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Plastic shrinkage cracking occurs in concrete members with large exposed surface areas, such as
concrete pavements, bridge decks and floor slabs. Current research has shown that a notable increase
in plastic shrinkage was observed in the engineering practice, leading to considerably more cracking
problems than in the past. Plastic shrinkage cracking occurs when the plastic shrinkage of fresh concrete
is restrained, leading to tensile stresses, which result in cracks when the tensile strength is exceeded.
Plastic shrinkage is caused by negative capillary pressure build-up in fresh concrete. Controlling the

negative capillary pressure build-up makes it possible to reduce the risk of plastic shrinkage cracking.

The aim of this study was to develop a model that uses live in-situ capillary pressure measurements in
fresh concrete to control the capillary pressure build-up to prevent plastic shrinkage cracking at any
evaporation rate. A model was developed that calculates a critical pressure limit for when an action is
needed to prevent plastic shrinkage cracking. The model uses the negative capillary pressure build-up

area between two crucial time points in plastic shrinkage to determine this limit.

The proposed model was tested and verified in two phases. The testing and verification of the model
were conducted on a low bleed concrete having a water/cement ratio of 0.5 and a self-compacting
concrete with a water/cement ratio of 0.4. Tensiometers were used to measure the capillary pressure

build-up in concrete. The first phase consisted of determining the parameters required for the model.

© University of Pretoria



4

i

" UNIVERSITEIT VAN PRETORIA
" J UNIVERSITY OF PRETORIA
e’ YUNIBESITHI YA PRETORIA

iv

The second phase used the determined parameters to test the model with the two concrete mixtures at

various evaporation rates.

The results showed that the model could determine a critical pressure limit relevant to the concrete and
evaporation rate. The proposed model proved to be a valuable tool in controlling the capillary pressure
and preventing plastic shrinkage cracking in low bleed and self-compacting concrete.
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Acronym Description

ACC Accelerator

ACI American Concrete Institute

AEA Air-Entraining Agent

ASTM American Standard Testing Methods
CP Capillary Pressure
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ERL-x Evaporation rate x for the Low Bleed Concrete (x =1 to 6)
ERS-y Evaporation rate y for the SCC (y =1 and 2)
h Hour

N Newton

m Meter

min Minutes

Pa Pascal

PS Plastic Shrinkage
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REF Reference Concrete
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Symbol Description Unit

Ac Avrea of the negative CP build-up curve with applied boundary kPa.min

Anc Avrea of the no crack negative CP build-up curve kPa.min
Total bleeding from the unit concrete surface g

Cs Severity of PS cracking kg.h/m?

v Average diameter of the aggregate cm

E Total evaporation from the unit concrete surface g

ER Evaporation rate kg/m?h

f() The function of the no crack negative CP build-up curve kPa

g(®) The function of the negative CP build-up curve of the sample concrete  kPa

P Negative CP Pa

PC PS cracking area cm?/m

Piset The negative CP value at the initial setting time of the concrete kPa

Py The negative CP value of the critical pressure limit kPa
Radius of the meniscus m

R Restraining factor %

RH Relative humidity %

T, Air temperature °C

T, Concrete (water surface) temperature °C

toe Drying time of the sample curve min

tone Drying time of the no crack negative CP build-up curve min

tiset Initial setting time min or h

tg Time correlating to the critical pressure limit value min

Tre The Trapezoidal rule estimate for the area of g(t) kPa.min

Tryc The Trapezoidal rule estimate for the area of f(t) kPa.min

% Wind velocity km/h

v, Paste volume m*/m?

w, The w/c ratio -

Wy, Total bleed water kg/m?

ot Surface tension N/m
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INTRODUCTION

BACKGROUND

Plastic shrinkage cracking is a problem commonly experienced in concrete members with large
exposed surface areas, such as concrete pavements, bridge decks and floor slabs (Qi, 2003;
Kwak and Ha, 2006). It is an early-age characteristic of concrete, occurring within the first 3 to
8 hours after casting. Plastic shrinkage cracking occurs when fresh concrete is restrained from
deforming, leading to the formation of tensile stresses in the concrete and causing cracking.
These tensile stresses in concrete result from the negative capillary pressure that develops in
concrete. These plastic shrinkage cracks tend to be more severe when the concrete members
have large surface areas or are exposed to harsh climatic conditions. Once cracks occur, there
are several long-lasting durability challenges for the future of the life of the concrete structure,

such as steel reinforcement corrosion and carbonation. (Qi, 2003; Otieno et al., 2010).

The negative capillary pressure build-up in concrete is one of the main driving forces for plastic
shrinkage (Wittmann, 1976; Slowik et al., 2008; Slowik et al., 2014). Investigating the
capillary pressure behaviour in fresh concrete can help improve the understanding of plastic
shrinkage in concrete. Capillary pressure in fresh concrete is usually measured using electrical
pressure sensors or capillary pressure sensors, but in this research, tensiometers are used for
capillary pressure measurement. A tensiometer is a device used on-site to measure the direct
negative pressure (suction) in the soil with the ability to measure high negative pressure values
before cavitation. (Raviv and Lieth, 2008; Toll et al., 2013).

PROBLEM STATEMENT

Plastic shrinkage cracking in concrete structures can be a significant concern in the construction
industry because these cracks compromise aesthetics, serviceability, and durability (Dao et al.,
2010). Plastic shrinkage cracking is a common early-age problem in the construction industry
worldwide, which occurs when drying fresh concrete is restrained from deforming in the plastic
state. Plastic shrinkage cracks are more severe on concrete structures with large surface areas
(for instance, highway pavement, bridges, decks and slabs) or when the concrete is exposed to

harsh drying climatic conditions, typical of the South African climate.

In the current research, a notable increase in plastic shrinkage was observed in the engineering
practice (when high strength concrete was used), leading to considerably more cracking
problems than in the past (Huang et al., 2019). Once these cracks occur, harmful chemicals and

water can easily penetrate the concrete and corrode the steel reinforcement in the concrete
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structure, which can cause the structure to fail. Therefore, these cracks can pose several long-
lasting durability challenges for the future of the service life of the concrete structure (Qi, 2003).

The purpose of this research is to utilise the capillary pressure behaviour of concrete to develop
an empirical model. The model will determine a critical pressure limit for when an action is
needed to prevent plastic shrinkage cracking. Preventing these cracks will improve the service

life and reduce additional construction and maintenance costs.

OBJECTIVES OF THE STUDY

The research aims to develop a model that uses live in-situ capillary pressure measurements in
fresh concrete to control the capillary pressure build-up to prevent plastic shrinkage cracking

at any evaporation rate. Two hypotheses are made for this study:

1. A negative capillary pressure build-up in concrete over time exist, where no plastic

shrinkage cracks will form.

2. Plastic shrinkage cracks can be prevented by maintaining a similar or lower pressure-time

area as the negative capillary pressure build-up where no crack will form.
The hypotheses can be rejected or verified by achieving the following objectives:

e Provide a fundamental understanding of plastic shrinkage cracking and how the negative
capillary pressure build-up and critical pressure limit influence the plastic shrinkage

cracking in fresh concrete,
e Shed light on determining the critical pressure limit in fresh concrete mixtures,

e Determining whether tensiometers can measure the negative capillary pressure in fresh
concrete and if tensiometers can be used to minimise or prevent plastic shrinkage cracks

from forming by monitoring the negative capillary pressure behaviour in fresh concrete,

e Present an empirical model that helps prevent plastic shrinkage cracking in fresh concrete

for different concrete mix designs on-site or in a laboratory.
SCOPE OF THE STUDY

The research focuses on the capillary pressure mechanism in fresh concrete and how this
mechanism can be controlled to help prevent plastic shrinkage cracks from forming. The

research was limited to the following:
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e A low bleeding conventional concrete mix with a water/cement ratio of 0.5 for testing the
model and a self-compacting concrete mix with a water/cement ratio of 0.4 for the
verification of the empirical model.

e Concrete specimens were exposed to various evaporation rates that could be created in the
different climate rooms available at the time.

15 METHODOLOGY

The following methodology was utilised to achieve the objectives of the study.

e A comprehensive literature review on plastic shrinkage cracking was done to understand
this phenomenon occurring in concrete. The literature involved investigating the capillary
pressure mechanisms, factors affecting plastic shrinkage cracking, and current methods

and models used for preventing these cracks.

e The reviewed literature was used to develop an empirical model that shows when specific
actions are to be taken to reduce the negative capillary pressure and prevent plastic

shrinkage cracking.

e In preparation for the experimental work, an additional climate chamber was designed and
built. The climate chamber had to control the air temperature, relative humidity, and wind
speed to such an extent that it could simulate any harsh climatic environment possible in
South Africa. Tensiometers were also built to measure the capillary pressure in fresh

concrete.

e A procedure for the experimental work was established to verify the proposed model. The

experimental work consisted of two phases:

o Inthe first phase, the plastic shrinkage cracking characteristics of a low bleed and self-
compacting concrete mixture in several evaporation rates was investigated. The
characteristics were investigated to obtain the parameters required for the proposed

model.

o The second phase consisted of testing the proposed model with the low bleed concrete
at various evaporation rates. The model was also tested with self-compacting concrete

at several evaporation rates to verify the model.

e The results from the experimental work were analysed to evaluate the performance of the
proposed model and identify any limitations. The model was then calibrated accordingly
to provide an empirical model that helps engineers prevent plastic shrinkage cracking in

fresh concrete.
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ORGANISATION OF THE REPORT

The dissertation consists of the following chapters and appendices:

Chapter 1 serves as an introduction to the report providing background and outlining the
objectives and scope of the research.

Chapter 2 is a comprehensive review of the literature on plastic shrinkage cracking to
provide a fundamental understanding of plastic shrinkage cracking in fresh concrete.

Chapter 3 shows the development of the empirical model from the literature.

Chapter 4 provides an in-depth description of the experimental work done throughout the
study.

Chapter 5 provides the design process and details of the mobile climate chamber used

during the experimental work.

Chapters 6 & 7 present the results obtained during the experimental work from the low
bleed concrete (Chapter 6) and self-compacting concrete (Chapter 7) and a detailed

discussion of the results.

Chapter 8 provides the model verification results and the limitations and calibration of the

model.

Chapter 9 provides the conclusions drawn from the results and recommendations for future

research.
Chapter 10 contains the list of references used throughout the dissertation.

Appendices A to D consists of the additional information referenced throughout the study.
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LITERATURE REVIEW

INTRODUCTION

This chapter presents a comprehensive review of the phenomenon in fresh concrete known as
Plastic Shrinkage (PS) and PS cracking. The literature review aim to establish how the Capillary
Pressure (CP) mechanism contributes to the PS cracking and the current state of methods and

empirical models used to prevent PS cracking in concrete.

The literature review starts by defining PS and PS cracking in fresh concrete—followed by an
overview of the factors that influence PS and PS cracking. The factors are grouped under the
movement of mixture constituents in fresh concrete and the hardening of fresh concrete.
Subsequently, the mechanisms causing PS cracking are addressed. This section is followed by
a review of PS crack prevention measures and the recent literature on methods and models used
to prevent PS cracking. Previous CP sensors and tensiometers are then reviewed and discussed.

Lastly, the chapter is concluded by summarising the literature findings.

PLASTIC SHRINKAGE CRACKING

Concrete is in a plastic state before it has hardened and set. Concrete in a plastic state is referred
to as fresh concrete. PS occur in fresh concrete. Shrinkage in fresh concrete results from water
loss from the concrete through bleeding, surface evaporation, and water consumption through
cement hydration (Neville, 1995; Lamond and Pielert, 2006). The amount of PS in fresh
concrete is mainly controlled by the bleeding and surface evaporation of the water in the
concrete. When the cumulative amount of evaporation exceeds the cumulative amount of

bleeding of the concrete, PS occurs (Lamond and Pielert, 2006; Soutsos and Domone, 2017).

As the cumulative evaporation exceeds the bleeding of the concrete, tensile strains occur near
the surface of the concrete. If the concrete is restrained, tensile stresses are induced. When fresh
concrete has not developed enough strength to resist these tensile stresses, PS cracks can occur,
as illustrated in Figure 2-1 (Lamond and Pielert, 2006; Soutsos and Domone, 2017). The
strength to resist the tensile stresses is not covered by the hydration of the cement particles in
the concrete but due to the CP and internal cohesion forces between the particles. The figure
demonstrates how bleed water moves to the surface and evaporates. It also shows how the
tensile strains act and PS cracks form in fresh concrete. The severity of these PS cracks
increases when the concrete is exposed to elevated temperature and wind, leading to higher
evaporation rates (Boshoff and Combrinck, 2013; Kayondo et al., 2019). The PS cracking

severity refers to how extreme the condition of the crack is.
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Tensile strains Evaporation
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Fresh concrete Plastic shrinkage cracks Bleed water

Figure 2-1: PS cracking formation in fresh concrete adapted from Soutsos and Domone
(2017)

PS cracks can occur in three distinct patterns in reinforced and unreinforced concrete namely,
diagonal, mapped or parallel. These cracks can have widths of up to 3 mm wide and lengths
between 50 mm and 3 m. Depending on climatic conditions, cracks can reach a tampered depth
of between 20 and 50 mm. In some cases, these cracks can be aggravated even further by dry

shrinkage and extend these cracks through the entire depth of the slabs (Uno, 1998; Lamond
and Pielert, 2006).

The diagonal crack pattern appears at approximately 45 ° in the direction in which the concrete
is cast. These cracks are parallel to each other, and the distance between the cracks can be as
large as 1 to 2 m. PS cracks can randomly form, known as a mapped crack pattern (Lamond
and Pielert, 2006). The last crack pattern is the parallel crack pattern, which forms parallel to
the top reinforcement in the concrete. Figure 2-2 a) and b) show two of the three types of PS
cracking (not scaled).
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Figure 2-2: a) Diagonal and b) Mapped (Slowik et al., 2008) PS cracking pattern

For the purpose of this discussion, the factors influencing PS cracking are discussed in two
sections. Bleeding, evaporation, drying time and plastic settlement are discussed under
“movement of mixture constituents in fresh concrete”, and initial and final set are discussed

under “hardening of fresh concrete”.

MOVEMENT OF MIXTURE CONSTITUENTS IN FRESH CONCRETE

PS cracking is influenced by water movement in and from fresh concrete. Bleeding and
evaporation are the phenomena that drive the movement of water from concrete. Drying time
is when the cumulative amount of bleed water is equal to the cumulative amount of evaporated
water, and the surface of the fresh concrete starts to dry. Plastic settlement occurs due to

bleeding and particle settlement and adds to the volume reduction in fresh concrete.

Bleeding

Bleeding and segregation in concrete are early-age mechanisms that occur after casting fresh
concrete. Bleeding is the upward migration of the mix-water to the surface of the fresh concrete.
This migration occurs because water has the lowest specific gravity of all the constituents in
the concrete mixture. While water moves upwards, the solid particles settle downwards. The
downward settlement of the solid particles in concrete is known as segregation. The particle
settlement will continue until the concrete is viscous(stiffen) enough to restrict the downwards

settlement induced by gravity or when the particles interlock (Soutsos and Domone, 2017).

Figure 2-3 illustrates how bleeding and segregation in fresh concrete occur. The figure shows
the upwards migration of water as well as the settlement of the solid particles (cement and
aggregate). The figure also illustrates the two problems that arise from bleeding in concrete.

The formation of a surface laitance and water-rich pockets in the concrete. A surface laitance
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forms when bleed water migrates upwards and enriches the layer below the top surface of the
concrete with water. The upward migration of the bleed water can also cause some of the water
to become trapped under solid aggregate particles. Resulting in water-rich pockets forming
below the solid particles. When the concrete absorbs the water in these pockets, air voids are
left. These voids cause an enhanced local weakening of the interface zone between the paste
and aggregate and reduce the strength of the concrete (Soutsos and Domone, 2017).

Surface Water-rich
laitance \ﬂ / pockets

Cement
and
aggregates

Water

Figure 2-3: Bleeding and segregation in freshly cast concrete adapted from Soutsos and
Domone (2017)

Bleeding occurs during the dormant period, around an hour (in conventional concrete without
admixtures) when the cementitious material has little to no reaction (Lamond and Pielert, 2006).
All types of concrete mixtures bleed to an extent. In some cases, the bleeding for some concrete
mixtures might not be visible to the naked eye (Soutsos and Domone, 2017). In addition,
bleeding will not be visible when the bleed water is continuously evaporated in harsh climatic

conditions.

The accumulation of bleed water at the surface occurs through two types of bleeding such as
normal bleeding or channel bleeding. Normal bleeding is a slow, uniform seepage over the
entire surface of the concrete. In comparison, channel bleeding is bleeding through localised
channels transporting the water to the surface, which sometimes transports fine particles to the

surface of the concrete. Channel bleeding typically occurs in concrete mixtures with high water
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content, low cement content or mixtures with high bleeding properties (Lamond and Pielert,
2006).

Figure 2-4 illustrates the bleeding process from the moment the cement paste was placed and
the setting of the paste. The process is simplified by the following three zones known as the
clear water in the surface zone, the zone of constant water content, and the compression zone.
The clear water surface zone is the zone where clear water forms at the top of the concrete
surface. The constant water zone is where the water/cement (w/c) ratio and the density remain
constant, although some of the water moves through this zone. The compressive zone is where
the pastes stiffen and can be seen as a transition zone. As the paste stiffens, the wi/c ratio is
reduced, and the solid particles represent a lower volume than the initial volume cast. The
stiffening continues until the paste stabilises as the bleeding and settling stops (Lamond and
Pielert, 2006).

Paste surface Water surface

Zone of clear
water AH

Zone of constant
water content

Zone of
compression

HEIGHT OF THE SAMPLE [H]

TIME

Figure 2-4: The bleeding process illustrated in cement paste adapted from Lamond and
Pielert (2006)

In extreme bleeding situations, the bleed water layer forming on the concrete surface can be up
to 2 % of the total depth of the concrete (Soutsos and Domone, 2017). Bleed water will either
evaporate or be reabsorbed into the concrete with the continuing hydration. Evaporation of the
bleed water aids in reducing the initial volume of the concrete (Soutsos and Domone, 2017).
Bleeding in concrete also provides beneficial effects for fresh concrete, such as raising the
amount of bleeding (water content) of the concrete surface when exposed to extreme weather

conditions and helps mitigate PS cracking by restoring moisture to the concrete surface where
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accelerated moisture loss (evaporation) occurred. As the bleed water on the surface continues
to evaporate the concrete will continue to bleed (restoring the lost moisture), consequently
increasing the w/c ratio of the concrete surface and decreasing the quality (Matalkah et al.,
2019).

Klieger (1955) and Cheng (1994) identified two independent factors as the cause of bleeding
in fresh concrete, namely gravity and negative CP. The negative CP build-up will only start
when the cumulative evaporation exceeds the cumulative bleeding amount; once this occurs,
no bleed water will be visible on the surface of the concrete. The movement of bleed water
through the fresh concrete toward the surface of the concrete helps with the formation of the
capillary pore network, which reduces the durability of the concrete (Matalkah et al., 2019).

Meaning that a large amount of bleeding in the concrete will result in less durable concrete.

Evaporation

Evaporation is defined as how liquid transforms into a gas or vapour. Evaporation of a liquid
typically occurs when heat energy is added, and the liquid absorbs this energy or when the
pressure above the liquid surface is less than the pressure of the liquid; this will cause the active

water molecules to escape from the liquid in the form of a vapour (Uno, 1998).

The evaporation rate of concrete is influenced by climatic conditions such as the relative
humidity, concrete temperature, air temperature, wind velocity and solar radiation. Amplifying
these climatic conditions increases the rate of evaporation, which consequently increases the
drying of the concrete, which causes PS. Turcry and Loukili (2006) concluded that PS cracking
would occur before or during the concrete setting when exposed to a moderate evaporation rate.
However, when the concrete is exposed to a high evaporation rate, PS cracking will occur in

the plastic state of the concrete.

The evaporation rate of water on the concrete surface is estimated using the following two
ways: the American Concrete Institute (ACI) nomograph or the Uno evaporation rate formula
(Uno, 1998; ACI, 1999). The ACI nomograph and the method used to estimate the evaporation
rate are demonstrated in Figure 2-5. The nomograph requires the four parameters and starts

with the air temperature, relative humidity, concrete temperature, and wind speed.
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Figure 2-5: ACI nomograph used for estimating the evaporation rate of the surface
moisture of concrete (Uno, 1998; ACI, 1999)

Uno (1998) developed the following equation to estimate the evaporation rate on the surface of

the concrete by including all the main driving forces that influenced the evaporation rate of the

concrete:
ER = 5([T, + 18]%>° — RH.[T, + 18]*°)(V + 4) x 107° (2.1)

with ER the evaporation rate [kg/m?/h], T. is the concrete (water surface) temperature [°C], RH
is the relative humidity [%], T, is the air temperature [°C] and V the wind velocity [km/h].
According to ACI (1999), PS cracks are likely to occur when concrete is exposed to an

evaporation rate of 1 kg/m?/h. Therefore, it is essential to take precautions when the evaporation

rate approaches 1 kg/m?/h.

The main driving forces identified by equation (2.1) for the evaporation rate of concrete are

discussed as follows:
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e Relative Humidity. The relative humidity is the ratio between the actual moisture present
in a unit volume of air to the amount of moisture that air could hold at a certain temperature
and is represented as a percentage. When the relative humidity reaches 100 %, the unit of
air is fully saturated with moisture, and the evaporation will stop (meaning 0 kg/m?/h)
unless external forces such as wind replace the saturated air with non-saturated air (Uno,
1998).

e Concrete Temperature. The concrete temperature refers to the temperature measured on
the surface of fresh concrete. The temperature of the concrete is influenced by the
temperature of the individual materials added to the concrete mixture. Decreasing the
temperature of the concrete when casting will significantly reduce evaporation.

e Air Temperature. The air temperature is defined as the ambient temperature of the area.
Increasing the air temperature will increase the rate of evaporation (Kwak and Ha, 2006).

e Wind Velocity. Uno (1998) stated that wind velocity is one of the most crucial climatic
elements affecting PS cracking in fresh concrete. The presence of wind accelerates the
evaporation process by constantly removing the escaping water molecules. Therefore,
decreasing the wind velocity reduces the evaporation rate effectively (Kwak and Ha, 2006).

e Solar Radiation. Solar radiation has an effective influence on the evaporation rate because
it affects the ambient temperature and the temperature of the land mass (Uno, 1998).
Research showed that solar radiation increases the evaporation rate by increasing the
temperature on the concrete surface and accelerates the hydration of the cement, which
results in strengthening the concrete surface. This phenomenon was examined when
concrete slabs were cast in the shade and sunlight; the finding showed that the concrete
slabs cast in the shade had more cracks than those cast in sunlight (\Van Dijk and Boardman,
1971).

Drying Time

Drying time is the point where the cumulative amount of evaporation is equal to the cumulative
amount of bleeding of the concrete, as defined by Kwak and Ha (2006). After this point, the
cumulative evaporation exceeds the bleeding, and the negative CP builds up, causing PS in the
concrete. The drying time in concrete is dependent on the evaporation rate and the bleeding rate
of the concrete, as illustrated in Figure 2-6. The figure was adapted from the results found by
Kwak and Ha (2006), which demonstrates that when maintaining the same amount of bleeding
and increasing the evaporation rate, the drying time will decrease, resulting in an earlier
occurrence of PS cracking. By maintaining a constant evaporation rate but increasing the
amount of bleeding of the concrete, the drying time is delayed to a later point in time, reducing

the risk of PS cracking.
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Figure 2-6: Drying time diagram adapted from Kwak and Ha (2006)
2.3.4 Plastic Settlement

Plastic settlement in concrete can be summarised as vertical settlement of the concrete due to
gravity. Sayahi et al. (2020) stated that plastic settlement and bleeding are qualitatively related
to the reduction of concrete volume because bleeding is compensated by settlement in concrete.
Figure 2-7 illustrates the occurrence of plastic settlement after placing fresh concrete; the fine
and coarse aggregate particles in the concrete start to settle downward with gravity and, after
several hours, resulting in settlement. If the concrete is restrained by horizontal reinforcement
(such as steel reinforcement, crack inducers, or non-uniform slab depths) from settling
downwards, plastic settlement cracks will form. These cracks will form perpendicular to the

horizontal reinforcement towards the concrete surface (Soutsos and Domone, 2017).

o 5 Y
O 2O, 10,

After placing

\

Bleed water A

Crack
Rebar
Void

After several hours

Figure 2-7: The formation of plastic settlement cracks adapted from Soutsos and
Domone (2017)
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Combrinck et al. (2018) identified two distinct types of plastic settlement cracks that can form
in concrete, namely tensile cracks that form on the surface of the concrete and shear cracks that
form near the restraint in the concrete. Plastic settlement cracks form independently of
evaporation and superficial drying in concrete. These cracks are amplified when the concrete
is restrained, and the bleeding and settlement of the concrete are high (Mehta and Monteiro,
2001).

According to Sayahi et al. (2020), the drying process in fresh concrete can be identified in the
plastic settlement curve of the concrete, which is shown in Figure 2-8. The figure shows the
concrete settlement over time. The phases and the critical point identified by Sayahi et al.
(2020) are also shown in the figure.
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Figure 2-8: Three phases in plastic settlement (Sayahi et al., 2020)

This process is divided into the following three phases:

e Phase I in the drying process is the initial drying period, which is the period where the
bleed water accumulates at the surface of the concrete. In this phase, the settlement is due

to gravity acting on the plastic concrete (Sayahi et al., 2020).

e The first dotted line is the location of the drying time of the concrete. Which is the point
in time when the cumulative amount of evaporation and bleeding is equal, indicating the

change from the initial to the constant period (Sayahi et al., 2020).

e Phase Il is the constant rate period in which the cumulative rate of evaporation has
exceeded the cumulative bleeding of the concrete, and menisci is formed on the surface of
the concrete. Due to the curvature of the menisci, negative CP develops between the pores

and commencing the negative CP build-up in the concrete. The negative CP forms in the
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pore system of the fresh concrete and induces tensile stresses in the concrete. The particles
are pulled closer to each other, resulting in further plastic settlement (Sayahi et al., 2020).

e The critical point (second dotted line) indicates the onset of the falling rate period where
the menisci move from the surface to the interior of the concrete. The menisci gradually

decrease with continued hydration and evaporation (Sayahi et al., 2020).

e Phase Il is the falling rate period in the drying process of the concrete. In this phase, the
menisci recede further into the concrete from the ongoing evaporation and hydration,
causing a higher negative pressure (Sayahi et al., 2020). In this phase, bleeding still occurs
in the concrete but evaporates at a slower rate, resulting in a more constant settlement rate
(Sayahi et al., 2020).

HARDENING OF FRESH CONCRETE

When water and cement are combined, hydration occurs. As hydration progresses, the cement
paste mixture changes from a plastic state to a solid state. The setting time of cement and
concrete has two distinct points in time, known as the initial and final set. Figure 2-9
demonstrates the three stages of the hydration process in concrete over time. It shows how the
initial and final set divides the hydration process into three stages. The three stages in hydration
are known as the stiffening, solidification, and hardening stages. The hydration of the cement
between the particles is also shown in each stage. Lastly, Figure 2-9 shows how the relative

amount of permeability, porosity and strength changes as the concrete starts to set over time.

Initial Set Final Set

Stiffening Solidification Hardening

%** ame

Strength

Permeabilit

Relative amount

Time

Figure 2-9: Three stages of fresh concrete after cast adapted from Mehta and Monteiro
(2006) and Combrinck (2011)
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Initial and Final Set

The initial set (also known as the initial setting time) is when the concrete transitions from the
stiffening stage to the solidification stage. The initial set of conventional concrete generally
occurs between 2 and 4 hours after casting at normal temperatures (Soutsos and Domone,
2017). The final set (also known as the final setting time) is when the concrete transitions from
solidification to the hardening stage, which occurs several hours after the initial set. (Mehta and
Monteiro, 2001 and Soutsos and Domone, 2017).

Combrinck and Boshoff (2013) found that when fresh concrete is exposed to an evaporation
rate, the onset of PS cracks occurs just before or at the initial set of the concrete. Onset refers
to when the concrete has begun to crack. As the PS crack continues to widen, the crack will
stabilise at the final set of the concrete. Stabilise, or stabilisation, refers to when the crack
growth ceases. However, the crack still widens after the final set but at a much lower rate. The
widening of the crack that occurs after the final set is due to drying shrinkage, a phenomenon

that occurs in concrete after the final setting time is reached.

Stiffening, Solidification, and Hardening

Stiffening is the loss of consistency of the cement paste in the hydration process in concrete
and is generally associated with a decrease in the slump reading. The plasticity is due to the
free water within the cement paste. The early hydration reaction and evaporation are the leading
cause of the gradual loss of free water in the concrete system, resulting in the stiffening of the

cement paste and then finally hardening (Mehta and Monteiro, 2001).

The solidification stage is when the cement paste starts to solidify. Solidification starts at the
point in time when the cement paste has become unworkable, called the initial set, and ends
when the cement paste solidifies completely and becomes fully rigid, which is known as the
final set (Mehta and Monteiro, 2001). This stage is a critical period for when concrete is
exposed to evaporation because most PS cracking starts and ends in this stage (Combrinck and
Boshoff, 2013)

The hardening stage occurs after the final set of the cement paste and is when the porosity and
permeability of the cement paste start to decrease, and the strength of the cement paste starts to
increase. As the hydration of the tricalcium silicate (C3S) continues in the cement paste, the
progressive filling of the voids in the paste results in decreasing the porosity and permeability
of the cement paste and increasing in strength illustrated in Figure 2-9 (Mehta and Monteiro,
2001).
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FACTORS INFLUENCING PLASTIC SHRINKAGE CRACKING

Bleeding, evaporation, drying time, plastic settlement, and setting time are factors that influence
PS and PS cracking in concrete (Kwak and Ha, 2006; Combrinck and Boshoff, 2013;
Kayondo et al., 2019). The interaction between these influencing factors in concrete can be
illustrated in Figure 2-10. The figure shows the cumulative amount of bleeding and evaporation
over time. The plastic settlement of the concrete, drying time and setting times are also shown

in the figure.
A . | L |
P Stiffening stage L Solidification_stage
< Pie |
= Evaporation I
=
) |
£
< |
z '
= |
E Bleeding :
= >
© |
|
—>
Drying Initial setting time Final setting time

v time Time

Figure 2-10: The influencing factors of PS cracking adapted from Kwak and Ha (2006),
Combrinck (2011) and Sayahi et al. (2020)

It can be seen that by affecting one of the factors, the other factors will also be affected and
consequently influence the PS and PS cracking of concrete. Bleeding, evaporation, drying time,
concrete setting time and plastic settlement in concrete can be affected by several aspects. Some
of the aspects are the type of cement, additions, w/c ratio, admixtures, climatic condition,

concrete temperature, aggregate grading and concrete depth.

Type of Cement and Additions

Cement with high fineness decreases the amount of bleeding and the bleed rate of the concrete.
The concrete bleeding can effectively be reduced when cement having high tricalcium
aluminate (C3A) is used (Lamond and Pielert, 2006; Neville, 2012; Matalkah et al., 2019).

In addition, cement with high fineness will reduce the amount of water evaporation from the
concrete and reduce the concrete setting time (Sayahi et al., 2019; Mehta and Monteiro, 2001).
According to Soutsos and Domone (2017), the setting time of the concrete can be reduced when

cement with high quantities of C3S and C3A is used.
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In concrete, additions refer to finely divided materials used to improve properties or obtain
unique properties in concrete. Some of the most common additions used in concrete are
limestone powder, fly ash, silica fume, and ground granulated furnace slag. Additions can be
supplied as separate materials which can be added to the concrete or as a pre-blended mixture
with Portland cement (Soutsos and Domone, 2017).

The findings of Matalkah et al. (2019) showed that the bleeding of the concrete with alkali-
activated cement was almost negligible compared to the bleeding found in the Portland cement
concrete. When adding additions, such as condensed silica fume to concrete can significantly
reduce the bleeding of concrete. This is because condensed micro silica has a very high surface

area, making this material an effective bleeding control agent (Soutsos and Domone, 2017).

Water/Cement Ratio and Unit Water Content

When the w/c ratio of the concrete is increased the amount of bleeding and evaporation will
increase (Topcu and Elgun, 2004; Lamond and Pielert, 2006; Sayahi et al., 2019). The concrete

setting time is also delayed when the wi/c ratio increases (Mehta and Monteiro, 2001).

The water content in the concrete affects bleeding and evaporation. Increasing the water content
in the concrete mixture results in an increased amount of bleeding in the concrete and
evaporation (Topcu and Elgln, 2004; Kwak and Ha, 2006).

Admixtures

Admixtures are chemical materials that are added to fresh concrete to modify the properties of
the concrete in the plastic or hardened state. Some examples of admixtures are plasticisers,
retarders, accelerators and air-entraining agents (Soutsos and Domone, 2017). The addition of
admixtures to concrete has been shown to significantly affect the bleeding, evaporation, plastic

settlement and setting times due to the chemical reaction occurring in the concrete mixture.

Plasticisers are a chemical admixture that increases the workability of concrete by reacting with
the cement particles on a molecular level. The plasticiser alters the cement particles to have a
negative charge, thus repelling each other and becoming more dispersed (Soutsos and Domone,
2017). Superplasticiser (SP), also known as high-range water reducers, are more potent than
plasticisers and achieve a higher magnitude of workability in concrete than plasticisers
(Domone and Illston, 2010). Sayahi et al. (2019) showed that by reducing the percentage of SP
in the concrete from 0.8 % (the percentage used in the reference concrete) to 0.6 %, the amount
of evaporation decreased and vice versa when the percentage of SP was increased from 0.8 %
to 1 %.
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Concrete setting time is affected when admixtures are added because the chemical in the
admixtures interferes with the hydration reaction in the concrete (Soutsos and Domone, 2017).
Combrinck and Boshoff (2013) found that by adding admixtures such as plasticisers or SP to
the concrete mix design, the setting time of the concrete was delayed. Increasing the dosages
of the admixtures added to the concrete mixture will amplify the delay or increase the setting

time.

Climatic Conditions

Increased wind velocity increases the evaporation rate and results in more bleeding (Lamond
and Pielert, 2006). Increasing the evaporation rate will increase the capillary force on the
concrete surface, drawing the water out of the concrete (Lamond and Pielert, 2006). Low air
temperature decreases the rate of hydration in concrete and increases the amount of concrete

bleeding (Soutsos and Domoneg, 2017).

Concrete Temperature

The hydration reaction between the cement and water, like most other chemical reactions, will
accelerate when the concrete temperature is increased. Therefore, by reducing the temperature
of concrete, the hydration process will slow down (Mehta and Monteiro, 2001; Domone and
IlIston, 2010).

Grading and ratios of fine and coarse aggregate

Poorly graded aggregate can significantly influence the bleeding in concrete. Increasing the
fine aggregate content below a particle size of 300 pm in the concrete mixture will reduce

bleeding (Soutsos and Domone, 2017).

Concrete Depth

The amount of bleed water is proportional to the depth of the concrete slab (Kwak and Ha,

2006). Meaning that as the depth of the concrete increases, the amount of bleeding will increase.

MECHANISMS CAUSING PLASTIC SHRINKAGE CRACKING

PS is caused by the build-up of negative CP in a concrete mass which occurs when the
cumulative evaporation exceeds the cumulative amount of bleeding in the concrete. As the
negative CP builds up in the concrete, tensile strains occur. If the concrete mass is restrained,
the rate of the negative CP build-up increases significantly, and tensile stresses are induced.
When a critical pressure is reached, air entry may occur, which leads to the initiation of PS

cracks (Slowik et al., 2014). Negative CP build-up and air entry interact. When there is air
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entry, there is a redistribution of negative CP. The mechanisms are discussed chronologically,
starting with restraint, followed by the CP and air entry.

Restraint

PS cracking describes that PS cracks will form when the concrete is restrained from shrinking
(Holt and Leivo, 2004). The reason for this phenomenon is by restraining the concrete, the
physical build-up of negative CP in the pores of the concrete increases. Causing tensile strains
to form, inducing tensile stresses. When the induced tensile stresses exceed the fresh concrete's
tensile strength, cracks initiate and propagate inwards (Sayahi et al., 2020). The strength does
not refer to the hydration of the cement particles in the fresh concrete but due to the CP and
internal cohesion forces between the particles. Concrete can be restrained in two ways, namely,

internal or external:

e Internal restraints are restraints caused by internal factors affecting the concrete, such as
a strain gradient over the cross-section of the concrete, steel reinforcement or coarse
aggregate (Combrinck et al., 2018; Sayahi et al., 2020; Zhu et al., 2016).

e An external restraint is induced by external factors restraining the fresh concrete from
shrinkage. These external factors are created by the variation in the depth of the concrete,
steel reinforcement, or friction between the concrete and the surface on which the concrete
is cast (Sayahi et al., 2020).

However, when the concrete is free to shrink without restraint, the concrete will shrink

uniformly without cracking.

Capillary Pressure

Capillary pores are small pockets filled with liquid (generally water) that form between
particles in plastic concrete (Wittmann, 1976). Figure 2-11 demonstrates how the capillary
pores form between the solid particles in fresh concrete. CP is the pressure that builds up from
the liquid between the solid particles in the plastic concrete (Knappett and Craig, 2012). The
figure also shows how the adhesive forces and surface tension act on the particles when the

concrete is exposed to evaporation.

As the evaporation on the concrete surface continues, the mix-water in the concrete reduces,
causing water menisci to form between the solid particles. Because of the menisci forming
between the particles, a pressure difference occurs between the water and surrounding air
pressure within the concrete. This pressure difference is due to the equilibrium of these adhesive
forces (Slowik etal., 2014). The ongoing evaporation reduces the radius of the menisci between

the particles (which causes the adhesive forces acting on the particles to increase) and results
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in the build-up of negative CP. As the negative CP acts on the solid particles of the drying
suspension in the concrete, resulting in contraction (Schmidt and Slowik, 2009). Slowik et al.
(2014) state that the negative CP that builds up in the pore system of the concrete is the leading
cause of PS in fresh concrete. If a critical CP is reached, PS cracks may occur.

Forces Radius
acting on of the
the particles meniscus

Liquid
filled
pocket

Figure 2-11: Menisci forming in the capillary pores of the concrete adapted from
Wittmann (1976) and Combrinck (2016)

The negative CP that forms between the concrete particles, is directly related to the ratio
between the surface tension of the mix-water and the radius of the meniscus between two
particles (Wittmann, 1976). The higher the surface tension of the mix-water in the concrete, the
higher the negative CP build-up rate and vice versa (Wittmann, 1976; Slowik et al., 2008). This
expression for the negative CP is called the Gauss-Laplace equation:

20

p=-—t (2.2)

T

where P is the negative CP [Pa], o; is the surface tension [N/m] and r is the radius of the

meniscus [m].

The negative CP in the concrete pore walls is the primary mechanism of PS (Wittmann, 1976;
Slowik et al., 2008; Slowik et al., 2014; Ghourchian et al., 2021). Given that the CP captures
the influence of the climatic conditions (evaporation), specimen geometry, and material

composition on the cracking risk of the concrete (Slowik et al., 2014).

Air Entry

Air entry is the point in time when the radius of the meniscus between the particles become too

small to bridge the distance between the particles, and air enters the cement paste, resulting in
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PS cracking. The air entry location will typically occur at the weak spots (a typical example of
where these weak spots are located is where the concrete mass is restrained, as discussed in
Section 2.6.1) in the fresh concrete, where cracks are most likely to form (Slowik et al., 2008).

NEGATIVE CAPILLARY PRESSURE BUILD-UP

As the bleed water evaporates along the surface of the concrete, the internal pore water quantity
decreases, and the negative CP in the concrete increases. The increase of the negative CP is
referred to as negative CP build-up. This negative pressure within the concrete draws the

concrete particles closer, resulting in PS.

Figure 2-12 schematically illustrates negative CP build-up with time. The successive stages are
also pointed out. What happens from Stage A to E is described in the following section. The
effect of evaporation rate and water-cement ratio, as well as curing, replacing evaporated water

and curing compounds on negative CP build-up, are also discussed.

Critical capillary pressure

Negative capillary pressure

A B C (Early) C (Later) D E

Figure 2-12: Stages during the negative CP build-up and PS cracking in concrete
adapted from Combrinck (2016), which were adapted from Slowik et al. (2008)

e Stage A is the period immediately after the casting and consolidation of fresh concrete. At
this stage, the concrete begins to bleed, and the bleed water accumulates on the surface,
forming a thin layer known as surface laitance. The spaces between the concrete particles

are almost filled with water, forming a system of interconnected pores. At this point, the
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cumulative bleeding exceeds the cumulative evaporation rate, and all the particles are
covered by the surface laitance (Slowik et al., 2008; Combrinck, 2016).

Stage B is when the surface laitance is reduced to approximately the same height as the top
of the particles because of continuous evaporation (or, in some materials, because of self-
desiccation). This point is known as the drying time of concrete (as discussed in Section
2.3.3). As the evaporation continues, the negative CP will build up from this point (Slowik
et al., 2008; Combrinck, 2016)

Stage C (Early) and Stage C (Later) show that the negative CP starts to build up with the
continuing rate of evaporation. At Stage C, the evaporation exceeds the amount of bleeding,
and the particles are no longer covered by surface laitance. The evaporation of the pore water
between the particles causes adhesive forces and surface tension to act on the particles,
leading to water menisci forming between these particles. At Stage C (Later), the negative
CP build-up increases significantly with the ongoing evaporation. Because of the effect of
the negative CP build-up on the particles, the pores between particles are reduced as more
pore water is brought to the surface. This reduction in the pores within the concrete results
in shrinkage strain; if this shrinkage is prevented and the cohesive forces are overcome, the
cracks form. (Slowik et al., 2008; Combrinck, 2016).

Critical CP is a pressure point between Stage C (Later) and Stage D. At this point, the
menisci between the particles have reached the limiting radius where the menisci are still
able to bridge the particles; reducing the radius further will result in air entry (Slowik et al.,
2008; Combrinck, 2016).

Stage D is where the CP “breakthrough” point occurs. Air has penetrated the pore system,
starting at the largest pores (the radii of the menisci have been reduced to a point where the
bridges between particles are too small, and air can enter the concrete). The point of air entry
is localised and does not occur uniformly and simultaneously over the surface of the concrete
paste (Slowik et al., 2008). As the build-up continues, the locations where the air is most
likely to enter the concrete occur at the weakest points on the surface of the concrete and

will result in PS cracks.

Stage E illustrates that as more air enters the pores of the concrete, the CP reduces. This is
caused by the cement paste, which starts to shrink and relieves the pressure build-up. The
location where air gaps are formed and air penetrates the concrete is called PS cracks
(Slowik et al., 2008; Combrinck, 2016).
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2.7.1 Factors Influencing Negative Capillary Pressure Build-Up

According to the CP literature, the following factors affect the negative CP build-up and the air
entry value in concrete: the particle size distribution, admixture, additions, the evaporation rate,
and the movement of the particles. Especially the amount of small-sized particles in the concrete
mixture design such as the cement, silica fume, or fly ash. These small particles form narrow
pore systems in concrete, producing smaller menisci between the particles and even higher
negative CP values (Schmidt and Slowik, 2009; Leonovich, 2018). In this subsection, some of
the main factors influencing the negative CP build-up, such as the evaporation rate, w/c ratios,

curing, rewetting and lastly, the effect of admixtures and additions, are discussed.

Figure 2-13 shows the influence of the evaporation rate on the negative CP build-up in fresh
concrete. The figure shows that as the evaporation rate (wind speed) on the concrete increases,
the earlier the negative CP starts to build up in the concrete (Holt and Leivo, 2004). The earlier
the negative CP builds up, the higher the induced tensile stresses in the concrete. When the
concrete does not develop enough strength to withstand these tensile stresses, PS cracking will
occur (Sayahi et al., 2019). The severity of PS cracking in concrete was found to be directly
proportional to the product of the volume of evaporated water from the pore network inside the
concrete between the drying time and the initial set (Boshoff and Combrinck, 2013; Sayahi et
al., 2021).
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Figure 2-13: Negative CP build-up at different evaporation rates (Holt and Leivo, 2004)

Figure 2-14 demonstrates the effect of different wi/c ratios on the negative CP build-up over
time (Holt and Leivo, 2004). The figure also shows how these wic ratios affect the negative CP

build-up rate. Schmidt and Slowik (2009) found similar results to that of Figure 2-14, as the
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wi/c ratio in the concrete increased, the concrete's negative CP build-up rate reduced. The
increase in the wic ratio of the concrete causes an increase in the number of unfilled spaces
between the particles resulting in larger capillary pores and a reduced negative CP build-up
(Domone and llIston, 2010). High performance concretes, consisting of low w/c ratios, will
cause self-desiccation in the concrete and influence the negative CP build-up at an early age
(Schmidt and Slowik, 2009).
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Figure 2-14: Negative CP build-up and the negative CP build-up rates for concrete with
different w/c ratios adapted from Holt and Leivo (2004)

The effect of curing and replacing the evaporated water of the concrete on the negative CP
build-up over time is demonstrated in Figure 2-15. The uncured sample was exposed to climatic
conditions with a temperature of 20 °C and relative humidity of 30 %, while the cured sample
was covered with plastic foil to prevent evaporation. The results found by Schmidt and Slowik
(2013) show that by curing fresh concrete, the negative CP build-up for the uncured sample
started at about 2 hours while the cured sample started at about 8 hours after casting. The figure
shows the negative CP build-up rate for the cured sample is higher than that of the uncured
sample, which might be due to the start of the cement hydration, which consumes the internal
water in the concrete—resulting in narrowing the pore system within the concrete as the

concrete moves from plastic to the hardened state.
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Figure 2-15: Negative CP build-up of cured and uncured concrete specimens (Schmidt

and Slowik,

2013)

Figure 2-16 illustrates the negative CP build-up of a cured and uncured sample over time. A

curing agent was applied to the cured sample when the evaporation rate reached 0.2 kg/m?/h.

The uncured sample was left exposed to the initial evaporation rate of 0.7 kg/m?/h (Slowik et

al., 2014). No PS cracking measurements were presented in Slowik et al.’s paper.
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Figure 2-16: Negative CP build-up of cured and uncured concrete (Slowik et al., 2014)

Figure 2-17 demonstrates how adding a small amount of water (at a certain CP) to the surface

of the concrete alters the behaviour of the negative CP build-up. The negative CP is reduced by

adding water to the surface, which increases the menisci radii. However, as the added water

evaporates, the negative CP builds up again (Schmidt and Slowik, 2009).
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Figure 2-17: Negative CP build-up after rewetting the surface ones after casting
(Schmidt and Slowik, 2009)

Slowik et al. (2014) state that when a critical CP is reached, the concrete may crack. On the
contrary, by preventing negative CP build-up in concrete, the cracking risk of the concrete can
be reduced. The delay in the negative CP build-up increases the radii of the menisci between
the particles and prevents high tensile stresses from forming on the surface of the concrete. In

addition, providing the concrete more time to develop enough strength to resist PS cracking.

Combrinck et al. (2019) found that adding the minimum or maximum amount of
lignosulphonate-based plasticiser to concrete helped reduce the severity of PS cracking. As the
lignosulphonate-based plasticiser dosages increased, a progressive reduction in the negative CP
build-up rate was observed. Combrinck et al. (2019) believed that the plasticiser altered the
surface tension and, therefore, relieved the negative CP build-up that developed in the pores of

the concrete.

Combrinck et al. (2019) noticed an overall reduction in the severity of the PS cracking and
negative CP build-up rate when minimum to maximum dosages of polycarboxylate ethers based
or sulphonated melamine formaldehyde-based plasticisers were added to the concrete.
Combrinck et al. (2019) concluded that PS cracking could significantly be reduced by adding

different dosages of liquid admixtures.

Figure 2-18 illustrates the effect of different liquid admixtures on the negative CP build-up in
the fresh concrete at the same evaporation rate. The figure shows that the Accelerator (ACC)
had the highest negative CP build-up rate compared to the Reference (REF) concrete. While
the negative CP build-up rates were reduced for concrete with Stabilisers (STB), Air-Entraining
Agents (AEA), Shrinkage Reducing Admixtures (SRA), and Retarders (RET) compared to the
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REF (Sayahi et al., 2020). It is clear that admixtures have a significant effect on the negative
CP behaviour.
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Figure 2-18: The negative CP build-up of concrete mixtures with various types of
admixtures (Sayahi et al., 2020)

Figure 2-19 shows the effect of different blended cements on the negative CP build-up under
the same climatic conditions over time. The figure shows the negative CP build-up for CEM |
52.5R, CEM II/A-LL 42.5 R and CEM 1 42.5 N having the following specific surface areas of
550, 430 and 310 m%kg (Sayahi et al., 2019). Sayahi et al. (2019) noticed that the type of
cement (the specific surface area of the cement) had no significant difference in the

development of the negative CP of the concrete, as demonstrated in the figure.
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Figure 2-19: Negative CP build-up and internal temperature of different cement types
adapted from Sayahi et al. (2019)
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It is clear that a range of factors influence the negative CP build-up in concrete, which
emphasises the importance of the CP mechanism in concrete.

2.8 PLASTIC SHRINKAGE CRACKING PREVENTION

Although various parameters affect PS cracking in fresh concrete, multiple actions exist to
prevent these cracks. The following actions are recommended to reduce or prevent the
formation of PS cracks in concrete. These actions fall into two categories: internal and external
preventative actions. Internal preventative actions involve improving the design of the concrete

mix, whereas external preventative actions involve applying the action to the concrete surface.

2.8.1 Internal Preventative Actions

e Adding accelerators to the concrete mixture helps to decrease the concrete setting time.
Additionally, avoid adding a retarder to the concrete, which increases the setting time
(Uno, 1998; Combrinck et al., 2019).

e Using fibres such as polypropylene fibres in concrete showed some improvement in
reducing PS cracking according to Uno (1998), Qiet al. (2003) and Boshoff and
Combrinck (2013).

e The addition of plasticiser, SP, or plastic shrinkage-reducing admixtures to concrete
reduced PS cracks by delaying the negative CP build-up in the fresh concrete
(Combrinck et al., 2019; Mora-Ruacho et al., 2009).

e Using alkali-activated cement in concrete showed increased PS cracking resistance

compared to Portland cement concrete (Matalkah et al., 2019).

e Sayahi et al. (2020) state that by adding STB, the cracking tendency of the concrete is
reduced, and the addition of AEA and SRA reduces the risk of PS cracking.

e Combrinck et al. (2018) stated that providing adequate cover at the top reinforcement steel

in concrete will reduce the risk of PS cracking in the concrete.
2.8.2 External Preventative Actions

e Curing concrete to reduce moisture loss by ponding or spraying the surface of the concrete,
formwork, or subgrade with water. (Uno, 1998; Mehta and Monteiro, 2001; Soutsos and
Domone, 2017).

e Applying windbreaks, sunshades, polythene, hessian or curing membrane to protect the

surface of the concrete (Lamond and Pielert, 2006; Soutsos and Domone, 2017).

¢ Avoid delays in placing ready-mixed concrete (Mehta and Monteiro, 2001).
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e Using methods or models to help minimise or prevent PS cracking in concrete is discussed
in the next section (Slowik et al., 2008; Boshoff and Combrinck, 2013, Sayahi et al., 2021,
Ghoddousi et al., 2019).

MODELS AND METHODS TO HELP PREVENT PLASTIC SHRINKAGE
CRACKING
The preceding discussions clearly show that PS cracking depends on several influencing factors

and mechanisms, making this phenomenon challenging to predict. This section focuses on some

recent methods and empirical models that help predict and prevent PS cracking.

Method for Concrete Curing by Closed-Loop Controlled Rewetting

Slowik et al. (2008) proposed a concrete curing method based on CP measurements and closed-
loop controlled rewetting of the surface of the concrete. This method helps to reduce the risk of

PS cracking in fresh concrete.

The method is used by determining the CP value of air entry of the concrete using an electrical
conductivity sensor. After establishing the air entry CP value, a predefined pressure threshold
can be applied to the negative CP build-up, as shown in Figure 2-20. The figure shows that the
negative CP build-up can be manipulated and delayed by constantly rewetting the surface of

the concrete before the threshold is reached.
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Figure 2-20: Negative CP build-up after rewetting multiple times (Slowik et al., 2008)
Boshoff and Combrinck (2013) Plastic Shrinkage Cracking Severity Model

Boshoff and Combrinck (2013) proposed a model suggesting that the severity of the concrete

was dependent on the PS strain. Furthermore, the PS strain in the concrete is directly related to
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the rate of evaporation of water, the bleeding properties, and the time until hardening of the

concrete. The proposed PS cracking severity model is expressed as:
PS cracking severity = ER - tiger — Wy (2.3)

Where ER is the evaporation rate [kg/m?/h], t;c.. the initial set [h] and W}, the total bleed water
[kg/m?]. The unit for the PS cracking severity is kg/m?2

Boshoff and Combrinck (2013) state that the PS cracking severity is measured in terms of the
amount of water evaporated from the concrete. The model provides a good indication of the
degree of PS cracking severity, as illustrated in Figure 2-21. The figure shows the PS cracking

severity values plotted against the PS cracking area of the concrete.
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Figure 2-21: The graph shows the PS cracking severity against the measured PS crack
area (Boshoff and Combrinck, 2013)

The model also showed that the severity of PS cracking is reduced by adding fibres at low
volumes (Boshoff and Combrinck, 2013). The proposed model had a few shortcomings. It has
been noticed that cracking has occurred in concrete at a PS cracking severity of 0 kg/m?
(Boshoff and Combrinck, 2013). This is believed to be due to some interaction between PS
cracking and plastic settlement cracking. Another shortcoming noted by Boshoff and
Combrinck (2013) was that the severity of PS cracking was inconsistent with the varying
volumes of fibres. It should be noted that the suggested model has not been tested with concretes

with different admixtures.

Sayabhi et al. (2021) Plastic Shrinkage Cracking Severity Model

Sayahi et al. (2021) suggested a model for estimating the severity of the PS cracking by using

a similar approach to that of Boshoff and Combrinck (2013). The initial setting time was used
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in the proposed model of Boshoff and Combrinck (2013); however, it was only used to
determine the amount of evaporated water within the bulk of the concrete. The additional initial
setting time term in Sayahi et al.’s model explains the PS cracking in concrete with equal PS
cracking severity values, (ER - tiser — Wy;), but various initial setting times (Sayahi et
al.,2021). The model is expressed as:

Cs = (ER - tiger — Wp1) " tiser (2.4)

Where ER is the evaporation rate [kg/m?/h], t;c.. the initial set [h] and W,,; the total bleed water
[kg/m?]. The unit for the severity of PS cracking, Cs, is kg.h/m.

Figure 2-22 shows the predicted severity of PS cracking values against the crack area. A direct
proportion was noticed in the figure between the severity of PS cracking and the crack area,
with only one mixture not following the trend. The model was confirmed with a Self-
Compacting Concrete (SCC) and vibrated concrete (Sayahi et al., 2021). Sayahi et al. (2021)
concluded that according to the model, the tendency for PS cracks to forming in concrete is
related to the rate at which the CP increases between the drying time and initial set. The study
showed that the proposed model is a helpful tool for estimating the severity of PS cracking in
concrete. However, the model is only applicable for concrete with similar restraints, or the
severity of the PS cracking values will be scattered. Sayahi et al. (2021) stated that the model
is significantly dependent on the measuring techniques. Additionally, the model was validated

using limited data from earlier literature, and therefore further investigation is required.
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Figure 2-22: The severity of PS cracking values plotted against the measured average

crack area from Sayahi et al. (2021) using reported data from Sayabhi et al. (2016)
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In both the PS cracking severity model proposed by Boshoff and Combrinck (2013) and
Sayahi et al. (2021) it was noticed that the PS cracking severity was determined between the
drying time and initial setting time of the concrete.

Ghoddousi et al. (2019) Plastic Shrinkage Cracking Area Model

A model was proposed by Ghoddousi et al. (2019) for predicting the PS cracking area of SCC.
The proposed model was developed by testing thirteen SCC mixtures and investigating the
influence of different w/c ratios, cement paste volumes, additives and proportion of coarse
aggregate to total aggregate on PS. The model for predicting PS cracking area is:

_ 33.73R - (E — B)
~ (100(4094D,,, — 8730V, + 5320w, + 1318))

PC (2.5)

Where R is the restraining factor (%), E the total evaporation from the unit concrete surface [g]
and B the total bleeding from the unit concrete surface [g]. Furthermore, where D, is the

average diameter of the aggregate [cm], 1, the paste volume [m®m?®] and lastly w, the w/c ratio.

The PS cracking area, PC, determined from the model, has the units cm?/m?.

The model can be used for an initial estimate of the PS cracking area in SCC mixtures. Figure
2-23 shows the predicted PS cracking versus the actual PS cracking area and a 45 ° line. As
shown in the figure, the model predicted lower cracking areas than the actual values. The
shortcoming of this model is that the model can only be used on SCC concrete and only to

provide an estimate of the PS cracking area (Ghoddousi et al., 2019).
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Figure 2-23: The actual PS cracking area against the predicted PS cracking area
(Ghoddousi et al., 2019)
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When comparing the discussed models, the models could not provide an estimate of a threshold
or critical point when PS cracks occur. In addition, the performance of the models in preventing
PS cracking in real-time has not been evaluated.

CAPILLARY PRESSURE SENSORS AND TENSIOMETERS

In previous literature, the CP in concrete was measured using an electrical pressure sensor or a
wireless CP sensor (Slowik et al., 2008; Combrinck, 2011; Slowik et al., 2014; Combrinck,
2016). Although these sensors were useful in measuring the CP, the sensors had some

shortcomings.

A tensiometer is a device that can directly measure negative pore water pressure (le Roux, 2020;
Jacobsz, 2021). Even though tensiometers are mainly used to measure negative pore pressure
in soil, these sensors can be beneficial for use in concrete. In this section, the electrical pressure

sensor, wireless CP sensors and tensiometers are briefly discussed.

Electrical Pressure Sensor and Wireless Capillary Pressure Sensor

Figure 2-24 a) and b) show both sensors used for measuring CP in concrete. The electrical
pressure sensor shown in Figure 2-24 a) consists of a pressure transducer connected to a metal
tube filled with water (Slowik et al., 2008; Combrinck, 2011; Combrinck, 2016). Based on the
results from Slowik et al. (2008), this sensor could measure a maximum CP of about -80 kPa
before air entry. When air bubbles reached the pressure transducer in the system, the pressure
transducer can no longer measure the CP. The point of air entry can also be referred to as the
cavitation. The disadvantages of the electrical pressure sensor are that the concrete has to be
placed in a mould (shown in the figure) for the sensor to measure the CP and also the low

negative CP readings before cavitating.

The wireless CP sensors shown in Figure 2-24 b) consist mainly of a pressure transducer
connected to a water filled measurement tip and power supply. The figure also shows that CP
sensors had sensors for measuring the climatic conditions. However, based on the findings of
Slowik et al. (2014), the sensor was only capable of measuring CP of about -34 kPa before air
entered the sensor. The advantage of the wireless CP sensors is the wireless functionality of the
sensor and the ability to measure the climatic conditions. The disadvantage of this sensor is not

being able to measure high negative CP readings before cavitating.
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Figure 2-24: Example of a) electrical pressure sensors and b) a wireless CP sensor
(Combrinck, 2016; Slowik et al., 2014)

2.10.2 Tensiometers

Tensiometers typically consist of a porous ceramic, water reservoir, spacer, ceramic transducer
and a tensiometer body, as illustrated in Figure 2-25. It also shows the dimensions of a

tensiometer in millimetres.
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Figure 2-25: Tensiometer design from Toll et al. (2013), which was adapted from
Lourenco et al. (2006)

For tensiometers to measure negative pore water pressure, a continuous link between the
transducer and pore water is needed, which means that the porous ceramic and water reservoir
needs to completely be filled with water with no air bubbles (le Roux, 2020). Air bubbles in
this system can cause early cavitation. Therefore, to completely fill the tensiometer with water,
the tensiometer must be saturated to a high degree (le Roux, 2020). The saturation procedure
consists of applying high water pressure to the tensiometers to remove any air in the porous

ceramic and the water reservoir effectively. The calibration procedure calibrates the
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tensiometers with positive water pressure and uses linear extrapolation to determine the

negative pore pressure readings (Toll et al., 2013).

After placing the saturated tensiometer in the soil and the water content reduces in the soil, the
tensiometer starts to measure the direct suction or negative pressure in the soil (Raviv and Lieth,
2008; Toll et al., 2013).

The advantage of tensiometers is that tensiometers allow for direct measurements of suctions
in the soil of up to 2500 kPa, even though most soil measurements have been limited to suctions
of 1000 kPa (Toll et al., 2013). Tensiometers are useful for laboratory testing and long-term
on-site measurements (Toll et al., 2013; le Roux, 2020). Lastly, a tensiometer is a low-cost
device and can be built for the required negative pore pressure reading (le Roux, 2020). The
disadvantages of tensiometers are the saturation and calibration procedure, which could be
improved. (Toll et al., 2013).

For the full details on tensiometers as well as the saturation and calibration procedure refer to
Toll et al. (2013) or le Roux (2020).

When comparing the sensors, the previous sensors could only measure low negative CP values
before cavitating. In comparison, tensiometers were able to measure high suction values, which

can prove to be beneficial for measuring the negative CP in concrete.

GUIDANCE FROM THE LITERATURE REVIEW

The literature review aimed to provide a brief overview of current knowledge regarding PS
cracking, relevant empirical models and methods aiding in the prevention of PS cracking. In

addition, the literature review supplied knowledge on tensiometers required for this study.

Influencing factors and mechanisms that cause PS cracking in concrete were investigated.
Numerous researchers emphasised that the CP mechanism is the primary driving force for PS
and PS cracking in fresh concrete. The CP mechanism captures all the influencing factors such
as bleeding, evaporation, setting time and plastic settlement, and the material composition and

specimen geometry that affect the cracking risk (Slowik et al., 2014).

The following recurring terms were noticed in the PS cracking literature: drying time, negative
CP build-up, and the initial set. Figure 2-26 shows how the terms relate to the PS cracking
phenomenon. The cumulative evaporation and bleeding over time are illustrated in the figure.
The figure also shows the drying time, negative CP build-up, crack growth and setting times. It
was found that the earlier the concrete reached the drying time, the earlier the negative CP

started to build up. As the negative CP build-up starts, various influencing factors can affect
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the build-up rate. Slowik et al. (2014) showed that when a critical pressure is reached in the
negative CP build-up, PS cracking will occur. In addition, the literature showed that the onset
of PS cracking occurs close to the initial setting time of the concrete (Combrinck and Boshoff,
2013). It is clear that the negative CP build-up over the elapsed time between the drying time
and initial set are crucial parameters in the PS cracking phenomenon.
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Figure 2-26: Summary of the phenomenological events required for PS cracks to form
adapted from Combrinck (2011), Steyl (2016) and Sayahi et al. (2020)

Some of the current methods and models used for preventing PS cracking in fresh concrete
were reviewed. It was found that the method for curing concrete by closed-looped controlled
rewetting proved to be effective in controlling the negative CP build-up and preventing PS
cracking. Conversely, this method requires unique instrumentation to determine the defined
pressure threshold for when the concrete surface needs to be rewetted. The PS cracking severity
models proposed by Boshoff and Combrinck (2013) and Sayahi et al. (2021) proved to be
effective in indicating the severity of the PS cracks depending on the severity of the evaporation
rate between the drying time and initial set. However, the models were limited to a certain
restraint used in the moulds. The models also could not indicate when cracking would not occur.
Lastly, the model proposed by Ghoddousi et al. (2019) for predicting the PS cracking area

could only provide a rough estimate of what the PS cracking area in SCC would be.

Reviewed literature on previous CP sensors and tensiometers showed that the previous sensors
lacked the ability to measure high negative CP values. In comparison, tensiometers could
measure significantly higher negative pore water pressure directly. It was also found that

tensiometers are low-cost devices and can be built for the required pressure readings. In
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addition, the device could also be used in a laboratory or on-site and can be helpful in measuring
negative CP in fresh concrete.

Based on the literature reviewed, the negative CP is the primary driving force of PS, which
takes into account all the factors such as the evaporation rate, bleeding, setting time and plastic
settlement that affect PS cracking in the fresh concrete (Wittmann, 1976; Slowik et al., 2008;
Slowik et al., 2014; Ghourchian et al., 2021). It was also found that the mechanism could be
manipulated and controlled to reduce the risk of PS cracking. However, no research has been
found that uses the CP mechanism in an empirical model to assist in preventing PS cracking.
Investigating the mechanisms and crucial time points in PS to develop a model that aids in
preventing PS cracking in concrete will contribute to a better understanding of the CP

mechanism and PS cracking phenomenon.
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MODEL CHARACTERISATION

INTRODUCTION

The literature showed that numerous factors and mechanisms influence Plastic Shrinkage (PS)
and PS cracking in concrete. In this chapter, the No Cracking Capillary Pressure (CP) Boundary
Model is developed based on the primary mechanisms and factors influencing PS cracking in
fresh concrete.

The proposed No Cracking CP Boundary Model is a Conceptual Model that utilises the
pressure-time area under a no crack negative CP build-up curve between the drying time and
initial setting time of the concrete. The pressure-time area is used to determine the no cracking
CP boundary to prevent PS cracking in the same concrete at higher negative CP build-up rates.
The mechanisms and factors influencing PS cracking utilised in the development of the model
are discussed. After which, the derivation of the No Cracking CP Boundary Model and the
required model parameters are discussed. Furthermore, the determination of the critical
pressure limit and the time at which this limit is reached, and significance of the model are

covered.

CHARACTERISTICS OF PLASTIC SHRINKAGE CRACKING AND
NEGATIVE CAPILLARY PRESSURE

PS cracking in fresh concrete is caused by a complex combination of parameters that can change
at any moment, making this phenomenon challenging to predict. However, some trends have
been notices from the literature and previous models and the CP, drying time and initial setting
time were identified as the properties of fresh concrete that can be used to develop an empirical

model to control PS cracking.

In terms of the CP, Wittmann (1976) and Slowik et al. (2008) showed that the negative CP is
the primary mechanism for PS in fresh concrete. Slowik et al. (2014) concluded that the CP
mechanism captures all the influences of the climatic conditions, specimen geometry and
material composition on the cracking risk of the concrete. The findings from Slowik et
al. (2008) and Schmidt and Slowik (2009) showed that by rewetting the concrete when a
predefined CP threshold was reached, the negative CP build-up could be controlled and

delayed, preventing PS cracking.

The drying time is the point in time at which the cumulative amount of evaporation is equal to
the cumulative amount of bleeding of the concrete (Kwak and Ha, 2006). It is the point in time

at which the CP changes from positive to negative. After the drying time, the evaporation of

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
L]
<

3-2

moisture from the concrete surface is faster than the moisture can bleed from the concrete mass

to the surface. This results in negative CP build-up and PS.

The initial setting time is the point in time when the fresh concrete changes from the stiffening
stage to the solidification stage. According to Combrinck and Boshoff (2013), the PS cracking
onset typically occurs close to the initial setting time of the concrete.

Boshoff and Combrinck (2013) and Sayahi et al. (2021) found that the severity of PS cracking
in concrete was directly proportional to the product of the volume of evaporated water from the

pore network inside the concrete between the drying time and initial setting time.

The trends noticed in the literature for the CP, drying time and initial setting time can also be
demonstrated in Figure 3-1 and Figure 3-2. Figure 3-1 is a schematic illustration of the negative
CP build-up curve at three different build-up rates. Figure 3-2 shows the pressure-time area
under the curves in Figure 3-1. Figure 3-1 shows that the elapsed time to drying time decreases
when the negative CP build-up rate increases. When the negative CP build-up rate decrease,
the elapsed time to drying time increases. Conversely, the negative CP at initial set increases

when the negative CP build-up rate increases and decreases when the negative CP build-up rate

decreases.
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Figure 3-1: A schematic of the negative CP build-up at three different build-up rates

Figure 3-2 shows the pressure-time areas found for the three build-up rates when the area under
the negative CP build-up between the drying time and initial setting time is considered. Using

the pressure-time area under the negative CP build-up adds a time aspect to the negative CP
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build-up in concrete. The figure shows that a high negative CP build-up rate will result in a
larger area, while a low negative CP build-up rate will result in a smaller area. This pressure-
time area represents the part of PS induced by the negative CP build-up between the drying
time and initial set of the concrete. The higher the negative CP build-up rate, the greater the
part of PS induced by the negative CP build-up between the drying time and the initial setting
on the concrete.

Negative capillary pressure [kPa]

Drying time Initial setting time

Time [min]

Figure 3-2: A schematic of the pressure -time area under the three different build-up

rates

Considering, the effect of negative CP build-up rate between the drying time and initial set, it
can be argued that the negative CP build-up rate between these two points is a primary driver
of PS and PS cracking (Slowik et al., 2014; Kwak and Ha, 2006; Combrinck and Boshoff,
2013). Negative CP build-up rate, drying time and initial set are thus the characteristics of
negative CP curve of fresh concrete that are used as parameters to develop an empirical model

that provides guidance on preventing PS cracking.

THE NO CRACKING CAPILLARY PRESSURE BOUNDARY MODEL

The proposed No Cracking CP Boundary Model is developed from the negative CP build-up
rate, the drying time and the initial setting time. The parameters are used to determine the
pressure-time area under the negative CP build-up from the drying time to the initial setting
time of the concrete. This pressure-time area is a measure of the PS induced by the negative CP

build-up in the mentioned timeframe.

© University of Pretoria



NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

&

&

“ UNIVERSITEIT VAN PRETORIA
’ u
et v

It is assumed that for no PS cracks to form, the pressure-time area for a curve with a high
negative CP build-up rate, must be equal to the pressure-time area of the no crack CP build-up
curve. For the pressure-time areas to be equal, a no cracking CP boundary must be applied. The
negative CP of the high negative CP build-up rate concrete must be maintained under this
boundary. This boundary can be applied by determining a critical pressure limit on the high
negative CP build-up. The higher the negative CP build-up rate, the lower the no cracking CP
boundary will be to ensure that the pressure-time area remains equal to the no crack negative

CP build-up curve.

The model concept can be explained with the schematic illustrations in Figure 3-3 and Figure
3-4. Figure 3-3 shows two negative CP build-up curves at different build-up rates that passes
the initial setting time of the concrete at t;,.;. The negative CP build-up rate of g(t) is greater
than that of f(¢t). The upper curve, g(t), is the negative CP build-up curve of fresh concrete
that will form PS cracks. The second curve, f(t), is the negative CP build-up of the same fresh
concrete that will not form PS cracks. If the negative CP build-up rate of f(t) were any higher,

PS cracking would occur.

Figure 3-3 also shows the pressure-time area under the negative CP build-up between the drying
time and the initial set for g(t) and f(t). The area under g(t) is greater than the area under the

no crack curve f(t).

Negative capillary pressure [kPa]

Time [min]

Figure 3-3: The schematic of the negative CP build-up and pressure -time areas of, g(t)

that will have PS cracking and f(t) that will have no PS cracking
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By applying the No Cracking CP Boundary Model, it is proposed that for no PS cracks to occur
on the concrete of g(t), the pressure-time area under g(t) must be equal to the pressure-time
area under the no crack curve f(t). For the area under g(t) to be equal to the area under f(t),
a no cracking CP boundary must be applied at a specific time to the negative CP build-up curve
g(t). The CP of the concrete needs to be maintained under the boundary. Figure 3-4 shows the
two negative CP build-up curves, g(t) and f(t), where no cracking CP boundary is applied to
curve g(t). The figure illustrates that for the area, A, to be equal to the area, Ay, a no cracking
CP boundary must be applied to curve g(t) at a specific time, tgz. The no cracking CP boundary

marks the critical pressure limit, Pg, for area A, for curve g(t) to be maintain under.
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Figure 3-4: The schematic of the negative CP build-ups of g(t) and f(t) with equal
pressure-time areas after applying the model concept

Therefore, the critical pressure limit, Pz and corresponding time, tz needs to be determined to
apply the no cracking CP boundary to a negative CP build-up. The critical pressure limit and

corresponding time can be derived from Figure 3-4 by considering:
Ayc = Ac (3.1)

Where Ay is the maximum area of the negative CP build-up curve of concrete that will not

form PS cracks [kPa.min] and A, is the area of the negative CP build-up curve of concrete that

will form PS cracks [kPa.min].
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The pressure-time area of Ay and A can be found by integrating the required regions:

tiset tp
[ roa= [ g at+ry o —ts) 32
tpNC tpc

Where t;.; is the initial setting time [min], tpyc the drying time of the no crack negative CP
build-up curve [min] and tp drying time of the negative CP build-up curve of the concrete that
will form PS cracks [min]. Furthermore, tp is the time correlating to the critical pressure limit
[min] and Py the critical pressure limit [kPa].

The expression for the negative CP build-up of f(t) and g(t) is unknown, making it
challenging to calculate the area under the negative CP build-up with equation (3.2). Therefore,
the Trapezoidal rule is used to calculate the areas under the negative CP build-up curves. By
substituting the Trapezoidal rule into the previous expression, the no cracking CP boundary

equation is found.

" n-1
5 [f(tDNC) +2 Zf(tla) + f(tiset)]

_h
2

m-1
g(tpe) +2 Z g(tzb) + g(tp)
b=1
+ Pg * (tiser — tg),
a=12.,n-2n-1 (3.3
(wheret,, = tpyc and ty, = tiser)
and
b=12...m—-2m-1
(wheret,, = tpc and t,, = tg)
Where h is the time intervals [min] used to determine the pressure-time areas.

By simplifying equation (3.3), the no cracking CP boundary equation can be expressed as:

Trne = Tre + P * (tiser — tg) (3.4)

© University of Pretoria



3.4

3.5

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g
37

Where Tryc is the Trapezoidal rule estimate for the area under f(t) [kPa.min] and Ty the
Trapezoidal rule estimate for the area under g(t) between the drying time and the time when
the no cracking CP boundary is applied [kPa.min].

Hence, the No Cracking CP Boundary Model is found. By maintaining the negative CP build-
up of g(t) below the no cracking CP boundary which marks Pg, to obtain the same pressure-

time area as that of the no crack CP build-up f(t), PS cracking could be prevented.

THE NO CRACKING CAPILLARY PRESSURE BOUNDARY MODEL
DETERMINATION

To apply the proposed model in real-time or with previous CP measurements, equation (3.3) is
used to calculate the critical pressure limit and the time at which this limit is reached. Equation
(3.3) sets the pressure-time area of the no crack curve equal to the pressure-time area of the
curve where PS needs to be prevented. Only three model parameters are required for this

equation:

e the area under the no crack negative CP build-up for the relevant concrete
e the drying time of the current negative CP build-up
e the initial setting time of the relevant concrete

The critical pressure limit can then be determined by adding the negative CP measurements and
the corresponding time after the current drying time into P and t into equation (3.3). The CP
measurements and corresponding time is added at 60-second intervals until the pressure-time
area is equal to the area Tgry. The 60-second intervals were decided on to provide sufficient
accuracy to determine the pressure-time area and notice any sudden changes in the negative CP
build-up rate. When the critical pressure limit is reached, the negative CP build-up will need to
be reduced by rewetting the concrete. The no cracking CP boundary marks the critical pressure
limitand is applied when the pressure limit is reached. The negative CP build-up is reduced by

rewetting the concrete surface each time the no cracking CP boundary is reached.

The benefit of the proposed empirical model is that the model only requires three parameters
and can be applied in real-time and with previous CP measurements in fresh concrete to help

prevent PS cracking.

CONCLUSION

The No Cracking CP Boundary Model was proposed and discussed in this chapter. Based on

discussing the mechanisms and factors influencing PS cracking used to develop the model, the
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derivation, and limit parameters determination, the proposed model can be utilised to prevent
PS cracking.

The discussed model is a conceptual model that will have limitations. Therefore, it is required
to verify the No Cracking CP Boundary Model and identify the limitations. To do this, the
following properties of a concrete mix are needed:

The drying time and initial set time of the relevant concrete mix.
e The no crack CP build-up curve of the relevant concrete mix.

e The negative CP build-up curve of the relevant concrete mix at a higher negative CP build-

up rate.

e The parameters for the no cracking CP boundary: the critical pressure limit and estimated

time when this value will be reached.
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EXPERIMENTAL FRAMEWORK

INTRODUCTION

The purpose of the experimental work was to test and verify the proposed No Cracking
Capillary Pressure (CP) Model. The experimental work therefore consisted of two testing
phases. The two testing phases were conducted on two concrete mixtures. In the first phase, the
Plastic Shrinkage (PS) properties of the concrete mixtures at different evaporation rates were
tested to find the model parameters. The second phase consisted of using the model parameters

to test and verify the model with the relevant concrete.

The experimental outline for the testing phases and the test objectives is presented in this
chapter. The setup used for the experimental tests, tensiometer and No Cracking CP Boundary
Model, are discussed. Materials and material properties used and the mix design for the two
concrete mixtures are covered. The procedures followed for mixing, casting and testing the

different PS properties of the concrete mixtures are also covered.

EXPERIMENTAL OUTLINE

Throughout the study, a quantitative approach was followed to verify the proposed No Cracking

CP Boundary Model. Two distinctive testing phases were conducted, namely:

e the PS cracking characterisation phase
e the model verification phase
Plastic Shrinkage Cracking Characterisation Phase

In the PS cracking characterisation phase, the properties of two concrete mixtures were tested
at various evaporation rates. A low bleed concrete mixture was tested at six evaporation rates
ranging between 0.1 and 0.9 kg/m?/h. Furthermore, a Self-Compacting Concrete (SCC) mixture
(for verification) was tested at two evaporation rates ranging between 0.1 and 0.4 kg/m?/h. The
concrete was evaluated to obtain the required model parameters for the No Cracking CP Model,

such as the initial setting time, drying time and a no crack negative CP build-up curve.

The required model parameters were found by conducting non-environmental and evaporation
tests to obtain the properties summarised in Table 4-1. The table shows the number of
measurements taken during each evaporation test and the number of evaporation rates at which

the two concrete mixtures were exposed.
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The table shows that only the low bleed concrete setting times were determined by the
Penetration Resistant Test Method and the Vicat Test Method. The two test methods were
conducted to decide how the concrete setting time would be determined throughout the study.
The initial setting time measurements found for the low bleed concrete and SCC mixture was
used to determine the testing duration for the respective concrete mixtures throughout the study.

Three concrete PS cracking specimens, three evaporation specimens and one plastic settlement
specimen were tested during the evaporation test to obtain the summarised properties. The

properties determined in the evaporation tests were measured over the test duration.

Table 4-1: Summary of the test measurements conducted in the initial phase

Total evaporation rates

Tests Properties Measurements Self-
Low bleed :
compacting
concrete
concrete

Setting times
(Penetration 2
Resistance test)

N 2
S?S:Qagt ':Lrsr:)es (Only done for the low ) )

bleed concrete)

Non-
environmental

Bleeding 2

Climatic conditions 3/evaporation rate

Evaporation rate 3/evaporation rate

Capillary pressure 6/evaporation rate

Plastic shrinkage
cracking
Volumetric
moisture content
Concrete surface

3/evaporation rate

Evaporation
3/evaporation rate

3/evaporation rate

temperature
Concrete internal .
3/evaporation rate
temperature
Plastic settlement 1/evaporation rate

4.2.2 Model Verification Phase

In the model verification phase, the model parameters obtained from the low bleed concrete
and SCC were used to test and verify the No Cracking CP Boundary Model. The model was

verified by evaluating the model’s performance with previous and live CP measurements.
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The previous phase’s low bleed concrete CP measurements were used to test the model’s
performance. The results in this section were then used to establish if the model could be
simplified for on-site use.

Model Tests A and B were conducted in real-time. In Model Test A, the model was tested with
the low bleed concrete at three evaporation rates ranging between 0.3 and 0.9 kg/m?/h. This
was done to determine whether the model could aid in reducing or preventing PS cracking. In
Model Test B, the model was tested with the SCC at two evaporation rates ranging between 0.3
and 0.8 kg/m?/h. This test was used to verify whether the model could prevent or reduce PS
crack in a special type of concrete. The findings for the two tests were then used to identify
possible limitations that the model might have and to calibrate the model.

The measurements conducted during the two model tests are summarised in Table 4-2. The
number of evaporation rates and the number of measurements conducted is shown in the table.
Three concrete PS cracking specimens, three evaporation specimens and one plastic settlement
specimen were tested during one model test to obtain the measurements summarised in the

table. All the properties were measured throughout Model Tests A and B.

Table 4-2: Summary of the test measurements conducted in the second phase

Total evaporation rates
Measurements
Tests Properties per evaporation Low bleed Self-_
rate compacting
concrete
concrete

Climatic conditions 3

Evaporation rate 3

Capillary pressure 6

Plastic shrinkage 3

Model cracking 3 2

Volumetric

X 3

moisture content

Concrete surface 3
temperature

Concrete internal 3
temperature

Water added 3
(Rewetting)
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TEST OBJECTIVES

The following test objectives were set during the study to achieve the primary objective of the

study:

e Determining whether there is a difference in setting times between the Penetration
Resistance Test Method (ASTM C403/C403M — 16) and Vicat Test Method (SANS
50196-3:2006/EN 196-3:2005) for the same concrete mixture.

e Determine whether the amount of bleeding is influenced by the depth of the concrete.

e Determining the model parameters: the no crack negative CP build-up curve, drying time

and initial set for the low bleed concrete and SCC.

e Determining whether PS cracking can be prevented by controlling the negative CP build-
up.
e Establishing if the proposed No Cracking CP Boundary Model can help prevent PS

cracking by maintaining the negative CP build-up below the no cracking CP boundary.
EXPERIMENTAL SETUP

The experimental test setup done for the evaporation rates and sensors for the evaporation tests

and model tests are covered. The non-environmental tests are also discussed in this section.

Evaporation Rates

The temperature-controlled room, humidity-controlled room and the Mobile Climate Chamber
(MCC) were used to obtain the various evaporation rates needed. The required climatic
conditions for the climatic rooms and chamber to be set at were obtained by estimating and
initial evaporation rate using equation (2.1). The setups used in each climatic room and chamber

are described.

i Temperature-controlled and Humidity-controlled Room

The temperature-controlled room is an enclosed room designed to maintain a constant
temperature and prevent any external climatic conditions from penetrating the room and
influencing the experiments inside the room. The room was set at a constant air temperature of
24 °C (z1 °C) for the evaporation tests.

The humidity-controlled room is similar to the temperature-controlled room, but this room has

the feature of increasing the relative humidity to 95 % (5 %). The humidity-controlled room
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was set at an air temperature of 24 °C (1 °C) and relative humidity of 65 % (x5 %) for the

required evaporation tests.

The test setup used for the evaporation tests in the temperature, as well as the humidity-
controlled room, are shown in Figure 4-1. The figure shows where the PS cracking specimens,
evaporation specimens, plastic settlement specimen (the arrow pointing to the left side), fans
and data acquisition system were placed during the tests conducted in these climatic rooms.
The PS cracking specimens (the rectangular specimens) were placed 50 mm from the fans and
parallel with the wind direction, the evaporation specimens (the cylindrical specimens) were
placed next to the PS cracking specimens and parallel to the wind direction of each PS cracking
specimen. The plastic settlement setup is discussed in Section 4.4.2.

7 Data acquisition system

Figure 4-1: The temperature-controlled room test setup

ii  Mobile Climate Chamber

The MCC illustrated in Figure 4-2 is a portable chamber designed to simulate moderate to harsh
weather conditions on concrete or building materials. The MCC consists of a dehumidifier that
removes the moisture from the air, two fans for the wind speed, a heating element and a heat
extractor to control the air temperature. Chapter 5 provides a detailed discussion on the design

and construction of the MCC and the reachable climatic conditions in this chamber.
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Figure 4-2: The MCC setup

The setup used in the MCC for the three PS cracking specimens, three evaporation specimens
and the plastic settlement specimen (the black arrow pointing to the upper right section) is
shown in Figure 4-3. This setup was used for the evaporation tests and the model tests. The
figure illustrates where all the specimens and the data acquisition system were placed during
testing. All the specimens were placed parallel with the wind direction, as shown in the figure,

to have a similar setup as in the climate-controlled rooms and ensure comparable test results.

S

‘ Data acquisition system

Figure 4-3: Specimen setup in the MCC
4.4.2 Sensor Setup

The sensor setup for the PS cracking specimens and the plastic settlement used throughout both

testing phases are discussed.
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i PS cracking specimen

Figure 4-4 demonstrates the sensor layout used in each of the three PS cracking specimens to
measure the CP, temperature and VVolumetric Moisture Content (VMC) of the concrete. These
properties were measured using two tensiometers, two thermocouples and one VMC sensor, as
shown in the figure. The two tensiometers (1 and 2) were spaced at 200 mm from the end of
the mould and embedded at a depth of 32 mm into the concrete to measure the CP behaviour in
the surface layer of the concrete. One thermocouple (2) was attached to a tensiometer (1) to
measure the internal temperature at the same depth. While the second thermocouple (1) was
inserted into the concrete at a depth of 10 mm to measure the temperature at the surface of the
concrete. Lastly, the one VMC sensor was inserted 50 mm from the end of the mould into the
surface of the concrete at a depth of 54 mm to measure the water content of the concrete. The

figure also shows where the crack measurements were taken during the test.

Thermocouples Crack measurement |

Figure 4-4: Sensor layout used for the PS cracking specimens during the two testing

phases

The two tensiometers embedded in the concrete were kept at the desired 32 mm depth using a
tenstal illustrated in Figure 4-5 a). The tenstal, is a three-dimensional printed pedestal that kept
a tensiometer at the desire position in the concrete. The tenstal positions the ceramic tip of the
tensiometer to face upwards to directly measure the CP behaviour close to the concrete surface.
Figure 4-5 b) shows how the thermocouple (2) was attached to the tensiometer setup to measure
the internal concrete at a 32 mm depth. The tips of the thermocouples were covered with nail

polish to protect the thermocouples in the fresh concrete.
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\ Thermocouple
Coe)

ool

Tensiometer

J

Tenstal

Figure 4-5: Setup for a) tensiometer (2) in the tenstal and b) tensiometer (1) in the
tenstal with the attached thermocouple (2)

ii  Plastic settlement

The plastic settlement setup during each test is shown in Figure 4-6. Before each evaporation
test, the deflector was placed on the plastic settlement specimen, and the high accuracy
optoNCDT laser connected to the stand was configured to zero. The range of the optoNCDT
laser and the dimensions of the aluminium cone mould is discussed in Section 4.10.7. The

bubble wrap seen in the figure was removed during the evaporation tests.

Aluminium cone mould |
e -

Figure 4-6: Laser and plastic settlement setup
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4.4.3 Non-Environmental Test (Standard Test) Setup

The setup for the bleeding tests and the setting times tests conducted in the PS cracking
characterisation phase are discussed.

i  Bleeding

After filling the bleeding moulds with concrete, the bleeding samples were placed on a flat
surface in the humidity-controlled room for the duration of the bleeding test. The room was set
at a temperature of 24 °C (1 °C) and relative humidity of 65 % (+5%). Each of the bleeding

moulds had a syringe and a container for measuring the bleed water.

ii Setting times

Figure 4-7 shows the setup used for determining the setting times of the concrete with the
Penetration Resistance Test Method (ASTM C403/C403M-16). The Penetration Resistance
Test Method was done with the LRX Plus Series Material Testing Machine with a force range
of 5 kN. The specimen was placed such that the needle penetrates an undisturbed mortar section.
The mortar was tested with penetration needles having the following diameters of 645, 323,
161, 65, 32, and 16 mm. The penetration needle was changed when the load on the apparatus
reached 2 kN.

o | G Specimen

150 mm Cube
Figure 4-7: Loading apparatus setup for the Penetration Resistance Test Method

The setup used for determining the setting time of the concrete with the Vicat Test Method
(SANS 50196-3:2006/EN 196-3:2005) is shown in Figure 4-8. The figure shows that the 300 g

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W’ YUNIBESITHI YA PRETORIA

4-10

mass penetrates the specimen with the needle. The specimens were cast into the 40 mm deep
cone mould with a bottom plate. The initial setting time was determined by using a needle with
a length of 45 mm and a diameter of 1.13 mm, and for the final setting time, a ring attachment
having a diameter of 5 mm was attached to the needle.

300 g Mass

Needle

Bottom plate

Figure 4-8: The setup used for the Vicat Test Method setup
4.5 TENSIOMETERS

In this study, the University of Pretoria tensiometers were used to measure the negative CP
build-up in the concrete mixtures. The design of these tensiometers and the preparation and

testing procedures are discussed in this section.

45.1 Tensiometer Design

As illustrated in Figure 4-9, the tensiometers consisted of a porous ceramic tip and a pressure
sensor glued to the end of the ceramic tip and covered with a stainless-steel cap to protect the
sensor and increase sensor’s durability. The figure provides the dimensions of the steel cap used
in a tensiometer in distinctive colours. Figure 4-10 shows two completed tensiometers. The
ceramics tips of the completed tensiometers were capped to have an even surface for the pore

water to enter.
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Figure 4-9: Tensiometer before adding epoxy resin

[

Figure 4-10: Tensiometers after epoxy and caping the ceramic tip

4.5.2 Preparation Procedure

Before starting the saturation procedure, the tensiometers were placed in an oven at 65 °C for
24 hours to ensure that all the water evaporated from the tensiometers. Figure 4-11 illustrates
the procedure followed to saturate the tensiometers before each test. The procedure is broken

down into the following steps, referring to Figure 4-11. All the valves are assumed to be closed.

a) After opening valves (1.4), (1.2) and (1.1), the deaerator (1) was filled with clean water to
the maximum allowable water level. When the deaerator was completely filled, the opened

valves were closed (le Roux, 2020).

b) After closing the surrounding valves, valves (2.3) and (2.1) were opened, and the high
vacuum pump (2) was turned on to remove the air from the water. The water was deaired

under a constant vacuum of -85 kPa for 30 minutes. When the water was completely
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deaired, the high vacuum pump (2) was turned off, and valves (2.3) and (2.1) were closed
(le Roux, 2020).

The water control valves (1.3), (3.4), (3.3) and (3.2) were then opened to allow the
deaerated water to flow through the control panel (3) towards the closed valve (5.3) (le
Roux, 2020).

After the dry tensiometers were placed in the dry saturation cell (5), the cell was closed.
Valves (2.3), (2.2) and (5.1) were opened, and the high vacuum pump (2) was turned on.
The vacuum within the cell removed the air and created negative pressure on the ceramic
tips of the tensiometers, which helped to accelerate the saturation procedure. The vacuum

was applied for 10 minutes (le Roux, 2020).

While the vacuum was applied, valve (5.3) was slowly opened, allowing the deaerated
water to slowly fill the saturation cell (5) with the tensiometers (connected to a data
acquisition system). After the saturation cell was filled with deaerated water, valves (5.3)
and (5.1) were closed, and the vacuum was turned off. The tensiometers were left for
several hours at 25 kPa to equilibrate (allowing the water to penetrate the ceramic tip and
saturate the tips) (le Roux, 2020).

After the tensiometers have equilibrated, the cell is pressurised using the air-water
interface (4) in conjunction with the air compressor (6) or the high-pressure controller (7).
The air-water interface and air compressor (6) system (of up to 800 kPa) was used for
supplying low pressure, and the high-pressure controller (7) was used for high pressure (of
up to 3 MPa). The cell was pressurised for 48 hours to fully saturate the tensiometers and

remove any remaining air (le Roux, 2020).

Tensiometers were then calibrated while in the cell with a data acquisition system (5.7),
the air-water interface (4) (supplying the water pressure) and the pressure gauge (3.1). The

calibration process for the tensiometers is provided in Appendix A.

The saturation procedure can range from 6 to 48 hours, depending on the porosity of the

ceramic tips of the tensiometers. After saturation and calibration procedures, the tensiometers

were stored in a bottle with deaerated water and ready for use. Before using the tensiometers,

the sensors were removed from the bottle and embedded in the desired position in the fresh

concrete. The tensiometers were placed within a timeframe of 60 seconds; longer than 60

seconds could result in tensiometer cavitating, especially for highly porous ceramic tips.
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Figure 4-11: Tensiometer saturation and calibration set up (le Roux, 2020)

4.5.3 Testing Procedure

The negative CP build-up in the fresh concrete was measured with the tensiometers. The
tensiometers built and used throughout the study consisted of 700 and 1200 kPa sensors with
ceramic tips having a porosity of 300 kPa and 1500 kPa. The tensiometers were calibrated as
described in Appendix A. The tensiometers were connected to a Campbell Scientific CR 1000X
Series data acquisition system. The CP behaviour of the concrete was measured in 1-second

intervals for the duration of the testing period. As mentioned, two tensiometers with the tenstal

setup were embedded in each PS cracking specimen at third points (spaced at 200 mm).
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NO CRACKING CAPILLARY PRESSURE BOUNDARY MODEL

The following setup and testing procedures were conducted to test and verify the No Cracking
CP Boundary Model with the low bleed concrete and SCC. The no cracking CP boundary
calculation for the tests conducted in the model verification phase is discussed. The preventative
measure used to reduce the negative CP build-up is also covered.

The No Cracking Capillary Pressure Boundary Setup

Figure 4-12 shows the excel spreadsheet used to determine the no cracking CP boundary for
the low bleed concrete and SCC in the Model Tests. The figure shows that the no cracking CP
boundary spreadsheet only required the three model parameters and the CP value and
corresponding time after the drying time. The spreadsheet used equation (3.3) to calculate the
total pressure-time area of the current CP build-up until the area was equal to the no cracking
area. The figure also shows the two if statements used to indicate when the areas were close
and when the boundary would be reached. Once the total area exceeded the no cracking area,
the critical pressure limit was calculated by interpolating between the total area, no crack area

and the CP below and over the boundary.

Actual Time CP [Trapezoidal Total of the | Area of Total Total Area >=
INPUT VALUES: Time . Trapezoidal the 0.9*No Crack |Boundary Below/Over
- . ([min] [kPa] Rule Area
[min] Rule Rectangle| Area

42 0 0 0 0 0 0
Initial Set [min] 43 1 -0.99 | -0.4952789 -0.50 -188.21 |-188.7
[Time Steps [min] 44 2 -1.26 | -1.1251396 -1.62 -238.09 |-239.7
[No Crack Pressure-Time Area 45 3 -0.88 | -1.0674617 -2.69 -164.54 | -167.2
[kPa.min] 46 | 4 -1.18 | -1.0290097 3.72 -221.19 [-224.9
47 5 -1.41 | -1.2981732 -5.02 -262.92 | -267.9
Interpolation 48 6 -1.26 | -1.3366252 -6.35 -233.05 |-239.4
~fiterpo-ation 49 7 -1.11 | -1.1828175 -7.53 -203.49 |-211.0
Lower Bound Area [kPa.min] 50 8 -0.88 | -0.9905578 -8.53 -160.16 | -168.7
[Upper Bound Area [kPa.min] 51 9 -0.88 | -0.875202 -9.40 -159.29 |-168.7
ILower CP [kPa] 52 10 -1.57 | -1.2212694 -10.62 -283.69 |-294.3
[Upper CP [kPa] 53 11 -2.41 | -1.990308 -12.61 -434.39 |-447.0
L. .. 54 12 -2.45 | -2.4325052 -15.04 -438.86 | -453.9
Critical Pressure LimiqkPa] 55 | 13 22623556013 | -17.40 | -402.19 |-419.6
56 14 -2.3 | -2.2786975 -19.68 -406.73 | -426.4
57 15 -2.41 | -2.3556013 -22.03 -424.74 | -446.8
58 16 -2.84 | -2.6247648 -24.66 -496.34 | -521.0
59 17 -3.3 | -3.066962 -27.73 -573.80 |-601.5
60 18 -3.95 | -3.624515 -31.35 -683.58 | -714.9

Figure 4-12: Spreadsheet used for finding the critical pressure limit and corresponding

time to apply the boundary

Figure 4-13 shows the graph created from the spreadsheet and how the no cracking CP

boundary was applied to the current negative CP build-up.
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Figure 4-13: The No cracking CP Boundary applied to the CP measurements

Once the critical pressure limit was reached, the no cracking CP boundary was applied to the
current negative CP build-up. The concrete needed to be rewetted each time the boundary was
reached to reduce the negative CP build-up and maintain the same pressure-time area as the no

cracking area.

Testing Procedure

The no cracking CP boundary for each of the three specimens was determined using the
spreadsheet. The CP measurements were read into the spreadsheet at 60-second intervals.
Whenever the negative CP build-up reached the boundary, the fans of the MCC were turned
off, and the surface of the specimen was rewetted with water. After rewetting the concrete
surface, the fans of the MCC were switched on again. The surface of the concrete was sprayed
until the negative CP build-up of the concrete started reducing. Figure 4-14 shows the spray
bottle used for rewetting the surface of the specimen. One spray bottle was used per specimen,
and each spray bottle was weighed before and after the Model Tests. The specimens were only
sprayed up until 40 minutes after reaching initial set to observe the negative CP behaviour

after the boundary was applied.
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Figure 4-14: Rewetting the concrete setup

that was not rewetted was used as the reference evaporation rate.

MATERIALS AND PROPERTIES

The properties of the constituents used in the low bleed concrete and SCC are summarised in
Table 4-3. Portland cement (CEM | 52.5 R) produced by AfriSam was used in both concrete
mix designs throughout the study. According to AfriSam (2021), the cement obtained a 28-day
strength of 59 MPa and initial set of 191 minutes. The additional cement properties are available

in Appendix B. The Superplasticiser (SP) used in the SCC was Chryso Premia 100. Silicon

Smelters supplied the silica fume and Ash Resources the fly ash used in the SCC mix.

Table 4-3: The properties of the material

Materials Relat_ive Dust content | Fineness | Particle

density [%%6] modulus shape
CEMI525R 3.039 - - Angular
Silica fume 2.342 - - Spherical
Fly ash (unclassified) 2.224 - - Spherical
13.2 mm Dolomite crusher stone 2.845 0.4531 - Angular
Dolomite crusher sand 2.845 6.903 3.037 Angular
SP 1.050 - - -
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The Particle Size Distribution (PSD) for the CEM 1 52.5R, silica fume and fly ash are illustrated
in Figure 4-15. The figure shows the average PSD found between laser and ultrasound.

100

- CEMI152.5R
Fly ash
——— Silica fume

80

60

40 1

Percentage passing [%]

20 A

0 T T UL | T T UL | T T LI | T T T
10° 10 10" 10 10
Particle size [um]

Figure 4-15: Average PSD of the CEM | 52.5 R, Fly ash and Silica fume

The grading of the dolomite crusher sand and the 13.2 mm dolomite crusher stone is shown in
Figure 4-16. The aggregate grading was done following the SANS 1083 (2017).

100

—e— Dolomite crusher sand
—o— 13.2 mm Dolomite crusher stone
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Figure 4-16: Grading of the dolomite crusher sand and 13.2 mm dolomite crusher stone
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4.8 MIX DESIGN

This section covers the mix designs for the low bleed concrete and SCC as well as the grading

for the two concrete mix designs used throughout the study.

4.8.1 Low Bleed Concrete

The low bleed concrete had a water/cement (w/c) ratio of 0.5 and consisted of the constituents
shown in Table 4-4. Soutsos and Domone (2017) stated that by increasing the amount of fine
material passing the 300 um sieve in the concrete mixture, the bleeding of the concrete could
be reduced. The reduced bleeding helped in increasing the risk of PS cracks forming on the
concrete (Matalkah et al., 2019). Therefore, the aggregate ratio was modified to 75 % and 25 %
for the fine and coarse aggregate to obtain the low bleed concrete mixture.

Table 4-4: Material constituents for the low bleed concrete mixture

13.2mm Dolomite
Water | CEMI1525R Dolomite crusher sand
[kg/m?] [kg/m?] crusher stone 3
220 440 453 1359

Table 4-5 provides the compressive strength, slump and setting times of the low bleed concrete.

The additional compressive strength results for the cubes are located in Appendix C.

Table 4-5: Properties of the low bleed concrete

28-day - . . .
Compressive | Slump Inltlzlns]ittmg Flna}[Iirsne(;[tlng
strength [mm] [min] [min]
[MPa]
49.5 10 283 430

4.8.2 Self-Compacting Concrete

The SCC constituents presented in Table 4-6 was designed by following some of the guidelines
provided by Aggarwal et al. (2008). The fly ash used in this mix design was unclassified, and
silica fume was added to reduce the segregation in the concrete and provide an adequate SCC.
The 9.5 mm dolomite stone was obtained by sieving the 13.2 mm stone used in the low bleed

concrete. The SCC had a w/c ratio of 0.4 and a water/binder ratio of 0.28.
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Table 4-6: Material constituents for the SCC mixture

- 9.5 mm :
Water (535 g/l RI Fly ash ?l:lrlrfz Dolomite ch:rllzrrnsl,;en d SP
3 . 8 3
[kg/m’] [kg/m°] [kg/m?] [kg/m°] cru[si?gell;sgt]one [kg/m’] [kg/m°]
174 430 163 38.7 504 1174 6.10

Table 4-7 presents the properties for the SCC such as the compressive strength, slump flow and

setting times. The additional cube results are located at Appendix D.

Table 4-7: Properties of the SCC mixture

c:orzns-?s;give Slump | Initial setting | Final setting
strgngth flow time e
s [mm] [min] [min]
101 590 511 601

4.8.3 Concrete Dry Material Grading

The grading analysis for the dry constituents of the low bleed concrete and SCC are shown in

Figure 4-17. The grading shows that roughly 80 % of the dry constituents (for both mixtures)

passed through the 4.75 mm sieve and about 40 % passed the 300 um sieve.
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Figure 4-17: The grading for the dry constituents of concrete mixtures
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EXPERIMENTAL PROCEDURES

The testing preparations, mixing and casting procedures and the testing procedures conducted

for the experimental work are covered in this section.

Testing Preparations

The preparation procedure conducted for the evaporation and model tests is discussed.

i Temperature-controlled and Humidity-controlled Room

The climatic conditions for the temperature-controlled and humidity-controlled room were set

48 hours before testing.

ii  Mobile Climate Chamber

The MCC was switched on for two hours before starting the evaporation tests and model tests

to provide enough time for the climate chamber to obtain the desired evaporation rate.

iii  Materials And Moulds

The concrete constituents and the moulds were placed in a temperature-controlled room set at
an air temperature of 24 °C (1 °C) for 24 hours before casting. To ensure that all the tests were

conducted in the same conditions to provide accurate results.

Mixing and Casting

A 100-litre pan mixer, shown in Figure 4-18, was used for mixing the concrete in all the tests.
The mixing procedure for the low bleed concrete started by wetting the pan mixer to prevent
absorption of the mixing water of the concrete. After that, the dry constituents were added to
the mixer and mixed; the water was then added after 60 seconds of dry mixing. The concrete
was then mixed for 2 minutes, adding up to a total mixing time of 3 minutes. The same
procedure was followed for the SCC, except for the mixing time. The SCC were mixed for 4
minutes, which adding up to a total mix time of 5 minutes. Time zero for the concrete was when

the water made contact with the cement.
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Figure 4-18: The 100-litre pan mixer

After the mixing procedure, the moulds were filled halfway with concrete and vibrated for 60
seconds. The sensors measuring the internal properties were then placed in the relevant moulds.
The moulds were then filled with concrete to the desired 100 mm height, and the last sensors
were placed in the surface of the concrete and vibrated for another 60 seconds. The total
duration of the vibration of the concrete added up to 2 minutes, ensuring that the majority of
the air bubbles were removed from the concrete. The concrete surface was then finished with a
plastic trowel and then with a steel trowel to ensure a smooth surface. The same casting

procedure was followed for the SCC, except no vibration was required.

Testing

All the sensors were connected 24 hours before testing to the relevant data acquisition system,
namely the Graphtec midi logger GL220 and Campbell Scientific CR 1000X Series. Time zero
for the tests began once the two data acquisition systems were recording data and the desired
climatic conditions were achieved. All the evaporation tests and model tests were conducted

within 24 hours.

TESTING PROCEDURES

This section consists of the testing procedures conducted in the two testing phases. The PS
properties measured during the evaporation tests and model tests were the PS cracks, CP,
concrete temperature, VMC, evaporation, climatic conditions and plastic settlement. The PS
properties measured during the non-environmental test were the bleeding, setting times and
compressive strength. The time increments, sensors, and moulds used for measuring the

respective PS properties are also covered in this section.
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4.10.1 Plastic Shrinkage Cracks

The mould used for the PS cracking specimens throughout the experimental work is shown in
Figure 4-19. This modified PS cracking mould originated from the modified ASTM C1579
mould, which was adapted by Combrinck (2011) from the original ASTM C1579 mould design.
The mould was further altered by adding four vertical triangular prisms taken from a design by
Steyl (2016), with two at each end point. The dimensions and the placement of the four
triangular prisms in the modified ASTM C1579 mould are shown in Figure 4-19.

Triangular Prism

Figure 4-19: Top view of the modified ASTM C1579 mould with dimensions

Figure 4-20 provides the dimensions for one of the vertical triangular prisms used to restrain

the concrete at the end points.

25 mm

50 mm

Figure 4-20: The dimensions of the triangular prism restraint (Steyl, 2016)

The side view of the modified ASTM C1579 mould is shown in Figure 4-21. The figure shows

the side dimensions of the mould and the three horizontal crack inducing triangles.
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Figure 4-21: Side view of the modified ASTM mould with dimensions

The crack growth on the fresh concrete was measured every 20 minutes from the start of the
test with the crack width ca