additional pressure
created by the bleeding water increases the capillary pressure. At stage C, the bleeding water
starts to evaporate and the particles are pulled close together by the water menisci. At stage D,
the capillary pressure keeps increasing until the air starts to enter the concrete (stage E). The
entry points for the air are weakened by this pressure build-up and coincide with crack openings.

At the stage (F), more air penetrates the concrete and plastic shrinkage cracks increase.
2.1.7. Influencing factors of plastic shrinkage cracking

Many factors can negatively affect the performance of freshly placed concrete during
mixing, casting, and curing. Factors such as environmental conditions, type and quantity of
constituent materials (i.e. mix design) affect directly evaporation rate and bleeding rate,

respectively, and in turn plastic shrinkage cracking [34]. According to ASTM C1579 [35] and
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Uno [36], plastic shrinkage cracking is expected to initiate when the evaporation rate exceeds
1.0 kg/m?/h.

2.1.7.1. Environmental conditions

Air and concrete temperature, relative humidity, and wind velocity are the key
parameters that affect the evaporation rate of concrete during mixing, casting and curing.
Kosmatka et al. [5] observed that plastic shrinkage cracking is more likely to occur in hot
weather concreting. ASTM C1579 [35] recommends that concrete should be appropriately
cured to avoid cracking associated with plastic shrinkage when the air temperature is higher
than (3643 °C), relative humidity higher than (3010 %), and wind velocity faster than 4.7 m/s.
Moreover, ASTM C192/C192M [37] suggests that, before mixing, the temperature of the
concrete constituent materials (cement, aggregates, and water) should be in the range of 20 to

30 °C to avoid affecting negatively the performance of the resulting concrete.

Wind speed affects the evaporation rate as the bleeding water is quickly removed from
the concrete surface [36], with higher wind speeds leading to higher evaporation rates [38].
Exposure of concrete to high ambient temperatures, which are typically associated with lower
relative humidity, results in an increase in evaporated water and can accelerate plastic
shrinkage [36], and increase the risk of plastic shrinkage cracking [39]. High ambient
temperatures also increase the temperature of concrete as they speed up concrete hydration and
affect final setting time [40]. To summarize, exposure to high ambient temperature increases

evaporation rate, which in turn accelerates the onset of plastic shrinkage cracking.
2.1.7.2. Mix design

The type and amount of the concrete constituent materials (water, cement, fine and coarse
aggregates) affect plastic shrinkage cracking as their distribution within the concrete volume

affects the resulting amount of bleeding water [41], which will eventually evaporate.

Almusallam et al. [7] examined the effect of different w/c and cement contents on plastic
shrinkage cracking and found that the total area of crack and the crack initial time increase with
increasing w/c ratio and cement contents (Figure 2.4, and Figure 2.5). This increment was

related to the higher bleeding and evaporation rates associated to the higher w/c ratios.
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Figure 2.4: Effect of w/c on time to initiation of cracks [7].
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Figure 2.5: Effect of cement content on total area of cracks [7].

The effects of aggregates on plastic shrinkage cracks were investigated by Banthia et
al. [42], who found that higher amounts of fine and coarse aggregates can mitigate plastic
shrinkage cracking. The use of higher amounts of binders (including cement, silica fume, fly
ash, and granulated blast furnace slag) decreases the bleeding rate during setting, and this can

more easily result in higher evaporation rates and thus increase the risk of plastic shrinkage
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cracks [43,44]. According to CSA A23.1 [45], appropriate measures to mitigate the occurrence
of plastic shrinkage cracking should be put in place when finer binders, like silica fume and fly

ash, are used as cement replacements and the evaporation rate is more than 0.25 kg/m?/h.
2.1.8. Plastic shrinkage testing techniques

There are different types of plastic shrinkage cracks in fresh concrete specimens. These
tests are restrained and designed in specific conditions to induce cracks in fresh concrete. The
next following sections will give explanations and examples for those tests and the test

methodology that used in this research.

2.1.8.1. Ring test

According to ASTM CI1581/C1581M [46], the ring test should be applied to the
freshly concrete. The test procedure is when the concrete has mixed and casted, it should be
compacted in a circular mould in a steel ring to the dimensions as shown in Figure 2.6. After
placing the concrete in the ring specimens should vibrate for 5 seconds and have covered with
plastic and wet burlap as recommended in ASTM C1581/C1581M [46]. The ring specimens
should be stored in a controlling environmental conditions room of 23 + 2 °C and RH of 50 +
4% as mentioned in ASTM C1581/C1581M [46]. The measurement of the cracks should take

after 6 hours of the casting and 24 hours.

Outer Ring Seal
| — Concrete Ring
Specimen T
D
L — Bolt with
eccentric
washers A —= M Non-
E 5 absorptive
IN— Steel Ring Bese
| ¢ |
Nonabsorptive
Base
PLAN VIEW
SECTIONE -E
Figure Dimensions SI Units Inch-Pound Units
A 13+ 1 mm 0.50 £ 0.05 in.
B 330 £ 3mm 13.0 £ 0.12 in.
C 405 £ 3 mm 16.0 £ 0.12 in.
D 150 £ 6 mm 6.0 £ 0.25 in.

Figure 2.6: Test specimen dimensions [46].

Ling et al. [47] carried out a restrained ring test to examine plastic shrinkage cracking
of fly ash based geopolymer pastes with and without shrinkage reducing admixture as shown

in Figure 2.7. The result found that the use of shrinkage reducing admixtures can significantly
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reduce free plastic shrinkage cracks and restrained shrinkage, distinctly delaying crack
initiation and reducing crack width. However, the appearance of the cracks could be prevented

completely.

Outer Ring Inner Ring

(a) Test set-up (b) Specimen under drying

Figure 2.7: Restrained ring shrinkage test setup [47].
2.1.8.2. Slab test

It can be noticed that the plastic shrinkage is highly expected in concrete that has a large
exposed surface area like slabs and pavements. Recently published research has developed
different types of plastic shrinkage slabs test, therefore in this section all of plastic shrinkage

slab tests will explain in detail.

Cao et al. [48] investigated the effects of expansive agents (EA), different types of
fibres, and the interaction between EA and fibre on the cracking behaviour of restrained self-
consolidating concrete (SCC). The study used a slab test which is a simulating concrete
restrained by external formwork and internal reinforcement as shown in Figure 2.8. The volume
of steel and polypropylene fibre used was 0.25, 0.50, and 0.75%, and 0.05, 0.10, and 0.15%,
respectively. After placement, each concrete slab was exposed to fan generated airflow, at
ambient temperature and relative humidity for 24 hours. The results showed that polypropylene
fibres were more effective in reducing the nominal total crack area than steel fibres.
Additionally, the combination of EA and fibres enabled SCC to present good early-age

cracking resistance.
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Figure 2.8: Steel slab mould [48]

Banthia et al. [49] made a study in concrete slabs to restrain plastic shrinkage cracks in
fresh concrete. The study had used substrate bases with dimensions of 40x95x325 mm as
shown in Figure 2.9. To restrain plastic shrinkage cracks, a 10 mm rebar and polypropylene
fibres have used as reinforcement in the substrate bases. After concrete has been casted, the
substrate bases had covered with a plastic sheet and stored in an attempt environmental room
for 24 hours. Then, the substrate bases should transfer to a tank of lime-saturated water until
used in the tests. For cracks measurement, a high magnification microscope was used to find
the locations and average of crack length and width. In general, the results indicated that
polypropylene fibres for both lengths had affected in controlling plastic shrinkage cracks.
Specifically, the finer and larger fibres were most effective to hide cracks at the concrete more

than coarser and shorter fibres.
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Figure 2.9: A substrate base with protuberances [49].

Naaman et al. [50] had provided a method to restrain plastic shrinkage cracks in slab
which is a substrate into methylmethacrylate mould of dimensions of 38.1%76.2x1016 mm as
shown in Figure 2.10. Four types of fibre had investigated (polypropylene, polyvinyl alcohol,
high-density polyethylene, and carbon) with volume fractions varied from 0.05 to 0.4%. By
using handheld microscope, and a magnifying glass, the crack width and length were measured
every 30 minutes since casted in the first 4 hours of the test. Then, the crack was measured
every hour in the last 4 hours of the test. The typical time of the test was 8 hours, and then slabs
were covered and measured again at 24 hours by using a microscope. The results showed that
the cracks were almost stabilised at the second 4 hours of the test. In addition, both fibres used
in the study have provided positive effects to control of plastic shrinkage cracking and the

micro fibre were most effective to reduce cracks at the surface of the concrete.
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Figure 2.10: Schematic of plastic shrinkage cracking test setup: a) side view; b) top view; and
c) concrete substrate geometry [50].

Another method of testing plastic shrinkage is based on ASTM C1579 [35], which
suggested monitoring early-age concrete cracking or plastic shrinkage cracking during 6 hours
after casting. This method had become popular in recent years [1,31,51-53]. With this method,
most researchers found that plastic shrinkage cracks appeared in the second hour of testing
which roughly corresponds to the initial concrete setting time. There is also a general agreement
on the importance of controlling air and concrete temperature, wind speed, and relative
humidity, which are the key factors governing the appearance of cracks. Therefore, in this

research will used this method to restrain plastic shrinkage cracks with different parameters.

The plastic shrinkage tests were carried out based on ASTM C1579 [35], as shown in
Figure 2.11, and Figure 2.12. A heater and relative humidity controller turned on for two hours
before the test to achieve the desired environmental conditions. The test lasted for a total of six
hours. Each half hour, the water loss recorded to calculate evaporation rate. The environmental
conditions inside the rig recorded every hour to determine changes in air and concrete

temperature, fan speed, and relative humidity over time. The environmental conditions of the
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test to pre-heat and stabilise to the desired temperature (3643 °C), relative humidity (30+10%)
and wind speed more than 4.7 m/s as recommended in ASTM C1579 [35].
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Figure 2.11: Schematic of the chamber as suggested by the [35].
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Figure 2.12: Left and right path in the chamber [35].
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2.2. Materials properties

2.2.1. Cement
The cement that used in this study was a commercially available CEM 11-42.5 which was

used as binder. This types of cement contains around 10-15% of limestone in compliance with

BS EN 197-1 [54] as shown in Table 2.1.

Table 2.1: Oxide and phase contents composition of CEM 11-42.5 (% wt) [54].

Oxide formula Weight Oxide formula Weight
content, % content, %
Si02 18.40 SO;3 3.10
AlLO; 5.40 Zn0O 0.19
Fe20s 2.80 RbO 0.02
CaO 62.00 SrO 0.08
MgO 1.40 Nb,Os 0.01
TiO2 0.19 BaO 0.05
MnO 0.03 PbO 0.09
K>O 1.10 Si02 2.73
Na,O 0.20 P20s 0.29
Cr 03 0.13 LOI 7.00
2.2.2. Water

The mixing water was from tap water in the lab. The temperature of the mixing water
was controlled at 20 °C in a day before mixing concrete in normal lab temperature (20+2 °C)

as recommended in [35,37].

2.2.3. Aggregates
2.2.3.1. Fine aggregates

The fine aggregate that use in this study was a natural river sand and was tested in the
lab in order of total evaporable moisture content of aggregate by drying as mentioned in ASTM
C566 [55], and relative density (specific gravity oven dry (SGop), specific gravity saturated
surface dry (SGssp), apparent specific gravity (ASG), and absorption) as recommended in
ASTM CI127-15 [56]. The fine aggregate are weighed and stored in standard laboratory
conditions (20+2°C) a day before mixing concrete. According to BS EN 933-1 [57] and ASTM
D6913 [58], a sieve analysis is made to calculate the particle size of fine aggregate as shown

in Figure 2.13.
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Figure 2.13: Particle size of fine aggregates with limitations

2.2.3.2. Coarse aggregates

Two types of coarse aggregate that were used in this study are 10 mm and 14 mm size.
Both coarse aggregates are natural river round gravel. The 14 mm was sieved and washed in
the lab from 20 mm coarse aggregate size. All of coarse aggregates properties were tested in
the lab as recommended in [55,56]. Both of the coarse aggregates were weighed and stored in
a standard laboratory conditions (20+2 °C) a day before mixing concrete. According to BS EN
933-1 [57] and ASTM D6913 [58], a sieve analysis was made to calculate the particle size of

10 and 20 mm aggregates as shown in Figure 2.14, and Figure 2.15, respectively.
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Figure 2.15: Particle size of 20 mm aggregates with limitations

The type/source of aggregates was a river aggregates that were washed and supplied from

the Trent Valley. All of the aggregates that were used in this study were tested to find the

relative density. First, the aggregates were weighted to find (natural weight before test start

(Wanr), and saturated in water for 24 hours as shown in Figure 2.16, and Figure 2.17. Then,

the fine aggregate was dried by using a hairdryer and tested in the core test by tamping the fine

aggregates until a successful failure core to find saturated surface dry weight (Wssp) of fine
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aggregates as shown in Figure 2.18. On the other hand, the coarse aggregates were dried by
towel many times and weighted to find saturated surface dry weight (Wssp) of coarse
aggregates (see Figure 2.19, and Figure 2.20). After that the aggregates were stored in the water
and found aggregates weight in the water (Win water). Finally, the aggregates were stored in
the oven for 24 hours to find the oven dry weight to find oven dry weight (Wpry) as shown in

Figure 2.21.

After all the aggregates weight had taken, the equations (Eq.1-5), were used to find the
moisture and relative density of the aggregates as shown in Table 2.2. The aggregates were
tested in the lab in order of total evaporable moisture content of aggregate by drying as
recommended in ASTM C566 [55], and relative density (specific gravity oven dry (SGop),
specific gravity saturated surface dry (SGssp), apparent specific gravity (ASG)) and absorption
were also determined, as recommended in ASTM C127-15 [56].

1. Total evaporable moisture content of aggregate by drying

W..—W,
Moisture% = MxlOO ........................................... (Eq.1)

DRY
2. Relative density (specific gravity) oven dry

WDRY
(WSS - WIN WATER )

SG,p =

3. Relative density (specific gravity) saturated surface dry
WSSD

SGsp = (

WSS - WIN WATER

4. Apparent relative density (apparent specific gravity)
WDRY

ASG =
(

DRY — WIN WATER )

5. Absorption percentage of aggregate
W =W,
Absorption%o = (SSD—DRY)xIOO ........................................... (Eq.5)

DRY
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Figure 2.17: Fine aggrégates weight in the water

27



Chapter 2 Literature review

L

Figure 2.19: Dry the ;:oarse aggregates 10 mm size by towel
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Figure 2.20: Dry the coarse aggregates 20 mm size in the oven
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Table 2.2: Physical properties of fine and coarse aggregates.

Literature review

Bulk Fine Coarse Aggregates | Coarse Aggregates
Density of Aggregates Size 10 mm Size 20 mm
Aggregate
Moisture % 2.58 0.83 0.24

SGop 3.18 2.50 2.60

SGssp 3.21 2.50 2.60

ASG 3.30 2.58 2.66

Absorption% 1.23 0.91 0.58

2.2.4. Admixture

2.2.4.1. High-range Water Reducing Admixture — Sika ViscoCrete Summary Data Sheet

A Superplasticiser that used in this study which is a Sika ViscoCrete 30HE and was

provided by TWINCON Ltd that was supplied some of the materials of this research project.

The aim of adding Superplasticiser is to maintain the workability of the concrete when the

fibres were added. The product description, characteristics, and advantages are shown in the

data sheet in Appendix A as received by the supplier.
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Abstract:

Early-age plastic shrinkage cracks can reduce the durability of concrete slabs by creating direct
paths for the ingress of aggressive agents and thus accelerating degradation due to
environmental attack, in particular, in hot and windy environments. The elimination of such
cracks is essential for durable and sustainable concrete structures. This paper parametrically
investigates the effect of manufactured steel fibres (MSF) and recycled tyre steel fibres (RTSF)
on restraining plastic shrinkage at different dosages (10, 20, and 30 kg/m?). The plastic
shrinkage tests were carried out in a specially designed chamber, according to ASTM C1579.
Various environmental conditions are examined, and their impact on compressive strength and
crack potential is assessed. A digital image analysis technique is used to measure length, width,
and the area of the crack on the exposed surface to gain additional insights into crack behaviour.
The results show a slight early-age (one-day) increase in compressive strength of RTSF and
MSF for the concrete exposed to the various environmental conditions, mostly as a result of
higher temperatures. Through the use of the crack reduction ratio (CRR), both RTSF and MSF
are shown to be successful in controlling plastic shrinkage, with the RTSF being superior due
to the fact that they are better distributed in the concrete volume. The addition of 30 kg/m? of
RTSF was effective in preventing crack development in most environments or restraining
cracks in extremely harsh environments. The adoption of these results will lead to more
sustainable concrete slabs in the harsher environmental conditions created by climate change.

Appendix B has provided the relevant experimental data of this chapter.
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3.1. Introduction

Early-age cracking due to autogenous and plastic shrinkage is a key issue that affects
concrete durability and reduces the lifespan of concrete structures. It is estimated that plastic
shrinkage cracking is the source of roughly 80% of the early-age cracking in reinforced
concrete structures [1,2]. Though plastic shrinkage cracks affect most structural members, they
are more likely to occur in large surface area structures, such as slabs and pavements, and also

walls [3].

Plastic shrinkage cracks are the result of volume changes that occur during the plastic
stage, i.e., before the concrete hardens. These include air void expulsion and aggregate plastic
settlement, as well as the bleeding and evaporation of water [4]. As the layer of bleeding water
at the surface of concrete evaporates, water menisci develop between solid particles, causing
the initiation of capillary pressure build-up. This capillary pressure has a limit and when this is
reached, cracks develop [5]. Depending on the initial water content and the rate of evaporation,
these cracks can be extensive and penetrate deep into the concrete surface. Cracks that initiate
during the plastic state can progress until the final setting time and subsequently become drying
shrinkage cracks [6—9]. Cracks facilitate the ingress of chemicals into concrete and accelerate
concrete deterioration [10]. It is well accepted that such concrete cracks should be controlled

and/or avoided.

Plastic shrinkage cracks occur due to rapid evaporation; hence, they are a direct
consequence of environmental conditions, such as elevated temperature, low relative humidity,
solar radiation, and exposure to high wind flows [11-14]. Such environments are encountered
more often as a result of climate change and also as a result of population expansion and

consequent exposure to more hostile environments, especially in dry/arid regions [15].
3.1.1. Plastic Shrinkage Phenomenon

Plastic shrinkage cracking is expected to develop when the evaporation rate is greater than
1.0 kg/m?/h, which is most likely to occur in hot weather concreting in arid climates [16]. Kwak
and Ha [17] investigated the relationship between bleeding and evaporation rate. Figure 3.1
shows a typical evolution of evaporation and bleeding rate and the likely period of plastic

shrinkage.
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Figure 3.1: Evaporation and bleeding of concrete [17].

Soon after casting and during the initial setting time (2—4 h) (see Figure 3.1), the denser
solid constituent materials tend to sink and can become unable to hold onto excess mixing
water. This water migrates towards the surface and some bleeds out of the mix onto the surface
[18]. The rate of bleeding depends on the water content, particle size distribution, viscosity,

and rate of hydration of cement.

After the initial setting time, the rate of bleeding water stabilises and then ceases. During
the final set (4—8 h), the hydration of cement causes the surface temperature to increase, and,
as a result, the evaporation rate can exceed the bleeding rate. A high rate of evaporation, also
aggravated by dry conditions and wind, can lead to plastic shrinkage cracking before the final

set ends [19].

Boshoff and Combrinck [20] and Sayahi et al. [21] studied the behaviour of plastic
shrinkage cracks and found that the capillary pressure develops rapidly once drying begins but
reduces suddenly when air enters into the pores, before the initial setting time begins. The
development of capillary pressure is shown schematically in Figure 3.2 together with the
typical phenomenological behaviour of plastic shrinkage [20]. When initial setting time (Tis)
starts, bleeding is slowed down and can be considered to end by the final setting time (Trs).
Soon after the initial setting time, the onset of cracking (Tco) begins, and the crack width
increases up to the final setting time. When the final setting time is reached, the crack growth
reduces. This subsequent crack growth is the result of temperature, autogenous shrinkage, and

drying shrinkage.
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Figure 3.2: Typical behaviour of plastic shrinkage cracking [20].
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3.1.2. Use of Fibres to Mitigate Shrinkage-Induced Cracking

Most recent research on plastic shrinkage cracks focuses on performance and durability
enhancement of concrete as a material [22—-24] and attempts to find solutions to avoid cracks
or at least reduce their appearance. One of the most effective solutions to mitigate the shrinkage
phenomenon is the use of different types of fibres in concrete, including steel, glass, polymer,

and natural fibres.

Lee and Won [25] evaluated the effect of adding nano-synthetic fibres and hooked-end-
type steel fibres (MSF) to concrete at volume fractions of 0.26%. The results showed that nano-
synthetic fibres performed better than MSF to reduce crack width by about 36% but were not
able to prevent the development of surface cracking. Mazzoli et al. [26] compared the ability
of four types of fibres, including polypropylene (with three different lengths), polyvinyl
alcohol, polyethylene, and steel (hooked ended), to control early-age shrinkage cracking
(plastic and autogenous). The study concluded that polypropylene and polyethylene macro
fibres were more effective at reducing the total crack area than MSF. Sivakumar and
Santhanam [27] examined different combinations of fibres, such as MSF, polyester,
polypropylene, and glass, and concluded that the combinations of MSF and polyester fibres
had the best performance in controlling concrete plastic shrinkage cracking. This can be
attributed to the fact that polymer fibres tend to have a smaller diameter and, as such, are better

distributed.

Booya et al. [2] examined the effects of Kraft pulp fibres on plastic shrinkage cracking and
found that these fibres are highly effective in controlling plastic shrinkage cracks. The use of

natural fibres, such as flax and hemp, to restrain plastic shrinkage cracks in concrete and mortar
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also compared well with polypropylene fibres [28]. Many other studies investigated different
types of natural fibres to reduce plastic shrinkage cracks in concrete. Wang et al. [4], Balaguru
[29], Soroushian and Ravanbakhsh [30], and Booya et al. [2] used natural cellulose fibres and
found that they can reduce plastic crack widths but do not prevent concrete from cracking due
to the high water absorption of the fibres compared to other types of fibres. Other studies
examined the effects of sisal and coconut fibres to restrain plastic shrinkage cracks, and the
results showed that sisal and coconut fibres can positively help reduce crack widths, but high
volume fractions are needed to control plastic shrinkage cracks [31-33]. Nevertheless, natural
fibres tend to reduce concrete strength, as well as increase permeability, and hence have limited
general practical use in structural concrete. Hence, more robust and sustainable solutions are

required.

For example, Karalar et al. [34] conducted a study that investigated the use of waste lathe
scraps in reinforced concrete beams. The results showed that the addition of steel waste lathe
scraps increased the compressive strength of the resulting concrete by up to 32.5% when a fibre
volume of 3% was used and improved the beam’s mechanical performance. Moreover, Ali et
al. [35] examined the effects of lathe waste scrap on both fresh and hardened properties of
fibre-reinforced concrete and observed that while an increase in compressive and tensile

strength can be observed at increasing fibre volume, workability is negatively affected.

With around 1.5 billion tyres worldwide being discarded every year, each containing about
10% of highly engineered steel cord as reinforcement [36], various research groups have
focused on examining the suitability of recycled tyre steel fibres (RTSF) as a more sustainable
alternative to manufactured steel fibres (MSF) [37,38]. Recent findings have shown that when
steel cords are extracted from tyres, mainly via mechanical shredding, they can be further
processed to remove impurities and long lengths, which can cause balling, and turned into

effective fibre reinforcement [39—43].

RTSF are typically characterised by a range of lengths and a smaller diameter than
conventional MSF and may offer a more holistic shrinkage crack control (from plastic to drying
shrinkage cracking), as well as structural reinforcement benefits. Su et al. [44] tested the
mechanical and drying shrinkage properties of mortars, including plastic rubber (PR) (2%, 5%,
7.5%, and 10% by volume) and RTSF at a constant volume fraction of 0.2%. The results
showed that the addition of RTSF and PR had increased the compressive strength up to 14—
27% and reduced the drying shrinkage crack lengths by about 25% at 7 days curing. Jafarifar
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et al. [45] studied the impact of adding RTSF (around 2.5% by weight) on the drying shrinkage
of concrete pavements and found that the RTSF had the ability to control drying shrinkage
compared to plain concrete. Graeff et al. [46] also found that the RTSF help in freeze—thaw,
corrosion, and fatigue resistance. Al-musawi et al. [47] examined the effects of clean RTSF on
the drying shrinkage of concrete made with different types of cement (CSA—calcium
sulfoaluminate cement and RSC—calcium aluminate cement). The study showed that the
inclusion of RTSF reduced the drying shrinkage strains by approximately 12%. Zhong and
Zhang [48] examined the properties of concrete reinforced with three types of fibre, (i)
manufactured steel fibre (MSF), (ii) recycled tyre steel fibre (RTSF), and (iii) polypropylene
fibre (PPF). Surprisingly, the results showed that the fibres used did not significantly improve
the mechanical properties in terms of compressive, splitting tensile, and flexural strengths
compared to plain concrete. Nonetheless, the addition of RTSF had less impact on the
workability of concrete than MSF and PPF and controlled drying shrinkage to a higher degree.
Hence, although there is some uncertainty as to the effect of fibres on the overall performance
of concrete, RTSF show real promise in enhancing shrinkage performance and thus warrants

further studies.
3.1.3. Restrained Plastic Shrinkage Testing Techniques

As for all shrinkage cracks, plastic shrinkage cracks appear on the surface of the concrete
as a result of external restraint. Hence, in plastic shrinkage tests, there is an attempt to amplify
restraint, so as to accelerate cracking. Four main plastic shrinkage test techniques are used to

evaluate plastic shrinkage cracks: ring, longitudinal, slab, and substrate restraint.

Bjontegaard and Sellevold [49] adopted the ring test to restrain plastic shrinkage cracks in
concrete. Concrete was placed between two concentric steel rings to a depth of 45-50 mm. The
rings rest on a rigid plate and have 12 rigid ribs to restrain plastic shrinkage. The wind speed
was controlled above the concrete specimens to achieve faster than normal drying time. The
plastic shrinkage cracks occurred around the ribs. Ling et al. [50] used this arrangement in a

more recent study and found that the ring test achieved high levels of plastic shrinkage cracks.

A test method relying on prisms with a size of 40 % 40 x 500 mm (longitudinal test) was
first proposed in [51]. The arrangement utilises two bars at the two ends of the beams to restrain
plastic shrinkage cracks. The test was further developed by Mora-Ruacho et al. [52] using
larger specimens (150 % 150 x 600 mm) and including a riser in the centre of the specimen to

increase plastic shrinkage cracking potential and localise the cracks above the riser. These types
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of arrangements eventually led to slab tests and substrate restraint tests that are more
representative of real slabs, such as the test adopted here, as recommended in ASTM C1579
[53] and described in detail in the following section. The careful control of environmental

conditions is also key for such tests [54,55].
3.1.4. Measurements

Tracking plastic shrinkage cracks is challenging due to the random initiation time, location
of crack, and irregular crack shape, which renders conventional strain measurements
inadequate. Therefore, dynamic manual and image-based techniques are necessary. Manual
methods include the use of microscopes and crack magnifiers to measure the crack width and
length. It is accepted that it is necessary to obtain the measurements at more than one point and
utilise the average of the measurements [3,55—-57]. The advantages of these methods are that
they are relatively simple and can be applied easily on site. On the other hand, these methods
have been criticised due to the need for human judgement and are more prone to errors

compared to other measurement techniques.

Image-based techniques include digital image correlation (DIC) and digital image
processing (DIP). Those methods utilise high-resolution cameras that capture images of the
entire concrete surface and these images are subsequently processed by specially developed
algorithms. These methods can track the crack width, length, and area at the surface of the
concrete from the time of casting to the end of the test. Recently, DIC has been used extensively
in studies monitoring cracks on hardened concrete surfaces [36,58]. In this study, a digital

image processing method will be used to measure the crack width, length, and area.
3.1.5. Significance of Research

This paper aims to examine the impact of RTSF on plastic shrinkage cracking of concrete.
A direct comparison is made with MSF and the impact of fibre distribution on crack initiation
and development is investigated. Crack measurements are obtained through the
implementation of a digital image processing method, in an attempt to have a more in-depth
understanding of crack development and remove subjectivity. The use of finer structural fibres

may lead to more sustainable and durable steel-fibre-reinforced concrete (SFRC) structures.

44



Chapter 3 Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

3.2. Experimental Program

3.2.1. Materials
3.2.1.1. Manufactured Steel Fibre (MSF)

In this study, hooked-end fibres (Figure 3.3) were selected as they are cost-effective and
are commonly used in large flat-slab construction. The fibres have a length of 50 mm and a

diameter of 1.0 mm, and a nominal tensile strength of 1150 MPa.
3.2.1.2. Recycled Tyre Steel Fibres (RTSF)

In this study, specially processed recycled tyre steel fibres (RTSF), as shown in Figure 3.3,
were used in different amounts to assess their performance in controlling plastic shrinkage. The
mechanical and physical characteristics of these fibres were obtained by testing more than 100
samples of individual RTSF (see Figure 3.4). The fibres were tested in tension according to
ISO 6892-1 [59] using an electromechanical universal testing machine and specially modified
capstan grips, as shown in Figure 3.5. The average value of the mechanical strength was
determined, considering the mechanical performance of the samples that failed within the free
length only. Results from samples that failed prematurely at the grips were rejected. The range
of fibre lengths used in the experiment was determined by an automated optical method [60]

and is shown in Figure 3.6.

The diameter was measured at 3 points along the fibre length. The average diameter was
found to be 0.35 mm (SD = 0.036 mm), with measurements ranging between 0.32 and 0.41
mm (see Figure 3.4b). The average tensile strength was 2380 MPa (SD = 166 MPa), as shown
in Figure 3.4c. Some fibres exceeded 3000 MPa, which shows that the original cord is of
extremely high quality. Nonetheless, the mechanical shredding process used to extract the
fibres causes damage, and some fibres fall below 1000 MPa. However, this loss of strength is
unlikely to have any impact on plastic shrinkage cracking control as very little stress develops

in the fibres at that stage.
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(a) RTSF
(b) MSF

Figure 3.3 : Appearance of (a) RTSF and (b) MSF.
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Figure 3.5: Set-up for tensile testing of RTSF.
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3.2.2. Mix Design

The mix design used in this experimental study is shown in Table 3.1 and was similar to
that used in previous research projects [61]. A cement content of 335 kg/m? was selected, as

this increases the likelihood of plastic shrinkage cracking.

Natural river sand and gravel were used as fine and coarse aggregates, and their total
evaporable moisture content was determined by drying, as per [62]. The relative density
(specific gravity oven dry (SGop), specific gravity saturated surface dry (SGssp), apparent
specific gravity (ASG)) and absorption were also determined, as recommended in ASTM
C127-15 [63]. All the properties of fine and coarse aggregates are shown in Table 3.2. The fine
and coarse aggregates were weighed and stored in standard laboratory conditions at 20 + 2 °C

a day before mixing the concrete.

MSF and RTSF were used in different amounts, 0 kg (Vi = 0% —control samples), 10 kg
(Ve=0.13%), 20 kg (Vi = 0.26%), and 30 kg (V¢= 0.38% —typical for slabs on grade) per m*
of concrete, to examine their impact on plastic shrinkage cracks.

Table 3.1 Concrete mix proportions.

Material Quantity
Cement (CEMII 42.5) 335 kg/m?
Fine Aggregate (dry) 847 ke/m?

(river round sand)
Gravel 10 mm (dry)

3
(river round gravel) 491 kg/m

G‘ravel 14 mm (dry) 532 kg/m’

(river round gravel)

Water 185 kg/m?

Superplasticiser 3

(Sika ViscoCrete 30HE) 1.5 It/m

MSF 10 kg/m?3, 20 kg/m?, and 30 kg/m?
RTSF 10 kg/m?, 20 kg/m?, and 30 kg/m?

Table 3.2 Physical properties of fine and coarse aggregates.
Bulk

. ine Coarse Aggregates Coarse Aggregates
Density 0 Aggregates Size 10 m%ng ) Size 20 m%ng )
Aggregate
Moisture % 2.58 0.83 0.24
SGop 3.18 2.50 2.60
SGssp 3.21 2.50 2.60
ASG 3.30 2.58 2.66
Absorption% 1.23 091 0.58

Note: SGop = specific gravity oven dry; SGssp = specific gravity saturated surface dry, ASG
= apparent specific gravity.
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3.2.3. Mixing and Casting Procedure

A pan mixer was used for all mixes and the following mixing/casting procedure was

adopted:

1. Materials were weighted according to ASTM C192/C192M [64].

2. Cement and aggregates were dry mixed for 1 min, after which water was added.

3. Mixing continued for 3 min, after which half of the mix was removed to cast the first

plastic shrinkage mould (according to ASTM C1579 [53], see next section) and four 100 mm
cubes (to measure compressive strength).
4. The MSF and RTSF were then added and mixing continued for an additional 3 min.

5. The second plastic shrinkage mould was then filled, and four 100 mm cubes were cast.

According to ASTM C1579 [53], the concrete was cast in one layer, followed by a 30 s
vibration on a vibrating table. The top surface of the specimen was then screeded three times

in the direction perpendicular to the stress riser.

3.3. Methodology
3.3.1. Workability

A slump test was carried out in accordance with ASTM C143/C143M [65] to ensure
adequate workability after the addition of fibre, with a target of slump of 100 + 10 mm.

3.3.2. Compressive Strength

The compressive strength of the mixes was obtained in accordance with BS EN, 12390-3
[66] from tests on 100 mm cubes in a servo hydraulic universal testing machine. Two cubes
were tested on day 1 to observe the effects of the environmental conditions (air temperature,
relative humidity, and airflow) on early-age strength, whilst the other two cubes after exposed
to environmental conditions inside and outside the chamber for six hours, it were stored under

standard laboratory conditions (20+2°C) and tested after 28 days of curing.
3.3.3. Evaporation Rate

To quantify the base water evaporation rate in the chamber, two aluminium pans were
filled with water and were placed next to each slab specimen. The exposed water surface area
of each pan was 0.019 m?. The evaporation rate at each time interval was determined by

(Equation (1)) ASTM C1579 [53]; the mass loss was divided by the surface area of the water
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and the time interval between successive weighings. The average evaporation rate should

exceed 1.0 kg/m?/h; otherwise, the test is rejected [53].

. M2-M1 1
" water surface area of the pan x(T2-T1) ( )

Where E: Evaporation rate, kg/m?/h; M2-M]1: the mass loss between successive weighings, g;

and 72-T1: the time interval between successive weighings, h.
3.3.4. Plastic Shrinkage Test

Figure 3.7 and Figure 3.8 diagrammatically show the chamber ASTM C1579 [53] used to
evaluate the performance of different types of fibres in controlling plastic shrinkage cracking.
According to ASTM C1579 [53], two comparative specimens were placed in an environmental
chamber immediately after casting. The chamber was controlled in terms of air temperature,
relative humidity, and airflow. In addition to the specimens, two water pans and two concrete
cubes (100 mm) were placed inside the chamber to measure water evaporation and compressive

strength of concrete, respectively.

sensor

De-Humidifier

Figure 3.7: Schematic section of the chamber.

Airflow divider

Fan air ﬂow<’\ /'» Fan air flow

Plastic shrinkage slab Plastic shrinkage slab

Figure 3.8: Schematic plan of the contents of the chamber.
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The plastic shrinkage tests were designed to give a comparative analysis of crack
behaviour (width, length, and area) between two slabs in the same environmental conditions.
The specimens were rectangular with dimensions of 560 mm in length, 355 mm in width, and
100 mm in depth. A tall triangular stress riser was fixed at the middle of the mould’s steel base
to induce cracking, and two shorter triangular internal restraints were fixed close to the sides
of the mould (Figure 3.9) on either side. Both stress risers and internal restraints were made of
solid steel. The side and the base of the moulds were made from 20 mm thick steel plates

(Figure 3.10).

V

Stress riser

—> 25 +1 mm
Y
—> 12.5 1 mm
—_ 63.5 1 mm
{>_ T 32+1mm A <
Internal restraintsj I Internal restraints
«——— 280 x5 mm
560 £10 mm >

Figure 3.9: Geometry of the stress riser and internal restraints [53].

Figure 3.10: The complete mould.

The chamber was turned on two hours prior to the start of the test to pre-heat and stabilise
the environment to the desired temperature (36 + 3 °C) and relative humidity (30 = 10%), as
recommended by [53]. Immediately after casting, the moulds and cubes were placed inside the

chamber.

Records of the water mass loss and water evaporation rate were taken every 30 min,
according to ASTM CI1579 [53]. The evaporation rate was recorded by removing the

monitoring pan from the air stream, weighing it, and returning it to the air stream within 15 s,
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as recommended in [53]. In addition, the air temperature and relative humidity were recorded
every hour, as recommended in [53]. These should be in the range of 36 + 3 °C and 30 + 10%,
respectively. It should be noted that the wind velocity must be sufficient to maintain the
minimum evaporation rate during the test. The wind speed, as recommended in ASTM C1579
[53], should be more than 4.7 m/s over the entire test panel’s surface area. A typical test lasts
six hours, after which the fans, heater, and dehumidifier are turned off, the samples covered
with plastic sheeting, and the doors of the environmental chamber left open to stabilise to

normal lab environmental conditions. Figure 3.11 shows a photo of specimens in the chamber.

ISFRC Slab'

i .@lnd speed\ e \
Water pan/ \sensor / / =
5

/

( PCSlab )

fﬁp. and relative
_humidity sensor

e e o 5557

Figure 3.11: Set-up for plastic shrinkage test.

3.3.4.1. Measurements

Measurements of the plastic shrinkage cracks (length, width, and area) were carried out
using a digital image processing method, whereby a camera is placed above the samples during
the test to capture images of the samples at different times. The images were then analysed
using a digital imaging processing script written in MATLAB. The MATLAB script was
written and developed by [67]. The script converts the original images to greyscale (see Figure
3.12a, b). The greyscale image is then converted to a binary image (see Figure 3.12c) and
cleaned of spurious black pixels (see Figure 3.12d). This allows the pixels forming the crack

to be counted and the average crack width to be determined.
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a. Originalimage b, Grayscale image c. Binary Image d. Cleaned Image

18

Figure 3.12: Image processing steps.

At 24 h, measurements of crack width were obtained by using both digital image analysis,
as explained above, and an optical micrometre at more than 25 locations along the crack length
to calculate the average of crack width. These measurements were made for comparison

purposes between the two methods.

The average plastic shrinkage crack width is used to calculate the crack reduction ratio
(CRR) at 6 and 24 h from the start of the test and uses the following equation, as recommended
in [53]:

Average Crack Width of Fibre Reinforced Concrete Mixture

CRR = |1 | x100% (2)

Average Crack Width of Fibre Control Concrete Mixture

3.4. Experimental Results and Discussion

3.4.1. Workability

The concrete workability is affected by various factors. It was observed that the addition
of RTSF and MSF lead to a reduction in the slump of concrete compared with plain concrete,

as shown in Figure 3.13. This reduction increases with increasing fibre dosage. The RTSF
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reduced the workability by 20%, 32%, and 45% for doses of 10 kg/m?, 20 kg/m?, and 30 kg/m?,
respectively. The corresponding reductions in workability were less when using MSF and were
equal to 13%, 25%, and 36%. This is because the number of RTSF fibres is much higher for a
single fibre volume compared to MSF, and this also increases the shear resistance of fresh

concrete making it harder to flow [68]. These results agree well with published research on

RTSF by [26,69].

150

——RTSF
——MSF

140

-
w
o

Slump (mm)
3
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100 [
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0 10 20 30
Fibre (kg/m?®)

Figure 3.13: Effect of fibre type and dosage on slump of concrete.

3.4.2. Compressive Strength

The compressive strength of control specimens (plain concrete-PC) and steel-fibre-
reinforced concrete (RTSF and MSF) at 1 day and 28 days, measured on cubes that were
conditioned inside and outside the chamber, are shown in Figure 3.14, along with the

corresponding normalized ratios.

As expected, given the work of [70-72], the addition of MSF and RTSF results in only
marginal increases in compressive strength, which is seen to increase with fibre content in line
with other studies [73—75]. Zeybek et al. [76] examined the influence of steel fibres extracted
from waste tyres on concrete performance and observed an increase in compressive strength
between 17%, 30%, and 46% when adding a volume of fibres from 1%, 2%, and 3%,

respectively.

However, the one-day compressive strength after exposure in the chamber for 6 h is around

10% higher than for cubes that were kept outside the chamber (see Figure 3.14a, c). Dzaye et
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al. [77] attributes this increase to the higher temperature inside the chamber, which speeds up

the hydration reaction. The impact of this early increase in strength is no longer significant

after 28 days (see Figure 3.14b, d).

Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks
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Figure 3.14: Compressive strength and normalized ratio of PC and FRC at 1 day (a, ¢) and 28
days (b, d) for cubes inside (In) and outside (Out) the chamber.

3.4.3. Evaporation Rate

3.4.3.1. Environmental Conditions

The evaporation rate is accepted as one of the main factors that influence the likelihood of
plastic shrinkage cracking. When the evaporation rate increases, the crack area and width
increases [50,78]. In this study, an attempt was made to expose all test specimens to identical
environmental conditions, but the initial temperature is hard to control precisely due to daily
variations in temperatures (15 + 2 °C). Wind speed and relative humidity were controlled, as
recommended in ASTM C1579 [53] at 30 + 10%, and 5 m/s, respectively, as shown in Figure
3.15. The high drop of relative humidity from 40% to 20% during the test was due to the

increase in the air temperature from 28 + 2 °C to the end of the test at 36 + 2 °C.
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Figure 3.15: Environmental conditions for all mixes.

3.4.3.2. Bleeding and Evaporation Rates

Figure 3.16 a—f show the effect of environmental conditions on the evaporation rate of
bleed water. All water pan evaporation rates exceed the minimum of 1.0 kg/m?/h required by

ASTM C1579 [53].

The evaporation rate of all mixes increases roughly in a similar manner, irrespective of
fibre amount and type. The increase in the evaporation rate is consistent with the increase in
temperature during the test. Initially, the evaporation rate is more or less constant, but after two
to three hours of the test, the evaporation rate increases slightly. This could indicate an increase
in bleed water, but this is unlikely as cracks also appear at this stage, which means that this is
likely due to increased surface temperature due to hydration. The development of cracks means
that by now the bleeding rate has slowed down or stopped, which is in agreement with other

works [79,80].
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Figure 3.16: Evaporation rate of the various mixes compared to PC: (a) RTSFC10; (b)
MSFC10; (c) RTSFC20; (d) MSFC20; (e) RTSFC30; (f) MSFC30.

3.4.4. Plastic Shrinkage Test Results
3.4.4.1. Study of Cracks on Concrete Surface Using Digital Image Analysis

A digital image analysis technique was used to evaluate the evolution of plastic shrinkage
cracking during the test. Photos of the concrete surface were taken every 10 min until the cracks
first appeared (about two to three hours), and every 30 min thereafter until the end of the test
(six hours). Photos were also taken at 24 h, as recommended in [53]. All photos were processed
to determine the cracks, as described in Section 3.3.4.1. The evolution of crack width for all

specimens is shown in Figure 3.17.

Most cracks appear after 2 h, corresponding to the initial setting time, while they show a
fast evolution (width) during the first two to three hours after initiation and tend to stabilise

towards the end of the test when the concrete is reaching or has reached its final setting time.
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As expected, after the end of the test and up to 24 h, none of the cracks showed any significant

increase in width. These results are in agreement with other similar studies [18,81,82].

The rapid increase in crack width immediately after cracking is attributed to the
evaporation rate being equal to or higher than the bleeding rate, which indicates the stage that
the concrete surface begins to dry and a negative pore pressure is created [83—85]. This negative

pore pressure is one of the main causes of surface crack development.

Measurements at 24 h were made using digital image analysis and optical methods for
comparison purposes and are also shown in Figure 3.17. The measurements from the two
methods are practically identical, confirming the ability of digital image analysis methods to

be used in this application.
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Figure 3.17: Crack width evolution for all specimens compared to their PC counterpart: (a)
RTSFC10; (b) MSFC10; (c) RTSFC20; (d) MSFC20; (e) RTSFC20; (f) MSFC30.
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3.4.4.2. Influence of Fibres

Overall, the addition of fibres has a beneficial effect in delaying and preventing plastic
cracks, as also reported in [31,86], likely due to their ability to bridge micro-cracks, thus

preventing them from joining and propagating.

All of the crack reduction ratios (CRR) of this study were determined at the end of the

tests, according to Equation (2), and are shown in Figure 3.18, whilst Figure 3.19 shows the

evolution of CRR with time.

Both fibre types (RTSF and MSF) show a good performance in controlling plastic
shrinkage cracking. Better crack control is achieved at increasing fibre dosages, and cracking

is avoided completely when using 30 kg/m® of RTSF. This was also observed in [87].
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Figure 3.18: Crack reduction ratio (CRR) in specimens containing RTSF and MSF at 24 h.

Time {hr)
0 1
0
— 201
&
o
® 40
o
el
3 sof
©
@
i
8 80}
&)
100
— —RITSFC10 RTSFC20 — — RTSFC30
— MSFC10 MSFC20  —— MSFC30

Figure 3.19: Evolution of crack reduction ratio (CRR) for specimens containing RTSF and
MSF at 6 h.
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3.4.4.3. MSF vs. RTSF

The impact of RTSF on plastic shrinkage cracking has not been discussed in previous
studies. Overall, the results show that RTSF outperforms MSF at all dosages, and the
qualitative image analysis presented below seems to confirm that the number of fibres, their
weight, and their overall rigidity play a role in their performance. Cross-sections of the RTSF
and MSF slabs were cut in the proximity of the stress riser, as shown in Figure 3.20. These
sections are examined for fibre distribution, as shown in Figure 3.21a—d. Overall, RTSF appear
to be better distributed within the mix (Figure 3.21c) than the MSF (Figure 3.21d). This can be
attributed to the smaller diameter of the RTSF, which results, for the same dosage, in a much
larger number of fibres that are available to reinforce the matrix and to intersect possible cracks.
Furthermore, their larger surface area relative to their weight means that they are less likely to
sink to the bottom than MSF (see Figure 3.21d). Finally, the irregular shape and flexibility of
RTSF means that they can more easily move around aggregates and fill gaps, rather than control

and restrain the distribution of the aggregates via their rigidity.
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Figure 3.20: Location of the cross-section of RTSF and MSF slabs (red dashed line).
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(d)
Figure 3.21: (a) Cross-section of specimen RTSFC30 and selected region of interest (ROI).
(b). Magnified ROI of cross-section of specimen RTSFC30 (left) and distribution of
aggregates and fibres (right). (c). Cross-section of specimen MSFC30 and selected region of
interest (ROI). (d). Magnified ROI of cross-section of specimen MSFC30 (left) and
distribution of aggregates and fibres (right).
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3.5. Conclusions

This paper investigates the effect of different dosages of RTSF and MSF on restraining
concrete plastic shrinkage at the fresh stage. Plain concrete and fibre-reinforced concrete slab
specimens are tested according to the test method recommended in ASTM C1579 under
controlled environmental conditions, and their crack initiation and development is examined,
along with other physical parameters. From the analysis of the results presented in this paper,

the following conclusions can be drawn:

e The evaporation rates are similar for all specimens and increase with increasing
temperature.

e Cracking initiates after approximately 2 h from casting, indicating the initial setting
time, and substantially stopped after 6 h, which can be considered as the final setting
time.

e Exposure to the higher temperature in the chamber increases the hydration rate and 24
h strength of the concrete, although this had no major impact on the 28-day strength.
The fibres only have a minor enhancing effect on compressive strength.

e RTSF outperform MSF in mitigating plastic shrinkage cracking at all dosages, with
CRR values of 42%, 75%, and 100% for fibre dosages of 10 kg/m?® (V¢ = 0.13%), 20
kg/m3 (Ve = 0.26%), and 30 kg/m? (V= 0.38%), respectively. The better performance
of RTSF is attributed to their larger number and better distribution within the concrete

volume when compared to MSF.

Although an appropriate fibre volume should be selected depending on mix design and
target overall performance, a fibre dosage of 30 kg/m* (Vi = 0.38%) can be used to prevent
plastic shrinkage cracking completely in most typical applications and environmental

conditions.

This study provides compelling experimental evidence that RTSF are a sustainable and
effective alternative to MSF in preventing plastic shrinkage cracks, in the same way as they are
effective against drying shrinkage. The use of finer fibres has a beneficial effect in controlling
plastic shrinkage cracks and their use (or the use of blends of MSF and RTSF) is expected to
provide structural, durability, and sustainability benefits, particularly in the harsher

environmental conditions created by climate change.
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Future studies should examine the synergistic effects of using sustainable fibre
alternatives, such as the RTSF used in the work presented in this paper, with different cement
and aggregate replacements, as well as different curing methods to reduce or prevent plastic

shrinkage cracking in concrete.
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Abstract:

Due to climate change and population expansion, concrete structures are progressively being
subjected to more extreme environments. As the environment affects plastic shrinkage directly,
there is a need to understand the effect of environmental changes on plastic shrinkage cracking.
This paper examines the plastic shrinkage crack development parametrically at low, mid, and
high drying environmental conditions, corresponding to different environments in three Saudi
cities. The effects of water-cement ratios and quantities of recycled tire steel fibers (RTSF) in
concrete are also investigated. The different environmental conditions for the plastic shrinkage
tests were simulated in a specially designed chamber as per ASTM C1579, 2006. A digital
image processing (DIP) technique was used to monitor crack initiation and development.
Through the use of the crack reduction ratio (CRR), it was found that 30 kg/m*® of RTSF can
control plastic shrinkage cracks at low and mid conditions. For the more extreme (high)
conditions, the use of 40 kg/m? of RTSF fiber was sufficient to completely eliminate surface
plastic shrinkage cracks. This work can help develop more sustainable concrete structures in a
wider set of environmental conditions and help mitigate the impact of climate change on
concrete infrastructure.

Appendix C has provided the relevant experimental data of this chapter.
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4.1. Introduction

Climate change is creating more extreme environments around the world and is impacting
concrete durability. Population expansion is also pushing development in more extreme
environments. CO> emissions and high energy consumption (including for cement production)
are some of the reasons for extreme heat waves in Middle East countries such as Saudi Arabia
as well as Europe, Asia, and North America [1,2]. Many countries, such as Saudi Arabia, where
in some parts, air temperature can exceed 50 °C in the summer, are struggling to produce
quality concrete in hot weather conditions. Early-age environmental conditions, including air
temperature, wind speed, and relative humidity, can affect concrete in its plastic stage adversely

by accelerating early-age plastic shrinkage cracks [3].

Long-term concrete cracking is unavoidable, and large openings impact concrete durability
[4,5]. In hot and dry areas of the world, high air temperature, wind, and low relative humidity
are also known to impact durability [6], as they can cause high plastic and drying shrinkage
strains in concrete [7-9]. ACI 224R-01 [10] attributes early-age concrete cracks to excessive
evaporation due to environmental conditions prior to concrete setting. The earlier concrete
cracks develop, the shorter the serviceable life of concrete is expected [11,12]. Plastic
shrinkage cracks are the earliest to appear, as they occur two-three hours after casting, prior to
setting. Subsequent propagation of plastic shrinkage cracks will allow ingress of water and
offensive agents such as chlorides and increase the possibility of concrete deterioration and
corrosion of steel rebars [13,14]. Plastic shrinkage cracks not only reduce concrete durability

but are also aesthetically undesirable [15].

Volume changes in concrete before the hardening of cement-based materials are the main
cause of plastic shrinkage strain and cracking [16,17]. Volume loss at the plastic stage is caused
by the consolidation of aggregates, bleeding, and evaporation of water. In its plastic state, when
undisturbed, the denser solid particles settle and tend to sink down, whilst the lighter-weight
materials, such as air and free water, begin to rise to the surface. Air escapes faster, but the
escaping water, called bleeding water, escapes slower, and when it reaches the surface, it starts
evaporating [18]. When the evaporation rate exceeds the bleeding rate, the concrete surface
dries, and at this stage, the possibility of plastic shrinkage cracking increases [19-21]. Both
environmental conditions and concrete mix composition affect plastic shrinkage, as seen in

Figure 4.1 [22].
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Cement-based materials are
more susceptible to plastic
shrinkage cracking when
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Figure 4.1: Factors affecting plastic shrinkage cracking.

Hot weather casting is known to increase plastic shrinkage cracking [23]. It is widely
accepted that plastic shrinkage starts when the evaporation rate exceeds the bleeding rate.
Several studies reported that environmental conditions such as high air temperature, high wind
speed, and low relative humidity have a direct effect on fresh and hardened concrete, as they

also accelerate the final set time [24,25].

Ambient conditions influence the water evaporation rate. As air temperature increases,
relative humidity sees a corresponding decrease, and thus evaporation rate increases. Higher
wind speeds also increase the evaporation rate. When the evaporation rate is less than the
bleeding rate, a thin layer of water covers the surface of the concrete, which helps increase the

evaporation rate due to the increased exposed area [26].

Eventual drying of the surface leads to a rise in capillary pressure converting it from a
mildly compressive to a tensile pressure [27]. When capillary pressure inside the concrete

builds up, plastic shrinkage cracking will occur.

According to ASTM CI1579 [28], plastic shrinkage cracks occur when the water
evaporation rate is equal, or more than, 1.0 kg/m?/h. However, Sayahi and Hedlund [26] found
that most existing researchers conclude that this value is too high and plastic shrinkage cracks
might appear when the evaporation rate is less than 1.0 kg/m?/h, especially in hot weather

conditions. For example, Almusallam et al. [29] concluded from observations in two studies
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that the beginning of plastic shrinkage cracking could occur at an evaporation rate between

0.2-0.7 kg/m?/h.

To examine the possibility of plastic shrinkage cracking in concrete, ASTM C1579 [28]
recommends a set of environmental conditions to be applied: air temperature 36 + 3 °C, wind
speed more than 4.7 m/s, and relative humidity around 30 + 10%. These environmental
conditions were selected based on past experimental work [28]. However, Al-Gahtani et al.
[30], working in the eastern part of Saudi Arabia, known for high temperature and humidity,
found that concrete is more likely to crack with and without the environmental conditions

proposed by [28,31].

Nabil et al. [32] examined substrate bases of concrete (50 x 95 x 365 mm) for plastic
shrinkage cracking in an environmental chamber by covering concrete with plastic sheets. The
concrete mixes were exposed to a temperature of 55 °C during the first 8 h after casting and 50
°C until the end of the test (24 h). The relative humidity (RH) was about 10%, and the wind
speed was 10 km/h during the duration of the test. As expected, it was found that covering
concrete with plastic sheets was more efficient in minimizing plastic shrinkage cracking and
reducing loss of water compared with non-covering. Almutairi et al. [33] did a survey to
determine the causes of all early-age cracking in concrete structures in Kuwait city and
concluded that the environmental conditions were the main reason for most the concrete
cracking, but also high concrete temperature. It was recommended to prevent early-age

cracking, the concrete temperature should be controlled by adding ice to the mixing water [33].

Almusallam et al. [29] and Safiuddin et al. [34] found that plastic shrinkage cracks increase
with an increase in the water/cement ratio and content of fine aggregate. Sayahi and Hedlund
et al. [26] reported that micro-settlement cracks also occur on the surface of the concrete.
Sulakshna et al. [35] examined a Poly Carboxylate Ether (PCE) as superplasticizer to self-

compacting concrete of w/c ratio of about 0.45, with encouraging results.

Zhang and Xiao [36] investigated the effect of recycled sand as fine aggregate for 3D-
printed mortar on plastic shrinkage cracks. The replacement ratios tested were at 25%, 50%,
75%, and 100% of natural sand, and the w/c ratio was (0.6) due to the high-water absorption
of the recycled sand. The results showed that increased replacement ratios of recycled sand
mortar resulted in increased plastic shrinkage cracking. Cohen et al. [37] found that the increase

in fine content in concrete (such as fly ash, silica fume, slag, etc.) is not favorable in relation
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to plastic shrinkage cracking. Lofgren and Esping et al. [38] came to the same conclusion when
using silica fume. Zhao et al. [39] examined the influence of clay minerals in manufactured
sand and found that as clay lowers the permeability, it also reduces the plastic tensile strength,

which leads to an increase in plastic shrinkage cracking.

In conclusion, plastic shrinkage cracking is likely to worsen with climate change, and
further work is needed to understand both how the environment and mitigation measures affect

its development.

4.1.1. Problem Statement

The increase in harsh environmental conditions created by climate change can significantly
affect concrete durability, in particular, due to their impact on plastic shrinkage. Hence, there
is a need to investigate such conditions and their impact on concrete with various compositions,

as well as possible mitigation measures.

4.1.2. Selection of Environmental Conditions

Saudi Arabia has been selected as a case study region in this investigation as it typifies
extremely hot environments, with a drier climate in the northern and central areas and a wetter
climate in the southern, western, and eastern areas. Despite the significant variation in

humidity, most of the countries in the Middle East share the same high air temperatures [33].

Hasanain et al. [40] tested the effects of hot weather on the evaporation rate of concrete
slabs in external daytime environmental conditions in Jeddah, the biggest western city in Saudi
Arabia, known for its hot-wet weather due to its location next to the Red Sea. The results
showed that casting at noon or afternoon had a higher evaporation rate compared to casting
early in the morning. The minimum evaporation rate was recorded when casting in the morning

and occurred 3-5 h after casting when the concrete had partly been set.

4.1.2.1. Selected Environments

Three cities in Saudi Arabia were chosen to evaluate the effect of concreting under severe
hot and dry weather conditions as shown in Figure 4.2. Figure 4.3 shows the “Climate Graphs”
for Saudi Arabia and the three case study cities, including average, minimum and maximum
air temperature; relative humidity; and wind speed [41]. While the overall conditions for Saudi
Arabia reflect well the ASTM C1579 [28] conditions, the specific environments of each city

depart from these climatic settings.
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Figure 4.2: Map of the three selected cities of Saudi Arabia
(a) Riyadh

The capital of Saudi Arabia, Riyadh city, is located in the middle of Saudi Arabia.
Temperatures are high in the summer, and the relative humidity is very low in both winter and
summer (see Figure 4.3b). During the months of June to September, the air temperature,
relative humidity, and wind speed are at the levels that increase the possibility of plastic
shrinkage cracks, as anticipated by ASTM C1579 [28], and concreting at temperatures around
45 °C is not uncommon. This (high) temperature level will be examined in this study, as well

as the effect of a lower average wind speed of 3 m/s.

Arafah et al. [42] investigated the effects of hot weather on the strength of concrete cast in
Riyadh during summer, with target temperatures of 4548 °C. The high temperature caused
high bleeding. Concrete cubes, covered with burlap and cured by water sprinkling two times a
day, resulted in concrete strength lower than the ACI 305 [43] general requirement. Khan and
Abbas et al. [44] reported the influence of hot weather conditions in Riyadh city on concrete

made with cement and cement replacements silica fume (SF) and fly ash (FA). It was observed
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that the initial concrete strength tends to increase with moist curing, but that had insignificant
effects on long-term strength. In addition, shrinkage cracks were observed on the surface even

though moist curing was applied.

(b) Dhahran

Dhahran city, on the eastern side of Saudi Arabia, is one of the hottest cities in Saudi
Arabia and the Middle East region, and its climate is characterized by high humidity levels in
both winter and summer (see Figure 4.3c) as it is located by the Gulf Sea. Although high
humidity is not expected to affect plastic shrinkage adversely, the high wind speed of 7 m/s

typical of this region is, and this wind speed is considered as “high” in this study.

Al-Gahtani [45] conducted a study in Dhahran examining the impact of curing methods
on concrete specimens made with cement and cement replacements (SF and FA). The
specimens were cured by covering them with wet burlaps or applying curing compounds. The
results showed that specimens cured under wet burlap showed better strength development than
those treated with curing compounds. The impact of hot temperature on plastic and drying
shrinkage, however, was very significant for both curing methods. Nasir and Syed [46] also
studied the influence of the water-cement ratio (in the range of 0.3 to 0.45) at different air
temperatures (25 to 45 °C) and different curing methods such as concrete covering ponding,
and use of curing compounds. All curing methods showed a positive impact on the concrete
strength parameters at all w/c ratios and temperatures used in the study. A high evaporation
rate was observed for the plain concrete (without special curing), and this was attributed to the

high heat evolution, which in turn had a negative impact on the overall shrinkage behavior.

(c)  Hail

Known as one of the coolest cities in winter in the country, Hail is one of the northern
cities in Saudi Arabia. Few studies have examined concreting in this region, but while the
relative humidity in this part of the country is relatively low during the months of June to
September, the combination of environmental conditions experienced in this area is likely to
affect plastic shrinkage [28,31,43] recommendations. The lower temperature of 28 °C will be
included in the study (Figure 4.3d).

Due to the different levels of relative humidity in the selected case study regions, the
relative humidity was kept around 20%, which is close to the minimum over the summer for

Saudi Arabia (see Figure 4.3a).
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Figure 4.3: Selected environments climate graphs [41].

4.1.3. Significance of Research

This paper examines the impact of various environmental conditions (high, mid, and low
wind speed, air temperature, and relative humidity) on the plastic shrinkage performance of
concrete made with different w/c ratios. The addition of different dosages of recycled tire steel
fiber (RTSF) is also examined as a plastic shrinkage mitigation measure. The results will help
improve concrete performance in hot regions such as the Middle East and in more extreme
environments created by climate change and will reduce the use of natural and virgin materials

by reusing tire steel fiber to control early-age cracking in concrete structures.

4.2. Materials

4.2.1. Concrete and Specimen Preparations

As the likelihood of plastic shrinkage cracking increases with high cement content, a
relatively cement content was selected [47]. The cement (CEMII 42.5) content was 335 kg/m?
with a w/c of 0.55 for the control environmental mix (CM) superplasticizer (Sika ViscoCrete
30HE) was used at a dosage of 1.5 It/m*. Two sizes of gravel (river round gravel) were used,
491 kg/m? of 5-10 mm, and 532 kg/m? of 10—14 mm. The fine aggregate (river-round sand)
was 847 km/m?. RTSF was used at different proportions (0, 30 kg/m?, and 40 kg/m?).
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The water-cement ratios that were used in this study include 0.5, 0.55, and 0.6 as Low,
Mid, and High ratios, respectively. The superplasticizer (Sika ViscoCrete 30HE) dosages were

adjusted in accordance of the water cement ratio used.

Concrete mixing and specimen casting were carried out according to [28,48]. The mixes
used with the various parameters are shown in Table 4.1. A slump test was made to control the
workability of all mixes (RTSFC and PC) to reach the target of the slump test results, which is
more than 100 = 10 mm.

Table 4.1: Parameters of the study.

Parameters Temp. Wind Speed RH W/C
(C°) (m/s) (%)

Low 28 3.0 30+ 10 0.50

Mid (CM) 36 4.7 30+ 10 0.55

High 45 7.0 30+ 10 0.60

4.2.2. Recycled Tire Steel Fibre (RTSF)

Waste disposal is becoming a critical environmental pollution issue worldwide.
According to Mohajerani et al. [49], billions of tires are replaced every year around the world,
while half of them are disposed of by burning or landfilling. Nowadays, there is an increasing
interest in the use of secondary raw materials in the construction field of civil engineering
[50,51]. Recycled tire steel fibers (RTSF), produced from waste tires, have been used as a
substitute for manufactured steel fibers (MSF) and were shown to improve the performance of

concrete and enhance its cracking resistance due to shrinkage and structural loads [52-55].

Hu et al. [56] showed that RTSF could improve the splitting and flexural strength of
concrete and result in comparable (or better) performance to MSF. Baricevic et al. [57]
examined the effect of using blends of recycled tire steel and manufactured steel fibers, and the
results showed a positive impact in delaying the development of drying shrinkage cracks.
Graeff et al. [14] examined the performance of RTSF concrete under cyclic loading and showed
that the addition of RTSF can improve the fatigue behavior of concrete and help restrain micro-

cracks.

The advantages of using RTSF instead of MSF in concrete are not just in terms of
overall performance but also in terms of economic and environmental benefits, as RTSF has
lower greenhouse gas emissions and cost compared to MSF [58—60]. Moreover, Mastali et al.

[61] estimated that the use of 1.5% (by volume) of RTSF can make up about 35% of the total
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cost, while this increase to more than 50% when using MSF. According to the same study, the
use of RTSF also contributed to lower carbon emissions from 40% (for 1.5% of MSF) to 15%
(for 1.5% of RTSF).

The authors showed in previous work by Alshammari et al. [62] that RTSF of 30 kg/m?
by volume can stop plastic shrinkage cracks. That same amount is used in high, mid, and low
environmental conditions and increased to 40 kg/m? if cracks develop. RTSF (see Figure 4.4)
has different lengths and diameters with an average tensile strength of 2380 MPa (SD = 166
MPa), as shown in Figure 4.5a as tested in the lab for more than 100 samples of RTSF. The
tensile strength test was carried out according to ISO 6892-1 [63]. The length distribution of
RTSF, which was determined by an automated optical method [64], is shown in Figure 4.5b.

Figure 4.4: RTSF.
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Figure 4.5: (a) Tensile strength; and (b) RTSF length distributions.
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4.3. Methodology
4.3.1. Compressive Strength

The 28-day compressive strength of all mixes were determined from 100 mm cubes tested
using a servo-hydraulic universal testing machine according to [65]. For each mix, four cubes
where casted which two of the cubes were initially stored in the environmental chamber under
the different environmental conditions applied during the plastic shrinkage test. The other half

was stored in normal lab conditions 20 + 2 °C.
4.3.2. Evaporation Rate

Two aluminum pans filled with water were placed inside the chamber. Each water pan
rested on a scale to quantify the evaporation rate at time intervals of 30 min, as recommended
by [28]. The evaporation rate at each time interval was determined by (Equation (1)), and if the

average evaporation rate was less than 1.0 kg/m?/h, the test was rejected [28].

M2-M1

E =
water surface area of the pan x(T2-T1) (1)

Where, E: Evaporation rate, kg/m?/h, M2-M1: the mass loss between successive weighings, g.

and T2-T1: the time interval between successive weighings, h.
4.3.3. Plastic Shrinkage Test

The test was carried out on fresh/plastic concrete in accordance with ASTM C1579 [28]
and ACI Committee 305 [31] and typically lasted 6 h. Two concrete slabs were tested in parallel
in the chamber (see Figure 4.6).

At the end of the test (after 6 h), the doors of the chamber were left open, and the slabs
were covered with a plastic sheet and left undisturbed for an additional 18 h. The cracks were

then measured 24 h again after casting.
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Figure 4.6: Schematic section of the chamber.

4.3.4. Measurement of the Cracks

The method used to measure the cracks followed the recommendations of ASTM C1579
[28], coupled with digital image processing (DIP). Digital photographs of the surface of the
specimens were taken at regular intervals during the test and at 24 h from casting and
subsequently processed in MATLAB to determine the length, width, and area of the plastic
shrinkage cracks [5]. Moreover, at 24 h after the concrete was cracked, a conventional manual
optical method was used to measure the average crack width at more than 25 points of the crack
by using a millimeter steel ruler and compared to the DIP. The crack reduction ratio (CRR)

was determined by using Equation (2), as recommended in [28].

Average Crack Width of Fibre Reinforced Concrete Mixture
Average Crack Width of Fibre Control Concrete Mixture

CRR = [1- | x100% (2

4.3.5. Examined Environmental Conditions

Figure 4.7 shows all the environmental conditions examined in this study in terms of
temperature and wind speed values. The mid values correspond to those also recommended in
ASTM C1579 [28] and include a wind speed of 4.7 m/s, a temperature of 36 + 3 °C, and relative
humidity of 30 + 10%. The low temperature of 28 °C was selected as it corresponds to the
minimum temperature during the day in the three case study areas (Riyadh, Dhahran, and Hail),
while the high temperature of 45 °C corresponds to the higher temperature experienced in the

region during the hot months.

The low wind speed of 3 m/s and the high wind speed of 7 m/s corresponds to the average

wind speeds experienced in the summer in Riyadh and Dhahran, respectively.
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Figure 4.7: Examined sets of environmental conditions.
4.4. Experimental Results and Discussion
4.4.1. Compressive Strength

The 28-day compressive strength of the control specimens (PC) and SFRC reinforced
specimens was determined on cubes that were kept both insides (In) and outside (Out) the
chamber during the plastic shrinkage tests, and the corresponding values are summarized in

Figure 4.8.

The results do not show any significant influence of temperature and wind speed on the
compressive strength of the cubes that were kept inside the chamber (see Figure 4.8a). As
expected, a slight increase in compressive strength can be seen with increased fiber content

[66-68].

Naturally, concrete strength increases with the reduction in the water-cement ratio (see
Figure 4.8b) in line with other works [69—71]. This can be attributed to the closer spacing

between the cement particles, which results in a denser and stronger cement paste [72].
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4.4.2. Evaporation Rate

Figure 4.9, Figure 4.10, and Figure 4.11 show the evaporation rates determined for the
different environmental conditions. As recommended in ASTM C1579 [28], the evaporation
rate should be more than 1 kg/m?/h, or the test should be rejected. It can be seen that all the
environmental conditions exceeded that rate and achieved the minimum value even in the low
environmental conditions. As expected, in general, the evaporation rates increase with time, as
bleeding gathers momentum and concrete temperature increases with the heat of hydration and

then slows down towards the end of the test as bleeding slows down with setting.

The evaporation rate increases with wind speed and temperature and nearly doubles from
Low to High conditions. This can be attributed to the higher bleeding induced by temperature
and wind, as also reported by others [25,27,73—78].
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Figure 4.10: Effect of wind speed on evaporation rates (T = 36 °C).

The evaporation rates for low, mid, and high water-cement ratio mixtures are shown in
Figure 4.11. It can be seen that higher water-cement ratio somewhat increases the evaporation
rate, as more water is available to bleed. Holt and Leivo [79] and Kayondo et al. [26] had a
similar finding which led to plastic shrinkage cracks appearing faster on the surface of the

concrete.
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Figure 4.11: Effect of water cement ratio on evaporation rates (T =36 °C, Wind speed = 4.7
m/s).

4.4.3. Crack Measurements and Results

For crack measurement, a DIP system was used in which two cameras were placed above
the slabs, with each camera taking images every 10 min during the test. The images were
subsequently analyzed using MATLAB to measure an average crack (width). A typical photo

of the crack for the plain mix is shown below (Figure 4.12):

Figure 4.12: Typical crack pattern in plain concrete (PC) specimens of high temperature
examined at 24 h.

Figure 4.13, Figure 4.14, and Figure 4.15 show the evolution of the cracks for the three
variable parameters: temperature, wind speed, and w/c ratio, respectively. The graphs also

show the crack widths at 24 h measured both with DIP and a conventional manual optical
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device. The crack widths obtained for the two methods of measurement are almost identical,
confirming that DIP works well. The mean difference between the two measurements was

0.113 mm.

Figure 4.13 shows that with a temperature increase, cracking starts earlier, and the eventual
crack width is wider by almost 100% when comparing Low and High temperatures. The use
of 30 kg/m? of RTSF seems to prevent cracking completely for the Low and Medium
temperatures. However, though the addition of RTSF delays and helps control the crack,

cracking still develops at High temperatures. For the more extreme temperature tested in this

study, the increase in fiber dosage to 40 kg/m? seems to prevent plastic cracking.
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Figure 4.13: Crack evolution for the specimens subjected to the examined temperatures.

Similarly, to what was observed for increasing temperature values, increasing wind speed
causes earlier cracking to develop and eventually leads to larger crack widths. Interestingly,
both the Low wind speed and Low-temperature environments, which are below the ASTM

C1579 [28] recommendations, led to cracks (see Figure 4.14).

Again, the use of RTSF at a dosage of 30 kg/m? prevented cracking in the specimens
subjected to the Low and Medium wind speeds only, whilst 40 kg/m? of RTSF was effective

in preventing cracking at High wind speeds.
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Figure 4.14: Crack evolution for the specimens subjected to the examined wind speeds.

Figure 4.15 shows the crack width evolution for different w/c ratios. As expected, the use
of lower w/c ratios delayed the crack initiation and development. As with the previous results,
the addition of 30 kg/m?® of RTSF was not sufficient to prevent cracking in the specimens with

a high water-cement ratio, but 40 kg/m?® of RTSF prevented the formation of cracks completely.
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Figure 4.15: Crack evolution for the specimens manufactured using different w/c ratios.
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4.4.4. Influence of Environmental Conditions on Evaporation Rate and Cracking

The effect of the three parameters examined in this study on the evaporation rate at crack

initiation and time of crack initiation is shown in Figure 4.16.

As expected, for all mixes, cracking starts earlier, and the evaporation rate is higher with
increasing temperature, wind, and w/c ratio, and the final cracks are wider. The plain mid-

temperature concrete cracked just before the second hour, as expected by [28].

Cracks develop even at the low temperature of 28 °C but crack initiation is delayed by
about an hour when compared to specimens exposed to the highest examined temperature.
Though surface temperature cannot be changed easily, to reduce plastic shrinkage cracking,

the concrete temperature can be cooled down by using cooler materials, including iced water.

In the case of high air temperature (see Figure 4.12), it was noticed that the plain concrete

developed two cracks on the surface, which could adversely impact the durability of the

concrete.
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Figure 4.16: Effect of (a) temperature; (b) wind speed; and (c) w/c ratio on evaporation rate at
crack initiation and time of crack initiation. * higher content of RTSF (40 kg/m?).
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At low wind speeds (3 m/s), the evaporation rate reduces but the plain concrete cracks only
a bit later and a bit less wide. Hence, at the ranges used, wind speed seems to play a less

important role than temperature.

The w/c ratio seems to influence the evaporation rate the least, compared to temperature
and wind. However, the w/c ratio has a big influence on the time of crack initiation. This was
attributed by Topcu, and Elgiin [80] to a high bleed and evaporation rate, though the results
contradict the higher evaporation rate. Hence, this study concludes that high w/c ratios only

accelerate the initiation of high cracking due to the earlier and higher bleed rate.

4.4.5. Crack Reduction Ratio (CRR)

Crack reduction ratios were determined in this study according to Equation (1). Figure
4.17 shows these ratios for the different temperatures examined in this study for concrete mixes
with 30 kg/m? and 40 kg/m? of RTSF. It can be seen that the addition of 30 kg/m? of RTSF can
eliminate the occurrence of plastic shrinkage cracks at low (28 °C) and mid (36 °C)

temperatures.

In comparison, Borg et al. [81] examined the use of recycled PET fibers (polyethylene
terephthalate) to control plastic shrinkage cracks and found that 1.5% of fiber (by volume)
could reduce cracking by up to 57%. Pesi¢ et al. [82] examined the effect of adding recycled
high-density polyethylene (HDPE) plastic fibers and found that early-age concrete cracks can
be reduced by up to 50% with a fiber volume of 1.25%. Hence, steel fibers appear to be a more

robust solution for stopping plastic shrinkage cracks.
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Figure 4.17: Crack reduction ratio for all temperatures.
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At the highest examined temperature of 45 °C (High), the plain concrete developed two
surface cracks, and the corresponding CRR rations are represented in Figure 4.17 by a blue and
green (A) bar, showing that the addition of 30 kg/m? of RTSF effectively reduced these cracks
by up to 45%, and 55%, respectively. The addition of RTSF at a rate of 40 kg/m? eliminated

the cracks completely, and this dosage is recommended for these high temperatures.

Al-Tulaian et al. [83] used recycled plastic fibers (RP) with two lengths (50 and 20 mm)
to restrain plastic shrinkage in mortar concrete at high temperatures (45 °C) and found that RP
reduced the plastic shrinkage cracks by up to 70% for a volume fraction of 1.5% and fiber
length of 50 mm. Hence, steel fibers appear to be the only solution to stop cracks completely

at these high temperatures.

The CRR for the examined values of wind speed is shown in Figure 4.18. Again, 30 kg/m?
of RTSF eliminated cracks at low and mid-wind speeds, while 40 kg/m?® of RTSF was necessary

to eliminate plastic shrinkage cracking at high wind speeds.

Sirajuddin and Gettu [84] examined the plastic shrinkage behavior of specimens exposed
to a wind speed of 4.5 = 1 m/s and made of concrete comprising cement and fly ash and
granulated blast furnace slag and reinforced with different volume fractions of four types of
fiber (polypropylene, polyester fibers, polyacrylonitrile and glass fibers). The results showed
that increasing the volume fraction of the different types of fibers led to a reduction in cracking
by up to 60%.
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Figure 4.18: Crack reduction ratio for all wind speeds.
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The CRR for various w/c ratios is shown in Figure 4.19. In this case, again, the 30 kg/m’
of RTSF eliminated cracks at low and mid w/c ratios, while 40 kg/m?® of RTSF eliminated the

cracks at the high w/c ratio.

Mazzoli et al. [85] examined the impact of adding different types of fibres (polypropylene,
polyvinyl alcohol, polyethylene, steel) to restrain plastic shrinkage cracks of concrete with a
w/c ratio of 0.5 and observed that the fibres were effective in reducing the crack width, but the

cracks were still visible at the surface of the concrete.
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Figure 4.19: Crack reduction ratio for all water cement ratio.

Crack reduction ratio (RR %)

4.5. Conclusions

This paper discusses the impact of low, mid, and high environmental conditions on the
plastic shrinkage of concrete. Two w/c ratios and dosages of RTSF were used to assess their
effect in restraining cracking in fresh concrete. From the results, the following conclusions can

be drawn:

e Harsher environmental conditions result in earlier and more severe cracking (i.e., larger

crack width, length, and area).

e Temperature is the most important parameter in accelerating cracking, whilst wind

speed is the least significant.

e The use of higher water/cement ratios increases cracking, primarily as a result of earlier

and heavier bleeding.
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The addition of RTSF fibers was found to be effective in controlling plastic shrinkage

cracking, with 40 kg/m? eliminating the cracks completely in the harshest of the

examined environments.
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Abstract

Early age cracking occurring during the plastic stage is unsightly and a cause of future
durability problems. This paper investigates the effect of various simple curing methods used
in practice to enhance early age concrete cracking performance, including: covering concrete
with plastic sheet and wet hessian fabric, surface power floating and use of cold water in the
mix. The benefits offered from the use of two standard curing methods (Safecure super concrete,
and Safecure super 90w-10%). With and without a superplasticizer (Sika ViscoCrete 30HE) is
tested for a comparison purpose to see the effect of it on the plastic shrinkage cracking and as
well as recycled tire steel fibres at 40 kg/m? are also examined. A digital image processing
(DIP) technique is used to measure crack widths, whilst temperature in the concrete is measured
via a thermocouple. The results show that all concrete curing methods are successful in
restraining plastic shrinkage cracks, but the use of recycled tire steel fibre (RTSFC40) was the
most effective at eliminating plastic shrinkage surface cracks. All of the examined methods are
compared in terms of speed and cost of application, quality of the surface finish and
environmental credentials. This study will inform best practice on enhancing durability and

sustainability of concrete structures, in particular for slab on grade applications.

Appendix D has provided the relevant experimental data of this chapter.
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5.1. Introduction

Fast drying of concrete in its plastic stage before final set can affect concrete durability
due to the development of plastic shrinkage cracks [1]. Such early age cracks are known to
impact concrete performance (mainly in slabs, and pavements) as they can lead to potential
large cracks, physical and chemical deterioration of concrete as well as reinforcement corrosion
[2,3]. Therefore, in practice concrete curing is necessary to improve not only the mechanical
characteristics, but also to mitigate the occurrence of plastic shrinkage induced cracks and
enhance durability [4]. ASTM C192/C192M [5] provides good practice guidance on material

mixing and curing to avoid concrete durability issues.

Plastic shrinkage cracks commonly occur during the first-six hours whilst concrete is
in the plastic state and before final set [6]. Research confirms that the main parameters that
increase the possibility of plastic shrinkage cracking are: 1) environmental conditions
(temperature, wind speed, and relative humidity); 2) materials and mix proportions, and 3)
construction procedures [7-9]. These parameters affect the evaporation rate and the rate at

which concrete water bleeds to the surface [10].

5.1.1. Concrete curing methods
Many practical and proprietary methods exist to avoid plastic shrinkage cracking,

including various curing methods, power floating, the use of cold water, curing admixtures and

fibres.

Covering concrete with plastic sheets or a wet burlap are the most common practical
concrete curing methods. Nasir et al. [11] conducted a study on specimens made of concretes
including different cementitious materials (OPC, fly ash, very fine fly ash, silica fume, blast
furnace slag and natural pozzolan concrete) and cured under a plastic sheet and found that
plastic shrinkage cracks were reduced by up to 25% compared with non-covered specimens.
Al-Amoudi et al. [12] studied the drying shrinkage of specimen made of plain concrete and
concrete containing silica fume and covered with wet-burlap. It was found that there was no
discernible improvement in drying shrinkage performance. Nevertheless, there is no published

research on the effect of wet-burlap on plastic shrinkage cracks.
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Power floating is also used to eliminate plastic cracks in slabs and to polish the surface.
This method, which is applied once all the surface bleed water rises and starts to evaporate,
involves the use of a power floating machine to polish the surface of the concrete (with or
without the application of a dry shake), while also sealing any plastic shrinkage cracks [13].
Combrinck et al. [ 1] found out that power floating can close the plastic shrinkage cracks on the
surface, but deep in the concrete the cracks may reappear depending on the time of power
floating application. In general, power floating is not recommended earlier than two hours from
casting, as, if applied too early, the bleed water can be trapped under the sealed surface and

cause subsequent delamination.

In hot environmental conditions, the use of cold water is another possible solution as it
is expected to delay the evaporation of the bleed water and reduce the temperature rise due to
hydration. Surprisingly, Jacobsen et al. [14] found that ice water can propagate and enhance
the damage due to micro cracks on the surface of the concrete. On the contrary, Xie et al. [15]
showed that replacing 50% of water with crushed ice in ultra-high performance concrete

reduced drying shrinkage cracking.

Proprietary curing methods are widely used and some are specifically designed to delay
the evaporation of bleed water [16]. Shah et al. [17] conducted a study on the use of curing
method (Propylene glycol derivatives) in volumes of 1%, and 2% of total water and found a
reduction in plastic shrinkage cracks up to 32%, and 45%, respectively. Pease et al. [18]
examined the effects of using another curing method (Tetraguard AS20) in volume of 2.5% of

total water and found that the total crack area was reduced by up to 60%.

The use of superplasticizers in concrete is widespread as they increase the workability
of concrete and reduce water demand. However increased workability may increase the bleed
water and promote plastic shrinkage cracks [19]. Combrinck et al. [20] confirmed

experimentally that an increase in superplasticizer dosage resulted in larger plastic crack widths.

The addition of fibres in concrete can improve the stability of wet concrete and reduce
bleed water, and in turn stop plastic shrinkage cracking, also due to crack bridging effect of the
fibres. Many different types of fibres are currently being used to control cracking in concrete,
such as: polymeric fibres, natural fibres, metallic fibres (including recycled fibres [21,22]), as
well as other non-metallic high-modulus fibres such as glass, carbon and basalt [23]. Banthia

et al. [24] investigated the effects of using different dosages of polypropylene fibres (0.1% to
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0.3% by volume) with two different lengths to control early-age cracking. The results showed
that the polypropylene fibres had a positive effect on reducing early-age concrete cracks, with
the longer fibre performing best. Al-Tulaian et al. [25] examined the use of recycled plastic
fibres (1.5% by volume) with different lengths and also found that the longer fibres resulted in
a better performance. Sivakumar et al. [26] examined the effect of different types of fibres
(steel and polyester, polypropylene and glass) on plastic shrinkage cracking and found that the
steel fibres were the best performing and reduced cracking up to 99% compared with the plain

concrete.

From the various methods used to control plastic shrinkage, it is difficult to discern
which are the most effective, as there is a lack of empirical evidence to compare the effect of

the various methods.

5.1.2. Significance of research

This paper presents a comparative study on the effect of using different concrete curing
methods and mitigation strategies on the plastic shrinkage cracking behaviour of concrete. A
multi-parameter (time, cost, and quality) analysis is carried out to compare the examined

methods and recommendations are made.

5.2. Materials and experimental methods

5.2.1. Mixture proportioning

The mix design used in this experimental study was adopted from [27] as shown in
Table 5.1, [27] as this was used in previous research work by the authors and the results from
this study can provide useful complementary data on the material behaviour during the plastic
stage. All aggregates were sieved and weighted a day before casting to control moisture content

and temperature as recommended in [6,28].

Table 5.1: Concrete mix proportions.

Material Quantity

Cement (CEMII 42.5) 335 kg/m?
Fine Aggregate (river round sand) 847 kg/m?
Gravel 10mm (river round gravel) 491 kg/m?
Gravel 14mm (river round gravel) 532 kg/m?
Water 185 kg/m?
Superplasticizer (Sika ViscoCrete 30HE) 1.5 It/m?
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5.2.2. Mixing and placing

Concrete was mixed in a pan mixer of 60 L capacity. The dry materials were added first
and mixed with some of the mixing water before starting the mixer. After starting the mixer,
the rest of the mixing water was added along with the superplasticizer and mixing continued

for 3 minutes followed by a 3 minutes rest, and a 2 minutes final mixing, as recommended by

[5].

5.2.3. Experimental methods
5.2.3.1. Plastic shrinkage test

A plastic shrinkage test was performed as recommended in ASTM C1579 [6] to
evaluate the restrained early-age cracking of concrete. The plastic shrinkage test set up is shown
in Figure 5.1, and Figure 5.2, and involves a controlled environmental chamber divided into
two compartments with the same environmental conditions. Two slabs, one reference slab and
one using a special admixture or curing method, are placed in the two compartments and their
behaviour is compared over the same amount of time from casting. Each of the slabs is
equipped with a thermocouple (TC) placed at a depth of 20 mm to monitor continuously the
concrete temperature during the test. Each compartment had an exposed water pan to determine
the hourly evaporation rate during the test. The test duration since the slabs were placed inside
the chambers was 6 hours. At the end of the test, the doors of the chamber were opened for 24
hours to allow the specimen to return to standard laboratory environmental conditions. During
the test the environment conditions were controlled as recommended in ASTM C1579 [6] as
follows: temperature (36+3 °C), relative humidity (30+10%) and wind speed greater than 4.7
m/s.

= Wind speed: Camera
] sensor

Tc sensor

B S LS D

Heater

De-Humidifier

Figure 5.1: Plastic shrinkage test chamber
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Figure 5.2: Schematic of inside the chamber

The measurements of the plastic shrinkage crack (length, width, and area) were carried
out using a 2D digital image processing (DIP) method, whereby a camera was placed above
the samples during the test to capture images of the samples at specified times. The images
were then analysed by using a DIP software (in MATLAB). In addition, after 24 h from the
start of the test, a millimetre steel ruler was used to measure the crack at more than 25 points
of the crack and these measurements were compared to the results obtained from DIP. The
average plastic shrinkage crack width for each specimen was used to calculate the crack
reduction ratio (CRR) by using the following equation (Eq.1) as recommended in ASTM
C1579 [6]:

Average Crack Width of Fibre Reinforced Concrete Mixture

CRR = [1 - ] X 100%........... (Eq.1)

Average Crack Width of Fibre Control Concrete Mixture

5.2.3.2. Evaporation rate

To find the evaporation rate two methods were used as recommended in [6,29]. Firstly,
as seen in Figure 5.2, two water pans (left and right) inside the chamber were filled with water
at the beginning of the test. According to ASTM C1579 [6] to determine the evaporation rate
during each time interval as shown in (Eq.2), If the average evaporation rate was less than 1.0

kg/m?/h, the test was to be rejected [6].

M2-M1

E=——— B (Eq.2)

water surface area of the pan x(T2-T1)
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where:

E: Evaporation rate, kg/m?*/h,

M>-M;: The mass loss between successive weighings, g.
T>-T1. The time interval between successive weighings, hr.

Secondly, the “single operation” equation (Eq.3) (based upon Menzel’s formula) was
used to find the evaporation rate [29] based on the temperature in the concrete and the external
environmental parameters. This method is also suitable for on-site quick checks to assess

whether evaporation will affect plastic shrinkage cracking.

E=5([Tet18]% —r X[Ta+ 18] %) (V+4) X107 ..ooiiiiiiiiei e (Eq.3)
where:
E= Evaporation rate, kg/m?/h.
Te= Concrete (water surface) temperature, °C,
T.= Air temperature, °C,
r= (RH percent)/100,
and V= Wind velocity, kph.

5.2.3.3. Parameters of the study
The concrete curing methods compared in this study are listed below. A specimen made
with a plain concrete (PC) mix, with no additional admixtures or subjected to special curing

methods, is used for direct comparisons. PC contained a normal plasticiser (Sika ViscoCrete

30HE) at (1.5 1t/m?) / (335 kg/m?).

PSC: Plastic sheet concrete. Covering concrete with a plastic sheet is common as it prevents

direct water evaporation

HFC: Hessian fabric concrete. Concrete is covered with a wet hessian concrete, to keep the
moisture and provide additional water for curing. This is often applied in smaller structures and

laboratory specimens

PFC: Power float concrete. Power floating concrete is normally applied on slabs-on-grade
(SoQG) or slabs for which a polished surface is required. The power floating concrete method
was examined in the laboratory as well as in a site application. In the laboratory, due to the

small dimensions, the concrete slab was hand trowelled under the controlled environmental

111



Chapter 5 Effect of Curing Methods on Plastic Shrinkage Cracking

conditions. A larger scale trial was conducted at a site in Saudi Arabia under ambient

environmental conditions.

CWC: Cold water concrete. To mitigate the effects of extreme environments, the initial
concrete temperature may be modified to reduce issues at the plastic stage [30]. The normal
water temperature used for PC was at room temperature (around 20 °C), whilst the cold water

used for CWC was at 7 °C

SSC: Safecure Super concrete & SS9OWC: Safecure Super 90W-10% concrete. Two curing
methods were selected (Safecure Super, and Safecure Super 90w-10%). Both were supplied by
Adomast Manufacturing Ltd and approved by the Water Regulations Approval Scheme
(WRAS) and tested in [31,32]. The two curing methods were applied in the specimen as

recommended in the data sheet at 4-6 m? per litre.
PC-S: A PC devoid of superplasticizer was used for comparison purposes.

RTSFC40: Recycled tire steel fibre 40 kg/m? concrete: As steel fibres are commonly used in
SoG, a recycled tire steel fibre (RTSF) mix was examined at 40 kg/m>. The use of 40 kg/m?
was found in an earlier in a study by Alshammari et al. [33] to provide the best performance in
eliminating plastic shrinkage concrete cracks at the surface. The average tensile strength of
RTSF was measured from individual fibres and was found to be 2380 MPa. The RTSF length

distribution was determined by an automated optical method as by [34] (see Figure 5.3).

The time of application of the concrete curing methods and strategies depends on when
it needs to apply to the concrete. For example, some of the concrete curing methods and
strategies had been used during mixing such as adding RTSF, PC-S, and CWC. The covering
concrete curing methods and strategies (PSC, and HFC) were applied after casting immediately
to the concrete. The other concrete curing methods and strategies were cured after a period of
time of casting when the concrete is reaching the drying time as found and suggested in the

literature like curing methods (SSC, and SS90WC) , and PFC.
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Figure 5.3: RTSF length distribution.

5.3. Experimental results and discussion

In accordance to ASTM C1579 [6], and as shown in Figure 5.4, during the test timescale
(6 hours) the environmental conditions in the chamber were kept within the limits of air
temperature 36+3 °C, relative humidity 30+10% and a wind speed of 5 m/s,. These conditions
are necessary to achieve a similar evaporation environment for all specimens.

The temperature recorded inside the concrete is shown in Figure 5.5. In general, the
temperature starts from room temperature and increases to about 30 °C after 6 hours, mainly
due to the heat of hydration. The PSC temperature increases faster than the other specimens
and reaches 37 °C at the end of the test. This is expected as the plastic sheet provided some
insulation and prevented heat loss due to water evaporation. The CWC showed the overall

lower temperatures as it started at a lower temperature than the other specimens.
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Figure 5.4: Environmental conditions of all concrete curing methods.

40

-.-PC __PSC —HFC —PFC
CWC ——53C SS8OWC

— PC-& RTSFC40

Cay
4]

Car
(]

Concrete temperature (°C)
%]

[
[=

15I 1 | 1 1 1

Time (hr)

Figure 5.5: Concrete temperature of all concrete curing methods.
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5.3.1. Evaporation rate

The evaporation rate is determined by two methods as described earlier: a) ASTM C1579
[6] and b) Menzel’s formula [29]. As shown in Figure 5.6 (a-h) the evaporation rates are almost
identical for the water pan evaporation rate method (blue lines) with the average water pan
evaporation rate method (black line). This is expected, as the specimens themselves cannot
change the local environment by much. The initial water pan temperatures were about 1543 °C.
However, there is a significant difference in the predicted evaporation rate by Menzel’s formula
and the water pan method, due to differences in the concrete temperatures developed as a result

of the curing methods applied.

In PSC, Menzel’s formula predicts a higher evaporation rate (see Figure 5.6 (a)). This is
a natural consequence of the higher concrete temperature recorded. Nonetheless, as the surface
is shielded from the wind, the actual concrete surface evaporation rate is not correct by either

method, as bleed water cannot evaporate freely.

The HFC evaporation rate is shown in Figure 5.6 (b). The hessian seems to keep the
temperature of the concrete slightly lower than that of the PC specimen, hence the Menzel’s
predicted evaporation rate is lower than for PC. The hessian fabric was weighed before wetting
(97g), after wetting (364g), and at the end of the test (at 24 hours, 109g). As the hessian was
not completely dry, it shows that the hessian retained some moisture and kept the concrete wet
by delaying the evaporation of bleed water. Hence, HFC provides a barrier to water evaporation
without trapping the heat of hydration. Other studies such as McCarter and Ben-Saleh [35]
found similar results. Maslehuddin et al. [36] also examined curing compounds (acrylic,
bitumen-based and coal tar epoxy) on plain and silica fume concrete and found that wetted
hessian fabric gave the best results as reduce the shrinkage strain and increase the corrosion

resistance.

The PFC evaporation rate is shown in Figure 5.6 (c). The rate found by both methods is
similar for both specimen (PC and PFC), due to similar temperature rises, as also found by

others [6,29].

In the case of cold-water concrete curing method, the temperature of the water in both
pans before the test started was 15 °C. The pan evaporation rate is similar to the other tests as
it is only influenced by the external environmental conditions (see Figure 5.6 (d)). At the

beginning of the test, the CWC temperature was 15.4 °C while for PC it was 20.4 °C, a
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difference of 5 °C. This difference remained more or less the same throughout the test, with
the specimens ending at 34.4 °C for CWC and 29.8 °C for PC As the initial concrete
temperatures are affected by the temperature of the water, Menzel’s formula predicts lower
evaporation rate for the CWC and this case this evaporation rate is likely to be more accurate
than the pan method. Shen et al. [37] also found that cooling concrete in hot environmental

conditions improves concrete hydration, and delays evaporation of bleed water

The evaporation rates of the two curing methods are similar are shown in Figure 5.6 (e),
and (f). As they affect the concrete temperature slightly differently, slightly different
evaporation rates are predicted by Menzel’s formula. Safecure Super method appeared to create
a thin membrane on the surface of the concrete, which should have retarded the evaporation,
and also resulted in a slightly lower concrete temperature. Safecure Super 90W-10% method
is a wax emulsion that also formed a thin layer on the surface of the concrete. However, this
thin layer seems to have increased slightly the concrete temperature acting a bit like the plastic
sheet. Hence, it appears that different curing methods have different effect on evaporation and

temperature.

The predicted evaporation rate of PC-S and PC was almost equal in both methods as
shown in Figure 5.6 (g). During the experiment it was noticed that its bleeding rate was lower
than plain concrete due to the low flowability of the concrete. This was also reported by
Combrinck et al [20] when examining different doses of superplasticizer . The superplasticizer
also seems to have slowed down the temperature rise, probably by retarding the hydration

reaction.

The addition of 40 kg/m? of recycled tire steel fibre (RTSF) does not seem to affect the

evaporation rates as shown in Figure 5.6 (h).
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Figure 5.6: Evaporation rate of the various curing methods compared to PC.
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5.3.2. Crack width development

The surface crack width development over time is shown in Figure 5.7 (a-h) for all tests.
The graphs also show the concrete surface temperature and identify the temperature at the
initiation of the first crack. All the PC specimens cracked at around 2 hours, when the surface
temperature was around 24 °C and reached a width of just above 1 mm after 6 hours. This
consistency shows that the environmental chamber controlled the environment very well, and

that the concrete PC mixes were consistent with each other, enabling fair comparisons.

In PSC no plastic cracks were recorded as shown in Figure 5.7 (a), hence, the crack
reduction ratio was 100% (see Figure 5.8). This was also found by other authors. For example,
Nabil et al. [38] examined concrete in hot environmental conditions by covering concrete with
plastic sheet, curing membrane, adding ice to the concrete, and polypropylene fibres. The
results showed that the curing compound followed by plastic sheet covering was most efficient

in controlling plastic shrinkage cracks on the surface of the concrete.

During the wet-hessian test, the crack development could not be observed during the test,
as the surface was covered. However, after 24h when the hessian was removed a crack of
around 0.6 mm was found (Figure 5.7 (b)), a reduction of 49% compared to plain concrete (see
Figure 5.8). Nassif et al. [39] who study silica fume and fly ash cement replacements also found
that none of the applied concrete curing methods (air-dry curing, wet-burlap, and moist curing)

totally controlled early age cracks despite early-age strength enhancement.

The crack development for power floated concrete is shown in Figure 5.7 (c). PFC
cracked at the edges only. As the floating was done by hand, it is possible that the crack
developed at edges that could not be floated properly. Therefore, the CRR of PFC at the centre
was 100% reduction of crack width compared to PC as shown in Figure 5.8. Similarly, for the
in-situ application where half the slab was power floated, no cracks appeared the PFC, whilst
cracks appear on the boundary of the PC half of the slab (see Figure 5.9). Kori et al. [40] also
studied power floating concrete and found an improvement in durability and reduction in the

total crack area at the surface of the concrete.
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Figure 5.9: Power floating concrete of big scale.

CWC delayed the crack initiation by about one hour compared to PC as shown in Figure
5.7 (d). The concrete also appears to crack at the lower temperature of 21.5 °C compared to 24
°C for all other specimens that cracked. The crack reduction ratio of CWC (see Figure 5.8) was

25%.

SS90WC was found to offer the best crack control width of the three curing methods
used, with a crack reduction of 100% (Figure 5.8). SSC also helped offering a 70% crack
reduction. Saliba et al. [41] also reported that curing methods can control early-age cracking in

normal lab environmental conditions. The study reported that the curing methods reduced the
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micro and plastic shrinkage crack up to 25% compared to plain concrete. Leemann et al. [42]
investigated self-compacting concrete with an organic hydroxyl-compound as curing method
in environmental conditions of T = (30 £ 1) °C, RH = (60 * 5) %, and wind speed of (7 + 0.5)
m/s. The results showed that with increasing doses of curing method, the crack width was

reduced but still seen at the surface of the concrete.

On the other hand, PC cracked faster than PC-S, which had no visible cracks on the
surface of the concrete (see Figure 5.7 (g)). The reason for the PC-S having no cracks was
because of the low workability of the concrete, which failed to reach the target of the slump
test of 100 = 10 mm. Combrinck et al. [43] also found that super-plasticized concrete (PC)
results in larger micro and plastic shrinkage cracks compared to concrete devoid of admixtures

(PC-S).

RTSFC40 eliminated completely concrete cracks on the surface of the concrete as shown
in Figure 5.7 (h). Eren et al. [44] also found that steel fibres (hooked end) of different length
and aspect ratios can reduced cracks by up to 70% when using high fibre volumes (1.5%) and

longer fibre lengths (80 mm).

5.3.3. Comparison of the concrete curing methods

All concrete curing methods are compared in terms of cost, time of application,
sustainability, quality, crack initiation and concrete temperature in Table 5.3 and Figure 5.10.
Eq.4 was used to find the total cost of power floating a slab with a surface area of 360 m? in

Saudi Arabia, which was used as a reference site.

The time of application was determined from the start to finish of the curing method as
if it had been applied on the reference slab. The minimum efficiency index is given for the

application that took the longest.

The sustainability index was based on whether the material was recycled, reusable, and
ECO friendly. Such as, if the used material was recycled and can be reused on the next concrete
curing, then the material has advantages in improving the sustainability of the concrete. Also,
when the material has a low CO; emissions during production and application, it is considered
as an ECO friendly material. The sustainability efficiency that shown in Table 5.2, it means
when the used material was recycled will has (33.3), reusable (33.3), and ECO friendly (33.3)
of total of 100%.
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The quality index is proportional to the CRR%. The crack initiation index is 1 for

methods that did not crack, and the worse score is attributed to slabs that cracked between 2

and 3 hours. The concrete temperature index is linear between 20 and 30 °C.

where:

Total cost = Cm+ CL

Cwm = Materials cost, £/m?.

Cv = Labourer cost per hour, £/m?.

Table 5.3: Comparison of concrete curing methods (in brackets the efficiency index used in

Figure 5.10)

Method Range | PSC | HFC | PFC | CW | SSC | SS90W | RTSFC4
C C 0
Cost 4-0 0.18 | 0.21 | 0.30 | 0.10 | 0.33 0.33 4
(£/m?) (0.8) | (0.8) | (0.6) | (1) (0.6) (0.6) (0)
Time of 0-30 13 20 20 0 5 5 30
application (s/m?) 0.6) | (0.4) | (0.4) | (1) (0.8) (0.8) (0)
Sustainabilit 0-100 66.6 | 100 | 33.3 100 0 0 33.33
y (%) 6 (1) 3 1 | () 0) (0.3)
(0.6) (0.3)
Quality 0-100 100 48 100 22 78 100 100
(CRR% | (1) [ (0.5 | (1) | (0.2) | (0.78 (1) (1)
) )
Crack 2-3 No | 02:2 | No | 02:30 | 02:30 No No
initiation (hr) crack 0 crack | (0.5) | (0.5) crack crack
@ 103 @) 1) 1)
Concrete 20-30 29.7 | 23.5 | 253 | 20.1 | 23.1 26.7 24
temp. (°O) (0) | (0.6) | (0.5) | (1) (0.7) (0.3) (0.6)
Overall 0-6 4 3.6 3.8 4.5 33 3.6 2.9
relative score

In PSC, the plastic sheets can be reused many times up to 5 times and the method is cheap

and fast, taking only 13 s/m?to prepare and apply. PSC avoided early age cracking during the

test, but it has increased the concrete temperature, which could result in drying shrinkage cracks

in the future.

In HFC, hessian fabric can also be reused up to 10 times, but cost, drying and storing is

probably a bit more of an issue than plastic sheets, though with less environmental impact. The
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preparation and speed of application of HFC was around 20 s/m?. HFC delayed the crack

initiation and reduced the overall crack width without increasing the concrete temperature.

PFC was applied directly on site and accurate values were available. Power floating
machines can be used hundreds of times but need fuel to run. Hence, they produce some gas
emissions that can affect air quality and are also noisy. The large-scale application of PFC was
found to increase the concrete surface temperature in outdoor environmental conditions slab,
possibly due to the work done by the machine. The cost of PFC depends on the area of the
concrete, but it still higher compared to other concrete curing methods used in this study. PFC
can help control surface cracks, but it is time consuming and possibly only viable when a

polished surface is required.

The need for cold mixing water in CWC adds only a small amount of time in the
construction process. The cost of cold water or ice depends on the total volume of concrete,
but in general it is low compared to other curing methods. In this study, only the direct
refrigeration costs were considered. CWC can delay and reduce plastic shrinkage cracks and
can also have longer term benefits due to the reduced temperature of the concrete at the early

age.

The curing methods used are both non-toxic and non-flammable. The cost of SSC and
SS90WC was 0.33 £/m? which is higher compared to most curing methods used in this study.
Applying them is relatively easy by spraying the concrete surface and it just takes 5 s/m?, but
it should be applied to the concrete surface when all the bleeding water has evaporated.
SS90WC eliminated crack completely, but let to a slight increase in temperature, whilst SSC
helped delay and reduce plastic shrinkage cracks.

The PC-S is not acceptable as a concrete curing method as it results in low workability

concrete, hence it is not evaluated for efficiency.

RTSFC40 eliminated the cracks completely and it is relatively time consuming to apply
at 30 s/m2. However, it can also help with long-term cracks and it is often used as structural
reinforcement. Its relative cost was found to be higher compared to other curing methods, hence,

it may not be the ideal solution if only needed for plastic shrinkage.

The overall relative score shows that the CWC was the best concrete curing method even

though it cannot eliminate plastic shrinkage cracking completely. Therefore, combining two
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concrete curing methods may be necessary to get the best performance of concrete curing

methods like CWC with PSC or RTSFC40.

——PSC ——HFC —PFC cwe
= SSC === SS90WC ====RTSFC40
Time of App.

Concrete

Sustainable
temperature

Crack initial time

Quality

Figure 5.10: Comparison between concrete curing methods

5.4. Conclusion

This paper presents an experimental work on various concrete curing methods to re-
strain plastic shrinkage cracking, and it compares them in terms of the cost, time of application,
sustainability, quality, crack initiation and temperature. Plastic shrinkage is determined
according to ASTM C1579 under controlled environmental conditions. From the findings, the
following conclusions can be drawn:

e The ASTM evaporation rates are similar for all the specimens and are affected by the
initial water pan temperature, while the Menzel’s formula evaporation rates increase
with an increase in the concrete temperature.

e All the concrete curing methods are successful to some extent in restraining plastic
shrinkage cracking.

e Covering concrete with plastic sheets (PSC) prevents the evaporation of the bleed water

and eliminates plastic shrinkage cracks, albeit at the expense of increased temperatures,
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while covering concrete with wet hessian fabric (HFC) decreases plastic shrinkage

cracks and keeps the concrete temperature down.

e The power floating concrete curing method (PFC) reduces or eliminates cracks,
although it takes time to apply and increases the concrete temperature.

e Cold water concrete (CWC) gives the best overall relative efficiency score but does not
eliminate cracking, so it is recommended as a supplementary method in hot climates.

¢ Both curing methods (SSC and SS90WC) used in this study prevent and reduce plastic
shrinkage cracks but affect the concrete temperature negatively.

e Recycled tire steel fibres (RTSFC40) eliminate plastic shrinkage cracking, but due to
their cost, they are not recommended just for plastic shrinkage control, but it can also
control the long-term cracks and it is often used as structural reinforcement.

The use of CWC shows a reduction in the concrete temperature but does not prevent
plastic shrinkage cracks. On the other hand, PSC and RTSFC40 eliminate completely concrete
cracks on the surface of the concrete, although they increase the concrete temperature.
Therefore, combining two concrete curing methods may be necessary to obtain the best
performance of the concrete curing methods, for example, CWC with PSC or RTSFC40.

Future work on real-scale applications could provide more representative data in terms
of the cost, quality and time of application. The synergistic effect of two or more curing

methods should be explored to optimize the structural performance and environmental impact.
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Chapter 6 ¢ Conclusions and Recommendations for Future Work

This chapter introduces the main conclusions of each chapter of this thesis and

recommendations for future work.
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6.1. Conclusions

The aim of this research was to investigate the plastic shrinkage behaviour of concrete
exposed to different environmental conditions and examine the impact of steel fibre, different
curing methods and other mitigation strategies on restraining plastic shrinkage cracking. Based
on the results reported in previous work, the main conclusions of the various phases of the

project are summarised in the following sections.

6.1.1. Performance of RTSF and MSF in restraining plastic shrinkage cracking
(Chapter 3).

The potential of different dosages of RTSF, and MSF (0, 10, 20, 30 kg/m?) in concrete
to restrain plastic shrinkage cracking was examined under different environmental conditions

(temperature 3643 °C, relative humidity 30+10% and a wind speed of 5 m/s).

e Both RTSF and MSF were effective in reducing plastic shrinkage cracking at all tested
dosages, but overall RTSF outperformed MSF. The better performance of RTSF is
attributed to their larger number and better distribution within the concrete volume.

e RTSF led to substantial reductions in plastic shrinkage crack width, with measured
CRR values of 42%, 75%, and 100% for fibre dosages of 10 kg/m?® (V¢ = 0.13%), 20
kg/m3 (Vi = 0.26%), and 30 kg/m? (V¢= 0.38%), respectively.

e The use of 30 kg/m? of RTSF showed the best performance and eliminated cracking

completely under the examined environmental conditions.

6.1.2. The Effect of Harsh Environmental Conditions on Concrete Plastic Shrinkage
Cracks: Case Study Saudi Arabia (Chapter 4).

The effect of different environmental conditions of temperature (28, 36, and 45 °C) and
wind speed (3, 4.7, and 7 m/s), typical of Saudi Arabia, water to cement ratios (0.5, 0.55, and
0.6), and RTSF fibre dosages (30, and 40 kg/m?) on plastic shrinkage were examined.

e Harsher environmental conditions (temperature, and wind speed), and high water to
cement ratios were found a result of earlier and more severe cracking (i.e., larger crack
width, length, and area).

e Temperature is the most important parameter of the environmental conditions in
accelerating cracking as found with increasing temperature, the cracking starts earlier,

and the eventual crack width is wider whilst wind speed is the least significant.
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e The use of higher water/cement ratios increases cracking, primarily as a result of earlier
and heavier bleeding.

e The addition of RTSF fibres (30 kg/m?) was found to be effective in controlling plastic
shrinkage cracking to the low and medium of different environmental conditions, with
(40 kg/m®) eliminating the cracks completely in the harshest of the examined

environments.

6.1.3. Effect of various curing methods on plastic shrinkage cracking (Chapter 5).

The effect of different curing methods and other strategies to control plastic shrinkage
cracking was investigated. Typical curing methods were assessed such as covering concrete
(plastic sheets, and wet-hessian fabric), power floating concrete, curing admixtures, and along

with the use of cold water in the mix and recycled tyre steel fibre (RTSF) at 40 kg/m?.

e Based on the analysis of different criteria, including cost, time of application,
sustainability, quality, crack initiation, and concrete temperature, the examined curing
methods can be ranked as following (from the most effective to the least), (1- Cold
water, 2- Plastic sheets, 3- Power floating, 4- Wet-hessian fabric, and Safecure Super
90w-10%, 5- Safecure Super, 6- Recycled tyre steel fibres)

e Covering concrete with plastic sheets (PSC) prevents evaporation of the bleed water,
and eliminates plastic shrinkage cracks, but at the expense of increased concrete
temperature.

e Covering concrete with wet-hessian fabric (HFC) can effectively decreases plastic
shrinkage cracks, while also keeping concrete temperature down.

e Power floating concrete (PFC) can reduce or eliminate cracks, but it requires a
considerable amount of time for the application and increases concrete temperature
slightly.

e Cold water concrete (CWC) gives the best overall relative efficiency score but does not
eliminate cracking, so it is recommended as a supplementary method in hot climates.

e Both shrinkage reducing methods (SSC and SS90WC) used in this study reduced or
prevented plastic shrinkage cracks but affected concrete temperature negatively.

e The use of 40 kg/m? of recycled tyre steel fibres (RTSFC40) was found to eliminate
plastic shrinkage cracking. The high cost of fibres, compared to the other commonly
used mitigation techniques, makes RTSF less attractive for plastic shrinkage control

only applications. However, the use of RTSF can lead to cost effective solutions when
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used as structural reinforcement, also in combination with reinforcing bars, as it can
effectively improve long-term performance and control structural and non- structural

cracks.

6.2. Recommendations for Future Work

This section provides recommendations for future research to examine the problems

that have not been addressed during this research due to limited time and resources.

6.2.1. Fibre length distribution and hybrid blends

e Different RTSF lengths distributions should be examined to optimize the performance
of the RTSFC at both plastic and hardened state.

e The use of fibre blends including RTSF and polymeric synthetic fibres could further
improve the resistance to plastic shrinkage cracking. Polymeric synthetic fibre can
reduce bleeding water at the concrete surface, while RTSF can reduce the width of
plastic shrinkage cracks.

e The effect of natural fibres to restrain plastic shrinkage cracking (e.g.) jute, sugarcane,

vegetables, and banana fibre, could be examined.

6.2.2. Modifications to the plastic shrinkage cracking test

e The evaporation rates could be measured directly from the concrete slab during the test,
by placing the specimens directly on a suitable scale or load cell and monitoring their
weight loss.

e The evolution of capillary pressure could be monitored through the use of sensors (e.g.
electric pressure sensors).

e Examine the effect of top steel reinforcement on plastic shrinkage cracks.

e Examine plastic shrinkage behaviour in cold environmental conditions in terms of

high wind speed with low temperature.

6.2.3. Concrete curing methods
e The effect of the various curing methods on concrete performance (i.e. compressive
and tensile strength) could be investigated.
e The synergistic effect of two or more curing methods could be explored to optimize
structural performance and environmental impact.

o The effect of different curing methods for cold weather concreting could be assessed.
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e A more detailed assessment of curing methods could be carried out on real scale
applications so as to yield to more representative data in terms of cost, quality and time

of application.
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Chapter 2: Literature review

This appendix presents additional information, images on the plastic shrinkage testing

techniques, and the materials properties and tests of chapter 2.
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A.1 Particle size
A.1.1 Fine aggregate

Table A.1 Fine aggregate sieve analysis.

Sieve Size Sample " % Cumulative retained "
retained Retained Finer
10 mm 0 0 0 100
8 mm 0 0 0 100
6.3 mm 0 0 0 100
4 mm 175.3 7 7 93
2.8 mm 548.9 21.95 28.95 71
2 mm 500 20 48.95 51.41
1 mm 665 26.6 56 75.55
0.5 mm 562 22.5 95.48 27
0.25 37 1.48 96.96 3
0.125 4 0.16 97.12 2.9
Pan 2 0.08 97.2 0.10%
Fineness Modulus = 5.28
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A.1.2 Coarse aggregate 10 mm size

Table A.2 Coarse aggregate 10 mm size sieve analysis.

Sieve Size rsei::illl:(lafi Ret:{(i,ned 7 S;I;Il:glﬁve 7o Finer
40 mm 0 0 0 100
31.5 mm 0 0 0 100
20 mm 0 0 0 100
14 mm 0 0 0 100
10 mm 300 12 12 88
4 mm 2187 87.48 99.48 1
2 mm 13 0.52 100 0
Pan 0 0 100 0.10%
Fineness Modulus =
2.12
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A.1.3 Coarse aggregate 20 mm size

Table A.3 Coarse aggregate 20 mm size sieve analysis.

Literature review

Sieve Size lii:;}:ig % Retained o S;:;::Lz:ltive % Finer
31.5 mm 0 0 0 100
20 mm 359.7 14.388 14.388 85.612
14 mm 1119.8 44.792 59.18 40.82
10 mm 853.3 34.132 93.312 6.688
4 mm 160.2 6.408 99.72 0.28
2 mm 2.7 0.108 99.828 0.172
Pan 1.9 0.076 99.904 0.10%
Fineness Modulus =
3.66
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A.2 Admixture
A.2.1 High-range Water Reducing Admixture — Sika ViscoCrete Summary Data Sheet
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Product Data Sheet
Edition 12/072016
Identification no

02 1301 01 100 0 000408
Sika® ViscoCrete® 30HE (UK)

Literature review

C€

Sika® ViscoCrete® 30HE (UK)

Accelerating High Range Water Reducing/Superplasticising
Concrete Admixture

Product
Description

Sika® ViscoCrete® 30HE (UK) is a Iiquid admaxture for concrete which & used as an
accelerating high range water reducer or superplasticiser |t meets the requirements
of BS EN 934-2.

Uses

Sika®ViscoCrele® 30HE (UK) has been specifically formulated for the production of
concrete mixes which require high early strength development, powerful water
reduction and excellent flowability.

Precast concrete

Fast track concrete

Self compacting concrete

Characteristics /
Advantages

Sgnificantly increased early age strength
Excellent water reduction

Excellent flowability

Reducad drying shrinkage

Improved surface finish

Tests

Approvals | Standards

Cenforms to the requirements of BS EN 934-2 Tables 31& 32
DoP 02 13 01 01 100 0000422 1088, certified by Factory Production Control Body
0086, Certficate 541325, and provided with the CE mark

Product Data

Form

Appearance / Colour

Light Brown Liguid

Packaging

25 litre drum and 1000 ktre IBC

Storage

Storage Conditions /
Shelf-Life

12 months from date of production if stored in unopenad and undamaged onginal
sealed containers protected from moisture at temperatures between +5°C and
+25°C.

3 Shad ViscoCrata® IOHE (UK)
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Technical Data

Chemical Base Modified Palycarboxylate
Density 1.06 kgllitre

pH Value 44 +1.0

Water Soluble Chloride  <0.1% w/w (chloride free)
Content

Alkali Content < 0.40%

System

Information

Application Details

Consumption / Dosage " 0.2-0.8% by weight of cement (medium workability)
1.0 - 2.0% by weight of cement (high workatity/SCC)

Dispensing ®  Sika®ViscoCrete® 30HE (UK) shoud be dispensed through sutable
calibrated equipment
ezd"‘m'f:;', ®  Sika®ViscoCrete® 30HE (UK) shoud not be added to dry cement
Limitations ®  Sika®ViscoCrete® 30HE (UK) shoud be added with the mixing water
Compatibility Ska®Admixtures:
®  Compatibility information available on request
Cements:

B All cement combinations

Notes on Application | Support from our Technical Service Department is recommended,
Limitations

Value Base All technical data stated in this Product Data Sheet are based on laboratory tests,
Actual measured data may vary due o circumstances beyond our control.

Local Restrictions Pease note that as a result of specific local regulations the performance of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.

Health and Safety  For information and advice on the safe handling, storage and disposal of chemical
Information products, users shall refer to the most recent Material Safety Data Sheet contaning
n o physical, ecological, toxicological and other safety-related data.

Log‘| Notes The information, and. in particuar, the recommendations relating to the application
and end-use of Sika products, are given in good faith based on Sika's current
knowledge and experience of the products when property stored, handled and
applied under normal conditions in accordance with Sika's recommendations. in
pracice, the differences in materials, substrates and actual site conditions are such
that no warranty in respect of merchantability or of fitness for a particular purpose,
nor any liability arising out of any legal relationship whatsoever, can be inferred
either from this information, or from any written recommendations, or from any other
advice offered. The user of the product must test the product’s suitability for the
intended application and purpose. Sika reserves the right to change the properties
of s products. The proprietary rights of hird parties must be cbserved. All orders
are accepted subject 1o our current terms of sale and delivery. Users must always
refer to the most recent issue of the local Product Data Sheet for the product
concemed, copies of which will be supplied on request.

20 Skal ViacCrete® 30HE (UK)
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A.3 The MATLAB script developed to determine the crack area is presented in this

section.

%% read image

I = imread('RTSFPC.jpeg’');
figure, imshow(I);
title('a. Original Image');

%% convert RGB image to grayscale image
Igray = rgb2gray(I);

figure, imshow(Igray);

title('b. Grayscale image');

%% convert grayscale image to binary image
level = 0.3p;

Ithres = im2bw(Igray, level);

figure, imshow(Ithres);

title('c. Binary Image')

%% image morphological operation
Icomp = imcomplement(Ithres);
Iclean = bwareaopen(Icomp, 8);
figure, imshow(Iclean);
title('d. Cleaned Image')

‘%% calculate crack area
CrackPixels = bwarea(Iclean);
CalibrationArea = 50; % mm2
CalibrationPixels = 14613;

CrackArea = CrackPixels*CalibrationArea/CalibrationPixels; % mm2
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Chapter 3: Performance of Manufactured and Recycled Steel Fibres in Restraining
Concrete Plastic Shrinkage.

This appendix presents additional information regarding the results found in Chapter 3.
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.1 Environmental conditions and evaporation rate
B.1.1 RTSFC10
Table B.1 RTSFC10 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH PC PC RTSFC10 | RTSFC10
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 222 0 45 501 - 506 -

1 32 5 21 481 1.11 485 1.10

2 34.1 5 20 460 1.16 463 1.11

3 34.8 5 20 438 1.21 440 1.16

4 35 5 20 415 1.26 416 1.21

5 36.3 5 20 391 1.37 390 1.26

6 36.9 5 20 365 1.42 363 1.40

B.1.2 RTSFC20
Table B.2 RTSFC20 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH PC PC RTSFC20 | RTSFC20
(hr) (°C) | speed | (%) | water | Eva.rate water Eva. rate
(m/s) pan (g) | (kg/m?*h) | pan(g) | (kg/m?/h)
0 21.8 0 46 504 - 506 -

1 30.3 5 28 483 1.10 484 1.10

2 33.9 5 22 461 1.16 461 1.14

3 34 5 20 438 1.30 437 1.21

4 353 5 20 414 1.40 412 1.30

5 36.3 5 20 389 1.40 386 1.40

6 37 5 20 363 1.45 359 1.42
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B.1.3 RTSFC30
Table B.3 RTSFC30 environmental conditions and evaporation rate.

Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

Time | Temp. | Wind | RH | PC PC RTSFC30 | RTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan | (kg/m?*h) | pan(g) | (kg/m%/h)
(®
0 24.9 0 41 | 500 - 508 -
1 33.8 5 20 | 479 1.21 485 1.11
2 35.8 5 20 | 456 1.37 459 1.21
3 36.4 5 20 | 430 1.53 430 1.37
4 37.4 5 20 | 402 1.68 398 1.48
5 38.6 5 20 | 371 1.74 365 1.63
6 39.4 5 20 | 338 1.84 330 1.74
B.1.4 MSFC10
Table B.4 MSFC10 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC MSFC10 | MSFC10
(hr) (°C) | speed | (%) | water | Eva. rate | water | Eva. rate
(m/s) pan | (kg/m?/h) | pan (g) | (kg/m?/h)
(®
0 21.2 0 44 508 - 509 -
1 31.5 5 21 489 1.11 488 1.0
2 343 5 20 468 1.16 466 1.11
3 35 5 20 445 1.21 443 1.19
4 359 5 20 420 1.32 418 1.31
5 36.5 5 20 393 1.36 391 1.35
6 37.2 5 20 363 1.46 360 1.43
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.1.5 MSFC20
Table B.5 MSFC20 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC MSFC20 | MSFC20
(hr) (°C) | speed | (%) | water | Eva. rate | water | Eva. rate
(m/s) pan | (kg/m*h) | pan (g) | (kg/m*/h)
(®
0 21.4 0 43 505 - 503 -
1 31.2 5 21 484 1.16 481 1.11
2 343 5 20 462 1.21 458 1.16
3 35.1 5 20 439 1.26 434 1.24
4 35.8 5 20 413 1.37 408 1.34
5 36.4 5 20 385 1.40 380 1.39
6 37.7 5 20 355 1.48 350 1.45
B.1.5 MSFC30
Table B.6 MSFC30 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC MSFC30 | MSFC30
(hr) (°C) | speed | (%) | water | Eva. rate | water | Eva. rate
(m/s) pan | (kg/m*h) | pan (g) | (kg/m*/h)
(®
0 24.3 0 41 507 - 500 -
1 32.1 5 21 488 1.10 480 1.10
2 34.6 5 20 467 1.16 458 1.10
3 359 5 20 445 1.21 435 1.16
4 36.6 5 20 422 1.32 410 1.21
5 37.1 5 20 398 1.37 384 1.26
6 37.4 5 20 373 1.37 358 1.32
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B.2 Workability
Table B.7 Slump test of all mixes.
Mix ID PC Fibre

RTSFC10 140 120
RTSFC20 140 108
RTSFC30 140 95
MSFC10 140 127
MSFC20 140 115
MSFC30 140 104

B.3 Compressive strength
B.3.1 RTSFC10
Table B.8 RTSFC10 compressive strength at one day.

Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m?) the cube curing
(MPa) (kg/m?3)
RTSFCI10 Out 14.56 2.38 100x 100%100 2380 1
RTSFC10 In 15.60 2.24 100x 100%100 2240 1
PC Out 13.74 2.25 100x 100%100 2250 1
PCIn 14.01 2.25 100x 100%100 2250 1
Table B.9 RTSFC10 compressive strength at 28 days curing.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m?) the cube curing
(MPa) (kg/m?3)
RTSFCI10 Out 34.67 2.24 100x 100%100 2240 28
RTSFC10 In 34.69 2.27 100x 100%100 2270 28
PC Out 34.16 2.26 100x 100x100 2260 28
PCIn 34.20 2.25 100x 100%100 2250 28
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B.3.2 RTSFC20
Table B.10 RTSFC20 compressive strength at one day.

Batch Compressive | Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
RTSFC20 Out 15.44 2.33 100x 100%100 2330 1
RTSFC20 In 16.80 2.33 100x 100%100 2330 1
PC Out 13.62 2.27 100x 100%100 2270 1
PCIn 14.50 2.24 100x 100x100 2240 1

Table B.11 RTSFC20 compressive strength at 28 days curing.

Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
RTSFC20 Out 35.40 2.29 100x 100x100 2290 28
RTSFC20 In 35.30 2.31 100x 100%100 2310 28
PC Out 35.18 2.27 100x 100%100 2270 28
PCIn 35.08 2.22 100x 100x100 2220 28
B.3.3 RTSFC30
Table B.12 RTSFC30 compressive strength at one day.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
RTSFC30 Out 16.50 2.38 100x 100%100 2380 1
RTSFC30 In 17.60 2.39 100x 100%100 2390 1
PC Out 15.62 2.21 100x 100%100 2210 1
PCIn 14.55 2.20 100x 100x100 2200 1
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Table B.13 RTSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
RTSFC30 Out 35.90 2.30 100x 100%100 2230 28
RTSFC30 In 35.75 2.30 100x 100%100 2230 28
PC Out 35.16 2.22 100x 100x100 2200 28
PCIn 35.06 2.24 100x 100x100 2240 28
B.3.4 MSFC10
Table B.14 MSFC10 compressive strength at one day.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
MSFC10 Out 14.22 2.29 100x 100x100 2290 1
MSFC10 In 15.10 2.31 100x 100%100 2310 1
PC Out 13.22 2.25 100x 100%100 2250 1
PCIn 13.65 2.25 100x 100x100 2250 1
Table B.15 MSFC10 compressive strength at 28 days curing.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m?) the cube curing
(MPa) (kg/m?)
MSFC10 Out 35.09 2.27 100x 100%100 2270 28
MSFC10 In 34.73 2.27 100x 100%100 2270 28
PC Out 34.15 2.25 100x 100%100 2250 28
PCIn 34.08 2.25 100x 100%100 2250 28
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B.3.5 MSFC20
Table B.16 MSFC20 compressive strength at one day.
Batch Compressive | Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
MSFC20 Out 14.22 2.32 100x 100%100 2320 1
MSFC20 In 15.1 2.33 100x 100%100 2330 1
PC Out 13.83 2.25 100x 100%100 2250 1
PCIn 14.07 2.29 100x 100x100 2290 1
Table B.17 MSFC20 compressive strength at 28 days curing.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?3)
MSFC20 Out 35.60 2.29 100x 100x100 2290 28
MSFC20 In 35.30 2.30 100x 100%100 2300 28
PC Out 34.86 2.28 100x 100%100 2280 28
PC In 34.13 2.25 100x 100x100 2500 28
B.3.6 MSFC30
Table B.18 MSFC30 compressive strength at one day.
Batch Compressive |  Weight of Volume of the Density of Age of
strength the cube (kg) cube (m?) the cube curing
(MPa) (kg/m?3)
MSFC30 Out 16.50 2.28 100x 100x100 2280 1
MSFC30 In 17.60 2.33 100x 100x100 2330 1
PC Out 13.62 2.23 100x 100%100 2230 1
PCIn 14.50 2.24 100x 100%100 2240 1
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Table B.19 MSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of Volume of the Density of Age of
strength the cube (kg) cube (m®) the cube curing
(MPa) (kg/m?)
MSFC30 Out 35.84 2.24 100x 100%100 2240 28
MSFC30 In 35.70 2.30 100x 100%100 2300 28
PC Out 34.18 2.23 100x 100x100 2230 28
PC In 34.15 2.24 100x 100x100 2240 28

~

Figure B.1: RTSF and MSF concrete cubes compressive strength test.
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B.4 Crack measurements
B.4.1 RTSFC10
B.4.1.1 MATLAB and IC measure software

Length: 364.23 mm B
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Figure B.2: IC crack length at 24 hours of plain concrete.

[ CrackArea 520.0472
{H CrackPixels 1,8999¢+04

H x1457x3 uint8
M Iclean 457 logical

M lcomp

F:] Igray
V| Ithres

Figure B.3: MATLAB crack area at 24 hours of plain concrete.
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Figure B.4: MATLAB image processing steps for plain concrete.
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Length: 338.66 mm
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Figure B.5: IC créck length at 24 hours of RTSFC10.

317.2719
8.4296e+03
2851x1002x3 uint8
2851x1002 logical
2851x1002 logical
2851x1002 uint8
2851x1002 logical

Figure B.6: MATLAB crack area at 24 hours of RTSFC10.
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Figure B.7: MATLAB image processing steps for RTSFC10.
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B.4.1.2 Optical methods measure

Table B.20 RTSFC10 optical measurement.

Point PC RTSFC10
(mm) (mm)
1 1 0.5
2 1 0.7
3 1.2 0.7
4 1.2 0.7
5 1.2 0.8
6 1.4 0.8
7 1.4 0.8
8 1.4 0.7
9 1.4 0.9
10 1.4 0.9
11 1.4 0.9
12 1.4 0.9
13 1.5 0.9
14 1.4 0.9
15 1.4 1
16 1.3 1
17 1.4 1
18 1.6 1
19 1.4 1
20 1.4 1
21 1.4 1
22 1.4 1
23 1.4 1
24 1.3 0.9
25 1.3 0.9
26 1.5 0.8
Ave 1.40 0.80
B.4.1.3 Crack width methods measure
Concrete MATLAB Optical
(mm) (mm)
PC 1.43 1.40
RTSFC10 | 0.94 0.86
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B.4.2 RTSFC20
B.4.2.1 MATLAB and IC measure software

Length: 365 mm
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Figure B.8: IC crack length at 24 hours of plain concrete.

| CrackArea 489.6244
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| 2686x1015x3 vint8
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Igray 2686x1015 uint8
| Ithres 2686x1015 logical

Figure B.9: MATLAB crack area at 24 hours of plain concrete.
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Figure B.10: MATLAB image processing steps for plain concrete.

161



Appendix B

Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks
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Figure B.12: MATLAB crack area at 24 hours of RTSFC20.
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Figure B.13: MATLAB image processing steps for RTSFC20.
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.2.2 Optical methods measure
Table B.21 RTSFC20 optical measurement.

Point PC RTSFC20
(mm) (mm)
1 1 0.3
2 1 0.3
3 1.2 0.3
4 1.2 0.3
5 1.2 0.3
6 1.2 0.4
7 1.3 0.4
8 1.3 0.4
9 1.3 0.4
10 1.3 0.4
11 1.3 0.5
12 1.3 0.5
13 1.3 0.5
14 1.4 0.5
15 1.4 0.5
16 1.4 0.5
17 1.4 0.5
18 1.3 0.5
19 1.3 0.5
20 1.3 0.4
21 1.3 0.4
22 1.3 0.4
23 1.3 0.4
24 1.3 0.4
25 1.3 0.3
26 1.3 0.3
Ave 1.30 0.41

B.4.2.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.35 1.30
RTSFC20 0.48 0.41
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B.4.3 RTSFC30
B.4.3.1 MATLAB and IC measure software

Length: 361.14 mm |
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Figure B.14: IC crack length at 24 hours of plain concrete.

| CrackArea 493.5139
t{ CrackPixels 9.6156e+03
| 3031x712x3 uint§
V| Iclean 3031x712 logical
v/| lcomp 3031x712 logical
Igray 3031x712 uint8
V| Ithres 3031x712 logical

Figure B.15: MATLAB crack area at 24 hours of plain concrete.
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. Binary bnoagn

Figure B.16: MATLAB image processing steps for plain concrete.
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.3.2 Optical methods measure
Table B.22 RTSFC30 optical measurement.

Point PC RTSFC30
(mm) (mm)
1 1.3 0
2 1.3 0
3 1.3 0
4 1.3 0
5 1.3 0
6 1.4 0
7 1.4 0
8 1.4 0
9 1.4 0
10 1.3 0
11 1.3 0
12 1.3 0
13 1.3 0
14 1.3 0
15 1.3 0
16 1.3 0
17 1.3 0
18 1.3 0
19 1.3 0
20 1.3 0
21 1.3 0
22 1.3 0
23 1.3 0
24 1.3 0
25 1.3 0
26 1.3 0
Ave 1.30 0

B.4.3.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.37 1.30
RTSFC30 0 0
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B.4.4 MSFC10

Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.4.1 MATLAB and IC measure software

[ Length: 359.24 mm
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Figure B.17: IC crack length at 24 hours of plain concrete.

H CrackArea 517.8546
H CrackPixels 1.2206e+04
1 2654x947x3 uint8
v Iclean 2654x947 logical
| lcomp 2654x947 logical
Igray 2654x947 uint8
V| Ithres 2654x947 logical

Figure B.18: MATLAB crack area at 24 hours of plain concrete.
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Figure B.19: MATLAB image processing steps for plain concrete.
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Figure B.20: IC crack length at 24 hours of MSFCI10.
H CrackArea 397.8228
H CrackPixels 1.3520e+04
Hi 2613x801x3 uint8
v Iclean 2613x801 logical
V] Icomp 2613x801 logical
HH Igray 2613x801 uint8
V] Ithres 2613x801 logical

Figure B.21: MATLAB crack area at 24 hours of MSFC10.
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Figure B.22: MATLAB image processing steps for MSFC10.
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.4.2 Optical methods measure
Table B.23 MSFC10 optical measurement.

Point PC MSFC10
(mm) (mm)
1 1.3 1
2 1.3 1
3 1.3 1
4 1.3 1
5 1.3 1
6 1.3 1.1
7 1.3 1.1
8 1.4 1.1
9 1.4 1.1
10 1.4 1.1
11 1.4 1.1
12 1.4 1.1
13 1.5 1.2
14 1.5 1.2
15 1.5 1.2
16 1.5 1.2
17 1.5 1.2
18 1.5 1.2
19 1.4 1.2
20 1.4 1.1
21 1.4 1.1
22 1.4 1.1
23 1.4 1.1
24 1.3 1.1
25 1.3 1.1
26 1.3 1.1
Ave 1.4 1.11

B.4.4.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.44 1.40
MSFC10 1.13 1.11
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B.4.5 MSFC20
B.4.5.1 MATLAB and IC measure software
i 5)/

Length: 326.98 mm

et

N

~

Figure B.23: IC crack length at 24 hours of plain concrete.
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Figure B.24: MATLAB crack area at 24
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Figure B.25: MATLAB image processing steps for plain concrete.
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CrackArea 200.1719

CrackPixels 4.3335e+03

I 2884x622x3 uint8

Iclean 2884x622 logical
V| Icomp 2884x622 logical

Igray 2884x622 uint8
| Ithres 2884x622 logical

Figure B.27: MATLAB crack area at 24 hours of MSFC20.
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Figure B.28: MATLAB image processing steps for MSFC20.

176



Appendix B

Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.5.2 Optical methods measure
Table B.24 MSFC20 optical measurement.

Point PC MSFC20
(mm) (mm)
1 1 0.4
2 1 0.4
3 1.2 0.4
4 1.2 0.4
5 1.2 0.5
6 1.2 0.5
7 1.3 0.5
8 1.3 0.5
9 1.3 0.6
10 1.3 0.6
11 1.3 0.6
12 1.3 0.6
13 1.3 0.6
14 1.4 0.6
15 1.4 0.6
16 1.4 0.6
17 1.4 0.6
18 1.3 0.6
19 1.3 0.5
20 1.3 0.5
21 1.3 0.6
22 1.3 0.6
23 1.3 0.6
24 1.3 0.5
25 1.3 0.5
26 1.3 0.5
Ave 1.30 0.53

B.4.5.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.33 1.30
MSFC20 0.68 0.53
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B.4.6 MSFC30
B.4.6.1 MATLAB and IC measure software

|
Length: 364.67 mm
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H CrackArea 483.2529
1| CrackPixels 1.1770e+04

I 2712x854x3 uint8

| Iclean 2712x854 logical
v/ lcomp 2712x854 logical
+ Igray 2712%854 uint8
lﬁ Ithres 2712x854 logical
Figure B.30: MATLAB crack area at 24 hours of plain concrete
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Figure B.31: MATLAB image processing steps for plain concrete.
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Length: 310.4 mm

Figure B.32: IC crack lengthiat 24 hours of MSFC30.

l CrackArea 121.1500

t1 CrackPixels 3.3721e+03

i1 2859%798x3 uint8
V] Iclean 2859x798 logical
v lcomp 2859x798 logical

| Igray 2859x798 uint8
| Ithres 2859x798 logical

Figure B.33: MATLAB crack area at 24 hours of MSFC30.
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Figure B.34: MATLAB image processing steps for MSFC30.
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Performance of SFRC for Restraining Concrete Plastic Shrinkage Cracks

B.4.6.2 Optical methods measure
Table B.25 MSFC30 optical measurement.

Point PC MSFC30
(mm) (mm)
1 1.2 0.2
2 1.2 0.2
3 1.3 0.2
4 1.3 0.3
5 1.3 0.3
6 1.3 0.3
7 1.3 0.3
8 1.3 0.3
9 1.3 0.4
10 1.3 0.4
11 1.3 0.4
12 1.3 0.4
13 1.3 0.4
14 1.3 0.4
15 1.3 0.4
16 1.3 0.4
17 1.3 0.4
18 1.3 0.4
19 1.2 0.4
20 1.2 0.3
21 1.2 0.3
22 1.2 0.3
23 1.2 0.3
24 1.2 0.3
25 1.2 0.3
26 1.2 0.2
Ave 1.30 0.30

B.4.6.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.32 1.30
MSFC30 0.39 0.30
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Appendix C:

Chapter 4: The Effect of Harsh Environmental Conditions on Concrete Plastic
Shrinkage Cracks: Case Study Saudi Arabia.

This appendix presents additional information regarding the results found in Chapter 4.
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Appendix C

Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.1 Environmental conditions and evaporation rate
C.1.1 LTRTSFC30
Table C.1 LTRTSFC30 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC LTRTSFC30 | LTRTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate | water pan Eva. rate
(m/s) pan | (kg/m*/h) (2 (kg/m?/h)
(®
0 22 - 45 | 510 - 502 -
1 26.6 4.7 | 35 | 484 1 483 1
2 27 4.7 | 25 | 462 1 464 1.05
3 27.8 4.7 | 23 | 442 1.05 444 1.05
4 28.3 4.7 | 20 | 422 1.05 424 1.15
5 28.9 4.7 | 20 | 402 1.15 402 1.15
6 29.5 4.7 | 20 | 382 1.15 382 1.15
C.1.2 MTRTSFC30
Table C.2 MTRTSFC30 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC MTRTSFC30 | MTRTSFC30
(hr) (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m?*/h) (kg/m?/h)
(®
0 23 - 45 | 502 - 501 -
1 33 4.7 36 | 483 1.11 480 1
2 35 4.7 | 24 | 463 1.16 458 1.17
3 35 4.7 | 20 | 441 1.16 432 1.18
4 35 4.7 | 20 | 420 1.16 412 1.16
5 36 4.7 | 20 | 400 1.16 392 1.17
6 36 4.7 | 20 | 379 1.16 370 1.17
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C.1.3 HTRTSFC30
Table C.3 HTRTSFC30 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC HTRTSFC30 | HTRTSFC30
(hr) (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
(®

0 33 - 45 | 500 - 500 -

1 42 4.7 | 28 | 471 1.53 471 1.52

2 44.5 4.7 | 20 | 439 1.68 440 1.63

3 44.8 4.7 15 | 402 1.95 405 1.84

4 45 4.7 15 | 370 2.05 374 1.99

5 45 4.7 15 | 341 2.10 345 2.00

6 45.2 4.7 15 | 314 2.16 318 2.11

C.1.4 HTRTSFC40
Table C.4 HTRTSFC40 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC HTRTSFC40 | HTRTSFC40
(hr) (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
(®

0 30 - 45 | 500 - 500 -

1 40 4.7 30 | 472 1.48 472 1.48

2 443 4.7 | 22 | 442 1.59 440 1.59

3 44.8 4.7 | 20 | 405 1.90 405 1.90

4 44.5 4.7 15 | 368 1.95 370 1.90

5 45 4.7 15 | 328 2.10 330 2.10

6 45 4.7 15 | 287 2.15 289 2.10
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C.1.5 LWSRTSFC30
Table C.5S LWSRTSFC30 environmental conditions and evaporation rate.

Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

Time | Temp. | Wind | RH | PC PC LWSRTSFC30 | LWSRTSFC30
(hr) (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m*/h) (kg/m?/h)
(8
0 28.8 - 45 | 510 - 514 -
1 32.1 3 28 | 489 1 493 1
2 34.2 3 20 | 464 1 468 1.10
3 354 3 19 | 442 1.10 446 1.10
4 36 3 19 | 417 1.16 424 1.16
5 36 3 19 | 395 1.16 401 1.20
6 36 3 19 | 370 1.20 381 1.21
C.1.6 MWSRTSFC30
Table C.6 MWSRTSFC30 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC MWSRTSFC30 | MWSRTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
(8
0 25 - 45 | 502 - 501 -
1 33 47 | 36 | 483 1.11 480 1
2 35 47 | 24 | 463 1.16 458 1.17
3 35 4.7 | 20 | 441 1.16 432 1.18
4 35 4.7 | 20 | 420 1.16 412 1.16
5 36 4.7 | 20 | 400 1.16 392 1.17
6 36 4.7 | 20 | 379 1.16 370 1.17
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C.1.7 HWSRTSFC30
Table C.7 HWSRTSFC30 environmental conditions and evaporation rate.

Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

Time | Temp. | Wind | RH | PC PC HWSRTSFC30 | HWSRTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m*/h) (kg/m?/h)
(®
0 22.5 - 45 | 501 - 501 -
1 34 7 36 | 473 1.47 473 1.51
2 35.5 7 24 | 440 1.60 437 1.67
3 36 7 20 | 407 1.74 404 1.78
4 36 7 20 | 376 1.80 373 1.85
5 36 7 20 | 343 1.85 340 1.90
6 36 7 20 | 301 1.91 297 1.95
C.1.8 HWSRTSFC40
Table C.8 HWSRTSFC40 environmental conditions and evaporation rate.
Time | Temp. | Wind | RH | PC PC HWSRTSFC40 | HWSRTSFC40
(hr) | (°C) | speed | (%) | water | Eva. rate | water pan (g) Eva. rate
(m/s) pan | (kg/m?*/h) (kg/m?/h)
(®
0 24 - 45 | 501 - 501 -
1 34.4 7 34 | 476 1.30 474 1.42
2 36 7 20 | 447 1.59 444 1.60
3 36 7 20 | 414 1.72 411 1.75
4 36 7 20 | 379 1.80 376 1.82
5 36 7 20 | 344 1.85 341 1.90
6 36 7 20 | 308 1.90 305 1.95
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.1.9 0.SW/CRTSFC30
Table C.9 0.5W/CRTSFC30 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC 0.5W/CRTSFC30 | 0.5W/CRTSFC30
(hr) (°C) | speed | (%) | water | Eva. rate water pan (g) Eva. Rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
)

0 23.2 - 45 | 500 - 501 -

1 335 4.7 35 | 478 1.15 478 1.20

2 35.8 4.7 20 | 459 1 458 1.05

3 36 4.7 20 | 439 1.05 438 1.52

4 36 4.7 20 | 416 1.11 415 1.11

5 36 4.7 20 | 394 1.12 392 1.12

6 36 4.7 20 | 357 1.21 355 1.22

C.1.10 0.55W/CRTSFC30
Table C.10 0.55W/CRTSFC30 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC 0.55W/CRTSFC30 | 0.55W/CRTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
(®

0 25 - 45 | 502 - 501 -

1 33 4.7 36 | 483 1.11 480 1

2 35 4.7 22 | 463 1.16 458 1.17

3 35 4.7 20 | 441 1.16 432 1.18

4 35 4.7 20 | 420 1.16 412 1.16

5 36 4.7 20 | 400 1.16 392 1.17

6 36 4.7 20 | 379 1.16 370 1.17
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.1.11 0.6 W/CRTSFC30
Table C.11 0.6W/CRTSFC30 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC 0.6W/CRTSFC30 | 0.6W/CRTSFC30
(hr) | (°C) | speed | (%) | water | Eva. rate water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
)

0 25.4 - 45 | 500 - 500 -

1 34.4 4.7 34 | 475 1.31 471 1.25

2 36 4.7 20 | 449 1.37 444 1.32

3 36 4.7 20 | 425 1.56 418 1.50

4 36 4.7 20 | 395 1.63 388 1.59

5 36 4.7 20 | 364 1.80 355 1.68

6 36 4.7 20 | 330 1.88 320 1.75

C.1.12 0.6 W/CRTSFC40
Table C.12 0.6W/CRTSFC40 environmental conditions and evaporation rate.

Time | Temp. | Wind | RH | PC PC 0.6W/CRTSFC40 | 0.6W/CRTSFC40
(hr) | (°C) | speed | (%) | water | Eva. rate water pan (g) Eva. rate
(m/s) pan | (kg/m?/h) (kg/m?/h)
)

0 26 - 45 | 500 - 500 -

1 35 4.7 32 | 476 1.25 477 1.20

2 36 4.7 20 | 450 1.36 452 1.30

3 36 4.7 20 | 421 1.50 427 1.34

4 36 4.7 20 | 391 1.58 399 1.49

5 36 4.7 20 | 36l 1.66 370 1.54

6 36 4.7 20 | 327 1.78 338 1.67
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.2 Compressive strength
Table C.13 LTRTSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
LTRTSFC30 Out 34.20 2.28 100 x100x%100 2280
LTRTSFC30 In 34.18 2.25 100 x100x%100 2250
PC Out 34.16 2.25 100 x100x100 2250
PC In 34.14 2.25 100 x100x100 2250
Table C.14 MTRTSFC30 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
MTRTSFC30 Out 34.26 2.30 100 x100x100 2300
MTRTSFC30 In 34.20 2.28 100 x100x100 2280
PC Out 34.15 2.22 100 x100x100 2220
PC In 34.17 2.25 100 x100x100 2250
Table C.15 HTRTSFC30 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
HTRTSFC30 Out 34.30 2.28 100 x100x100 2280
HTRTSFC30 In 34.28 2.25 100 x100x%100 2250
PC Out 34.18 2.20 100 x100x100 2200
PC In 34.15 2.20 100 x100x100 2200
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

Table C.16 HTRTSFC40 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
HTRTSFC40 Out 34.40 2.32 100 x100x100 2320
HTRTSFC40 In 34.38 2.30 100 x100x100 2300
PC Out 34.16 2.22 100 x100x100 2220
PC In 34.12 2.25 100 x100x100 2250
Table C.17 LWSRTSFC30 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
LWSRTSFC30 Out 34.18 2.25 100 x100x100 2250
LWSRTSFC30 In 34.15 2.25 100 x100x100 2250
PC Out 34.11 2.22 100 x100x%100 2220
PC In 34.13 2.25 100 x100x%100 2250
Table C.18 MWSRTSFC30 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
MWSRTSFC30 34.26 2.30 100 x100x100 2300
Out
MWSRTSFC30 In 34.20 2.28 100 x100x100 2280
PC Out 34.15 2.22 100 x100x100 2220
PC In 34.17 2.25 100 x100x%100 2250
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Table C.19 HWSRTSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
HWSRTSFC30 Out 34.26 2.32 100 x100x100 2320
HWSRTSFC30 In 34.24 2.30 100 x100x100 2300
PC Out 34.22 2.28 100 x100x100 2280
PC In 34.13 2.20 100 x100x100 2200

Table C.20 HWSRTSFC40 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
HWSRTSFC40 Out 34.30 2.35 100 x100x100 2350
HWSRTSFC40 In 34.29 2.35 100 x100x100 2350
PC Out 34.18 2.25 100 x100x%100 2250
PC In 34.17 2.22 100 x100x%100 2220

Table C.21 0.5W/SRTSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
0.5W/SRTSFC30 Out 36.0 2.25 100 x100x100 2250
0.5W/SRTSFC30 In 35.95 2.20 100 x100x100 2200
PC Out 35.40 2.20 100 x100x100 2200
PCIn 35.30 2.20 100 x100x100 2200
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Table C.22 0.55W/SRTSFC30 compressive strength at 28 days curing.

Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
0.55W/SRTSFC30 34.30 2.28 100 x100x100 2280
Out
0.55W/SRTSFC30 In 34.25 2.25 100 x100x100 2250
PC Out 34.15 2.20 100 x100x100 2200
PC In 34.0 2.20 100 x100x100 2200
Table C.23 0.6W/SRTSFC30 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
0.6W/SRTSFC30 Out 34.67 2.30 100 x100x100 2300
0.6W/SRTSFC30 In 34.50 2.23 100 x100x100 2230
PC Out 33.35 2.22 100 x100x100 2220
PC In 33.20 2.20 100 x100x100 2200
Table C.24 0.6W/SRTSFC40 compressive strength at 28 days curing.
Batch Compressive | Weight of the | Volume of the Density of
strength cube (kg) cube (m 3) the cube
(MPa) (kg/m 3)
0.6W/SRTSFC40 Out 33.33 2.20 100 x100x100 2200
0.6W/SRTSFC40 In 33.80 2.22 100 x100x100 2200
PC Out 33.22 2.20 100 x100x100 2200
PC In 33.38 2.25 100 x100x100 2250
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C.3 Crack measurements
C.3.1 LTRTSFC30
C.3.1.1 MATLAB and IC measure software

Length: 363.69 mm

DTy 2 IR
Pt

L ——

Figure C.1: IC crack length at 24 hours of plain concrete.

- CrackArea 401.6449
- CrackPixels 4,0478e+03
mnjl 16471x931x3 uint8
¥l lclean 1641x931 logical
¥|lcomp 1641931 logical
1 Igray 1641x931 uint8
] Ithres 1641x931 logical
Figure C.2: MATLAB crack area at 24 hours of plain concrete.
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Figure C.3: MATLAB image processing steps for plain concrete.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.1.2 Optical methods measure
Table C.24 LTRTSFC30 optical measurement.

Point PC LTRTSFC30
(mm) (mm)

1 1 0
2 1 0
3 1 0
4 1 0
5 1 0
6 1 0
7 0.9 0
8 0.9 0
9 0.9 0
10 1 0
11 1 0
12 1.5 0
13 1.2 0
14 1.2 0
15 1.2 0
16 1 0
17 1 0
18 1 0
19 1 0
20 1 0
21 1 0
22 1 0
23 0.9 0
24 0.9 0
25 0.9 0
26 0.9 0
Ave 1.02 0

C.3.1.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.10 1.02
LTRTSFC30 0 0
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C.3.2 MTRTSFC30
C.3.2.1 MATLAB and IC measure software v
(.,

Length: 365 mm
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Figure C.4: IC crack léngtﬁ at 24 hours of plain concrete.

H CrackArea 432.5475
| CrackPixels 1.0278e+04
t8

| 2741x680x3 uint§

v/ Iclean 2741x680 logical

v/| lcomp 2741x680 logical
|| - e
Igray 2741x680 uint8

V| Ithres 2741x680 loaical

Figure C.5: MATLAB crack area at 24 hours of plain concrete.
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Figure C.6: MATLAB image processing steps for plain concrete.
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C.3.2.2 Optical methods measure
Table C.25 MTRTSFC30 optical measurement.

Point PC MTRTSFC30
(mm) (mm)
1 0.9 0
2 0.9 0
3 1 0
4 1 0
5 1 0
6 1.1 0
7 1.1 0
8 1.1 0
9 1.1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.1 0
14 1.1 0
15 1.1 0
16 1.1 0
17 1.1 0
18 1.1 0
19 1.1 0
20 1 0
21 1 0
22 1 0
23 1 0
24 1 0
25 0.9 0
26 0.9 0
Ave 1.04 0

C.3.2.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.19 1.04
MTRTSFC30 0 0
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C.3.3 HTRTSFC30
C.3.3.1 MATLAB and IC measure sqftware

Length: 363.69 mm |
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H CrackArea 824.5764
1] CrackPixels 1.1733e+04

{ | 3496x766x3 uint8

v/ lcomp

7 Igray 496x7
| Ithres 3496x766 logical

Figure C.8: MATLAB crack area at 24 hours of plain concrete (A).
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Figure C.9: MATLAB image processing steps for plain concrete (A).
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694.1159
1.1025e+04
3523x500x3 uint8
3523x500 logical
3523x500 logical
3523x500 uint8
3523x500 logical

Figure C.11: MATLAB crack area at 24 hours of plain concrete (B).
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Figure C.12: MATLAB image processing steps for plain concrete (B).
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CrackArea 392.2834

CrackPixels 7.2563e+03

11 2745x1280x3 uint8

Iclean 2745x1280 logical

Icomp 2745x1280 logical

Igray 2745x1280 uint8
| Ithres 2745x1280 logical

Figure C.14: MATLAB crack area at 24 hours of HTRTSFC30.
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Figure C.15: MATLAB image processing steps for HTRTSFC30.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.3.2 Optical methods measure
Table C.26 HTRTSFC30 optical measurement.

Point PC (A) PC (B) HTRTSFC30
(mm) (mm) (mm)
1 2 1.5 0.8
2 2.1 1.5 0.9
3 2.2 1.6 0.9
4 2 1.6 0.9
5 2.1 1.6 1
6 2 1.7 1
7 2.2 1.7 1
8 2.3 1.7 1
9 2.3 1.7 1
10 2.3 1.7 1
11 2.3 1.7 1
12 2.3 1.8 1
13 2.2 1.8 1
14 2.2 1.8 1
15 2.2 1.8 1
16 2.2 1.8 1
17 2.2 1.9 1
18 2.2 1.9 1
19 2.2 1.8 1
20 2.2 1.8 1
21 2.2 1.8 1
22 2.2 1.8 1
23 2.2 1.8 1
24 2.2 1.7 0.8
25 2.2 1.6 0.8
26 2.2 1.6 0.8
Ave 2.19 1.72 0.96
C.3.3.3 Crack width methods measure
Concrete MATLAB Optical
(mm) (mm)
PC (A) 2.30 2.19
PC (B) 1.93 1.72
HTRTSFC30 1.07 0.96
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C.3.4 HTRTSFC40
C.3.4.1 MATLAB and IC measure software

yyl

<.

Length: 365 mm

A

J

T Ter———

—~—-
SRS

i CrackArea 731.2731

H CrackPixels 1.2572e+04

HI 2474x559%3 uint8
| Iclean 2474x559 logical
v lcomp 2474x559 logical

Igray 2474x559 uint8
v Ithres 2474x559 logical
Figure C.17: MATLAB crack area at 24 hours of plain concrete.
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Figure C.18: MATLAB image processing steps for plain concrete.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.4.2 Optical methods measure
Table C.27 HTRTSFC40 optical measurement.

Point PC HTRTSFC40
(mm) (mm)
1 1.8 0
2 1.8 0
3 1.9 0
4 1.9 0
5 1.9 0
6 2 0
7 2 0
8 2 0
9 2 0
10 2 0
11 2 0
12 2 0
13 2 0
14 2 0
15 2 0
16 2 0
17 2 0
18 1.9 0
19 1.9 0
20 1.9 0
21 1.9 0
22 1.9 0
23 1.9 0
24 1.9 0
25 1.9 0
26 1.9 0
Ave 1.94 0

C.3.4.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 2.01 1.94
HTRTSFC40 0 0
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C.3.5 LWSRTSFC30
C.3.5.1 MATLAB and IC measure software

Length: 364.56

gy ——

Eo

Figure C.19: IC crack length at 24 hours of plain concrete.

CrackArea 395.6323
H CrackPixels 1.9271e+04
Hi 2610x342x3 uint8
v Iclean 2610x342 logical
v| lcomp 2610x342 logical
Igray 2610x342 uint8
v Ithres 2610x342 logical

Figure C.20: MATLAB crack area at 24 hours of plain concrete
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SO

Figure C.21: MATLAB image processing steps for plain concrete.
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C.3.5.2 Optical methods measure
Table C.28 LWSRTSFC30 optical measurement.

Point PC LWSRTSFC30
(mm) (mm)
1 0.7 0
2 0.7 0
3 0.8 0
4 0.8 0
5 0.8 0
6 0.8 0
7 0.9 0
8 0.9 0
9 0.9 0
10 0.9 0
11 0.9 0
12 0.9 0
13 0.9 0
14 0.9 0
15 0.9 0
16 0.9 0
17 0.8 0
18 0.8 0
19 0.8 0
20 0.8 0
21 0.8 0
22 0.8 0
23 0.7 0
24 0.7 0
25 0.7 0
26 0.7 0
Ave 0.82 0

C.3.5.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.09 0.82
LWSRTSFC30 0 0
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C.3.6 MWSRTSFC30
C.3.6.1 MATLAB and IC measure software v
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Figure C.22: IC crack length at 24 hours of plain concrete.

CrackArea
H CrackPixels
Hi
vl Iclean

\/ lcomp
,’,,, Igray
V| Ithres

432.5475
1.0278e+04
2741x680x3 uint8
2741x680 logical

2741x680 logical

N

x680 uint8

2747,

2741x680 loaical

Figure C.23: MATLAB crack area at 24 hours of plain concrete.
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Figure C.24: MATLAB image processing steps for plain concrete.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.6.2 Optical methods measure
Table C.29 MWSRTSFC30 optical measurement.

Point PC MWSRTSFC30
(mm) (mm)
1 0.9 0
2 0.9 0
3 1 0
4 1 0
5 1 0
6 1.1 0
7 1.1 0
8 1.1 0
9 1.1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.1 0
14 1.1 0
15 1.1 0
16 1.1 0
17 1.1 0
18 1.1 0
19 1.1 0
20 1 0
21 1 0
22 1 0
23 1 0
24 1 0
25 0.9 0
26 0.9 0
Ave 1.04 0

C.3.6.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.19 1.04
MWSRTSFC30 0 0
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C.3.7 HWSRTSFC30
C.3.7.1 MATLAB and IC measure software

513.4432
1.4210e+04
2887x707x3 uint8
2887x707 logical
2887x707 logical
2887x707 uint8
2887x707 logical

Figure C.26: MATLAB crack area at 24 hours of plain concrete.
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Figure C.27: MATLAB image processing steps for plain concrete.
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Length: 289.56 mm

N

Figure C.28: IC crack length at 24 hours of HWSRTSFC30.

CrackArea 152.7571
H CrackPixels 6.9758e+03

I 2884x504x3 uint8
| Iclean 2884x504 logical
V| Icomp 2884x504 logical
H Igray 2884x504 uint8
| Ithres 2884x504 logical

Figure C.29: MATLAB crack area at 24 hours of HWSRTSFC30.
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Figure C.30: MATLAB image processing steps for HWSRTSFC30.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.7.2 Optical methods measure
Table C.30 HWSRTSFC30 optical measurement.

Point PC HWSRTSFC30
(mm) (mm)
1 1 0.3
2 1 0.3
3 1.2 0.3
4 1.2 0.3
5 1.2 0.3
6 1.2 0.3
7 1.4 0.4
8 1.4 0.4
9 1.4 0.4
10 1.4 0.4
11 1.4 0.4
12 1.4 0.5
13 1.4 0.5
14 1.4 0.5
15 1.4 0.5
16 1.4 0.5
17 1.3 0.5
18 1.3 0.5
19 1.3 0.4
20 1.3 0.4
21 1.3 0.4
22 1.3 0.4
23 1.3 0.4
24 1.3 0.4
25 1.3 0.3
26 1.3 0.3
Ave 1.30 0.40

C.3.7.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.41 1.30
HWSRTSFC30 0.53 0.40
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C.3.8 HWSRTSFC40

Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.8.1 MATLAB and IC measure software

Iul

Length: 365 mm (z

)

(
\

Figure C.31: IC crack length at 24 hours of plain concrete.

1 CrackArea 503.9769

| CrackPixels 1.2920e+04

Hi 2236x787x3 uint8
v Iclean 2236x787 logical
v/ lcomp 37 logi

E Igray
v/ Ithres

Figure C.32: MATLAB crack area at 24 hours of plain concrete.
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Figure C.33: MATLAB image processing steps for plain concrete.
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C.3.8.2 Optical methods measure
Table C.31 HWSRTSFC40 optical measurement.

Point PC HWSRTSFC40
(mm) (mm)
1 1.1 0
2 1.1 0
3 1.2 0
4 1.2 0
5 1.3 0
6 1.3 0
7 1.3 0
8 1.3 0
9 1.3 0
10 1.3 0
11 1.3 0
12 1.3 0
13 1.3 0
14 1.4 0
15 1.4 0
16 1.4 0
17 1.4 0
18 1.4 0
19 1.4 0
20 1.4 0
21 1.4 0
22 1.4 0
23 1.3 0
24 1.3 0
25 1.2 0
26 1.2 0
Ave 1.30 0

C.3.8.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.38 1.3
HWSRTSFC40 0 0
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C.3.9 0.5W/CRTSFC30
C.3.9.1 MATLAB and IC measure software

K5

404.9408
1.47%4e+04
4026x1015x3 uint8
4026x1015 logical
4026x1015 logical
4026x1015 uint8
4026x1015 logical

Figure C.35: MATLAB crack area at 24 hours of plain concrete.
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Figure C.36: MATLAB image processing steps for plain concrete.
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C.3.9.2 Optical methods measure
Table C.32 0.5W/CRTSFC30 optical measurement.

Point PC 0.5W/CRTSFC30
(mm) (mm)

1 0.7 0
2 0.7 0
3 0.7 0
4 0.8 0
5 0.8 0
6 0.9 0
7 0.9 0
8 0.9 0
9 1 0
10 1 0
11 1 0
12 1 0
13 1 0
14 1 0
15 1 0
16 1 0
17 1.1 0
18 1.1 0
19 1.2 0
20 1.2 0
21 1.2 0
22 1.2 0
23 1.2 0
24 1.2 0
25 1.1 0
26 1.1 0
Ave 1.0 0

C.3.9.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.11 1.0
0.5W/CRTSFC30 0 0
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C.3.10 0.55W/CRTSFC30
C.3.10.1 MATLAB and IC measure software v
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Figure C.37: IC crack length at 24 hours of plain concrete.
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432.5475
1.0278e+04
2741x680x3 uint8
2741x680 logical

2741x680 logical
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Figure C.38: MATLAB crack area at 24 hours of plain concrete.
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Figure C.39: MATLAB image processing steps for plain concrete.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.10.2 Optical methods measure

Table C.33 0.55W/CRTSFC30 optical measurement.

Point PC 0.55W/CRTSFC30
(mm) (mm)
1 0.9 0
2 0.9 0
3 1 0
4 1 0
5 1 0
6 1.1 0
7 1.1 0
8 1.1 0
9 1.1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.1 0
14 1.1 0
15 1.1 0
16 1.1 0
17 1.1 0
18 1.1 0
19 1.1 0
20 1 0
21 1 0
22 1 0
23 1 0
24 1 0
25 0.9 0
26 0.9 0
Ave 1.04 0

C.3.10.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.19 1.04
0.55W/SRTSFC30 0 0
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C.3.11 0.6 W/CRTSFC30
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Figure C.40: IC crack lle'rrléﬁliat 24 hours of plain concrete.

Bj CrackArea 527.2634
F CrackPixels 2.7518e+04

I 2899x451x3 uint8
v/ Iclean 2899x451 logical
V| lcomp 2899x451 logical

Igray 2899x451 uint8
v'| Ithres 2899x451 logical
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Figure C.41: MATLAB crack area at 24 hours of plain concrete.
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Figure C.42: MATLAB image processing steps for plain concrete.
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318.9220

1.179%+04

2464x520x3 uint8

2464x520 logical

2464x520 logical

2464x520 uint8

2464x520 logical

24 hours of 0.6W/CRTSFC30.
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Figure C.45: MATLAB image processing steps for 0.6 W/CRTSFC30.
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Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.11.2 Optical methods measure
Table C.34 0.6W/CRTSFC30 optical measurement.

Point PC 0.6W/CRTSFC30
(mm) (mm)
1 1 0.5
2 1 0.5
3 1.3 0.5
4 1.3 0.7
5 1.4 0.7
6 1.4 0.7
7 1.4 0.7
8 1.4 0.7
9 1.4 0.8
10 1.4 0.8
11 1.4 0.8
12 1.4 0.9
13 1.5 0.9
14 1.5 0.9
15 1.5 0.9
16 1.5 0.8
17 1.5 0.8
18 1.5 0.9
19 1.5 0.9
20 1.5 0.9
21 1.5 0.7
22 1.5 0.7
23 1.4 0.7
24 1.4 0.7
25 1.4 0.7
26 1.4 0.7
Ave 1.40 0.75

C.3.11.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.44 1.40
0.6W/SRTSFC30 0.88 0.75

235




Appendix C Influence of Environmental Conditions on Concrete Plastic Shrinkage Cracks

C.3.12 0.6 W/CRTSFC40
C.3.12.1 MATLAB and IC measure software

£

Length: 364.12 mm

e

Figure C.46: IC crack length at 24 hours of plain concrete.
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H Igray
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1915x427 uint8
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Figure C.47: MATLAB crack area at 24 hours of plain concrete.
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Figure C.48: MATLAB image processing steps for plain concrete.
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C.3.12.2 Optical methods measure

Table C.35 0.6W/CRTSFC40 optical measurement.

Point PC 0.6W/CRTSFC40
(mm) (mm)
1 1.4 0
2 1.4 0
3 1.4 0
4 1.3 0
5 1.3 0
6 1.2 0
7 1.2 0
8 1.2 0
9 1.2 0
10 1.4 0
11 1.4 0
12 1.4 0
13 1.4 0
14 1.4 0
15 1.4 0
16 1.3 0
17 1.3 0
18 1.3 0
19 1.3 0
20 1.2 0
21 1.2 0
22 1.1 0
23 1.1 0
24 1.1 0
25 1 0
26 1 0
Ave 1.27 0

C.3.12.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.39 1.27
0.6W/SRTSFC40 0 0
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Appendix D:
Chapter 5: Effect of Curing Methods on Plastic Shrinkage Cracking
This appendix presents additional information regarding the results found in Chapter 5.
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Appendix D

D.1 Admixtures

D.1.1 High-range Water Reducing Admixture — Sika ViscoCrete 30HE Summary Data
Sheet

Product Data Sheet
Edition 12/07/2016
Identification no

02 1301 01 100 0 000408
Sika® ViscoCrete® J0HE (UK)

Effects of Concrete Curing Methods on Plastic Shrinkage Cracking

C€

Sika® ViscoCrete®” 30HE (UK)

Accelerating High Range Water Reducing/Superplasticising
Concrete Admixture

Product Sika® ViscoCrete® 30HE (UK) is a liquid admixture for concrete which s used as an

Description accelerating high range water reducer or superplasticiser. |t meets the requirements
of BS EN 934.2.

Uses Sika®ViscoCrete® 30HE (UK) has been specifically formulated for the production of
concrete mixes which require high early strength development, powerful water
reduction and excellent flowability.

®  Precast concrete

& Fast track concrete

& Self compacting concrote
Characteristics / ®  Sgnificantly increased early age strength
Advantages ®  Excellent water reduction

= Excellent flowability

®  Reduced drying shrinkage

" Improved surface finish

Tests

Approvals | Standards Cenforms to the requirements of BS EN 934-2 Tables 31& 32
DoP 02 13 01 01 100 0000422 1088, certified by Factory Production Control Body
0086, Certficate 541325, and provided with the CE mark

Product Data

Form

Appearance / Colour

Light Brown Liguid

Packaging

25 litre drum and 1000 ktre IBC

Storage

Storage Conditions /
Shelf-Life

12 months from date of production if stored in unopened and undamaged onginal
sealed containers protected from moisture at temperatures between +5°C and
+25°C.

3 Shah ViscoCmte® I0HE (UK)
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Technical Data

Chemical Base Modified Palycarboxylate
Density 1.06 kglitre

pH Value 44 +1.0

Water Soluble Chloride <0.1% wiw (chlcride free)
Content

Alkali Content < 0.40%

System

Information

Application Details

Consumption / Dosage ®  0.2-0.8% by weight of cement (medium workability)
1.0 2.0% by weight of cement (high workatelity/SCC)

Dispensing ®  Sika®ViscoCrete® 30HE (UK) shoud be dispensed through sutable
calitrated equipment
G.;’ﬁ.':fu'l'.';," ) ®  Sika®ViscoCrete® 30HE (UK) shoud not be added to dry cement
Limitations ®  Sika®ViscoCrete® 30HE (UK) shoud be added with the mixing water
Compatibility Ska®Admixtures:
B Compatibility information available on request
Cements:

B All cement combinations

Notes on Application / Support from our Technical Service Department is recommended,
Limitations

Value Base All technical data stated in this Product Data Sheet are based on laboratory tests.
Actual measured data may vary due to circumstances beyond our control.

Local Restrictions FPease note that as a resut of specific local regulations the performance of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.

Health and nggty For information and advice on the safe handling, storage and disposal of chemical
Information products, users shall refer to the most recent Malerial Safety Data Sheet contaning
physical, ecological, toxicological and other safety-related data.

Legal Notes The information, and. in particuar, the recommendations relating to the application
and end-use of Sika products, are given in good faith based on Sika's current
knowledge and experience of the products when property stored, handled and
applied under normal conditions in accordance with Sika's recommendations. in
pracice, the differences in materials, substrates and actual site conditions are such
that no warranty in respect of merchantability or of fitness for a particular purpose,
nor any liabllity arising out of any legal relationship whatsoever, can be inferred
either from this information, or from any written recommendations, or from any other
advice offered. The user of the product must test the product’s sutability for the
intended application and purpose. Sika reserves the right to change the properties
of s products. The proprietary rights of hird parties must be cbserved. All orders
are accepted subject o our current tems of sale and delivery. Users must always
refer to the most recent issue of the local Product Data Sheet for the product
concemed, copies of which will be supplied on request.

2 Skal ViacoCretel 30HE (UK)
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D.1.2 Safecure Super

O
Safecure Super Z0

Technical Specifications

. Water Based High Efficiency Concrete Curing Compound

Applied to the surface of freshly laid concrete, SAFECURE SUPER physically ‘locks’ moisture into freshly cast concrete allowing full hydration of
the cement thus allowing the concrete to fully cure. This is achieved by covering the surface of the concrete with a very thin temporary
membrane that prevents moisture in the concrete from leaving the surface. Safecure Super has been tested, to show over 90% curing
efficiency, when tested to BS 7542: 1992 & ASTM C309. Safecure Super is also a WRAS approved product.

Benefits of using include reduced surface shrinkage and cracking,; a more durable hard wearing surface and prevention of surface dusting.

]

€3
OO Adomast &0

« Retains over 90% of hydration water—tested in accordance with « Prevents concrete surface from dusting and improves surface quality
BS 7542:1992 & ASTM C309 and reduces plastic shrinkage.
« Reduces surface shrinkage and cracking by controlling moisture « Non-toxic and non flammable.

3 W i A .
loss from surfaces. Increases water resistance « Eliminates need for damp hessian, sand or polythene

« Non hazardous—suitable for outdoor & indoor use as there are no
VOC's in the compound

. Application

SAFECURE SUPER is spray applied to the surface of newly placed concrete. The concrete should be free from surface water and the nozzle of
the spray should be held approx. 450mm from the concrete surface and passed back and forth to ensure complete coverage. The pump
pressure should be maintained at a level producing a fine spray. Rate of application recommended at 4-6m? per litre. Shake the Safecure
Super container before using. Touch Dry Time: <1 hour dependent upon temperature and wind. Hard Dry Time: 16 to 20 hours dependent upon
temperature and wind. Curing agents do not provide thermal protection. It may be advisable to provide independent thermal protection in cold
weather. For any subsequent processing of the concrete surface, all traces of Safecure Super must be completely removed, by physical abrasion,
prior to carrying out the next process, to ensure the optimum adhesion & performance to the concrete of that subsequent process

WRAS| WRAS Approved

Coverage

Apply the selected grade by spray at a rate of approximately 4-6 m? per litre, taking care to ensure complete coverage. Immediately after use
the spraying equipment , especially the spray nozzle, should be thoroughly washed out with clean and if possible warm water. This will help
ensure the nozzle does not become blocked with dried polymer latex and affect subsequent spraying.

Storage

Keep containers sealed. Store in dry conditions at room temperature and away from direct heat. Protect from frost. When stored correctly in an
unopened container, storage stability is 12 months. Please mix/agitate Safecure Super container before decanting & use.

Shelf Life

One year in sealed containers.

Specification

SAFECURE SUPER is manufactured by Adomast Manufacturing Ltd and shall be applied strictly in accordance with the manufacturer's
instructions. For specific advice regarding any aspect of this product, please consult our Technical Department

Health and Safety

Avoid physical contact with material. If contact with skin should occur wash with soap and water. If splashes should affect eyes, bathe
immediately with clean water and if discomfort persists seek medical advice.

See separate Safety Data Sheet for further information.

Date of issue 29.09.2018 Tech Data Sheet no. 306 Revision no. v4 Page 10of 1

adomast.couk T +44 (0)1226 707863 F + 44 (0)1226 718051 E info@adomast.co.uk Adomast Manufacturing Ltd, Barkston Road, Barnsley, S713HU, UK
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D.1.3 Safecure Super 90w-10%

& o
Safecure Super 90W -10% 8OAdomast 30

Technical Specifications

Wax Emulsion Concrete Curing Compound / Evaporation Retardant

SAFECURE SUPER 90W-10% is a low viscosity water based polymeric wax emulsion. When sprayed onto freshly finished con-
crete it will form a thin barrier layer on the surface. The moisture barrier film created, on the surface, controls and slows the
surface bleed water from evaporating too quickly to the environment, which in turn permits more efficient cement hydration.
The concrete created has better durability, surface quality and compressive strength. The cast concrete also has significantly
reduced levels of plastic shrinkage, surface cracking and defects.

« Reduces surface shrinkage and cracking by controlling + Prevents dusting.

moisture loss from surfaces. « Non-toxic and non flammable.
« Increases water resistance. « Eliminates need for damp hessian, sand or polythene
« Enables cement to hydrate more efficiently. +NO VOC's

« Slows the rate of water evaporation from the concrete

Roecicot

Solids Content >10%
Density 0.97-0.985 kg/m3
pH~7.0

Colour: White

Application rate for optimum performance: 4-5m?

. Application

SAFECURE SUPER 90W -10% is spray applied to the surface of newly placed concrete. The concrete should be free from surface water and the
nozzle of the spray should be held approx. 450mm from the concrete surface and passed back and forth to ensure complete coverage. The
pump pressure should be maintained at a level producing a fine spray. Rate of application will be 160 to 270 ml/m? (4 - 6 m%/Itr).

Touch Dry Time: 1to 2 hours dependent upon temperature and wind. Hard Dry Time: 18 to 24 hours dependent upon temperature and wind.

Curing agents do not provide thermal protection. It may be advisable to provide independent thermal protection in cold weather.

For any subsequent processing of the concrete surface, we would recommend all traces of Safecure Super 90W -10% be completely removed.
The best method is by physical abrasion, prior to carrying out the next process, to ensure the optimum adhesion & performance to the concrete
of that subsequent process.

. Coverage

Apply the selected grade by spray at a rate of approximately 4-6 m? per litre, taking care to ensure complete coverage. Immediately after use
the spraying equipment , especially the spray nozzle, should be thoroughly washed out with clean and if possible warm water. This will help
ensure the nozzle does not become blocked with dried polymer latex and affect subsequent spraying.

)

Keep containers sealed. Store in dry conditions at room temperature and away from direct heat. Protect from frost. When stored correctly in an
unopened container, storage stability is 12 months. If stored for more than 14 days please mix/agitate thoroughly before use

Date of issue 13.01.2020 Tech Data Sheet no. 501 Revision no. 1.0 Page 10of 2

adomastco.uk T+ 44 (0)1226 707863 F + 44 (0)1226 718051 E info@adomast.co.uk Adomast Manufacturing Ltd, Barkston Road, Carlton Industrial Estate Barnsley, S713HU
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D.2 Environmental conditions and evaporation rate
Table D.1 PSC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC PSC PSC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 506 - 500 -
1 32.7 5 33 482 1.26 476 1.26
2 34.5 5 28 452 1.58 446 1.58
3 353 5 23 418 1.79 414 1.68
4 36.4 5 20 384 1.79 382 1.68
5 36.9 5 15 348 1.89 346 1.89
6 37.8 5 15 312 1.89 310 1.89
Table D.2 PSC Menzel’s formula evaporation rate
Time TC (PC) TC (PSC) PC PSC
(hr) °O) O Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)
1 20.18 20.4 0.50 0.51
2 21.5 25.22 0.72 1.04
3 23.7 29.7 0.91 1.49
4 26.3 33.4 1.20 1.95
5 29 36.2 1.40 2.23
6 314 37.4 1.61 2.33
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4 A

Figure D.1: Plastic sheet covering and plain concrete.

Table D.3 HFC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC HFC HFC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 505 - 505 -
1 34.1 5 36 482 1.21 483 1.16
2 34.5 5 25 452 1.68 452 1.63
3 35.1 5 20 422 1.68 421 1.63
4 35.6 5 18 390 1.80 387 1.79
5 36.3 5 15 358 1.80 353 1.79
6 36.9 5 15 322 1.98 316 1.95

246



Appendix D Effects of Concrete Curing Methods on Plastic Shrinkage Cracking

Table D.4 HFC Menzel’s formula evaporation rate

Time TC (PC) TC (HFC) PC HFC
(hr) O O Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)

1 22.8 20.8 0.71 0.55

2 24.8 22.2 1.15 0.93

3 26.8 23.5 1.33 1.03

4 28.1 24.5 1.65 1.10

5 30.8 28.5 2 1.47

6 33.4 32.7 2.50 1.91

Figure D.2: Hessian fabric and plain concrete.
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Table D.S PFC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC PFC PFC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 501 - 501 -
1 32.5 5 32 476 1.32 476 1.32
2 35.5 5 25 438 1.55 447 1.52
3 36.5 5 20 400 1.68 414 1.68
4 36.8 5 15 360 1.72 376 1.71
5 37.3 5 15 320 1.85 337 1.81
6 37.7 5 15 274 1.99 295 1.98
Table D.6 PFC Menzel’s formula evaporation rate
Time TC (PC) TC (PFC) PC PFC
(hr) (&©) &) Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)
1 21 21.4 0.71 0.74
2 23 23.6 0.98 1.03
3 24.7 253 1.10 1.16
4 28.2 28.8 1.43 1.49
5 30.6 30.9 1.67 1.70
6 335 33.8 1.99 2.03
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Figure D.3: Power floating of both scales (lab and in-situ)

Table D.7 CWC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC CWC CWC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 504 - 505 -
1 28.4 5 36 480 1.26 483 1.16
2 32.9 5 25 445 1.84 453 1.58
3 353 5 20 410 1.84 418 1.84
4 36 5 15 375 1.84 383 1.84
5 37.1 5 15 338 1.95 348 1.84
6 37.5 5 15 300 2 310 2
Table D.8 CWC Menzel’s formula evaporation rate
Time TC (PC) TC (CWC) PC CcwcC
(hr) O O Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)
1 20.4 15.4 0.76 0.417
2 22.5 18.4 0.98 0.67
3 25.1 20.1 1.16 0.75
4 28.7 253 1.50 1.17
5 30.9 27.6 1.71 1.36
6 34.8 29.8 2.03 1.58
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Table D.9 SSC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC SSC SSC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 504 - 501 -
1 27.5 5 33 480 1.263 483 1.164
2 29 5 24 447 1.7368 453 1.578
3 31.3 5 20 410 1.947 418 1.842
4 34 5 15 373 1.947 382 1.8947
5 36 5 15 337 1.947 348 1.9154
6 36.8 5 15 298 2.05 310 2
Table D.10 SSC Menzel’s formula evaporation rate
Time TC (PC) TC (SSC) PC SSC
(hr) 0O &) Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)
1 20.3 20 0.66 0.64
2 21.5 20.4 0.87 0.78
3 25.2 23.1 1.24 1.06
4 28.7 25.7 1.53 1.24
5 30.9 29 1.73 1.53
6 33.8 32 2.04 1.84
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Figure D.4: afecure Super and plain concrete.

Effects of Concrete Curing Methods on Plastic Shrinkage Cracking

Table D.11 SSCO90WC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC SS9OWC | SS90WC
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 501 - 502 -
1 27.5 5 33 478 1.21 477 1.20
2 32 5 23 449 1.55 444 1.46
3 333 5 18 420 1.74 411 1.53
4 34.1 5 15 391 1.74 378 1.53
5 354 5 15 361 1.85 343 1.78
6 36.3 5 15 331 1.98 308 1.95
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Table D.12 SSCO90WC Menzel’s formula evaporation rate

Time TC (PC) TC PC SS90WC
(hr) O (SS90WC) Eva. rate Eva. rate
(®) (kg/m?/h) (kg/m?/h)

1 19 19.4 0.67 0.70

2 20.6 21.6 0.73 0.81

3 253 26.7 1.22 1.35

4 27.1 29 1.37 1.56

5 29.5 31 1.60 1.76

6 30.1 32.1 1.64 1.86

Figure D.5: Safecure Super 90w and plain concrete.
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Table D.13 SPC ASTM evaporation rate.

Time | Temp. | Wind | RH PC PC PC-S PC-S
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 506 - 509 -
1 30.8 5 35 485 1.11 487 1.16
2 33.5 5 24 456 1.53 457 1.16
3 344 5 20 421 1.84 422 1.84
4 35.8 5 15 386 1.84 387 1.84
5 36.3 5 15 348 2 350 1.95
6 37 5 15 303 2.11 306 2.05
Table D.14 PC-S Menzel’s formula evaporation rate
Time TC (PC) TC (PC-S) PC PC-S
(hr) (&©) &) Eva. rate Eva. rate
(kg/m?/h) (kg/m?/h)
1 20.1 20.5 0.68 0.63
2 20.5 21.1 0.81 0.75
3 22.6 22.7 0.96 0.89
4 244 25.5 1.09 1.01
5 27.8 28.5 1.30 1.18
6 31.7 32.7 1.58 1.48
Table D.15 RTSFC40 ASTM evaporation rate.
Time | Temp. | Wind | RH PC PC RTSFC40 | RTSFC40
(hr) (°C) | speed | (%) | water | Eva. rate water Eva. rate
(m/s) pan (g) | (kg/m%/h) | pan(g) | (kg/m?/h)
0 0 0 40 0.504 - 0.505 -
1 28 5 32 0.48 1.48 0.483 1.47
2 30 5 20 0.445 1.59 0.453 1.58
3 34 5 15 0.41 1.90 0.418 1.88
4 36 5 15 0.375 1.95 0.383 1.93
5 37.1 5 15 0.338 2.08 0.348 2.08
6 37.5 5 15 0.3 2.15 0.31 2.15
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Table D.16 RTSFC40 Menzel’s formula evaporation rate

Time TC (PC) TC PC RTSFC40
(hr) O (RTSFC40) Eva. rate Eva. rate
©O) (kg/m?/h) (kg/m?/h)

1 20.1 20 0.74 0.74

2 214 21 0.94 0.91

3 24.8 24 1.16 1.09

4 27.1 26 1.34 1.23

5 30.4 28.5 1.65 1.45

6 32.9 32.4 1.93 1.87

Figure D.6: Recycled tire s
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D.3 Crack measurements

D.3.1 PSC
D.3.1.1 MATLAB and IC measure software

3 N
Length: 364.57 mm \\
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Figure D.7: IC crack length at 24 hours of plain concrete.
tﬁ CrackArea 403.4413
Hj CrackPixels 1.0623e+04
EH 2498x757x3 uint8
\é[ Iclean 2498x757 logical
M lcomp 2498x757 logical
(H Igray 2498757 uint8
V] Ithres 2498x757 logical

Figure D.8: MATLAB crack area at 24 hours of plain concrete.
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Figure D.9: MATLAB image processing steps for plain concrete.
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D.3.1.2 Optical methods measure
Table D.17 PSC optical measurement.

Point PC (mm) PSC (mm)
1 0.9 0
2 0.9 0
3 0.9 0
4 1 0
5 1 0
6 1 0
7 1 0
8 1 0
9 1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.2 0
14 1.2 0
15 1.2 0
16 1.2 0
17 1.2 0
18 1.2 0
19 1 0
20 1 0
21 1 0
22 1 0
23 1 0
24 1 0
25 0.9 0
26 0.9 0

Ave 1.04 0

D.3.1.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.11 1.04
SPC 0 0
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D.3.2 HFC

Effects of Concrete Curing Methods on Plastic Shrinkage Cracking

D.3.2.1 MATLAB and IC measure software

Length: 363.7 mm R
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CrackPixels

4 Igray
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367.4476
1.1932e+04

204 1x644x3 uint8
2041x644 logical
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logical
2041x644 uint8

2041x644 logical

Figure D.11: MATLAB crack area at 24 hours of plain concrete.
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Figure D.12: MATLAB image processing steps for plain concrete.
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Length: 364.22 mm
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Figure D.13: IC crack length at 24 hours of HFC.

HH CrackArea 214.4366
HH CrackPixels 6.2671e+03
H 2202x476x3 uint8
v Iclean 2202x476 logical
v lcomp 2202x476 logical
HH Igray 2202x476 uint8
V] Ithres 2202x476 logical

Figure D.14: MATLAB crack area at 24 hours of HFC.
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Figure D.15: MATLAB image processing steps for HFC.
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D.3.2.2 Optical methods measure
Table D.18 HFC optical measurement.

Point PC (mm) HFC (mm)
1 0.8 0.3
2 0.8 0.3
3 0.9 0.4
4 0.9 0.4
5 0.9 0.5
6 0.9 0.5
7 1 0.5
8 1 0.5
9 1 0.5
10 1 0.5
11 1 0.5
12 1 0.6
13 1 0.6
14 1 0.6
15 1.1 0.7
16 1.1 0.7
17 1.1 0.7
18 1.1 0.6
19 1.1 0.6
20 1 0.5
21 1 0.5
22 1 0.5
23 1 0.4
24 0.9 0.4
25 0.8 0.4
26 0.8 0.4

Ave 0.97 0.51

D.3.2.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.04 0.97
HFC 0.59 0.51
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D.3.3 PFC
D.3.3.1 MATLAB and IC measure software

Length: 363.7 mm |,
S ¥
e b

Figure D.16: IC crack length at 24 hurs of plain concrete.

EH CrackArea 384.1614

EH CrackPixels 9.3563e+03

1 2906x632x3 uint8
Iclean 2906x632 logical
lcomp 2906x632 logical
tH Igray 2906x632 uint8
Ithres 2906x632 logical

Figure D.17: MATLAB crack area at 24 hours of plain concrete.
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Figure D.18: MATLAB image processing steps for plain concrete.
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Figure D.19: IC crack length at 24 hours of PFC.

EH CrackArea 1083235

HH Crackpixels 3.5176e+03

EHi 3243x973x3 uint8
Iclean 3243x973 logical
] lcomp 3243x973 logical
EH Igray 3243x973 uint8
Ithres 3243x973 logical

Figure D.20: MATLAB crack area at 24 hours of PFC.
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Figure D.21: MATLAB image processing steps for PFC.
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D.3.3.2 Optical methods measure
Table D.19 PFC optical measurement.

Point PC (mm) PFC (mm)
1 0.9 0
2 0.9 0
3 1 0
4 1 0
5 1 0
6 1 0
7 1 0
8 1 0
9 1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.1 0
14 1.2 0
15 1.2 0
16 1.2 0
17 1.2 0
18 1.2 0
19 1.2 0
20 1.1 0
21 0.9 0
22 0.9 0
23 0.9 0
24 0.9 0
25 0.9 0
26 0.9 0

Ave 1.02 0

D.3.3.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.06 1.02
PFC 0 0
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D.3.4 CWC
D.3.4.1 MATLAB and IC measure software
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Figure D.22: IC crack length at 24 hours of plain concrete.
+ CrackArea 3929452
| CrackPixels 2.0148e+04
| 2661x1149%3 uint8
v| Iclean 2661x1149 logical
v/l lcomp 2661x1149 logica!
Igray 2661x1149 uint8
V| Ithres 2661x1149 logical

Figure D.23: MATLAB crack area at 24 hours of plain concrete.
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Figure D.24: MATLAB image processing steps for plain concrete.
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CrackArea 268.5965

CrackPixels 4.9063e+03

I 2191x550x3 uint§
v/ Iclean 2191x550 logical
v lcomp 2191x550 logical

Igray 2191x550 uint8
v/ Ithres 2191x550 logical

Figure D.26: MATLAB crack area at 24 hours of CWC.
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Figure D.27: MATLAB image processing steps for CWC.
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D.3.4.2 Optical methods measure
Table D.20 CWC optical measurement.

Point PC (mm) CWC (mm)
1 1.1 0.7
2 1.1 0.7
3 1.1 0.7
4 1.1 0.7
5 1.1 0.7
6 1.1 0.8
7 1.1 0.8
8 1.1 0.8
9 1.1 0.8
10 1.1 0.8
11 1.1 0.8
12 1.1 0.7
13 1.1 0.7
14 1.1 0.7
15 1.1 0.7
16 1.1 0.7
17 1 0.7
18 1 0.7
19 1 0.7
20 1 0.6
21 0.9 0.6
22 0.9 0.6
23 0.9 0.6
24 0.9 0.5
25 0.9 0.5
26 0.9 0.5

Ave 1.04 0.68

D.3.4.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.07 1.04
CwC 0.74 0.68
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D.3.5 SSC
D.3.5.1 MATLAB and IC measure software

2851x915x3 uint8
2851x915 logical
2851x915 logical
2851x915 uint8
2851x915 logical

Figure D.29: MATLAB crack area at 24 hours of plain concrete.

273



Appendix D Effects of Concrete Curing Methods on Plastic Shrinkage Cracking

b Grayscale image

a. Orignal image

= Binary Imags

Figure D.30: MATLAB image processing steps for plain concrete.
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Effects of Concrete Curing Methods on Plastic Shrinkage Cracking
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Figure D.31: IC crack length at 24 hours of SSC.
1 CrackArea 118.59%4
- CrackPixels 6.9324e+03

| 2592x688x3 uint8
Iclean 2592x688 logical
Icomp 2592x688 logical
- Igray 2592688 uint8
Ithres 2592x688 logical

Figure D.32: MATLAB crack area at 24 hours of SSC.
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Figure D.33: MATLAB image processing steps for SSC.
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D.3.5.2 Optical methods measure
Table D.21 SSC optical measurement.

Point PC (mm) SSC (mm)
1 0.8 0.4
2 0.8 0.4
3 0.8 0.4
4 0.9 0.4
5 0.9 0.3
6 0.9 0.3
7 0.9 0.3
8 1 0.3
9 1 0.3
10 1 0.3
11 1 0.2
12 1 0.2
13 1.1 0.2
14 1.1 0.2
15 1.1 0.2
16 1.1 0.3
17 1.1 0.3
18 1.1 0.3
19 1.1 0.3
20 1.1 0.3
21 1.1 0.3
22 1.1 0.3
23 1.1 0.4
24 1.2 0.4
25 1.2 0.4
26 1.2 0.4

Ave 1.03 0.31

D.3.5.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.05 1.03
SSC 0.32 0.31
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D.3.6 SS90WC
D.3.6.1 MATLAB and IC measure software

Length: 364.13 mm |

Figure D.34: IC crack length at 24 hours of plain concrete.

-+ Crackarea 396.0326
H CrackPixels 6.8085¢+03

| 1701x727x3 uint8
v/ Iclean 7 logical
v lcomp 7 logical
Igray "uint8
V| Ithres 17071x727 logical

Figure D.35: MATLAB crack area at 24 hours of plain concrete.
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Figure D.36: MATLAB image processing steps for plain concrete.
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D.3.6.2 Optical methods measure
Table D.22 SSOOWC optical measurement.

Point PC (mm) SS9O0WC (mm)
1 0.9 0
2 0.9 0
3 0.9 0
4 0.9 0
5 1 0
6 1 0
7 1 0
8 1 0
9 1 0
10 1.1 0
11 1.1 0
12 1.1 0
13 1.2 0
14 1.2 0
15 1.2 0
16 1.2 0
17 1.2 0
18 1.2 0
19 1.2 0

20 1.2 0
21 1 0
22 1 0
23 1 0
24 1 0
25 1 0
26 1 0
Ave 1.06 0

D.3.6.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.09 1.06
SS9OWC 0 0
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D.3.7 PC-S
D.3.7.1 MATLAB and IC measure software

N
1

386.0614
2.0895e+04

3065x773x3 uint8

Lo Lo W o G
n

Figure D.38: MATLAB crack area at 24 hours of PC.
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Figure D.39: MATLAB image processing steps for PC.
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D.3.7.2 Optical methods measure
Table D.23 SPC optical measurement.

Point PC (mm) PC-S (mm)
1 1.1 0
2 1.1 0
3 1.1 0
4 1.1 0
5 1.1 0
6 1.1 0
7 1.2 0
8 1.2 0
9 1.2 0
10 1.2 0
11 1.2 0
12 1.2 0
13 1 0
14 1 0
15 1 0
16 1 0
17 1 0
18 1 0
19 0.9 0
20 0.9 0
21 0.9 0
22 0.9 0
23 0.8 0
24 0.8 0
25 0.8 0
26 0.8 0

Ave 1.05 0

D.3.7.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.02 1.01
PC-S 0 0
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D.3.8 RTSFC40
D.3.8.1 MATLAB and IC measure software

Length: 361.54 mm
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Figure D.40: IC crack length at 24 hours of plain concrete.

1] CrackArea 3841833
CrackPixels 9.5154e+03

2653x790x3 uint8

n

653x790 logical

NN

Figure D.41: MATLAB crack area at 24 hours of plain concrete.
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Figure D.42: MATLAB image processing steps for plain concrete.
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D.3.8.2 Optical methods measure
Table D.24 RTSFC40 optical measurement.

Point PC (mm) SPC (mm)
1 1 0
2 1 0
3 1 0
4 1 0
5 1.1 0
6 1.1 0
7 1.1 0
8 0.8 0
9 0.8 0
10 0.8 0
11 0.8 0
12 1 0
13 1 0
14 1.1 0
15 1.1 0
16 1.1 0
17 1.1 0
18 1.2 0
19 1.2 0
20 1.2 0
21 1.2 0
22 1 0
23 1 0
24 1 0
25 1 0
26 1 0

Ave 1.03 0

D.3.8.3 Crack width methods measure

Concrete MATLAB Optical
(mm) (mm)
PC 1.06 1.03
RTSFC40 0 0
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