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ABSTRACT
KEYWORDS:

Plastic shrinkage cracking, supplementary cementitious materials,
fibres, shrinkage reducing admixtures, curing compounds

In recent years, there has been a rapid increase in the use of supplementary
cementitious materials for high performance and durable concrete. Supplementary
cementitious materials being finer and less reactive than cement, when added to the
concrete, increase the water demand and reduce bleeding capacity and early strength
gain of concrete. In addition, this also increases the menisci of capillaries on the
surface of concrete if the rate of evaporation exceeds the rate of bleeding, thereby,
making concrete susceptible to plastic shrinkage in hot and dry environmental
conditions. Furthermore, if chemical admixtures are used to compensate the above
deficiencies, these may retard hydration and make concrete more vulnerable for
plastic shrinkage cracking. Plastic shrinkage cracking remains a serious concern in
large surface area/volume applications as water can easily evaporate from large
surfaces of concrete, and may impair durability of the concrete structure.
The present study has two objectives: firstly, to investigate the influence of
supplementary cementitious materials on plastic shrinkage cracking; secondly, to
control plastic shrinkage cracks using fibres and shrinkage reducing admixture. Two
supplementary cementitious materials – Fly ash (class F) and Granulated blast furnace
slag are analysed; both replace ordinary portland cement at 15% and 30%, by weight.
Fibres, shrinkage reducing admixtures and curing compounds are evaluated for their
influence on plastic shrinkage cracking. The binder content and water binder ratio are
fixed as 340 kg/m3 and 0.55, respectively, for the entire study.
The restrained plastic shrinkage test according to ASTM C1579-13 is
performed subjecting the fresh concrete to a wind velocity of 4 m/s and 35% relative
humidity at 42°C for 24 hours. Crack length, width and initiation time, the setting
time of concrete and one day compressive strength were assessed to evaluate the
influence of supplementary cementitious materials on plastic shrinkage. For the
assessment of the efficacy of the fibres, shrinkage reducing admixtures and curing
compounds, the crack reduction ratio was determined and used as the parameter.

iii

Results indicate that the addition of supplementary cementitious materials in
concrete increases the potential for plastic shrinkage cracking with an increase in their
replacement dosage. The incorporation of fly ash and slag at a cement replacement
level of 15%, increased the crack area from 100 mm2 (in the control mix) to 120 mm2
and 225 mm2, respectively. At 30% replacement of fly ash and slag, the crack area
further increased to 140 mm2 and 400 mm2, respectively. Further, the use of blended
cements with fly ash and slag (i.e., PPC and PSC, respectively) resulted in much
higher crack areas. Similarly, the crack length, mean crack width and maximum crack
width also increased significantly with the replacement of ordinary portland cement
with SCMs and with the use of blended cements.
The incorporation of shrinkage reducing components in concrete had a
substantial influence in controlling plastic shrinkage cracking. The use of fibres at the
manufacturer-recommended dosages completely eliminated cracking in the control
mix and that with 30% fly ash. In case of the concrete with 30% slag, the
polypropylene, polyester and steel fibres eliminated cracking at the recommended
dosages while the dosages of glass and polyacrylonitrile fibres had to be increased.
The incorporation of shrinkage reducing admixtures (SRAs) contributed significantly
in controlling plastic shrinkage cracking. At a dosage of 1%, the positive effect of the
SRA was reflected in the reduction in crack area by 40-65%. At a SRA dosage of 2%,
two products completely eliminated cracking while the other two reduced cracking by
about 60%. Furthermore, the application of curing compounds on the surface of
concrete was found to be useful in controlling cracking by lowering the rate of
evaporation. Among the four curing compounds tested, the acrylic-based products
eliminated cracking while the other two curing compounds, which were water- and
wax-based, reduced cracking only by 29% and 44%, respectively. Therefore, fibres,
shrinkage reducing admixtures and curing compounds have been found to be viable
for mitigating plastic shrinkage cracking in concretes with supplementary
cementitious materials.
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CHAPTER 1

INTRODUCTION
1.1 Introduction
Supplementary cementitious materials (SCMs) are being extensively used in concrete
either as a replacement for portland cement or in blended cements. The use of
materials, such as fly ash and ground granulated blast furnace slag (GGBS), in
concrete is promoted for producing better performance, as well as for environmental
concerns (i.e., reduction of carbon footprint of cement and better exploitation of the
clinker). Incorporation of these materials into concrete usually modifies its properties
in both fresh and hardened states. Generally, in the fresh state, SCMs retard the
setting of concrete, and reduce bleeding and early-age strength (Johari et al. 2011).
When concrete is used in structures with extensive surface areas, such as pavements,
slabs, bridge decks, tunnel linings, etc., there is a serious concern for plastic shrinkage
cracking, especially in hot and dry conditions (Dias 2003). Such premature surface
cracks may accelerate the ingress of harmful agents, and impair the durability,
serviceability and aesthetics of the structures. Consequently, controlling this
premature cracking at a minimum cost is crucial for developing longer-lasting
structures.
The incorporation of short synthetic fibres in concrete has been a highly
effective technique for minimizing or preventing plastic shrinkage cracking (Balaguru
1994; Berke & Dallaire 1994; Soroushian & Ravanbakhsh 1999; Wang et al. 2002;
Banthia & Gupta 2006) Some of the commonly used synthetic fibres are nylon,
polyester, glass, polypropylene, cellulose, etc., at volume fractions below 0.2%
(Naaman et al. 2005; Sivakumar & Santhanam 2007; Pelisser et al. 2010). However,
the mechanism involved in low volume fibre reinforced concrete in controlling plastic
shrinkage cracking is not clearly understood. Another viable solution for tackling
plastic shrinkage cracking is by reducing the surface tension of the water through the
incorporation of a shrinkage reducing admixture (SRA). Extensive studies have been
conducted on the effects of using SRAs on hardened concrete (e.g., Folliard & Berke
1997; Roncero et al. 2003; Gettu & Roncero 2005) while studies on its influence on
plastic shrinkage are limited (Lura et al. 2007; Mora et al. 2009; Saliba et al. 2011;

Leemann et al. 2014). Furthermore, curing compounds are used especially in hot and
dry climatic conditions to keep concrete saturated and to assist hydration. These
compounds, when applied to the fresh exposed surfaces, form a thin protective
membrane and inhibit the loss of mix water through evaporation. This reduction in the
evaporation of water was found to contribute in controlling plastic shrinkage cracking.

1.2 Significance of research
Supplementary cementitious materials are advantageous for improving the
performance and durability of concrete, as well as for decreasing the clinker
consumption. However, plastic shrinkage cracking is often an undesired consequence
of SCM usage. Since data on the influence of SCMs and blended cements on plastic
shrinkage cracking is meagre, this study aims at assessing the influence of fly ash,
slag, portland pozzolana cement and portland slag cement. Furthermore, the
efficiency of fibres, shrinkage reducing admixtures and curing compounds are also
evaluated in order to provide solutions for mitigating plastic shrinkage cracking.

1.3 Objectives
The main objectives of this study are the following:
 Study of the influence of supplementary replacement materials (fly ash and slag),
used to replace cement, on plastic shrinkage cracking
 Evaluation of the effect of fibres, shrinkage reducing admixtures and curing
compounds in reducing plastic shrinkage cracking.

1.4 Scope of the study
 Normal strength M30 concrete with water-to-binder ratio of 0.55 and binder
content of 340 kg/m3was selected as the reference for the study.
 Four types of synthetic fibres (polyacrylonitrile, polypropylene, glass and
polyester) and hooked-ended steel fibres were investigated for their efficiency in
mitigating plastic shrinkage cracking.
 Four shrinkage reducing admixtures and curing compounds were also assessed for
their efficacy in controlling plastic shrinkage cracking.
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1.5 Thesis organization
This thesis is organized into eight chapters as follows:
Chapter 1 gives an overall introduction to the research, discusses the significance of
the research, objectives and scope of research, and also outlines the organization of
the thesis.
In Chapter 2, a comprehensive literature review is carried out regarding the
mechanism of plastic shrinkage, and different test methods adopted to quantity plastic
shrinkage and the factors affecting plastic shrinkage are discussed. It also includes a
summary of the review.
Chapter presents the details of the materials used, concrete mix proportions, mixing
procedure and experimental program used for the study.
Chapter 4 focuses on the effect of the supplementary cementitious materials and
blended cement on plastic shrinkage cracking of concrete.
Chapter 5 presents the influence of different types of fibres in mitigating plastic
shrinkage cracking.
In Chapters 6 and 7, commercially available shrinkage reducing admixtures and
curing compounds are evaluated for their efficiency in controlling plastic shrinkage
cracking, respectively.
Chapter 8 summarizes the key findings of the entire study and also gives
recommendations for further studies.
Details of the environmental chamber design and its performance are given in
Appendix A.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction
In this chapter, a comprehensive review of previous research studies conducted on
plastic shrinkage is presented. Firstly, the mechanisms that lead to plastic shrinkage
cracking are reviewed. Secondly, in-depth analysis of the different test methods used
by several authors to quantify plastic shrinkage is summarized. Finally, several
factors that can influence and contribute to plastic shrinkage are presented.

2.2 Plastic shrinkage cracking mechanism
The mechanisms that contribute to plastic shrinkage are evaporation and plastic
settlement. Capillary forces resulting from the rapid evaporation of water from the
surface of concrete are widely accepted to be the prime cause for plastic shrinkage
cracking. Additionally, plastic settlement is also recognised to be a driving force for
plastic shrinkage cracks. This section provides an insight on how evaporation of water
from the surface and plastic settlement can lead to cracking of concrete in plastic
state.
2.2.1 Evaporation
After concrete is placed in the form, it is compacted to remove entrapped air. As a
consequence, aggregates could move down and water bleeds to the surface forming a
film on the surface. Even if it is not vibrated (i.e., in self compacting concrete),
concrete undergoes some settlement due to gravity and bleed water rises
(Wittmann 1976). The rate and quantity of bleed water that rises to the surface
depends on mix proportions, concrete depth and compaction effort (Almusallam et
al. 1998). At this stage, spaces between the particles of concrete are filled with water
as shown in Figure 2.1(b). The rate of evaporation from the surface of concrete will
be equal to evaporation rate of water in the same environmental condition.
In hot and arid weather conditions, the water at the surface of the concrete
evaporates and is compensated by bleed water rising to the surface. When the rate of
evaporation exceeds the bleeding rate, all the bleed water at the surface evaporates as

shown in Figure 2.1(c). The inability of the bleed water to replace the evaporated
water is the principal cause for plastic shrinkage (Lerch 1957). Disappearance of
sheen at concrete surface indicates that rate of evaporation has exceeded rate of
bleeding. Duration and rate of bleeding, temperature, wind velocity and relative
humidity influence the time required to attain this condition (Soroushian &
Ravanbakhsh 1999).

Figure 2.1: Schematic diagrams of plastic shrinkage: (a) Concrete when placed, (b)
Bleeding of water to the surface, (c) Surface evaporation and menisci between solid
particles, and (d) Discontinuous water and plastic shrinkage

Further evaporation of water from the concrete surface leads to a complex
system of menisci on the concrete surface due to capillary action (Figure 2.1(c)).
This generates tensile capillary pressure within the liquid phase. Hence, an attractive
force exists between solid particles of concrete that are separated by a liquid filled
5

capillary. This attractive force reduces the mean distance between the solid particles
of the concrete and results in contraction.
As the solid particles move closer, the radii of the menisci decrease
continuously resulting in increase of tensile capillary pressure that can reach a
maximum called “break-through pressure”. At this critical pressure, the mean radii
of menisci are too small to interconnect all the spaces between the solid particles at
the surface. Hence, air enters the pore system and water rearranges to form discrete
zones (Figure 2.1(d)). Once water rearranges, there is no longer any capillary effect.
The risk of plastic shrinkage cracking is assumed to reach its maximum when air
starts to penetrate into the pore system as the drained pores are the weakest points in
the system. The force of attraction between the particles in the air penetrated region
is comparatively less than in the water filled regions (Slowik et al. 2008).
Plastic shrinkage alone at the early stage does not lead to cracking, as it is just a
uniform contraction in the material. It is restraint that develops tensile stresses in fresh
concrete. At this stage, concrete is still plastic and has not gained enough strength to
resist these stresses, and the localization of strains at weak zones (i.e. at air filled
regions) leads to cracking on the surface of concrete (Slowik et al. 2008).
2.2.2 Plastic settlement
Another mechanism that is associated with plastic shrinkage is plastic
settlement. After concrete is placed, solids settle and bleed water rises to the surface
of the concrete. If there is no restraint, settling leads to slight lowering of the surface
of the concrete and the uniform settlement does not lead to plastic cracking. In case
the settlement is locally restrained (by reinforcing bars, large aggregates and ducts),
the concrete adjacent to the restraint continues to settle. However, the concrete on
the restraint does not settle as much. Such non-uniformity in settlement induces
tensile stresses and leads to cracking over the restraining element (Weyers et al.
1982). Figure 2.2 illustrates the cracking due to plastic settlement on the restraint
elements. The settlement that occurs due to settling of solids is proportional to depth
of the concrete. Hence, whenever there is a sudden change in depth of a section (e.g.,
beam-slab joints), settlement at that section will also be different. This differential
settlement also results in tensile stresses and consequently cracking at the surface.
Plastic settlement cracks can be easily distinguished as the pattern reflects the
6

restraining element (Qi et al. 2003). Figure 2.3 shows the plastic cracks due to
variation in depth of concrete.

Figure 2.2: Plastic settlement cracking due to internal restraint

Figure 2.3: Plastic cracking due to variation in depth of concrete

2.3 Quantitative determination of tensile capillary pressure
Tensile capillary pressure developed in the liquid phase due to formation of menisci
at the surface of concrete can be determined by using the Young-Laplace equation
(Wittmann 1976):
=

+

2.1
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Figure 2.4: Principal radii of liquid surface (Combrinck 2012)
In the above equation, γ is the surface tension of the fluid (N/m), and R1 and
R2 are two principal radii of curvature of the surface of the liquid; Figure 2.4
explains the terms R1 and R2. The equation indicates that capillary pressure Pc is
inversely proportional to radii of curvature of the liquid surfaces. Hence, with the
progress of evaporation, the radii of menisci decrease continuously resulting in the
increase of capillary pressure. In addition, capillary pressure is directly proportional
to the surface tension of water. Therefore, capillary pressure developed in a
cementitious matrix can be reduced by decreasing the surface tension. This is
basically the principle behind the action of shrinkage reducing admixtures.
Capillary pressure developed also depends on the fineness of the particles in
the system. Powers developed an expression for determining the maximum capillary
pressure for cement-based composites relating surface area of cement and water
cement ratio (Cohen et al. 1990):
= 0.001

⁄

2.2

where P max – maximum capillary pressure (MPa), γ – surface tension of water (N/m),
S – surface area of binder (m2/kg), w/c – water-cement ratio by mass. From the
equation, it is clear that maximum capillary pressure developed in a cement composite
is proportional to fineness of the binder in composites.

2.4 Test methods used to quantify plastic shrinkage
For assessing the performance of concrete against plastic shrinkage cracking several
laboratory-scale test techniques were developed. All these techniques had to
overcome the challenges of producing plastic shrinkage cracks with appreciable
realistic restraint conditions. Based on the method of restraint, tests are classified as
unrestrained plastic shrinkage and restrained plastic shrinkage tests.
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2.4.1 Unrestrained plastic shrinkage tests
In unrestrained plastic shrinkage tests, the main principle is to measure the strain in
plastic state either by embedded studs or by measuring the movement of free head of
the specimen. Linear variable displacement transducer or extensometers were
generally used to measure the strains. In case of prisms, one end would be fixed and
other free end would be used to measure strains whereas in slabs, strains would be
measured on all the sides (Al-Amoudi et al. 2006; Wongtanakitcharoen &
Naaman 2006). Yet no standard method exists to estimate unrestrained plastic
shrinkage. All the unrestrained tests used in the literature are summarised in the
Table 2.1.
Table 2.1: Unrestrained plastic shrinkage specimens
Reference

Specimen

Paillere et al.
(1989)

Concrete
1500 × 120 × 85 mm

Mangat and
Azari (1990)

Concrete
100 (diameter) × 200
(height) mm

Sanjuan and
Moragues
(1994)
Bloom and
Bentur (1995)

Concrete
1200 × 150 × 20 mm

Al-Amoudi et
al. (2006)

Concrete
1000 × 40 × 40 mm

Concrete
1000 × 1000 × 30
mm
Wongtanakic- Concrete
haroen and
1000 × 100 × 60 mm
Naaman
(2006)
Newlands et
Concrete
al. (2008)
380 × 110 × 50 mm

Environmental
conditions
Temperature: Not
mentioned
RH: Not mentioned
Wind: Not
mentioned
Temperature: Not
mentioned
RH: Not mentioned
Wind: Not
mentioned
Temperature: 40 ºC
RH: Not mentioned
Wind: 0.5 m/s
Temperature: 40 ºC
RH: 45 %
Wind: Not
mentioned
Temperature: 45 ºC
RH: 35 %
Wind: 4.2 m/s
Temperature: 35 40 ºC
RH: 22.5 %
Wind: 2 m/s
Temperature: 40 ºC
RH: 10 %
Wind: 2 m/s
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Method of measuring
strain
One head of the
specimen was fixed and
shrinkage was measured
on the other head
By optically monitoring
a movement of the
spherical ball placed on
plastic concrete
Extensometer was used
to measure early age
shrinkage strain
One head of the
specimen was fixed
with fixed grip and
shrinkage was measured
at the free head
Strains were measured
using LVDTs on all the
sides of the slab
Free end of the steel
mould was used to
measure the strains
using LVDT
Free end of the mould
was used to measure
strains

2.4.2 Restrained plastic shrinkage tests
Restrained plastic shrinkage tests focus on measuring the crack properties (crack,
length and width) and initiating time of cracks formed on the surface due to restraint.
Restrained tests can be classified based on geometry as ring, prism and slab
specimens. Different methods of restraints were used to induce plastic cracks. Firstly,
hardware cloth of 12.7 mm along periphery at a distance from edge was used and later
it was modified to metal lath (Kraai 1985; Shaeles & Hover 1988). Cracks due to
these restraints were random and it was difficult to quantify the crack areas. Secondly,
to localise and induce single crack, a stress riser and two end restraints were used at
the bottom (Berke & Dallaire 1994; Balaguru 1994). Thirdly, rigidly fixed steel stud
bolts along the edges were used to restraint the concrete from the sides (Yokayama et
al. 1994). Finally, in order to increase degree of restraint, a combination of stress riser
and steel threaded bolts were used to restrainthe base and sides, respectively (Mora et
al. 2002). All the restrained plastic shrinkage tests used in the literature are
summarised in the Tables 2.2, 2.3 and 2.4 based on their shape as ring, slab and prism
shaped specimens, respectively.
Table 2.2: Restrained plastic shrinkage tests with ring shaped specimens
Reference

Specimen

Dahl (1989)

Annular ring
Mortar and concrete
580 (outer diam.) ×
280 (inner diam.) ×
80 (height) mm
Ring at centre of
square slab
Mortar Slab:
300 × 300 × 12.6 mm
Ring: 114 mm
(diam.)
Concrete Slab:
300 × 300 × 25.4 mm
Ring: 140 mm
Ring with a cube
core
Mortar Ring: 150
(diam.) × 50 (height)
mm
Cube: 70 mm

Padron &
Zollo (1990)

Filho &
Sanjuan
(1999)

Environmental
conditions
Temperature: 20 ºC
RH: 40 %
Wind: 4 m/s

Method of restraint

Temperature: 31 ºC
RH: 50 %
Wind:
2.8 m/s (Mortar)
6.1 m/s (Concrete)

Ring at the centre of the
slab provides the
restraint and causes
radial cracking

Temperature: 40 ºC
RH: Not mentioned
Wind: 0.5 m/s

The cube at the centre
and five steel bars of 6
mm diameter positioned
at mid height provides
the restraint
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12 steel ribs welded to
the inner side of the
outer ring provide
restraint

Table 2.3: Restrained plastic shrinkage slab tests on specimens
Reference

Specimen

Ravina
&Shalon
(1968)

Concrete
650 × 800 × 70 mm

Kraai (1985)

Shaeles &
Hover (1988)

Concrete
1200 × 1200 ×
20 mm
Mortar
910 × 610 × 20 mm
Mortar Slab
910 × 610 × 20 mm

Cohen et al.
(1989)

Mortar and Paste
50 × 50 × 5 mm

Balaguru
(1994)

Concrete
900 × 900 × 50 mm

Berke &
Dallaire
(1994)

Concrete
560 × 356 × 100 mm

Yokoyama et
al. (1994)

Concrete
600 × 600 × 50 mm

Almusallam
et al. (1998)

Concrete
450 × 450 × 20 mm

Mora et al.
(2001)

Concrete
800 × 800 × 100 mm

Wang et al.
(2002)

Paste
100 × 100 × 8 mm

Qi et al.
(2003)

Concrete
508 × 254 × 76 mm

Environmental
conditions
Temperature: Not
mentioned
RH: Not mentioned
Wind: Not
mentioned
Temperature: Not
mentioned
RH: Not mentioned
Wind: 4.8 to
5.4 m/s
Temperature: 25 –
35 ºC
RH: 10 to 25 %
Wind: 3.1 to
3.6 m/s
Temperature: 40 ºC
RH: Not controlled
Wind: 0.8 m/s
Temperature: 22 ºC
RH: 50 %
Wind: 14.2 m/s
Temperature: 22 ºC
RH: 50 %
Wind: 14.2 m/s

Temperature: 30 ºC
RH: 60 %
Wind: 8.3 m/s
Temperature: 45 ºC
RH: 50 %
Wind: 4.2 m/s
Temperature: 44 ºC
RH: 25 %
Wind: 11.1 m/s
Temperature: 40 ºC
RH: 18 %
Wind: 0.8 to
1.4 m/s
Temperature: 38 ºC
RH: 50 %
Wind: 6.7 m/s
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Method of restraint
Rigidly fixed barbed wire
along the periphery

Hardware cloth strip of
12.7 mm (height) along the
periphery at 19.07 mm
from the edge
Metal lath attached to the
inner side perimeter
provides edge restraint, i.e.
wire mesh in case of
Kraai’s is replaced by
metal lath
Ultra-fine water proof sand
paper was used along the
periphery
Hardware cloth of 50 mm
width placed at a depth of
25 mm
Restraints were provided
using two triangular risers
of 32 mm high along 356
mm width and riser of 63
mm high in the middle to
induce crack
Restraint was provided by
steel stud bolts on all the
sides
Not mentioned

Restrained by threaded
steel bolts on all the sides
Bottom was restrained by
fine sand paper

Restraints were provided
using two triangular risers
of 25.4 mm high along 254
mm width and another riser
of 47.6 mm high in the
middle to induce crack

ASTM C1579 Concrete
560 × 355 × 100 mm

Temperature:
36±3 ºC
RH: 30 ± 10 %
Wind: > 4.7 m/s

Turcry &
Loukili
(2006)

Concrete
400 × 200 × 70 mm

Temperature: 20 ºC
RH: 50 %
Wind: 5 m/s

Ghoddousi et
al. (2007)

Concrete
900 × 600 × 100 mm

Sivakumar &
Santhanam
(2007)

Concrete
500 × 250 × 75 mm

Temperature: 40 ºC
RH: 20 %
Wind: 3.3 m/s
Temperature: 35 ºC
RH: 40 %
Wind: 6 m/s

He & Peng
(2011)

Concrete
600 × 600 × 63 mm

Temperature: 35 ºC
RH: 40 %
Wind: 6 m/s

Combrinck &
Boshoff
(2012)
Boshoff et al.
(2012)

Concrete
Unique configuration

Temperature: 40 ºC
RH: 20 %
Wind: 0.6 m/s
Temperature: 50 ºC
RH: 10 %
Wind: 19.4 m/s

Concrete
600 × 200 × 100 mm

Restraints were provided
using two triangular risers
of 32 mm high along 355
mm width and a stress riser
of 63.5 mm high in the
middle
Restraints were provided
using two triangular risers
of 35 mm high along 200
mm width and a stress riser
of 55 mm high in the
middle
Six equal triangular risers
were used to provide
restraint from the base
Stress riser of 55 mm and
base restraints of 35 mm
were used to provide
restraint
14 threaded screws of 8
mm diameter and 100 mm
length were fixed to each
edge to provide restraint
Triangular riser was used
to provide restraint
Restraint was provided by
risers and in addition two
round steel bars were used
to increase restraint

Table 2.4: Restrained plastic shrinkage tests using prism specimens
Reference

Specimen

Banthia et al.
(1993)

Concrete
500 × 40 × 40 mm

Banthia et al.
(1996)

Concrete
1010 × 100 × 100
mm

Mora et al.
(2001)

Concrete
600 × 150 × 150 mm

Environmental
conditions
Temperature: 38 ºC
RH: 5 %
Wind: Not
mentioned
Temperature: 38 ºC
RH: 5 %
Wind: Not
mentioned
Temperature: 44 ºC
RH: 25 %
Wind: 11.1 m/s
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Method of restraint
Triple bar anchor was used
to provide restraint

Restraint was provided
by1010 × 100 × 40 mm
substrate with 20 mm
aggregates protruding on
the surface.
Restraint was provided by
stress riser at centre and
anchor bolts on the sides

Mora et al.
(2003)

Concrete
600 × 150 × 150 mm

Temperature: 44 ºC
RH: 25 %
Wind: 11.1 m/s

Naaman et al.
(2005)

Concrete
1016 × 76.2 ×
38.1 mm

Banthia &
Gupta (2006)

Concrete
375 × 100 × 60 mm

Nabil et al.
(2011)

Concrete
400 × 100 × 50 mm

Temperature: 35 40 ºC
RH: 22.5 %
Wind: Not
mentioned
Temperature: 50 ºC
RH: 5 %
Wind: Not
mentioned
Temperature: 50 ºC
RH: 10 %
Wind: 2.8 m/s

Configuration of Mora et al
(2001) was modified with
addition anchor bars to
increase restraint
Notched surface substrate
was used to provide
restraint

Substrate of 325 × 95 × 40
mm with hemispherical
protuberance was used to
provide restraint
Substrate of 365 × 65 × 50
mm with notched surface
was used to provide
restraint

2.5 Influence of low volume fibres on plastic shrinkage cracking
The use of low volumes of fibres in concrete is an effective technique to mitigate
plastic shrinkage cracking. Randomly distributed fibres act as secondary
reinforcement and control inherent plastic shrinkage cracking. Yet the mechanism
responsible for improved performance is still not clear. The following are some of
reasons from the literature for the improved performance of low volume fibre
reinforced concrete in reducing plastic shrinkage cracking:


Fibres increase the tortuosity of bleed channels and block bleed channels,
thereby reducing the accumulation of the bleed water on the surface. The
bleed water is expected to accumulate underneath the fibres, leading to a
porous interface between fibres and cement paste. This porous interface
introduces an additional group of larger diameter pores. As a result, capillary
pressure reduces and provides a partial benefit in reducing plastic shrinkage
cracking (Wang et al. 2002).



At early ages, the elastic modulus of fibre is higher than cementitious matrix,
so the cementitious matrix with fibres offers relatively higher resistance and
helps control crack development (Filho & Sanjuán 1999).



Addition of fibres reduces settling capacity of fresh concrete. Thereby, fibre
reinforced concrete is expected to settle uniformly and have less differential
settlements that could lead to plastic cracking (Qi et al. 2003).
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Fibres increase strain capacity of the concrete. Hence, fibre reinforced
concrete can accommodate larger strains at early ages (Najm & Balaguru
2003).



Fibres trap water in the mix and reduce overall early age shrinkage, and are
expected to produce more intact material and less cracking (Gupta et al.
2006).



After cracking (or microcracking), fibres transfer stresses across crack
openings and arrest further cracking by bridging. So, the intensity of cracking
decreases (Soroushian et al. 1995).
Different types of fibres have been used to mitigate plastic shrinkage

cracking. Some of the fibres with their corresponding dosages used to mitigate
plastic shrinkage cracking are summarised in Table 2.5. Investigations with all these
fibres reported that the effectiveness of the fibres to reduce crack area and maximum
crack width increases with an increase in fibre volume fraction (Banthia et al. 1996;
Sanjuán & Moragues 1997; Qi et al. 2003; Naaman et al. 2005; Boghossian &
Wegner 2008). This is due to the fact that the number of fibres participating in
resisting the crack propagation increases. Thus, higher dosages of fibres effectively
reduce plastic shrinkage cracking but can be uneconomical. The volume of fibres
required for dramatic reduction in maximum crack width and crack area depends on
the type of fibre being used and sensitivity of the concrete for plastic shrinkage
cracking.
The geometry of fibre is an important factor for the selection of fibres to
mitigate cracks due to plastic shrinkage. Longer fibres are more effective in
controlling plastic shrinkage cracking. Long fibres relatively develop better bond
with the cementitious matrix and transfer stresses effectively across a crack. On the
other hand, short fibres may get pulled out of matrix even at low stress levels (Najm
& Balaguru 2003; Balaguru 1994). Furthermore, fine denier fibres are more effective
than coarse denier fibres. Fine denier fibres relatively have more surface area to
bond with the cementitious matrix; consequently, transfer greater tensile stresses to
the fibre. Also, for a given volume fraction, fine denier fibres will be higher in
number, and more fibres cross a given section. Hence, for a given volume fraction,
fine denier fibres reduce the stress concentration and improve the resistance to crack
propagation (Wang et al. 2002; Banthia & Gupta 2006; Naaman et al. 2005).
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Therefore, long and fine denier fibres, i.e. fibres with high aspect ratio (length to
diameter), are relatively better in controlling plastic shrinkage cracking.
Table 2.5: Fibres and their dosage used

Acrylic
Carbon
Cellulose
Flax

10
6
12
10

Volume
fraction (%)
0.05-0.10
0.05-0.40
0.10-0.20
0.10-0.30

Glass

6

0.12-0.50

38

0.05-0.40

Naaman et al (2006)

13
12

0.05-0.10
0.05-0.15

Pelisser et al (2010)
Zhuo et al (2011)

15

0.05-0.10

Pelisser et al (2010)

19
12

0.10-0.70
0.05-0.40

12

0.12-0.50

Banthia & Yan (2000)
Naaman et al. (2005)
Sivakumar & Santhanam
(2007)

19

0.05-0.40

Bayasi & McIntyre (2003)

12

0.05-0.30

Berke & Dallaire (1994)

25
30

0.10-0.20
0.50-1.50

Filho & Sanjuán (1999)
Eren & Marar (2010)

Fibre material

High density
polyethylene
Nylon
Polyacrylicnitrile
Poly ethyleneterephthalate
Polyolefin
Poly vinyl alcohol
Polyester
Polypropylene
(Fibrillated)
Polypropylene
(Monofilament)
Sisal
Steel (hooked)

Length(mm)

Reference
Padron & Zollo (1990)
Naaman et al (2005)
Banthia & Gupta (2007)
Boghossian & Wegner (2008)
Sivakumar & Santhanam
(2007)

The form of the fibre also influences plastic shrinkage cracking. Fibrillated
fibres are more effective in combating plastic shrinkage cracking over monofilament
fibres. The fibre fibrillations provide an effective anchorage to overcome the week
adhesion between fibres an matrix and reduces intensity of cracking (Wang et al.
2002; Qi et al. 2003). In addition, fibrillated fibres increase tensile strain capacity
and reduce coarse aggregate settlement. These additional features also contribute to
reducing plastic shrinkage cracking (Bayasi & Mcintyre 2003).

2.6 Influence of environment conditions on plastic shrinkage
Plastic shrinkage cracking is extremely influenced by evaporative potential of the
site microclimate. Evaporation of bleed water from the surface of concrete is a
function of air temperature, relative humidity, wind velocity and concrete surface
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temperature. Initiation of surface drying depends on rate of evaporation, hence a
method to evaluate evaporation rate based on site climatic conditions is essential.
The nomograph of ACI 305.1-06, “Hot Weather Concreting”, provides a graphical
technique to estimate evaporation rate from the concrete surface; for finding the rate
of evaporation using this nomograph, wind speed at 510 mm (20 in.) height, and
relative humidity and air temperature data at 4-6 ft. (1.2 to 1.8 m) above the
evaporating surface (ACI 305.1-06) are needed. High air temperature, low humidity
and high wind velocity in combination are conducive for high rate of evaporation
from the surface of concrete. Hence, chances of plastic shrinkage cracking are
significantly high at these conditions.
John Dolton derived an expression for predicting rate of evaporation from the
surface of water bodies. From Dolton’s expression, Menzel developed an equation
for estimating evaporation rate over the concrete surface (Menzel 1954):
= 0.44 (

−

) (0.253 + 0.096 )

2.3

where,
W - weight (lb) of water evaporated per square foot of surface per
hour, lb/ft2/hr
e

- pressure of saturated vapour pressure at the temperature of the

evaporating surface, psi
e - vapour pressure of air, psi
V - average horizontal wind speed measured at a level about 20 in. higher the
evaporating surface, mph.
From the above equation, a nomograph was also developed by Menzel for
easy prediction of rate of evaporation depending on the site climatic conditions; see
Figure 2.5. This nomograph was based on the difference in saturated vapour pressure
and vapour pressure of air. Hence, vapour pressures had to be measured for
predicting rate of evaporation. Bloem resolved this difficulty by replacing vapour
pressures with relative humidity and concrete temperature as equivalent variables.
Bloem’s nomograph is shown in Figure 2.6 (Uno 1998), which evaluates the
evaporative potential of the environment, and not the rate of evaporation from the
surface of concrete; the difference between the two may be small when the concrete
surface is covered with bleed water (Hover 2006).
16

In the literature, the most quoted critical rate of evaporation is 1 kg/m2/hr
(0.2 lb/ft2/hr). This critical value for evaporation rate was first quoted by National
Ready Mix Concrete Association (NRMCA) in 1960. The value originated from the
research carried out by Powers. In his research, he observed that bleeding rates of
various concretes varied from 1.15 to 4.1 kg/m 2/hr. Hence, it was assumed that
concrete would crack when evaporation rate exceeds the lower bound value (i.e.,
1.15 kg/m2/hr). Keeping this in view, NRMCA suggested a critical evaporation rate
of 1 kg/m2/hr, above which precautions should be taken. ACI 305 also suggests the
same value while the Canadian and Australian codes denote 0.75 and 0.5 kg/m2/hr,
respectively, as critical evaporation rates. Critical evaporation rates are not the same
for all the concretes, and depend on their bleeding capacity. In modern concretes
with silica fume, plastic shrinkage cracks were observed even at 0.25 kg/m2/hr
(0.05 lb/ft2/hr) (Uno 1998). Irrespective of the critical evaporation rate mentioned in
the standards, precautionary measures may be needed depending on the
characteristics of concrete and climatic conditions.
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Figure 2.5: Menzel’s Nomograph (Menzel 1954)
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Figure 2.6: Nomograph (ACI 305.1-06)
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Uno proposed simpler equations for accurate determination of rate of
evaporation of water from the surface of concrete by modifying Menzel’s formula. He
suggested that vapour pressures in the Menzel’s formula be calculated using
expressions of the World Meteorological Organization. The expression is:
= 0.61

.
(

.

2.4

)

where,
es

- saturated vapour pressure, kPa, and

T

- temperature, ºC

By substituting temperature of air and concrete in the above expression,
vapour pressures of air and concrete are obtained, respectively. These are to be
substituted in the modified Menzel’s formula, as shown below, to obtain the rate of
evaporation from the surface of concrete.
= 0.313 (

− .

)(0.253 + 0.06 )

2.5

where,
E

- evaporation rate, kg/m2/hr

eso - vapour pressure at concrete surface, kPa, from the above expression
esa - vapour pressure at air, kPa, from the above expression
r

- (relative humidity, %)/100

V

- wind velocity, km/hr

Samman et al. (1994) studied the influence of normal and high strength
concrete on plastic shrinkage cracking. From their research, Uno (1988) derived an
expression for critical rate of evaporation in relation with strength of concrete:
= 1.6 − 0.016

2.6

where,
Emax - maximum allowable evaporation rate, kg/m 2/hr
fc

- strength of concrete, MPa

2.7 Influence of mineral admixtures on plastic shrinkage
The use of supplementary cementitious materials (SCMs) like fly ash (Class C and
Class F) and ground granulated blast furnace slag (GGBS) has increased to enhance
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the performance and durability of concrete. SCMs when blended with ordinary
portland cement contribute to protect against chemical attack, carbonation and
chloride induced corrosion. On the other hand, they have some adverse effects on the
performance of concrete; partial replacement of these SCMs are known to decrease
rate of strength gain and increase setting time of concrete (ACI 232.2R-03; ACI
233R-03). In addition, fineness of SCMs being higher than ordinary portlant cement,
the replacement of OPC with the SCM increases the water requirement for wetting the
particles and hence reduces bleeding capacity of concrete (Uno 1998). Furthermore,
from Powers' expression for maximum pressure, maximum capillary pressure is
directly proportional to surface area of the binder. Thus, maximum capillary pressure
also increases. All these adverse effects exacerbate the risk of plastic shrinkage
cracking when concrete with SCMs is used for large surface area applications,
especially in hot and dry weather conditions.
Unfortunately, literature available on the influence of flyash and GGBS on
plastic shrinkage is meagre. In a study of the influence of mix proportion and
environment on plastic shrinkage, Dias (2003)observed an increase in plastic
shrinkage cracking with an increase in the partial replacement of cement by fly ash
(Class F). Moreover, Banthia and Gupta (2009) also reported the same with partial
replacement of fly ash (Class C) up to a certain threshold value of replacement.
However, these results are contrary to the findings of Wang et al. (2002), in a study
with paste, that the slower hydration due to partial replacement of cement by fly ash
(Class F) leads to higher porosity that reduced capillary pressure in the paste and
consequently the plastic shrinkage cracking.
Concretes with silica fume are highly prone to plastic shrinkage cracking,
mainly due to its high fineness. Fineness of silica fume is in the range of 13,00030,000 m2/kg while the fineness of fly ash and GGBS are in the range of 300400 m2/kg and 400-600 m2/kg, respectively. Such high fineness of silica fume
significantly increases the capillary menisci on the surface of concrete and in turn
increases the maximum capillary pressure. Replacement of 0 to 15% of silica fume
increases maximum capillary pressure from 0.02 to 4 MPa, which is 200-fold
compared to ordinary concrete. Additionally, silica fume significantly reduces
bleeding in fresh concrete by blocking the pores in plastic state and increases the
tendency of plastic shrinkage cracking. In case of concretes with silica fume, plastic
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shrinkage cracks were observed even at evaporation rates of 0.2 kg/m2/hr (Bayasi &
Mcintyre 2003; Al-Amoudi et al. 2004; Ghoddousi et al. 2007). Hence, it becomes
mandatory to take precautionary measures like fogging, wind breaks, using
evaporation retarders to eliminate plastic shrinkage cracking.

2.8 Influence of chemical admixtures on plastic shrinkage
2.8.1 Influence of shrinkage reducing admixtures
Shrinkage reducing admixtures are being used in the concrete industry to improve
shrinkage performance of the concrete. These are organic polymers classified as
surfactants that can reduce surface free energy of liquid-solid interface (surface
tension). Hence, their usage in concrete reduces the surface tension of the pore
solution in the capillary pores (Bentz et al. 2001). The reduction in surface tension
lowers the maximum capillary pressure developed in a cementitious matrix. This
mechanism can also be inferred from the Equation 1.2. It can be observed that the
maximum capillary pressure (Pmax) decreases with a decrease in surface tension ( ).
As a result, the pull on the walls of the pores decreases, thus reducing the resultant
shrinkage strain. Figure 2.7 shows the variation of surface tension of the solution with
the concentration of shrinkage reducing admixture in water. It can be observed that
with addition of 2% of shrinkage reducing admixture surface tension reduced by 30%
(Rongbing and Jian 2005).

Figure 2.7: Surface tension and SRA concentration (Rongbing and Jian 2005)
Primarily, shrinkage reducing admixtures have been used mainly to reduce
drying and autogeneous shrinkage. Free and restrained shrinkage tests have shown
22

shrinkage reducing admixtures to be very effective in reducing both volumetric
instability and restrained cracking (Shah et al. 1993; Weiss et al. 1998). Later
researchers determined that, in addition to reducing surface tension of pore solution,
shrinkage reducing admixtures are also capable of reducing evaporation, settlement
capacity of fresh concrete and delaying the onset of maximum capillary pressure
(Mora et al. 2001; Lura et al. 2006). All these additional benefits contributed to a
reduction in plastic shrinkage and the potential for cracking due to plastic shrinkage.
Many researchers (Shah et al. 1993; Mora et al. 2003; Xie et al. 2011; Rongbing &
Jian 2005) have used shrinkage reducing admixtures as an alternative to fibres for
mitigate plastic shrinkage cracking. Shrinkage reducing admixtures were found to be
effective in reducing crack areas and maximum crack widths on par with synthetic
fibres (Lura et al. 2007). The only disadvantage with shrinkage reducing admixture is
that they can slightly reduce compressive strength of concrete (Roncero et al. 2003;
Saliba et al. 2011).
2.8.2 Influence of superplasticizers
Superplasticizers also known as high range water reducers are high molecular
surfactants with long hydrocarbon chains. These long chains get adsorbed on the
surface of the cement particles and impart strong electronegative charge between the
particles of cement by lowering the surface tension of the surrounding water.
Consequently, this improves the fluidity of concrete (Mehta & Monteiro 2006).
Superplasticizers are used for three different purposes or in combination:


To increase workability for a given water demand and therefore enhances
placing characteristics of concrete;



To reduce water cement ratio for a given workability and cement content thus
resulting in higher strength and improved durability;



To reduce cement content for a given workability and strength so as to save
cement.

Hence, these advantages make it possible to produce high performance concrete with
low water cement ratio and high workability. Most widely used superplasticizers are
sulphonated melamine formaldehyde (SMF), sulphonated naphthalene formaldehyde
(SNF) and polycarboxylate ether (PCE).
The use of SCMs increases water demand and reduces workability of concrete.
Superplasticizers are invariably added with supplementary cementitious materials to
23

compensate these deficiencies and to extend slump retention for a given water binder
ratio. In the plastic state, superplasticizers may reduce the surface tension of water,
which contributes to controlling plastic shrinkage cracking. Hence, superplasticizers
either prolong the onset or resist plastic shrinkage cracking. The effectiveness of the
superplasticizer in controlling plastic shrinkage depends on its capacity to reduce the
surface tension of water (Cabrera et al. 1992; Al-Amoudi et al. 2006). However, at
higher dosages, superplasticizers retard the rate of cement hydration and prolong
setting time of concrete. Hence, at higher dosages, superplasticizer can decrease the
early gain in strength of concrete and aggravate the potential for plastic shrinkage
cracking.
2.8.3 Influence of retarders
Retarders are set-retarding admixtures used to delay the setting of concrete by
inhibiting the initial rate of hydration of cement. These are primarily used at high
temperatures to offset the accelerating effect and to extend workable time of concrete.
Retarders extend the setting time by forming a thin film over the cement particles and
thus impeding the dissolution of ions and reaction with water. The formation of
hydrates and silicates reduces the influence of retarders and then the process becomes
normal. This effect extends the plastic stage of concrete and retards early gain in
strength, and is likely to increase the plastic shrinkage (Dias 2003; Leemann et al.
2014).
2.8.4 Influence of accelerators
Accelerators are a class of chemical admixtures that accelerate early strength
development of concrete. These are primarily used to offset the retardation effects due
to low temperatures and for rapid removal of form work is. Accelerators act as
catalysts in the reaction of hydration of calcium silicates. Accelerators reduce
bleeding and setting time, as well as help in attaining early strength at a faster rate.
Consequently, concretes with accelerators are expected to crack early and experience
lower plastic shrinkage cracking (Leemann et al. 2014).
2.9

Influence of mix proportions on plastic shrinkage

The mix composition of concrete, mainly the binder content and water-to-binder ratio,
significantly affects the plastic shrinkage. With the increase in binder content, the
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paste volume fraction increases. The paste content being the only fraction of concrete
that shrinks, its increase leads to a higher risk of cracking (Dias 2003). On the other
hand, the decrease in water-to-binder ratio (i.e. with increase in grade of concrete)
reduces both the amount and rate of bleeding capacity of concrete. Subsequently, the
critical rate of evaporation, at which the concrete starts to crack, decreases. It is also
observed that the concretes of higher grade crack earlier than low grade concrete
(Samman et al. 1996). In case supplementary cementitious materials are used, the
bleeding rate and critical rate of evaporation further reduce and the concrete becomes
highly sensitive to plastic shrinkage cracking (Qi et al. 2003).
The volume fraction of aggregate in concrete also influences the severity of
plastic shrinkage cracking. The aggregates in concrete provide dimensional stability
by resisting the shrinkage strain of paste. Hence, reduction in aggregate volume
fraction can increase shrinkage strain, and consequently the risk of plastic shrinkage
cracking (Shaeles & Hover 1988; Almusallam et al. 1998).

2.10 Influence of curing compounds on plastic shrinkage cracking
Curing compounds are liquid membrane-forming compounds that are sprayed on the
surface of freshly placed concrete to prevent the rapid loss of mix water. In hot and
dry weather conditions, curing compounds are judged to be more practical, feasible
and economical, especially for the construction of structures with large surface areas,
like canal linings, pavements, and high-rise buildings. Some of the advantages of
using a curing compound relative to conventional moist curing methods are:
1) elimination of the follow-up or supervision by single operation, 2) ease of
application, 3) lower cost, if water is not available and has to be trucked. Moreover,
curing compounds eliminate the difficulty of assessing the right time to apply
conventional curing methods. Curing compounds are generally applied as soon as the
finishing process has been completed or immediately after the water sheen disappears.
Due to these advantages, the use of curing compounds for curing has increased in
particular for applications involving large surface areas. As a result of the
considerable demand, a variety of curing compounds are available in the market.
Based on the chemical composition, these are categorised as wax emulsions, acrylic
emulsions, chlorinated rubber based compounds, hydrocarbon resins and polyvinyl
acetate based compounds (Guide for curing of cement concrete pavements, U.S.
Department of Transportation 2006).
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In the literature, curing compounds are mostly used as alternative means for
curing of concrete. Most of the studies report their effect on strength and durability of
concrete while studies on their influence on controlling plastic shrinkage cracking are
meagre. The efficiency of a curing compound is highly variable and can reduce
considerably with increase in temperature. In an investigation with 16 different curing
compounds, it has been reported that the efficiency of curing compounds in reducing
evaporation varied from 25% to 89%, and low efficiencies of below 47% were
observed for 70% of the curing compounds investigated. The highest efficiency of
89% was obtained for a hydrocarbon resin based curing compound at temperature of
25°C and a relative humidity of 50%, but its efficiency reduced to 67% at temperature
of 60°C and a relative humidity of 30% (Fattuhi 1986).
Curing compounds were effective in reducing plastic shrinkage strain compared
to conventional methods of curing (Al-Gahtani 2010, Maslehuddin et al. 2013). The
use of curing compounds has been reported to be the highly effective technique for
mitigating early age cracking, specifically for construction of cement concrete
pavements (Peyton 2006). The Indian Roads Congress also recommends the use of
these compounds for construction of rigid pavements (IRC SP: 62-2014).
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CHAPTER 3

EXPERIMENTAL PROGRAM AND METHODOLOGY

3.1 Introduction
An experimental programme has been designed to evaluate the influence of
supplementary cementitious materials (SCM) on plastic shrinkage cracking obtained
from the prime sources of South India. Additionally, further tests are done to assess
the efficiency of shrinkage reducing components (i.e., fibres and SRAs) for providing
better solutions for mitigating plastic shrinkage cracking. The program includes a
series of experiments to fundamentally understand the effect of additives (SCM, fibres
and SRAs) in the concrete. The emphasis was mainly on the plastic shrinkage crack
dimensions and crack initiation time, in addition to the workability and compressive
strength.
This chapter presents the details of the materials and experimental program
used for the study. It includes an exhaustive description of the materials used in the
study, followed by the concrete mix proportions and mixing procedure. The
specifications of the equipment and procedure used to carry out the plastic shrinkage
test are also described.

3.2 Materials
The materials that were used for producing concrete and to mitigate plastic shrinkage
cracks are reported with their specifications in this section.
3.2.1

Cements

Commercially available 53 grade ordinary portland cement (OPC) conforming to
IS 12269 was used in the control mix and the mixtures with supplementary
cementitious materials. Two commercially available blended cements, namely
portland pozzolana cement (PPC) and portland slag cement (PSC), conforming to
IS 1489: Part 1 and IS 455, respectively, were also used for comparison. The physical
properties and chemical composition of the cements are provided in Tables 3.1 and

3.2, respectively. The particle size distribution of the cements determined by the laser
diffraction method is shown Figure 3.1.
Table 3.1: Physical properties of cements used in the study

Cement

Specific
gravity
3.13
3.02
3.06

OPC
PPC
PSC

Blaine’s
fineness
(m2/kg)
340
367
344

Setting time
Initial
Final
(min.)
(min.)
185
240
195
255
205
265

Table 3.2: Chemical composition of cements used in the study
OPC

Composition
Calcium oxide (CaO)
Silica (SiO2)
Alumina (Al2O3)
Iron oxide (Fe2O3)
Magnesia (MgO)
Sulphur anhydrite (SO3)
Chloride (Cl)

62.16
20.95
5.14
3.06
1.33
3.08
0.009

PPC
(% by mass)
50.23
29.50
9.28
3.90
1.65
2.72
0.003

PSC
53.52
30.02
6.46
5.49
2.70
-

100

OPC
PPC
PSC
FA
SG

% Passing

80

60

40

20

0
1

10

100

1000

Particle size in micrometers

Figure 3.1: Particle size analysis of cements and mineral admixtures
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3.2.2

Supplementary cementitious materials

Class F fly ash (FA) and ground granulated blast furnace slag or slag (SG) were used
as supplementary cementitious materials for partial replacement of cement. Fly ash
and slag conforming to IS 3812: Part 1 and IS 12089, respectively, were used in the
study. The fly ash was obtained from the North Madras Power Plant, Chennai, while
slag was obtained from the Jindal Steel Works (JSW). The Blaine’s specific surface
area, specific gravity and oxide composition of the mineral admixtures are provided in
Table 3.3. The particle size distributions of the mineral admixtures determined by
laser diffraction are also given in Figure 3.1.
Table 3.3: Properties of fly ash and slag
Materials
Specific gravity
Blaine’s fineness (m2/kg)
Oxide composition
Calcium oxide (CaO)
Silica (SiO2)
Alumina (Al2O3)
Iron oxide (Fe2O3)
Magnesia (MgO)
Sodium oxide (Na2O)
Potassium oxide (K2O)
3.2.3

Slag
2.88
410

Fly ash
2.22
275

31.46
32.38
21.06
1.87
8.57
0.36
0.88

1.28
59.32
29.95
4.32
0.61
0.16
1.44

Aggregates

The coarse aggregates used are from crushed granite, which complies with the
grading requirements of IS 383-1970. Two different size fractions of 20–10 mm and
10–4.75 mm were used in the proportions of 65:35. The properties of the aggregates
used are provided in Table 3.4. Locally available river sand conforming to Zone 2 of
IS 383 was used as the fine aggregates. The coefficient of absorption and specific
gravity of sand used in the study are shown in Table 3.4 while the sieve analysis
results are shown in Figure 3.2.
Table 3.4: Properties of the aggregates used
Aggregates

Specific gravity

Coarse aggregate (20 – 10 mm)
Coarse aggregate (10 – 4.75 mm)
Fine aggregate (0 – 4.75 mm)

2.78
2.76
2.63
29

Coefficient of
absorption (%)
0.41
0.43
0.72

100

% Passing

80

20-10 mm
10-4.75 mm
4.75-0 mm

60

40

20

0
0.1

1

10

100

Sieve size in mm

Figure 3.2: Sieve analysis of aggregates
3.2.4

Chemical admixtures

3.2.4.1 Superplasticizer
A sulphonated naphthalene formaldehyde based superplasticizer was used to enhance
the workability of the concrete. It was supplied by W.R Grace, with the brand name
Daracem® 811; the product complies with BS 5075: Part 3. The specific gravity and
active solid content of superplasticizer, as specified by the supplier, are 1.17 and
44.5%, respectively. The superplasticizer was incorporated at the dosage required to
attain a slump of 100 – 120 mm in all the mixes, except the cases indicated later
where references mixes are needed for assessing the effect of incorporating the
superplasticizer.
3.2.4.2 Shrinkage reducing admixture
Four shrinkage reducing admixtures, all supplied as liquids, were used in the study,
and are denoted as BM, BT, GE and CS. They are expected to act by reducing the
surface tension and, thereby, the capillary stresses induced by drying, and are not
expected to have any expansive agents. These are incorporated at dosages of 1% and
2% with respect to the binder content, by weight, and an equivalent weight of water is
removed.
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3.2.4.3 Fibres
Four types of synthetic fibres and hooked-ended steel fibres were investigated for
their efficiency in mitigating plastic shrinkage cracking. The synthetic fibres were
polyacrylonitrile (PAN), polypropylene (PP), glass (GS) and polyester (PE). Some of
the properties of the fibres are listed in Table 3.5. Synthetic fibres were incorporated
at the dosage recommended by the supplier while the steel fibres were incorporated at
a dosage of 10 kg/m3, which is the minimum dosage used in most applications.
Additionally, a higher dosage was used in the cases of PAN and GS fibres. The
dosages used are given in Table 3.6.
Table 3.5: Properties of fibres specified by the suppliers

Fibre
Polyacrylonitrile
Polypropylene
Glass
Polyester
Steel (hooked)

Tensile
Length Diameter
strength
(mm)
(µm)
(GPa)
12
14.4
0.69
12
20
0.55
12
14
1.70
12
20
0.50
35
500
1.34

Elastic
modulus
(GPa)
12.0
6.8
72.0
>5.0
200.0

Failure
Specific
strain
gravity
(%)
20
1.17
25
0.92
2.4
2.68
20
1.34
3.5
7.78

Table 3.6: Dosages of fibres
Fibre
Polyacrylonitrile
Polypropylene
Glass
Polyester
Steel

3.2.5

Mass (kg)
0.45, 1.20
0.90
0.60, 1.20
0.90
10.0

Vf (%)
0.04, 0.10
0.10
0.02, 0.04
0.07
0.13

Curing compounds

Four generic curing compounds, namely wax-, acrylic resin-, water- and methacrylate
resin-based, were assessed for their effect on plastic shrinkage cracking, and are
denoted as WX, AR, WA and MR, respectively. The compounds comply with the
requirements of ASTM C309-11. Among these compounds, three were whitepigmented (WX, AR and WA) while the other compound (MR) was a clear or
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translucent without any dye. All the compounds were applied at a rate of 5 m2 per
litre, which is a common dosage specified by most suppliers.

3.3 Mix proportion
Normal strength concrete with water-to-binder ratio of 0.55 and binder content
of 340 kg/m3 were selected for the study. The ingredients are mix proportioned as per
the guidelines of IS 10262: 2009 for attaining a characteristic strength of 30 MPa. The
proportions of the control mix are shown in Table 3.7. Fly ash and slag are
incorporated into this mix, at replacement levels of 15% and 30% by weight of
cement. Additionally, for assessing blended cement performance, portland slag
cement and portland pozzolana cement were used instead of the ordinary portland
cement. For compensating the increase in volume of binder due to the difference in
densities of the SCMs from cement, the total aggregate content was altered based on
absolute volume calculations. However, the relative proportions of the different
aggregate fractions were maintained constant. The mix proportions of all the
concretes are provided in Table 3.7. Note that the aggregates are taken to be in the
saturated surface dry condition.
Table 3.7: Mix proportion of concrete mixes

Constituents
Cement
Mineral
admixture
Coarse
aggregate
(20-10 mm)
Coarse
aggregate
(10-4.75 mm)
Fine
aggregate
Water

Control
Mix
CM
340

FA15
289

FA30
238

PPC
340

SG15
289

SG30
238

PSC
340

0

51

102

0

51

102

0

703

696

689

698

702

700

701

377

374

370

375

377

376

376

796

788

780

790

794

792

794

187

187

187

187

187

187

187

Fly ash Mixes

Slag Mixes

3.4 Mixing procedure
Prior to mixing, the surface moisture of the aggregates (20 – 10 mm, 10 – 4.75 mm
and fine aggregate) were determined by using a microwave oven; 250 grams of air32

dried sample was taken in a porcelain bowl and placed inside the microwave oven for
3 minutes at high power and its mass loss was calculated. The corresponding moisture
correction was made in the mixing water to maintain the water-cement ratio.
Concrete was mixed in a rotary pan mixer of 40 litres (0.04 m3) capacity. Prior
to the addition of materials, the surface of the pan and blades were moistened with
water. The materials were added in the following sequence: first, the coarse
aggregates (20 – 10 mm and 10 – 4.75) were added and followed by fine aggregate.
The aggregates were dry mixed for two minutes. Then 20% of the mixing water was
slowly introduced and allowed to mix for another minute. At the end of three minutes,
the mix was allowed to rest for two minutes to allow for water absorption by the
aggregates. After the rest period, the binder was added and mixed for two minutes.
The remaining 80% of mixing water and superplasticizer (in mixes with the
superplasticizer) were slowly introduced into the pan in motion and allowed to mix
finally for three more minutes. The entire mixing process was for a period of
10 minutes. In mixes with shrinkage reducing admixtures, the admixture was
combined with the remaining 80% mixing water and introduced. In cases of fibre
reinforced concrete mixes, fibres were added in the last minute of mixing. Fibres were
slowly added manually for ensuring uniform distribution. During the process of
mixing, the side walls and bottom of the pan were scraped with a trowel to prevent
loss of mortar and to attain a homogeneous mix. After the completion of mixing, the
fresh properties of the concrete, namely slump and density were determined.
Thereafter, the fresh concrete was placed in the oiled plastic shrinkage mould and
vibrated on a table vibrator for 10 seconds. The excess concrete was removed with an
aluminium straight-edge in the direction perpendicular to the stress riser. Finally, the
surface was troweled to get a gelatinous surface and shifted to the environmental
chamber. Simultaneously, 15 cubes of 100 mm were cast for each of the concrete
mixtures to determine compressive strength and 9 prisms of 150 × 150 × 700 mm
were cast for the control mix and the mixtures with fibres for flexure toughness
determination.

3.5 Assessment of plastic shrinkage cracking potential
Plastic shrinkage cracking of the concrete mixtures was evaluated as per
ASTM C1579-2013. According to the Standard, the concrete has to be filled in the
plastic shrinkage mould and exposed to controlled hot and dry conditions to induce
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plastic shrinkage cracking. The cracks were quantified and compared between the
mixtures. The details of the test chamber used for attaining hot and dry conditions, the
test configuration and crack microscope used in the study are discussed in this section.
3.5.1

Environmental chamber

The evaporative potential of the atmosphere surrounding the concrete is an important
parameter for causing plastic shrinkage cracking. The ASTM C1579 – 13 Standard
prescribes a minimum evaporation rate of 1 kg/hr/m2 (from a free water surface) for
the test. Such high rates of evaporation are possible only at a high temperature, low
relative humidity and high wind speed. For stimulating appropriate conditions, an
environmental chamber was specially designed. The internal dimensions of the
chamber are 77 × 100 × 50 cm. The operating range of temperature is from ambient
temperature to 50°C and the relative humidity range is from 30% to 60%. Besides
controlling temperature and humidity, the chamber is built with a horizontal blower to
circulate air uniformly over the surface of the specimen and to produce a high rate of
evaporation from the concrete surface. The blower is capable of generating air
velocities ranging from 0.5 to 5 m/s. With these environmental conditions, the
chamber was able to generate conditions conducive to plastic shrinkage cracking. The
design details and performance evaluation of the test chamber are discussed in detail
in Appendix A.
3.5.2

Test configuration

The plastic shrinkage mould for the study was fabricated as per the ASTM Standard
using acrylic sheets. The mould has the internal dimensions of 560 mm length,
355 mm width, and 100 mm depth. It has two end restraints of 32 ± 1 mm high placed
at 90 ± 2 mm inwards from either ends to restrain the concrete. Additionally, a stress
riser of 63.5 ± 1 mm high is placed at the centre to induce cracking. Drawings of the
mould and the image of fabricated mould are shown in Figures 3.3 and 3.4,
respectively.
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Figure 3.3: Plastic shrinkage test configuration

Figure 3.3: Plastic shrinkage mould
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3.5.3

Crack microscope

A crack microscope is a handheld instrument for measuring crack widths with high
precision. The eyepiece of microscope is equipped with a linear scale called graticule
and enables the measurement of any planar dimensions. The microscope is provided
with a knob to focus on the crack, and the eyepiece can be rotated 360° to align the
graticule perpendicular to the crack to measure crack widths. The measuring range of
the crack microscope is 0 to 2.5 mm; the 2.5 mm measuring scale is divided into
divisions of 0.25 mm, which are subdivided further into divisions of 0.025 mm.
Figures 3.5(a) and (b) show the crack microscope and graticule of the eye piece,
respectively.

(a)

(b)

Figure 3.4: (a) Crack microscope and (b) Graticule

3.6 Test procedure
Within thirty minutes after the contact between water and cement during mixing, the
concrete specimens were cast, placed, finished and shifted to the environmental
chamber. In the chamber, the specimens were exposed to a temperature of 42 ± 1°C,
relative humidity of 35 ± 5% and air velocity of 4.5 ± 0.5 m/s. The specimens were
inspected every 30 minutes for signs of cracking, and the crack initiation times were
noted. Specimens were exposed to these conditions for 24 hours. Also, pans filled
with concrete and water were placed beside the specimen to monitor moisture loss.
These pans were weighed at regular intervals of 30 minutes for a period of 4 hours.
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After 24 hours, the specimens were removed from the environmental chamber and
allowed to cool for 24 hours, after which the residual crack dimensions were
determined.
For determining the crack area, crack widths were measured using the crack
microscope at regular intervals of 10 mm along the crack length, and the crack length
was measured using a thread. 10 mm intervals were marked on along the crack with
the help of markings on the thread as shown in Figures 3.6 and 3.7.

Figure 3.5: Measurement of crack width and length

Figure 3.6: Closer view of marked thread
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3.7 Fresh properties of concrete - experimental methods
The fresh properties determined were slump, unit weight and final setting time of
concrete. Slump and unit weight were measured in accordance with ASTM C143-12
(Standard test method for slump of hydraulic cement concrete) and ASTM C138-14
(Standard test method for density, yield and air content of concrete), respectively. The
final setting of concrete was determined as per IS 8142-1976 (Method of test for
determining setting time of concrete by penetration resistance).
For determining the final setting time of concrete, it was wet-sieved on to a nonabsorptive surface through 4.75 mm sieve. The mortar thus obtained was thoroughly
remixed and placed in a watertight container (of 150 × 150 × 150 mm) in three layers.
Each layer was consolidated by rodding with a tamping rod to remove entrapped air.
The mortar was filled at least 10 mm below the top edge of the container to facilitate
collection and removal of bleed water, and also to avoid contact between the mortar
and protective covering. Prior to the penetration measurements, the bleed water
accumulated at the surface was removed using a syringe after tilting the container by
placing a block under one side of it. Penetration tests were made at hourly intervals
after 4 hours from initial contact of cement with water. Depending on the degree of
hardening of the mortar, the appropriate needle was inserted in the penetration
resistance apparatus and brought into contact with the surface. Force was gradually
and uniformly applied on the handle. The force required to produce a 25 mm
penetration and the time of application (measured as elapsed time, from initial contact
of cement with water) were recorded. Penetration resistance is calculated using the
bearing area of the needle. The final setting time is defined as the time elapsed to
attain a penetration resistance of 26.97 N/mm2.

3.8 Experimental methods for hardened properties of concrete
3.8.1

Compressive strength

Compressive strength of all the mixtures was determined using a 3 MN capacity
Controls testing machine. Figure 3.8(a) shows the machine and Figure 3.8(b) shows
the close-up view of the loading frame. Concrete cubes of 100 mm size were tested at
1, 3, 7, 14 and 28 days. Three cubes were tested at each age, at a loading rate of
2289 N/s, in accordance with IS 516 - 1959 (Methods of tests for strength of
concrete).
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(a)

(b)

Figure 3.7: Compression test setup (a) testing machine and (b) Close-up view
3.8.2

Flexural toughness

The most important characteristic of incorporating fibres in concrete is the
enhancement in the flexural response of the concrete. This mechanical property of
fibre reinforced concrete differs significantly from that of unreinforced concrete. In
general, it is widely accepted that incorporation of fibres improves the resistance to
crack growth and ductility. However, the improvement in flexural toughness of
concrete at fibre dosages required to mitigate plastic shrinkage cracking remains a
question. In order to determine this, three point flexural beam tests were carried out.
Fibre reinforced concrete prisms were tested at the age of 28 days in 1 MN
closed-loop servo-controlled Controls testing system, under constant deflection rate.
Specimens were tested in a simply supported configuration with a span of 450 mm,
and subjected to third-point loading, as shown in the Figure 3.9. It was made sure that
in all the cases the loading direction was perpendicular to the direction of casting so
as to nullify the unconservative bias that may arise due to the settlement of fibres.
Deflections were measured using two Linear Variable Displacement Transducers
(LVDTs) of 1 micron accuracy. LVDTs were fixed on either side at mid-height of the
specimens using yoke frames. These yokes were clamped to the specimen by screw
heads as shown in Figure 3.9. LVDTs were made to rest on the S shaped brackets that
were glued to the top surface of the specimen. The deflection measurement setup used
in the study conforms to ASTM C1609-12 (Standard test method for flexural
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performance of fibre reinforced concrete) and JSCE–SF4 (Method of tests for flexural
strength and flexural toughness of steel fibre reinforced concrete).

Figure 3.8: Third point loading test configuration
Initially, tests were started under load control with a constant load rate of
100 N/s. After attaining 20% of the estimated peak load, the control variable is
switched to displacement, and the test is done at a constant rate of 0.5 m/s. Tests were
stopped when either the load carrying capacity drops to 3 kN or failure of the
specimen occurs. The control parameters of closed loop control were decided based
on previous experience and the testing machine characteristics. A minimum of six
prisms were tested for each fibre concrete for determining the flexural parameters.
The load deflection curves were obtained for each specimen and consequently
various flexural parameters, namely, flexural strength, equivalent flexural strength
and equivalent flexural strength ratio, were calculated.
3.8.2.1 Flexural strength
For the simply supported three point loading configuration, the expression for flexural
strength (

) is:
=

3.1

where P is the first peak load in N, and l ,b and d are span length, width and depth of
the specimen in mm, respectively.
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3.8.2.2 Equivalent flexural strength
The equivalent flexural strength (

) is the representative measure of the toughness

,

of the fibre concrete, and gives the average strength up to a specified deflection. It is
calculated using the average load (

,

) from the expression:

,

=

,

3.2

,

=

,

3.3

yielding,

where

is the area under the curve up to the deflection

,

= l/n, and n denotes the

deflection limit; normally, n = 150 and 300 (i.e., for a span of 450, the deflections of 3
and 1.5 mm, respectively).
3.8.2.3 Equivalent flexural strength ratio
Equivalent Flexural Strength Ratio (Re,n) is the ratio between the mean equivalent
flexural strength (

,

) and the mean flexural strength (

) at a specified

deflection, given as:
,

=

,

3.4

3.9 Summary
This chapter outlines the properties of all the materials, mix proportioning, and the
mixing procedure used for the study. It also describes the various test procedures used
for the determination of fresh and hardened properties of concrete. In addition, the
methodology and configuration adopted for the assessment of the plastic shrinkage
cracking were discussed comprehensively.
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CHAPTER 4
INFLUENCE OF SUPPLEMENTARY CEMENTITIOUS
MATERIALS ON THE PLASTIC SHRINKAGE CRACKING
OF CONCRETE

4.1 Introduction
Supplementary cementitious materials (SCMs) are being extensively used in concrete
either as a replacement for portland cement or in blended cements. The use of blended
cements and SCMs in concrete is being promoted for producing better performance,
as well as for environmental concerns (i.e., reduction of carbon footprint of cement
and better exploitation of the clinker). Incorporation of SCMs in concrete or usage of
blended cements usually modifies the properties of concrete in both fresh and
hardened states, compared to the use of only ordinary portland cement. Generally,
these materials retard the setting of concrete, bleeding and early-age strength. When
concretes with these materials are used in structures with extensive surface areas, such
as pavements, slabs, bridge decks, tunnel linings, etc., there is a serious concern for
plastic shrinkage cracking, especially in hot and dry conditions. Such premature
surface cracks may accelerate the ingress of harmful agents, and impair the durability
and serviceability of the structures.
For studying the influence of supplementary cementitious material and blended
cements on plastic shrinkage cracking, the mixes mentioned in the previous chapter
were assessed. Three mixes, CM, FA15 and FA30, having slumps of 100 – 120 mm,
without superplasticizer, and four other mixes, PPC, SG15, SG30, and PSC mixes,
each with an appropriate dosage of superplasticizer added to attain the desired slump
range, were tested. The effect of the addition of the superplasticizer in the mixes PPC,
SG15, SG30 and PSC on plastic shrinkage cracking was assessed by comparing the
results with tests of identical concretes without the incorporation of superplasticizer.
This chapter reports the experimental results of the concrete mixtures
investigated in the study. The influence of supplementary cementitious materials and
blended cements on plastic shrinkage cracking of concrete was analyzed based on the
results obtained. Other properties such as workability, fresh unit weight, final setting

time and compressive strength were also evaluated. Finally, the discussion of the
results and the summary of the results are presented.

4.2 Fresh and hardened properties of concrete
4.2.1 Workability
The slump data for all the mixes are given in Table 4.1. The replacement of fly ash for
ordinary portland cement (OPC) did not affect the workability of the concrete. On the
other hand, the use of blended cements (PPC and PSC) and the combination of OPC
and slag reduced the workability significantly. Hence, in these mixes, superplasticizer
had to be used for attaining the target slump, as mentioned earlier. The dosages of
superplasticizer required for the respective mixes were fixed based on trials, and are
reported in Table 4.1. Blended cements and slag being finer than OPC had higher
water demand (see Chapter 3), leading to the lower workability of concrete.
4.2.2 Fresh unit weight
Fresh unit weights of various concrete mixes are summarized in Table 4.1. It can be
seen that the unit weight decreases slightly as OPC is replaced with fly ash whereas
the unit weights of the other mixes are similar. The decrease in the fresh unit weight
in case of fly ash mixes is due to the difference between the densities of the fly ash
and OPC. The density of the fly ash is less than the density of OPC. Hence, weight
replacement of these low density material for OPC with fly ash slightly increases the
paste volume fraction (see Figure 4.1) in concrete and decreases the fresh unit weight.
Table 4.1: Fresh properties of concrete
Fresh unit
Dosage of SP
Mix ID
weight
(% of binder
(kg/m3)
content)
CM
2445
0
PPC
2425
0.20
PSC
2420
0.32
FA15
2415
0
FA30
2390
0
SG15
2430
0.23
SG30
2420
0.38
PPC*
2425
0
PSC*
2420
0
SG15*
2430
0
SG30*
2420
0
Note: *without superplasticizer
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Slump (mm)
100-120
100-120
100-120
100-120
100-120
100-120
100-120
30-50
30-50
30-50
30-50

% of paste content

31.0

30.5

30.0

29.5

29.0
CM

FA15

FA30

SG15

SG30

PPC

PSC

Figure 4.1: Paste content in various mixes
4.2.3 Final setting times
The final setting times from three trials on each of the concrete mixes with slumps of
100-120 mm are shown in Figure 4.2 and Table 4.2. From the results, it is clear that
the setting was retarded in all the mixes, relative to control mix. The maximum
retardation was observed in the FA30, SG30 and PSC concretes. In these cases, the
final setting time was about an hour longer than that of the control mix. The observed
increase in final setting time can be attributed to the slow rate of hydration. These
results are in agreement with the findings reported by Brooks et al. (2000), Marthong
and Agrawal (2012), and Siddique and Bennacer (2012).
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Figure 4.2: Final setting time of concretes
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Table 4.2: Final setting times: average and standard deviation
Average final
Mix ID
setting time
S.D
CoV (%)
(min)
CM
425
4.4
1.0
PPC
440
8.5
1.9
PSC
480
11.1
2.3
FA15
470
5.0
1.1
FA30
490
8.5
1.7
SG15
440
7.5
1.7
SG30
495
10.0
2.0
S.D and CoV – standard deviation and coefficient of variation for 3 trials
4.2.4 Compressive strength
The compressive strength data for all the concrete mixtures are given in Table 4.3,
and the average compressive strengths are plotted against age in Figures 4.3 to 4.5.
From Figure 4.3, it can be seen that the commercially-available blended cements PPC
and PSC resulted in lower strength at all the ages, relative to the control mix, as
expected. At 28 days, the compressive strength of control mix was 45.5 MPa whereas
the compressive strength of PPC and PPC mixes were 39.9 and 31.2 MPa,
respectively. Figures 4.4 and 4.5 show the variation in strength development due to
the incorporation of fly ash and slag at replacement levels of 15% and 30%,
respectively. It is evident that the compressive strength declined at all ages with the
increase in fly ash and slag dosage, with a stronger effect in the case of fly ash; at 28
days, the decrease in compressive strength at 30% replacement of fly ash and slag are
21% and 12%, respectively.
The results obtained in this work confirm the conclusions of Siddique (2004),
Mittal et al. (2008), Marthong and Agrawal (2012), and Dhanya (2015), who reported
that the incorporation of Indian fly ashes (that are coarser than cement) reduces the
compressive strength of concrete. Similarly, researchers such as Siddique (2012),
Qiang (2013), and Dhanya (2015) have concluded that the replacement of cement
with Indian slag reduces the early compressive strength of concrete.
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Figure 4.3: Compressive strength development for three different cements
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Figure 4.4: Compressive strength development for fly ash concretes
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Figure 4.5: Compressive strength development for slag concretes
Table 4.3: Compressive strengths at various ages
Compressive strength (MPa)
1 day
3 days
7 days
14 days
Mean S.D Mean S.D Mean S.D Mean S.D
CM
10.5
0.2
18.4
0.4
32.1
1.6
40.2
1.2
PPC
6.5
0.2
14.1
0.3
23.0
0.5
32.3
0.8
PSC
6.8
0.1
12.3
0.2
20.3
0.7
26.1
0.5
FA15
8.5
0.7
15.8
0.4
26.9
2.1
37.0
1.1
FA30
6.3
0.5
11.9
0.5
19.6
0.3
29.3
0.5
SG15
9.5
0.3
16.4
0.1
30.5
0.4
39.1
1.5
SG30
7.7
0.1
15.1
0.2
27.4
0.5
36.4
0.4
Note: S.D – standard deviation for 3 specimens
Mix ID

28 days
Mean S.D
45.5
1.2
39.9
1.5
31.2
0.4
41.5
1.9
36.1
1.5
42.6
0.4
40.2
0.6

4.3 Plastic shrinkage results
Figures 4.6 to 4.12 show the images of the surfaces of the specimens with plastic
shrinkage cracking. It can be observed that, in all the cases, the cracks are formed at
the middle of the specimen, i.e. above the stress riser; they are initiated above the
centre of the stress riser and propagate towards the ends. In concretes with lower
cracking potential (i.e., CM, FA15 and FA30), cracking does not extend over the
entire width of the specimen whereas in the others the crack covers the width of the
specimen. The crack data for all the concretes investigated is summarized in
Table 4.4.
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Figure 4.6: Plastic shrinkage cracking in CM

Figure 4.7: Plastic shrinkage cracking in PPC
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Figure 4.8: Plastic shrinkage cracking in PSC

Figure 4.9: Plastic shrinkage cracking in FA15
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Figure 4.10: Plastic shrinkage cracking in FA30

Figure 4.11: Plastic shrinkage cracking in SG15
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Figure 4.12: Plastic shrinkage cracking in SG30
Table 4.4: Summary of test results

Mix
ID

Crack
initiation
time (min)

CM
PPC
PSC
FA15
FA30
SG15
SG30

207
172
192
180
167
197
183

Crack
area
(mm2)
97
223
278
121
138
225
402

Crack properties
Max.
Crack
crack
length
width
(mm)
(mm)
263
0.68
425
1.12
399
1.27
303
0.93
333
1.03
427
1.25
444
1.73

Mean
crack
width
(mm)
0.37
0.53
0.70
0.40
0.42
0.53
0.91

%
increase
in crack
area

% increase
in mean
crack
width

129
185
24
42
132
313

42
88
7
12
42
144

4.3.1 Influence of blended cements on plastic shrinkage cracking
The cracking data for the concretes with the three different cements are presented in
Figures 4.13 to 4.16. The results indicate that the minimum crack area was observed
in case of the control mix and the crack areas were higher for the blended cements.
The average crack area in control mix was 100 mm2 while in the cases of PPC and
PSC, it increased to 220 mm2 and 280 mm2, respectively. The maximum crack width
in the control mix was 0.6-0.7 mm while in the case of concrete with blended
cements, the crack widths were in order of 1.0 to 1.4 mm. From Figure 4.13, it can be
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noted that, compared to the control mix, the mean crack width increased by 41% and
88% in PPC and PSC, respectively. Moreover, the cracks were initiated earlier in the
concretes with blended cements than in the control mix (see Figure 4.16).
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Figure 4.13: Crack area of concretes with different cements
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Figure 4.14: Crack length of concretes with different cements
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Figure 4.15: Crack width of concretes with three different cements
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Figure 4.16: Crack initiation time of concretes with three different cements
4.3.2 Influence of fly ash on plastic shrinkage cracking
Figures 4.17 to 4.20 show the crack area, crack length, maximum crack width, mean
crack width and crack initiation time for the concretes incorporating fly ash,
respectively. Increases in crack area, crack length and maximum crack width were
observed with incorporation of fly ash; the crack area, length and maximum width
were increased by 42%, 27% and 51%, for 30% replacement. Also, the mean crack
width increased slightly by 7% and 12% at replacement levels of 15% and 30%,
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respectively. The cracks were initiated 30 minutes earlier in these mixes compared to
the control mix.
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Figure 4.17: Crack area of concretes at different replacement levels of fly ash
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Figure 4.18: Crack length of concretes at different replacement levels of fly ash
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Figure 4.19: Crack width of concretes at different replacement levels of fly ash
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Figure 4.20: Crack initiation of concretes at different replacement levels of fly ash
4.3.3 Influence of slag on plastic shrinkage cracking
The overall data including crack area, crack length, maximum crack width, mean
crack width and crack initiation time for the mixes with slag are presented in Figures
4.21 to 4.24, respectively. Figures 4.21 and 4.23 clearly indicate that the incorporation
of slag resulted in a significant increase in both crack area and maximum crack width,
relative to the control mix. The crack area in the control mix was 100 mm2, and
increased, at the replacement levels of 15% and 30%, to 225 mm2and 400 mm2,
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respectively. This was also accompanied by a significant increase in the maximum
crack width. At 30% replacement level, the maximum crack width observed was
1.9 mm while in the control mix, the maximum crack width was in the order of 0.60.7 mm. Moreover, from Figure 4.23Figure 4.23, it can be illustrated that, relative to
control mix, the mean crack width increased by 40% and 140% in the SG15 and SG30
mixes, respectively. The crack initiation times are plotted in Figure 4.24. It can be
observed that the time for the first crack was lower in these mixes.
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Figure 4.21: Crack area of concretes at different replacement levels of slag
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Figure 4.22: Crack length of concretes at different replacement levels of slag
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Figure 4.23: Crack width of concretes at different replacement levels of slag
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Figure 4.24: Crack initiation of concretes at different replacement levels of slag
4.3.4 Influence of superplasticizer on plastic shrinkage
The plastic shrinkage cracking results of the concrete mixes in which superplasticizer
was used are summarized in Figures 4.25 to 4.29. At the dosage of superplasticizer
incorporated, a marginal decrease in crack area and length was observed in all the
concretes with the superplasticizer, inspite of having a much higher slump. In
addition, the maximum and mean crack widths decreased slightly, compared to the
concretes without superplasticizer. Moreover, the crack initiation was delayed for
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these concretes with the use of superplasticizer. Previous studies by Cabrera et al.
(1992) and Al-Amoudi et al. (2005) have also reported that superplasticizers could
have a beneficial effect in reducing plastic shrinkage cracking.
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Figure 4.25: Crack area of concretes with and without superplasticizer
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Figure 4.26: Crack length of concretes with and without superplasticizer
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Figure 4.27: Maximum crack width of concretes with and without superplasticizer
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Figure 4.28: Mean crack width of concretes with and without superplasticizer
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Figure 4.29: Crack initiation time of concretes with and without superplasticizer

4.4 Evaporation rates
Figure 4.30 shows the cumulative rate of evaporation over four hours for various
concretes having a slump of 100-120 mm, determined by measuring the change in
weight of the pans filled with concrete and water. The straight line shows the rate of
evaporation from the free water surface, corresponding to an average of about 0.90
kg/m2/hr. It can be seen that the rate of moisture loss from the concrete was initially
equal to that of water and later decreases gradually with time. The rate of evaporation
from all the concretes was similar, with no significant variation observed due to the
replacement of cement with SCMs or blended cements. The intention was to assess
the evaporation rates on uncracked surfaces, mainly to represent the severity of the
environment and to compare the effects on different concretes.
Cumulative water loss in kg/m2

3.5
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Figure 4.30: Cumulative rate of evaporation of various concretes
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4.5 Capillary pressure
The main driving force that leads to plastic shrinkage cracking in cementitious
systems is the build-up of the capillary pressure in the pore liquid of the system,
generated by the menisci at the surface of the concrete. This capillary pressure tends
to pull the solid particles together and subsequently cause shrinkage. Hence, the
maximum capillary pressure generated in the system reflects the amount of shrinkage
that can occur in the system. The maximum capillary pressure (P

) generated in the

system was calculated using the expression shown below, and the values obtained are
presented in the Table 4.5.
=

.

.

4.1

/

where,γ [N/m] is the surface tension of the pore liquid, S [m2/kg] is the specific
surface area of the binder and w/b is the water-binder ratio. Eqn. 4.1 has been
obtained by modifying Powers expression (Powers, 1960) by substituting the cement
by binder. For the calculation of maximum capillary pressure in case of CM, PSC and
PPC, specific surface area values of the corresponding cements obtained from
Blaine’s air permeability were used. For the SCM mixes (FA15, FA30, SG15, SG30),
the specific surface areas were calculated from the individual specific surface areas of
OPC, FA and SG, based on the replacement levels of SCMs for cement. The
calculated specific surface areas of all the binders are given in Table 4.5 along with
the calculated variation (i.e., increase or decrease) in the maximum capillary pressure.
The surface tension of water was assumed to be 0.07 N/m (at 42 C).
Table 4.5: Maximum capillary for various concretes
Mix ID S (m2/kg)
340
CM
321
FA30
330
FA15
353
SG15
365
PPC
366
SG30
370
PSC

Pmax (kPa) % variation
43.3
-5.7
40.8
-2.9
42.0
3.7
44.9
7.4
46.5
7.5
46.5
8.8
47.1

The maximum capillary pressure for various concretes ranges from 40.8 to
47.1 kPa. These values agree well with the values measured by Mora et al. (2008) and
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Saliba et al. (2011). The replacement of fly ash for OPC decreases the specific surface
of the binder and in turn slightly decreases the maximum capillary pressure. The
decrease in the maximum capillary pressure for 30% replacement of fly ash was 5.7%
compared to CM. On the other hand, the replacement of slag and blended cements
increase the specific surface area and consequently increase the maximum capillary
pressure. Compared to CM, the maximum increase in the capillary pressure was 8.8%
and was observed in case of PSC. These slight variations in the maximum capillary
pressure can be considered as insignificant to influence the plastic shrinkage cracking.

4.6 Discussion
The study of the influence of SCMs and blended cements on plastic shrinkage
cracking clearly demonstrates that the potential for cracking increases with the
replacement of SCMs and blended cements. From the investigations, it was noticed
that the rate of evaporation, capillary pressure and paste content were similar for all
the concretes investigated. Consequently, the variables that affect the alteration in the
plastic shrinkage cracking potential are setting time, early age strength and bleeding
characteristics, all of which can change with the binder composition. As mentioned
earlier, the replacement of SCMs and blended cements for OPC retard the setting of
concretes and affect the early age strength. From Table 4.3, it is clear that the one-day
strength decreases gradually with an increase in the dosage of the SCMs. With the
replacement of 30% cement by fly ash and slag, the decreases in one-day strength
were 40% and 27%, respectively. Similarly, the replacement of OPC by blended
cements reduced the one-day strength by 35%. Consequently, the rate of strength gain
at early ages can be a reason for the increase in the cracking observed due to the
replacement of OPC with SCMs and blended cements.
In all the concretes investigated, plastic shrinkage cracks were initiated earlier
in the concretes with SCMs, relative to CM. This can be attributed to the reduction in
the bleeding capacity of the concretes with the replacement of the SCMs or blended
cements for OPC, which was observed visually. As a result, in hot and dry conditions,
the rate of evaporation can exceed the rate of bleeding earlier in the concretes with
SCMs, leading to earlier cracking compared to concretes without SCMs. This implies
that curing of concretes with SCMs should be initiated earlier than for concretes with
only OPC.
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It was seen that the incorporation of the superplasticizer had a beneficial effect
in reducing plastic shrinkage cracking and prolonging the onset of cracking. This
could be attributed to the fact that superplasticizers reduce the surface tension and
contribute to reducing the capillary pressure.

4.7 Summary
This chapter reports the results of the influence of supplementary cementitious
materials and blended cements on plastic shrinkage cracking, and also on fresh and
hardened properties of concrete. Specifically, this chapter illustrates the following:


The use of blended cements (PPC and PSC) and the combination of OPC and
slag significantly reduced the workability while the replacement of fly ash for
OPC did not affect the workability of the concrete.



The weight replacement of fly ash for OPC slightly reduced the unit weight of
concrete due to variation in densities of fly ash and OPC, and in rest of the
cases the unit weights were similar.



The incorporation of SCMs and blended cements in concrete retard setting and
slightly reduce the rate of development of the strength.



The risk of plastic shrinkage cracking increases with the replacement of SCMs
and blended cements for OPC. The intensity of cracking increases with the
increase in the replacement levels.



The rate of evaporation and maximum capillary pressure calculated from
Power’s equation were similar for all the concretes with no significant
variation due to the incorporation of SCMs or blended cements in concrete.
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CHAPTER 5
INFLUENCE OF FIBRES ON PLASTIC SHRINKAGE
CRACKING OF CONCRETE
5.1 Introduction
Incorporation of fibres at low dosages is expected to provide benefits while the
concrete is still in plastic state and also to enhance some of the properties at hardened
state. In some structures, like slabs on grades, pavements, screeds, tunnel linings,
bridge decks etc., it is advantageous to add fibres as secondary reinforcement to
control cracking at early ages. In this chapter, the contribution of fibres in reducing
the plastic shrinkage cracking potential of concrete is assessed. First, the performance
assessment of the fibres is presented, including the determination of fresh and
hardened properties of the fibre reinforced concrete. The fresh properties include
workability and fresh unit weight while the hardened properties include compressive
strength and flexural toughness. Next, the plastic shrinkage results of the concretes
with fibres are presented and discussed.

5.2 Assessment of the fibre performance in fresh and hardened concrete
For assessing the performance of the fibres, five types of fibres were incorporated into
the control mixes at the dosages recommended by the corresponding supplier. The
fresh and hardened properties of the fibre reinforced concretes were determined.
Slumps of all the mixes were in the range of 100-120 mm. The notation used to refer
to the 5 mixes is given in Table 5.1, along with the superplasticizer dosage used.
Table 5.1: Experimental matrix for investigation with control mix

Mix ID

CM-PAN
CM-GLS
CM-PP
CM-PE
CM-ST

Slump without
Slump with
superplasticizer superplasticizer
(mm)
(mm)
30-50
30-50
30-50
30-50
30-50

100-120
100-120
100-120
100-120
100-120

Dosage of
superplasticizer
for target slump
(% of binder
content)
0.20
0.25
0.30
0.30
0.25

Fresh
unit
weight
(kg/m3)
2445
2445
2450
2450
2450

5.2.1 Workability and fresh unit weight
Considerable reduction in the workability of the concrete was observed with the
incorporation of the fibres in the concrete. For instance, the slump of control mix was
100-120 mm, and dropped to 30-50 mm with the addition of fibres. Therefore,
superplasticizer had to be incorporated or its dosage had to be increased for attaining
the target slump. The dosage of superplasticizer for each mix was fixed based on
trials, and the values obtained are provided in Table 5.1. The reason for the reduction
in slump with addition of fibres is due to the network that forms within the concrete,
increasing the viscosity of the concrete and reducing slump. Recent studies by Jiang et
al. (2014), and Söylev and Özturan (2014) also reported the decrease in the
workability due to incorporation of short fibres.
Incorporation of fibres in concrete did not show any effect on the fresh unit
weight of the concrete. This is mainly due to the low dosage of fibres that were
incorporated.
5.2.2 Compressive strength
Figure 5.1 and Table 5.2 show the compressive strength results of the control mix
reinforced with different types of fibres. A marginal enhancement in compressive
strength was observed for all fibres compared to plain control. Among the five types
of fibres, steel fibres contributed to the highest compressive strength while the glass
fibres gave the lowest compressive strength. At 28 days, the increase in the strength in
case of CM-ST was about 7% compared to plain control mix. The increases in
strength at 28 days for GLS, PAN, PP and PE fibres were 1% 3%, 5% and 6%,
respectively. Previous studies by Wongtanakitcharoen (2005), Sivakumar and
Santhanam (2007), and Jiang (2014) also observed similar marginal improvements
(<6%) in compressive strength at fibre dosages of ≤0.1% volume fraction.
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Figure 5.1: Compressive strength of various fibres with control mix
Table 5.2: Compressive strengths of fibre reinforced concrete at various ages
Compressive strength (MPa)
Mix ID
1 day
3 days
7 days
14 days
Mean S.D Mean S.D Mean S.D Mean S.D
CM
10.5
0.2
18.4
0.1
32.1
1.6
40.2
1.2
CM-PP
10.6
0.1
20.9
0.8
33.9
0.9
41.5
1.1
CM-PAN 10.8
0.2
19.4
0.6
33.1
0.4
41.1
1.4
CM-PE
11.1
0.8
20.5
1.1
34.2
0.7
42.2
1.1
CM-GLS 10.4
0.6
19.8
0.7
32.6
0.8
41.3
0.3
CM-ST
11.3
0.3
21.1
0.1
35.3
0.5
42.9
0.6
S.D – standard deviation for 3 specimens

28 days
Mean S.D
45.5
1.2
47.9
2.9
46.8
0.9
48.3
1.0
46.1
2.2
48.8
2.1

5.2.3 Flexural response
Typical load deflection curves based on the average deflection from two LVDTs for
all the fibres are shown in Figure 5.2. It can be seen that the PE fibre gives a higher
peak load whereas the steel fibre gives much better load-carrying capacity at larger
displacements. In Figure 5.3, the same curves are shown up to a deflection of
300 micron. It is evident that the plain concrete demonstrates relatively brittle
behaviour, with the load carrying capacity decreasing rapidly with increase in
deflection. The steel fibres showed a significant influence in the post-peak behaviour
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while the influence of synthetic fibres was nominal. In the following sections, flexural
strength and toughness parameters of concretes with different fibres are compared.
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Figure 5.2: Typical load deflection curves of various fibre reinforced concretes
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Figure 5.3: Typical load deflection curves up to 300 micron deflection
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5.2.3.1

Flexural Strength

The results of flexural strength tests are presented in Table 5.3. It can be seen that the
effect of incorporation of fibres on flexural strength was negligible, except in case of
polyester fibre; the increase in flexural strength due to addition of polyester fibre
compared to plain concrete was about 1.3 MPa while in the cases of other fibres the
increase was only about 0.2 to 0.3 MPa. Interestingly, polyester fibres did not
contribute considerably to the post-peak region although they increase the peak load
carrying capacity.
5.2.3.2

Toughness parameters

From the load-deflection curves, toughness indices, namely two equivalent flexural
strengths (fe,300 and fe,150) and two equivalent flexural strength ratios (Re,300 and Re,150),
were calculated for all the concretes at deflection limits n = 300 and 150. The
summary of the calculated toughness indices are presented in Table 5.3. As expected,
the addition of fibres slightly affected the post-peak softening response of the concrete
by bridging across the cracks and eliminating sudden brittle fracture. The steel fibre
reinforced concrete showed highest values for all the toughness parameters, reflecting
the significant improvement in the post-peak load carrying capacity. Among the
synthetic fibres, polypropylene fibres showed better performance. Comparison of the
two equivalent flexural strengths show that the fe,300 and fe,150 are approximately equal
in case of steel fibres, indicating pseudo-ductile behaviour; however, in case of
synthetic fibres, fe,150 values were lower compared to fe,300, exhibiting softening-type
response.
The equivalent flexural strength ratios reflect the percentage of flexural strength
retained by the concrete after cracking. As expected, steel fibres showed strength
retention of about 46% and 42% at deflection limits of 1.5 mm and 3 mm,
respectively, reflecting the marginal decrease in load carrying capacity as the crack
widens. Among synthetic fibres, polypropylene fibres showed the highest retention of
flexural strength at both the deflection limits. However, the Re,150 values of all the
synthetic fibres are much lower than Re,300 indicating the significant drop in strength
retention capacity. In addition, it was observed that the variation in toughness
parameters was highest for glass and PAN fibres, with coefficients of variation of
about 20%, while polypropylene and steel fibres showed the least variation. This
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could be due to the lower dosages used in the cases of PAN and glass fibres compared
to the other cases.
Table 5.3: Toughness parameters of various fibres
fct

Mix ID

fe,300

fe,150

Re,300

Re,150

Mean CoV Mean CoV Mean CoV Mean CoV Mean CoV
(MPa) (%) (MPa) (%) (MPa) (%)
(%)
(%)
(%)
(%)
4.2
7.6
0.3
12.8 0.02 12.8
8.3
10.9
4.2
10.9
4.5
7.5
0.8
8.0
0.03
8.0
17
11.9
8.5
11.9

CM
CM-PP
CM4.4
6.8
0.5
19.3 0.05
PAN
CM-PE
5.4
9.8
0.5
18.2 0.05
CM4.4
6.7
0.5
21.3 0.05
GLS
CM-ST
4.5
9.0
2.1
12.2
1.9
CoV- coefficient of variation of 6 samples

19.3

11.6

19.9

5.8

19.9

18.1

13.1

8.9

6.6

8.9

21.3

11.3

23.8

5.7

23.8

11

46

13.2

42

10.0

5.3 Influence of fibres in mitigating plastic shrinkage cracking in the
control mix
5.3.1 Performance of fibres
All the fibres were assessed for their efficiency in mitigating plastic shrinkage
cracking at the dosage recommended by the corresponding supplier. The addition of
fibres in concrete, even at low volume fractions, has a significant influence on plastic
shrinkage cracking. In the restrained plastic shrinkage tests, all the fibres completely
eliminated cracking in CM implying good performance.
5.3.2 Evaporation rates
Figure 5.4 shows the results of the rate of evaporation of various fibres with control
mix. The straight line gives the average rate of evaporation of water, corresponding to
about 0.90 kg/m2/hr. The rate of moisture loss from the concrete was initially equal to
the rate of evaporation of water and decreases gradually with time. It can be observed
that the rates of evaporation in fibre reinforced concretes were less compared to plain
concrete. The coefficient of variation being high among the evaporation rates of fibre
reinforced concretes, fibres were not compared individually for their influence on
evaporation. Figure 5.5 show the effect of all the fibres on evaporation, where the
error bar at each interval of CM-Fibres represents the maximum and minimum values
of cumulative rate of evaporation considering all the fibres. Mora et al. (2001) and
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Wang et al. (2002) also observed reduction in cumulative loss of water with the
incorporation of fibres. The reduction in cumulative loss of water can be due to the
absorption of the water, blocking of the bleed channel and increasing the tortuosity of
the flow path by the fibres (Wang et al., 2002).
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Figure 5.4: Cumulative rate of evaporation of various fibres with control mix
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Figure 5.5: Cumulative rate of evaporation of different concretes

70

5.4 Influence of fibres in mitigating plastic shrinkage cracking in mixes
with 30% replacement of cement by SCMs
Since all the fibres were able to completely eliminate cracking in the control mix, they
were assessed in more drastic conditions with the concretes with SCMs. The five
types of fibres were incorporated in the two mixes with highest replacement levels of
slag (SG30) and fly ash (FA30), for assessing their performance. Even in this case,
the slump of all the mixes was in the range of 100–120 mm. The notation used to refer
to the next set of mixes is given in Table 5.4, along with the superplasticizer dosage
used.
Table 5.4: Experimental matrix for investigation with SCM mixes

Mix ID

FA30-PAN
FA30-GLS
FA30-PP
FA30-PE
FA30-ST
SG30-PAN
SG30-GLS
SG30-PP
SG30-PE
SG30-ST

Slump without
Slump with
superplasticizer superplasticizer
(mm)
(mm)
30-50
30-50
30-50
30-50
30-50
0-20
0-20
0-20
0-20
0-20

100-120
100-120
100-120
100-120
100-120
100-120
100-120
100-120
100-120
100-120

Dosage of
superplasticizer
for target slump
(% of binder
content)
0.20
0.25
0.30
0.30
0.25
0.60
0.50
0.70
0.80
0.50

5.4.1 Performance of fibres
The presence of fibres in concrete has a substantial influence in mitigating plastic
shrinkage cracking. The results of the mixes are summarized in Table 5.5. Out of the
10 combinations, 8 of the mixes did not crack while SF30-PAN and SF30-GLS
exhibited some cracking. Figure 5.6 and 5.7 show the cracks on the surface of SF30PAN and SF30-GLS, respectively. The results indicate that the PAN and GLS fibres
were beneficial in reducing the severity of cracking with SF30 mix, though they failed
to completely mitigate cracking. Cracks originate at the centre of the specimen but
failed to propagate completely along the width of the specimen, reflecting the reduced
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potential for plastic shrinkage cracking. The crack initiation was delayed by 40
minutes in these two mixes compared to the plain mix.
Table 5.5: Summary of the results

Mix ID

SG30
FA30-PAN
FA30-GLS
FA30-PP
FA30-PE
FA30-ST
SG30-PP
SG30-PE
SG30-ST
SG30-PAN
SG30-GLS

Crack
initiation
time
(min)

Crack
length
(mm)

183

444

Crack properties
Mean
Max.
crack
width
width
(mm)
(mm)
1.73
0.91

Crack
area
(mm2)

Percentage Percentage
reduction in reduction in
crack area mean width

402

Did not crack

225
230

365
240

0.73
0.52

0.36
0.23

132
55

Figure 5.6: Plastic shrinkage crack in SG30-PAN
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100
100
100
100
100
100
100
100
67
86

100
100
100
100
100
100
100
100
60
75

Figure 5.7: Plastic shrinkage crack in SG30-GLS
5.4.2 Evaporation rates
Figure 5.8 show the effect of fibres on the cumulative rate of evaporation in CM and
the mixes with 30% replacement of cement by SCMs. From the previous chapter, it
was seen that the replacement of SCMs for OPC did not the affect the rate of
evaporation of concrete. Hence, it can be concluded that the effect observed with the
incorporation fibres in the concretes with the SCMs is the same as in CM.
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Figure 5.8: Cumulative rate of evaporation of concretes with and without fibres
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5.5 Influence of fibres in mitigating plastic shrinkage cracking at higher
dosages
From the previous investigation, it is seen that the recommended dosage of PAN and
GLS fibres could not eliminate cracking with SG30 mix. Hence, both the fibres were
tested at a higher fibre dosage of 1.2 kg/m3 with the same mix. Table 5.6 shows the
dosage of superplasticizer incorporated for the higher fibre dosage for attaining the
target slump of 100–120 mm along with the notations used. Figure 5.9 shows the
cumulative rate of evaporation of fibre reinforced concrete (FRC) at different fibre
dosage. It can be seen that the evaporation decreased slightly with the increase in the
dosage of the fibres. At 1.2 kg/m3 dosage, the PAN and GLS fibres completely
eliminate cracking, indicating that the recommended fibre dosage should be increased
to get a performance comparable to the PE and PP fibres at 0.9 kg/m3 dosage.
Table 5.6: Experimental matrix for investigation at higher dosage of fibres

Slump without
Slump with
superplasticizer superplasticizer
(mm)
(mm)

Mix ID

SG30-PAN+
SG30-GLS+

0-10
0-10

100-120
100-120

Dosage of
superplasticizer
for target slump
(% of binder
content)
0.70
0.60
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Figure 5.9: Cumulative rate of evaporation of concrete with different fibre
dosages
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5.6 Discussion
Wang et al. (2002) reported that the incorporation of fibres in concrete induces large
size pores at the interface between the cement paste and fibre due to the accumulation
of water underneath the fibres. These large pores makes the interface porous and
reduce the maximum capillary pressure generated, providing a partial benefit for
reducing plastic shrinkage cracking. Moreover, the incorporation of low volume short
fibres in concrete reinforces the entire concrete mass with a random network. The
distributed fibres increase the crack resistance of the concrete by reducing the stress
concentration at micro-crack tips and absorbing the energy generated due to shrinkage
stresses of the specimen (Xie, 2011). Furthermore, Qi et al. (2003) experimentally
demonstrated that the presence of fibres in concrete reduces the amount of differential
plastic settlement that can occur over the internal obstacles (i.e., over reinforcing bars
or at locations of change in section height), and contributes to reduce plastic shrinkage
cracking. These are the factors that together mitigate plastic shrinkage cracking, with
the incorporation of fibres in concrete.
At the recommended dosages, all the fibres completely eliminated cracking in
the control mix. The performance of the fibres in the SG30 mix was also good, except
that the dosages of the PAN and GLS have to be increased beyond the recommended
dosage for the cracking to be eliminated. The improvement in the performance at
higher dosage can be attributed to the increase in the number of fibres.

5.7 Summary
This chapter reports the results of the effect of fibres in mitigating plastic shrinkage
cracking, and also on the fresh and hardened properties of the concrete. Specifically,
this chapter illustrates the following:


Addition of low volumes of short fibres reduced the workability of concrete.



The compressive strength of the fibre reinforced concretes increased
marginally compared to the control mix. The maximum enhancement in
compressive strength was 7% (in case of CM-ST).



Compared to plain concrete, steel fibre reinforced concrete showed a
significant improvement on the flexural response of the concrete. On the other
hand, the effect of the synthetic fibres was nominal.

75



Incorporation of fibres in concrete reduced the moisture loss from concrete
and attributed in controlling plastic shrinkage cracking.



Fibres significantly contributed in mitigating plastic shrinkage cracking.
Among the synthetic fibres evaluated at the dosages recommended by the
suppliers, polyester and polypropylene performed better than glass and
polyacrylonitrile.



For mitigating cracking using glass and polyacrylonitrile fibres in SG30 mix,
higher dosage of these fibres had to be incorporated.
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CHAPTER 6
MITIGATION OF PLASTIC SHRINKAGE CRACKING
USING SHRINKAGE REDUCING ADMIXTURES

6.1 Introduction
Modern high performance concretes with relatively low water-binder ratio and
admixtures are highly susceptible to plastic shrinkage cracking. This problem remains
a serious concern especially for structures with extensive surface areas, such as
pavements, slabs, bridge decks, tunnel linings, etc. Several approaches have been
followed to address this problem in the field applications. Some of the approaches are
reducing the paste content, increasing aggregate content, use of shrinkage
compensating cement, use of fibres, etc. A novel approach to address this problem
was the advent of the shrinkage reducing admixture (SRA). Over the past decades,
extensive studies have been conducted on the effects of using SRAs on the hardened
concrete. However, there are limited studies on its influence on plastic shrinkage
cracking. Recent studies by Lura et al. (2007), Mora et al. (2009), Saliba et al. (2011),
and Leemann et al. (2014) have shown that SRAs can play a useful role in controlling
plastic shrinkage cracking.
In this chapter, four SRAs have been evaluated for their efficiency in
controlling plastic shrinkage cracking. In Chapter 4, it was seen that the mix SG30
was most prone to plastic shrinkage cracking, and hence, for this study, it is
considered as the reference mix. The chapter also reports the fresh properties and
compressive strengths of the concretes with the different SRAs.

6.2 Fresh and Hardened Properties of Concrete
6.2.1

Workability

Table 6.1 shows the dosage of superplasticizer required for attaining the target slump
of 100–120 mm. Incorporation of SRA showed some plasticizing effect due to
reduction in surface tension of the water, which resulted in the increase of the slump.
The effect was evident at dosage of 2% while it was not significant at dosage of 1%.
Hence at dosage of 2%, the amount of superplasticizer required to attain the target

slump was slightly reduced relative to the same mix without shrinkage reducing
admixture.
Table 6.1: Superplasticizer dosage and unit weight
Mix ID
SG30
SG30-BM-1%
SG30-BT-1%
SG30-GE-1%
SG30-CS-1%
SG30-BM-2%
SG30-BT-2%
SG30-GE-2%
SG30-CS-2%

6.2.2

Dosage of SP
(%)
0.41
0.40
0.40
0.39
0.40
0.33
0.30
0.31
0.32

Fresh unit
weight
(kg/m3)
2420
2425
2420
2415
2420
2425
2415
2425
2420

Fresh Unit Weight

As mentioned earlier, fresh unit weight was determined as per ASTM C138-14 for all
the mixes with shrinkage reducing admixtures. The results of fresh unit weight are
presented in Table 6.1. The results indicate that the incorporation of shrinkage
reducing admixture has practically no effect on the unit weight of concrete.
6.2.3

Compressive Strength

The effect of the incorporation of SRA on the compressive strength is shown in
Figure 6.1 and the data are presented in Table 6.2. It can be seen that the concretes
containing SRAs exhibited lower compressive strength at all the ages, compared to
the reference mix (SG30). At the dosage of 2%, the decrease in 1-day strength was
more significant; the reduction in compressive strength at the dosages of 1% and 2%
were between 16-19% and 30-35%, respectively. Among different SRAs evaluated,
CS showed the lowest compressive strength at all the ages and at both the dosages. At
28 days, the reduction in compressive strength in SG30-CS at dosages of 1% and 2%
was 7 and 11%, respectively. The loss in compressive strength has mainly been
attributed to the effect of SRA on the hydration process (Rajabipour, 2008). The
incorporation of SRA is said to reduce the polarity of mixing water and depress the
affinity of alkalis to dissolve and ionize in the mixing water. As a result, the pore fluid
with SRA contains lower concentration of alkali ions relative to the pore fluid without
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SRA. This affects the rate of cement hydration, and contributes to retardation in
hydration and strength development of concrete containing SRA (Rajabipour, 2008).
The reduction in compressive strength with incorporation of SRA also conforms to
the observations made by previous researchers, such as Roncero et al. (2003),
Quangphu et al. (2008), Mora et al. (2009), and Saliba et al. (2011).

Compressive strength in N/mm

2

40

30
1 day
3 days
7 days
28 days

20

10

0
%
%
%
%
%
%
%
%
30
E1
E2
S1
S2
M2 - BT2
SG
M1 - BT1
G
B
-C
-G
-C
-B
0
0
0
0
0
0
0
0
3
3
3
3
3
3
3
3
SG
SG
SG
SG
SG
SG
SG
SG

Figure 6.1: Compressive strengths of concrete with SRAs

Table 6.2: Compressive strength results
Mix ID
SG30
SG30-BT1%
SG30-BM1%
SG30-GE1%
SG30-CS1%
SG30-BT2%
SG30-BM2%
SG30-GE2%
SG30-CS2%

Compressive strength (MPa)
1 day
3 days
7 days
14 days
28 days
Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D
7.7
0.3 15.6 0.1 27.4 0.4 36.4 0.4 41.2 0.6
6.3
0.2 14.3 0.4 26.6 0.4 34.5 0.4 39.9 0.7
6.3
0.2 14.4 0.8 26.3 0.8 35.2 0.4 39.6 0.2
6.5
0.1 14.7 0.3 26.0 0.2 34.8 0.2 40.3 0.8
6.2
0.2 14.3 0.4 25.0 0.3 33.5 0.4 38.3 0.8
5.4
0.2 12.5 0.6 24.1 0.7 32.7 1.1 38.1 0.7
5.0
0.1 13.6 0.3 23.9 0.9 32.9 0.8 38.3 1.4
5.2
0.2 13.4 0.3 24.2 0.5 33.0 0.5 37.1 1.2
5.1
0.1 12.1 1.0 24.4 0.5 32.8 0.2 36.6 0.8
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6.3 Evaporation rates
The results obtained for the rate of evaporation are shown in Figure 6.2. The straight
line gives the average rate of evaporation of water as 0.90 kg/m2/hr. In the first hour,
the rate of moisture loss from of all the concretes appear to be similar but later the
SRAs reduce the rate of moisture loss from the concrete. The variation among the
evaporation rates of concretes with SRAs being high, the values for the SRAs are not
compared individually for their influence on rate of evaporation. However, the data
for all the SRAs are plotted collectively for two different dosages as SG30-SRAs-1%
and SG30-SRAs-2%, as shown in Figure 6.3, where the error bar in each case
represents the maximum and minimum rates of evaporation. It can be noticed that the
increase in dosage of SRA from 1 to 2% slightly lowers the rate of evaporation, which
confirms the observations of Lura et al. (2007).
Generally, the capillary pressure generated by the menisci at the surface of the
concrete cause shrinkage. As a consequence, the pore fluid will be drawn to the
surface. Higher the pressure generated, the more fluid is drawn out of the porous
network to evaporate from the surface. In the concretes with SRA, the capillary
pressure generated will be lower compared to the concrete without SRA due to
modification of surface tension, which subsequently decreases the rate of evaporation
(Lura et al. 2007).
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Figure 6.2: Evaporation rates of SG30 with various SRAs
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Figure 6.3: Evaporation rates of SG30 with various SRAs

6.4 Influence of Shrinkage Reducing Admixtures on Plastic Shrinkage
Cracking
Table 6.3 summaries the plastic shrinkage results of concretes with SRAs.
Incorporation of shrinkage reducing admixtures in the concrete contributed to
controlling plastic shrinkage cracking. It is evident from the results that at an SRA
dosage of 1%, all the concretes exhibited cracking, though the intensity of cracking is
lower compared to that in the reference concrete (i.e., SG30). The reduction in crack
area by the SRAs BM, CS, BT and GE were 44%, 52%, 61% and 65%, respectively.
The maximum crack width of 1.65-1.90 mm in SG30 was reduced to 0.7-1.0 mm with
the incorporation of 1% of SRA. Consequently, the mean crack widths and crack
lengths also decreased. At the SRA dosage of 2%, concretes SG30-BM and SG30-CS
exhibited cracking while SG30-BT and SG30-GE did not show any cracking,
indicating much better performance. Moreover, the crack initiation times in all the
concretes increased by about 20-30 minutes with the incorporation of SRAs.

81

Table 6.3: Summary of test results

Mix ID
SG30
SG30BM-1%
SG30CS-1%
SG30BT-1%
SG30GE-1%
SG30BM-2%
SG30CS-2%
SG30BT-2%
SG30GE-2%

Crack
initiation
time
(min)
185

Crack properties
Max. Mean Crack
Length
width width
area
(mm)
(mm) (mm) (mm2)
444
1.73
0.91
402

Reduction
in crack
area (%)

Reduction
in mean
width (%)

-

-

205

439

1.02

0.52

227

44

43

210

382

0.83

0.50

193

52

45

205

359

0.70

0.44

158

61

51

220

380

0.77

0.37

142

65

59

215

378

0.88

0.40

152

62

55

210

377

0.70

0.36

135

67

61

100

100

100

100

Did not crack

6.5 Discussion
Incorporation of the SRA in concrete was successful in controlling plastic shrinkage
cracking. At a dosage of 2%, two glycol-based shrinkage reducing admixtures (BT &
GE) completely eliminated cracking while the other two did not perform as well,
though there is a reduction of cracking in all the cases. This reiterates the fact that
commercial SRAs can differ significantly in performance though they are of the same
generic chemical family, confirming the findings of Mora et al. (2000). The reduction
in cracking can be mainly attributed to the decrease in the surface tension of the pore
fluid in concrete. This, consequently, abates the rate of moisture loss from the
concrete (see Figure 6.2), and reduces the maximum and rate of development of the
capillary pressure in concrete. Subsequently, the onset of cracking under harsh
conditions is prolonged and plastic shrinkage cracking of concrete can be mitigated.
In contrast to the substantial benefits of SRAs, a shortcoming is that the SRA reduces
the strength of concrete (see Figure 6.1).
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6.6 Summary
This chapter reports the effect of SRAs in controlling plastic shrinkage cracking, and
also on the fresh and hardened properties of concrete. Specifically, the results
illustrate the following:


Incorporation of SRAs in concrete showed some plasticizing effect and
enhanced the workability of concrete, which was more evident at a dosage of
2%.



Compared to the control mix, the compressive strength of concretes with
SRAs reduced significantly at early ages. However, at later ages, the reduction
in compressive strength was less.



SRAs showed a positive effect in controlling plastic shrinkage cracking, at a
dosage of 1%. At a dosage of 2%, two SRAs (BT and GE) completely
eliminated cracking in the tests while the other two did not perform as well,
though theydecreased the crack area by more than 60%



The cumulative rate of evaporation of the concretes with SRAs decreased
substantially compared to the control mix and contributed to mitigating plastic
shrinkage cracking.
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CHAPTER 7

MITIGATION OF PLASTIC SHRINKAGE CRACKING
USING CURING COMPOUNDS

7.1 Introduction
The most effective method to control plastic shrinkage cracking is to reduce the
evaporation of moisture from the plastic concrete surface immediately after it is cast.
Some of the conventional methods for reducing evaporation include spraying water,
covering with wet burlap or plastic sheet, fogging, etc. These methods prevent or
compensate the loss of water from the freshly placed concrete and create a humid
environment in the vicinity to improve cracking-resistance. However, it is recognized
that considerable difficulties arise in assessing the correct time to apply these methods
on the freshly placed concrete surface. Improper and untimely application of these
methods can severely affect the concrete. Also, at some construction sites, water is
seldom available, and trucking water is expensive and difficult to supervise.
Furthermore, sheet or wet burlap covers becomes cost prohibitive due to the large
quantity of material required to cover the entire surface cast in a day. The most
economical and feasible way to overcome this problem is to use curing compounds.
Generally, curing compounds are sprayed on the finished concrete as soon as the final
trowelling is completed in case of mixtures with no bleed water or immediately after
the water sheen disappears. These compounds form a protective membrane on the
surface of fresh concrete, and inhibit the loss of mix water from the concrete and
control early age cracking due to shrinkage. A suitable curing compound can be
capable of maintaining 95% of the original moisture content in a concrete mix. Curing
compounds are preferred as they completely eliminate the follow-up or supervision,
the use of troublesome covering and expensive or scare water (Fattuhi 1986; Choi et
al. 2012).
A variety of different generic curing compounds are available in the market,
some of them are acrylic-based, wax-based, resin-based, water-based, bitumen-based,
etc. The efficiency of the curing compounds can be highly variable and can reduce
considerably with the increase in temperature and the decrease in humidity. In

addition, there is a dearth of information on the effectiveness of the curing compounds
in reducing plastic shrinkage cracking and evaporation from the surface of fresh
concrete.
In this chapter, four different commercially-available curing compounds were
evaluated for their efficiency in mitigating plastic shrinkage cracking. The chapter
also describes the procedure adopted for evaluation and presents a discussion of
results.

7.2 Experimental procedure
To determine the efficacy of different curing compounds in controlling plastic
shrinkage cracking, a similar approach as described in ASTM C1579 was followed.
The mix with highest potential for cracking, i.e. SG30, was selected as the reference
mix for the study. The specimen is placed in the environmental chamber soon after
casting. 90 minutes later (i.e., after the sheen disappears), the specimen is removed
from the chamber and the curing compound is sprayed, and then the specimen is kept
back in the chamber. The curing compound is sprayed with the help of a compressed
air-operated gun (see Figure 7.1) at an application rate of 5 m2/l.

Figure 7.1 Application of curing compound
For estimating the rate of evaporation, three stainless steel pans were used. One
pan was used to measure the evaporation of water while the other two were used to
measure the moisture loss from concrete with and without curing compound. When
the specimen was removed for application of curing compound, the pan with concrete
was also removed and weighed, and the curing compound was applied on its surface
at the same rate as that of specimen. The pan was reweighed immediately after
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application and then placed back in the chamber. These pans were weighed at regular
intervals of 30 minutes to measure the change in weight.

7.3 Evaporation rates
Evaporation results are presented in the form of cumulative water lost per unit area as
a function of time. The results indicate that the amount of water evaporating from
fresh concrete is reduced after the application of curing compound. This was
demonstrated by the significant reduction in the slope of the curves shown in the
Figure 7.2. It is interesting to note that the moisture loss from the concrete decreased
immediately after the application of the curing compound. A recent study by Nahata
et al. (2014) also observed such reduction in the moisture loss with the application of
the curing compounds. However, the effectiveness of the compounds varied
significantly. It can be also seen that two curing compounds, AR and MR, were more
efficient in reducing the rate of evaporation than WX and WA, which can be mainly
attributed to their higher water vapour resistance (i.e., reluctance of the material to

3.5

Cumulative water loss in kg/m

2

allow water vapour pass through).
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Figure 7.2: Cumulative rate of evaporation of SG30 with various curing
compounds
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7.4 Influence of curing compounds on plastic shrinkage cracking
When the concrete was tested with the curing compounds, the specimens with two
compounds AR and MR did not exhibit any cracking, indicating better performance,
while the other two specimens with the compounds WX and WA exhibited cracking
(see Figure 7.3). This can be attributed to the higher efficacy of AR and MR in
limiting the evaporation of water. The crack data is summarized in Table 7.1. It can
been seen that at the temperature of 43°C, i.e. at testing conditions, the compounds
WA and WX were able to reduce crack area by 44% and 29%, respectively.
Additionally, the maximum and mean crack widths also reduced. The reduction in the
mean crack width in SG30-WX and SG30-WA were 22% and 40%, respectively.
Moreover, the crack initiation times were delayed by 40 minutes for these concretes
with the application of curing compounds.
Table 7.1: Summary of test results

Mix ID
SG30
SG30-WX
SG30-WA
SG30-MR
SG30-AR

Crack
initiation
time
(min)
185
225
235

Crack properties
Max. Mean Crack
Length
width width
area
(mm)
(mm) (mm) (mm2)
444
1.73
0.91
402
406
1.00
0.71
287
413
0.73
0.55
227
Did not crack

Reduction
in crack
area (%)

Reduction
in mean
width (%)

29
44
100
100

22
40
100
100

7.5 Discussion
From the results, it is evident that the curing compounds can help in mitigating plastic
shrinkage cracking. However, the efficiencies of curing compounds are not all the
same and can vary significantly. Out of the four compounds tested, MR and AR
completely eliminated cracking while WX and WA did not perform as well. The
elimination of cracking or reduction in the intensity of cracking with the application
of the curing compounds was mainly due to the reduction in the evaporation loss from
the concrete. As the efficiency of the curing compounds varies significantly, it is
important to choose an economical curing compound that can be effective at the
prevailing site conditions.
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(a)

(b)

(c)

(d)

Figure 7.3: Plastic shrinkage test with curing compounds: (a) MR, (b) AR, (c) WA and (d) WX
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7.6 Summary
This chapter reports the results of the efficacy of the curing compounds in controlling
plastic shrinkage cracking. Among the four compounds tested, two compounds (MR
and AR) completely eliminated cracking by drastically reducing the moisture loss
from the surface of the concrete. On the other hand, the other two compounds were
less efficient in reducing moisture loss and, consequently, were only able to reduce
cracking and not eliminate it completely.

CHAPTER 8

CONCLUSIONS AND SCOPE FOR FURTHER STUDIES

8.1 Introduction
This study investigated the influence of mineral admixtures on plastic shrinkage
cracking and the efficacy of the commercially available solutions for controlling
plastic shrinkage cracking. The standard ASTM-C1579 was adopted as the basis for
the investigation. This chapter highlights the significant conclusions drawn from the
present study and suggests the scope for further studies.

8.2 General conclusions
The replacement of the supplementary cementitious materials (SCMs) and blended
cements for ordinary portland cement (OPC) increased the risk of plastic shrinkage of
cracking by retarding the setting and reducing the rate of development of the strength.
Consequently, the intensity of cracking increased with the increase in the replacement
levels of the SCMs. Additionally, cracks were initiated earlier in the mixes with
SCMs, relative to the control mix due to the reduction in the bleeding capacity of the
concrete. The incorporation of the superplasticizer had a beneficial effect in slightly
reducing plastic shrinkage cracking and prolonging the onset of cracking. The use of
plastic shrinkage mitigating ingredients, such as fibres, shrinkage reducing admixtures
(SRA) and curing compounds, were helpful in combating plastic shrinkage cracking.
However, the recommended dosages by the supplier may or may not completely
mitigate plastic shrinkage cracking in all the concretes. Depending on the shrinkage
potential of the concrete, the dosage of the shrinkage mitigating ingredients may have
to be increased for controlling plastic shrinkage cracking.

8.3 Specific conclusions
8.3.1 Workability
 The replacement of fly ash for ordinary portland cement (OPC) did not affect the
workability of the concrete. On the other hand, the use of blended cements (PPC

and PSC) and the combination of OPC and slag reduced the workability
significantly.
 Considerable reduction in the workability of the concrete was observed with the
incorporation of the fibres in the concrete. The slump of control mix was 100120 mm, and dropped to 30-50 mm with the addition of fibres in concrete.
 Incorporation of SRA showed some plasticizing effect and resulted in the increase
of the slump. The effect was evident at dosage of 2% while it was not significant
at dosage of 1%.
8.3.2 Fresh unit weight
 The unit weight decreases slightly as OPC is replaced with SCMs or blended
cements. The decrease in the unit weight is due to the differences in the densities
of OPC, SCMs and blended cements.
 Incorporation of fibres and shrinkage reducing admixtures into concrete did not
have any effect on the fresh unit weight of the concrete.
8.3.3 Compressive strength
 The commercially-available blended cements PPC and PSC resulted in lower
strength at all the ages, relative to the control mix. The blended cements (PPC and
PSC) reduced the compressive strength by 35% and 12-30% at the ages of 1 day
and 28 days, respectively.
 The compressive strength declined at all ages with an increase in fly ash and slag
dosage, with a stronger effect in the case of fly ash. At 1 day, the decrease in
compressive strength at 30% replacement of fly ash and slag were 40% and 27%,
respectively. Similarly at 28 days, the reduction in compressive strength at 30%
replacement of fly ash and slag were 21% and 12%, respectively.
 A marginal enhancement in compressive strength was observed for all fibres
compared to control mix. The maximum enhancement in compressive strength
was only 7% (in case of CM-ST).
 The concretes containing SRAs exhibited lower compressive strength at all the
ages compared to the reference mix (SG30). At the dosage of 1%, the decrease in
early-age strength (≤ 3 days) was marginal while at a dosage of 2% the reduction
was significant. The reduction in one day compressive strength at the dosages of
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1% and 2% were between 16-19% and 30-35%, respectively. However, at later
ages, the reduction was less than 11% compared to the reference mix.
8.3.4 Flexural response
 The plain concrete demonstrated relatively brittle behavior, with the load carrying
capacity decreasing rapidly with increase in deflection. The steel fibres showed a
significant influence in the post-peak behavior while the influence of synthetic
fibres was nominal.
 The effect of incorporation of fibres on flexural strength was negligible, except in
case of polyester fibres; the increase in flexural strength due to addition of
polyester fibres compared to plain concrete was about 1.3 MPa while in the cases
of other fibres the increase was about 0.2 to 0.3 MPa.
 Steel fibres showed highest strength retention of about 46% and 42% at deflection
limits of 1.5 mm and 3 mm, respectively. Among the synthetic fibres,
polypropylene fibres showed the highest retention of flexural strength at both the
deflection limits.
8.3.5 Influence of SCMs on plastic shrinkage cracking
 The risk of plastic shrinkage cracking increased with the replacement of SCMs
and blended cements for OPC. The intensity of cracking increased with the
increase in the replacement levels.
 Replacement of PPC and PSC for OPC increased the crack area from 100 mm2 to
220 mm2 and 280 mm2, respectively. Similarly, the crack length, maximum crack
width and mean crack width also increased substantially.
 Increases in crack area, crack length and maximum crack width were observed
with incorporation of fly ash; the crack area, length and maximum width were
increased by 42%, 27% and 51%, for 30% replacement. Also, the mean crack
width increased slightly by 7% and 12% at replacement levels of 15% and 30%,
respectively.
 A significant increase in potential for cracking was observed, relative to control
mix, with the replacement of slag. At a replacement level of 30%, the crack area
increased by 4 times, the maximum crack width increased from 0.6-0.7 mm to
1.9 mm and the mean crack width increased by 140%.
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 A marginal decrease in crack area and length was observed in all the concretes
that incorporated a superplasticizer inspite of having a much higher slump. In
addition, the maximum and mean crack widths decreased slightly, compared to
the concretes without superplasticizer.
 Plastic shrinkage cracks were initiated earlier in the concretes with SCMs and
blended cements, relative to OPC. This implies that curing of concretes with
SCMs should be initiated earlier than for concretes with only OPC.
 The rate of evaporation and maximum capillary pressure calculated from Power’s
equation were similar for all the concretes with no significant variation due to the
incorporation of SCMs or blended cements in concrete. The significant reduction
in the early-age strength was found to be the main reason for the increase in
cracking.
8.3.6 Mitigation of cracking using shrinkage reducing components
8.3.6.1

Fibres

 At the recommended dosage, all fibres completely eliminated cracking in the OPC
concrete implying good performance. However, when incorporated in the mix
with 30% replacement by slag (SG30), the steel, polyester and polypropylene
fibres completely eliminated cracking while the glass and polyacrylonitrile fibres
exhibited some cracking. Though they failed to completely mitigate cracking, the
results indicate that the PAN and GLS fibres were beneficial in reducing the
severity of cracking with the SG30 mix.
 For mitigating cracking, using glass and polyacrylonitrile fibres in the SG30 mix,
higher dosage of fibres had to be incorporated than that recommended by the
manufacturer.
 The reduction in cumulative loss of water from the concrete as well as the
bridging of the cracks that could develop in the fresh concrete were found to be
the reasons for the significant influence in plastic shrinkage cracking potential.
8.3.6.2

Shrinkage reducing admixtures

 Incorporation of shrinkage reducing admixtures in the concrete also contributed
significantly in controlling plastic shrinkage cracking.
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 At dosage rate of 1%, all the SRAs exhibited cracking, however, the intensity of
cracking reduced compared to the reference concrete (i.e., SG30). The reduction
in crack area by the SRAs BM, CS, BT and GE were 44%, 52%, 61% and 65%,
respectively. The maximum crack width of 1.65-1.9 mm in SG30 was reduced to
0.7-1.0 mm. Also, the mean crack widths and crack lengths decreased.
 At the dosage of 2%, SG30-BM and SG30-CS exhibited cracking while the SG30BT and SG30-GE concretes did not show any cracking, indicating much better
performance.
 The crack initiation times in all the concretes were increased by about 20-30
minutes with the incorporation of SRAs.
 Also, in concretes with shrinkage reducing admixtures, the reduction in
cumulative loss of water from the concrete was found to be the prime reasons for
the significant influence in plastic shrinkage cracking.
8.3.6.3

Curing compounds

 Among the four compounds tested, two compounds (AR and MR) completely
eliminated cracking while the other two compounds (WA and WX) exhibited
cracking.
 The compounds WA and WX reduced the crack area by 44% and 29%,
respectively. The maximum and mean crack widths also reduced substantially.
The reduction in the mean crack width in case of SG30-WX and SG30-WA was
22% and 40%, respectively.
 The elimination of cracking or reduction in intensity of cracking with the
application of the curing compounds was mainly due to the reduction in the
evaporation loss from the concrete.

8.4 Scope for further studies
 In this thesis capillary pressure was calculated based on the Power’s expression
and was found to be almost similar for various concretes investigated. However, it
would be interesting to measure the capillary pressure that is generated in concrete
using a tensiometer and check whether it is conforming to the equation.
 The bleeding characteristics of concretes had a significant influence on the crack
initiation time of the concrete. The mixes with relatively high bleeding capacity
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were less prone to plastic shrinkage cracking. Hence, the bleeding of the concretes
can be measured and correlated with the results obtained.
 The influence of water-cement ratio, binder content, aggregate content,
tebmperature and humidity, chemical admixtures and different levels of restraint
on plastic shrinkage cracking can be investigated.
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APPENDIX A

DESIGN AND PERFORMANCE ASSESSMENT OF THE
ENVIRONMENTAL CHAMBER

A.1. Introduction
An environmental chamber was specially designed as per the guidelines in the
standard ASTM C-1579 to stimulate specific environmental conditions with high
evaporation that is conducive to initiate plastic shrinkage cracking. The technical
specifications, design, problems encountered as well as the performance of the
environmental chamber are presented in this appendix.

A.2. First design of the climatic chamber
The schematic design of the environmental chamber is shown in the Figure A.1 while
the technical specifications are provided in Table A.1. The environmental chamber is
specially designed for conditioning 500 litres of volume space, to the programmed
temperature, relative humidity and air velocity values with highly reliable accuracy
and control. Temperature and relative humidity are electrically controlled by a heating
system, refrigeration unit and humidifier system. Air is continuously circulated in the
chamber to monitor the comparison of the set values and the air is treated if necessary.
The two circular blowers can be set at variable speeds for an equivalent air speed over
the surface of the specimen. In addition the chamber is equipped with sensors to
accurately measure the temperature, relative humidity and air velocity that prevail in
the chamber. The current values including the set values are displayed in the control
panel. The conditioned volume space creates ideal conditions to expose the sample
and test its performance at different climatic conditions.
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Figure A.1 Schematic layout of the first design of the chamber
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Table A.1 Specifications of environmental chamber
Dimensions (internal)
Temperature range
Humidity range
Air Velocity Range
Temperature measurement accuracy
Humidity measurement accuracy
Air Velocity measurement accuracy
Heating system
Refrigeration Unit

Humidifier system

Construction

1000 × 1000 × 500 mm
Ambient to +50°C
30% RH to 60% RH
2 to 5 m/s
+/- 0.1°C
+/- 1%
+/- 0.3 m/s
Inconel sheathed type heating element was
used
Single stage Copeland air cooled condenser
system with compressor, condensing unit,
and CFC free refrigeration gas were used
Air atomizers for humidification of the
entire chamber, warm water vapour
generator with heating system, over-heat
safety system, vapour storage tank with
blowing system were used in the chamber
Dry air compressor of 3-4bar pressure was
used for precise low humidity control
The chamber exterior was fabricated from
16SWG MS powder coated material and
the interior with a 16SWG SS304

A.3. Problems encountered with the first design
After the chamber was designed as per the specifications, the performance of the
chamber was assessed by measuring the temperature, relative humidity and air
velocity using a Digital Air/Temp/ RH Meter

(see Figure A.2). The temperature

and relative humidity were precisely maintained to the set values on the other hand air
velocities were not uniform and varied significantly at a particular position. Hence,
the non-uniformity or turbulence of the air flow in the chamber was the main problem
encountered after the first design. Since the blowers were circular, the ascending
conical front of air from blowers were over lapping at the center of the chamber and
there was no clear defined path of air flow at the corners (blow side) of the chamber
as illustrated in Figure A.3. The overlapping of the air fronts led to the non-uniformity
of the air flow in the chamber.
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Figure A.2 Digital Air/Temp/ RH Meter
A
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Figure A.3 Air flow pattern

A.4. Modified design of the chamber
To achieve the uniform circulation of air over the specimen and in the chamber, the
circular blower was replaced with a horizontal blower. For the modification of the
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chamber, additional work space was occupied and the internal dimensions reduced to
770×1000×500 mm. The modified layout of the chamber is shown in the Figure A.4.
After the modification, the air flow was laminar and the air velocities were reasonably
similar.
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A.5. Performance evaluation of the chamber
To assess the performance of the chamber, 12 different positions (see Figure A.5)
were selected in the chamber and the temperature, relative humidity and air velocity
were measured using the Digital Air/Temp/ RH Meter. Out of 12 positions selected, 6
positions were on the blow side and the rest on the suction side. Evaporation rate of
the water was also monitored at these places using a circular pan of 220 mm diameter.
On the blow side, the positions were selected such that the surface of the monitoring
pan exactly represents the surface of the specimen. For achieving this, pans were
placed at a height of 120 mm so that the surface of the pans will be at a height of
160 mm, which is the height of the plastic shrinkage mould. While on the suction side
the position was at the surface of the chamber. The temperature, relative humidity and
the air velocity at which the chamber was evaluated for its performance were 42°C,
40% and 4 m/s, respectively. All the parameters measured at these positions are
shown in Table A.2.
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Figure A.5 Positions selected for the evaluation
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Table A.2 Summary of the measured parameters
Position Temperature Relative humidity Air velocity Evaporation rate
(°C)
(%)
(m/s)
(kg/hr/m2)
A1
41.9
40.8
3.6
0.82
A2
41.8
40.0
3.5
0.81
A3
41.9
39.9
3.6
0.85
A4
42.2
41.1
3.3
0.80
A5
41.8
39.8
3.2
0.78
A6
41.8
40.0
3.1
0.77
A7
42.1
41.2
2.9
0.74
A8
41.9
41.8
2.8
0.73
A9
42.0
40.1
2.8
0.72
A10
41.8
39.6
2.7
0.70
A11
41.9
40.9
2.8
0.69
A12
42.1
41.0
2.6
0.68

It can be seen that the temperature and relative humidity were precisely
maintained and were in the range of 42±0.2°C and 40±2%, respectively. The air
velocity at the blow side (A1, A2 and A3) was 3.5±0.2 m/s and gradually decreased to
2.6±0.2 m/s at the suction side (A10, A11 and A12). This was due to the flow of air
from the high pressure side (blow side) to the low pressure side (suction side). The
rate of evaporation was in the range of 0.75±0.1 kg/hr/m2.
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