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ABSTRACT Construction industries have started to utilize manufactured sand (MS) as an effective alternative for
river sand in concrete. High-grade parent rocks are crushed to obtain MS, which also produces a considerable amount of
microfine aggregate (MFA). The higher percentage of MFA could lead to both positive and negative effects on the
performance of cement-based mixes. This research was done to examine the influence of varying MFA levels,
specifically 0%, 3%, 6%, 9%, and 12% (by weight) as the partial replacements of MS on bleeding and plastic shrinkage
cracking of concrete. In addition to the varying MFA levels, some concrete mixes also included fly ash (FA) and
superplasticizer to investigate the effect of free-water content in the mixes. The bleeding test data were taken as on-site
measurements, while the cracks from the plastic shrinkage cracking test were evaluated using an image processing
technique. The results concluded that the MFA replacements and the effective water-to-cement ratio have a significant
effect on the selected concrete properties. With the increasing replacement levels, cumulative bleeding and crack
initiation life gradually decreased, while a progressive increase was observed for crack width, crack length, and crack

arca.
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1 Introduction

Massive projects are underway in the construction
industry, which require large quantities of fine aggregates
for concrete [1]. Although river sand is considered the
most widely used traditional fine aggregate, the over-
extraction of river sand near the riverbeds is a serious
environmental drawback [2,3]. These days, manufactured
sand (MS) is considered an emerging and feasible
alternative for river sand in cement-based mixes since
river sand is no longer available to fulfill the needs of
contractors. MS has both advantages and disadvantages
as a fine aggregate due to its physical characteristics
[4,5]. Specifically, the cubical shape and rough surface
texture of MS particles could significantly increase the
bonding strength characteristics due to the particle inter-
locking behaviour [6,7]. These properties play a vital role
in the production of special concretes, such as high-

Article history: Received Mar 12, 2022; Accepted Jun 5, 2022

strength and ultra-high strength concretes [8—10]. On the
other hand, the fresh state properties of cement-based
mixes, in particular the workability and consistency, are
affected by the resistance to free-flow of fresh mixes and
the low lubricating effect between the cement paste and
aggregates [11,12].

MS is a fine aggregate purposely made by crushing
high-grade parent rocks through several crushers to
obtain the required particle size distribution. This process
enables certain special physical characteristics, as
discussed above, as well as different ingredient
compositions of MS. Microfine aggregate (MFA) is the
most crucial ingredient of MS that highly influences the
performance of both fluid and hardened concrete. Several
studies [1,13—17] suggested that the functionality of
hardened concrete improves when a considerable amount
of MFA is present in MS. He et al. [1], Li et al. [13], and
Wang et al. [14] reported the highest compressive
strength, flexural strength, freeze—thaw durability and the
lowest water and chloride ion permeability of concrete
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when MS contained 10% of MFA. Stewart et al. [16]
revealed that the compressive and flexural strengths of
concrete were improved with 13% of stone powder
content.

Several negative outcomes were also reported for
higher MFA contents. Gotmare and Sheth [17] revealed
that the higher MFA content increased water demand,
which caused a reduction in strength and an increase in
drying shrinkage of concrete. Arulmoly et al. [7] evinced
higher capillary water absorption for MS mortars
compared to river sand mortars due to an increase in the
total specific surface as a result of considerable MFA
content. Furthermore, a marginal increase in the initial
and final water absorptions was observed for 6%
limestone powder (by weight) added concrete than the
control roller compacted concrete pavement mix in the
study conducted by Hashemi et al. [18].

Bleeding and plastic shrinkage cracking are essential
properties of plastic stage concrete. Plastic shrinkage
cracking mainly occurs in concrete elements that are
larger in surface area and smaller in depth. The principal
phenomenon behind plastic shrinkage cracking is the
rapid evaporation of accumulated water as a result of
bleeding [19]. Bleeding usually takes place when
aggregate particles settle due to gravity, which enables an
upward movement of water towards the surface through
the particle pores [19,20]. Climate conditions, such as
excessive heat and wind, may also accelerate the rate of
water evaporation on the concrete surfaces. The cracking
of concrete begins when tensile pressure is created after
the complete evaporation of bled water from the surface
[20-22]. This negative pressure pulls back the particles,
causing the formation and propagation of shrinkage
cracks and, ultimately, the failure of concrete.

Several proposed factors influence the bleeding and
plastic shrinkage cracking of concrete. A concise review
of literature shows that a considerable number of studies
investigated the effects of varying cement properties
[23-25], addition of fibres [26-29], and inclusion of
shrinkage reducing admixtures [30,31] on concrete
bleeding and plastic induced cracking. However, another
important factor is the presence of MFA in MS, which
has not appeared in any published literature to date. This
could be imperative when concrete is prepared with MS
alone as it generally contains a considerable amount of
MFA. The underlying rationale is that the particle size of
MFA is generally less than 0.075 mm, making the
particles lightweight with a very low specific gravity
compared to other aggregate particles [27]. When a fresh
concrete mix enters a steady state following mixing, the
coarser particles settle down and bleeding begins to form
at the top surface of concrete. However, low settlement
rate of MFA particles due to a large variation in specific
gravities could significantly reduce the settlement rate of
the coarser particles. This could, in turn, significantly
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affect the bleeding rate and vulnerability to plastic shrink-
age cracking of concrete.

On the other hand, water demand may be also affected
by the presence of MFA due to its fineness. The finer
MFA fraction could lead to a larger specific surface area
of aggregates that requires more water to achieve the
design slump [32,33], which could result in more
concrete bleeding. Several studies demonstrated the
effects of water-to-cement ratio or water demand of the
mix on the plastic shrinkage cracking of concrete [34,35].
These studies concluded that the rate of concrete bleeding
is directly related to the amount of water present in the
mix. Furthermore, the types and dosages of water
reducing admixtures may also impact the free-water
content of concrete, which may lead to variations in
bleeding and plastic shrinkage cracking.

Plastic shrinkage cracking is a salient failure of plastic
concrete that determines its long-term performance. The
corrosion of reinforcement is exacerbated when the
corrosion accelerators penetrate through the shrinkage
cracks. However, it should be noted that other factors,
such as concrete ingredients (cement paste and
aggregates) and interfacial transition zone (ITZ) may also
determine concrete durability. The ITZ has high porosity
and should be efficiently treated to reduce the corrosion
of concrete. This could be achieved by certain enhancing
surface treatment process of aggregates. Sun et al. [36]
conducted a similar study investigating the corrosion
resistance of concrete exposed to a chloride-induced
environment when aggregates are coated with slag and
silica fume. The authors identified that the inclusion of
both slag and silica fume reduced the porosity of 1TZ,
with silica fume reducing more than 40% of porosity.
Another brief study was executed by Sun et al. [37] on
the reliability-based numerical model for assessing the
corrosion of concrete subjected to a sulfate-induced
environment. A time-dependent reliability index was
predicted with consideration for the uncertainties of
cement chemical composition and ITZ porosity under
chronic sulfate attack. The authors identified that the time
taken to prepare concrete with silica fume-coated
aggregates was significantly shortened to reach the
reliability index limit with increasing sulfate concentra-
tion.

Both crack development and the effect of cracking on
the corrosion of reinforcement are time-dependent
processes. Based on the study implemented by Chen et al.
[38], it is clear that the corrosion of reinforcement
continues over time even if the surface crack is repaired
through periodic maintenance. One of the factors that
determines the continuous corrosion of reinforcement
may be the composition of concrete. Hence, the materials
for concrete preparation should be carefully selected and
properly treated prior to application.
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2 Research significance

The higher presence of MFA in MS leads to several
threats to both fresh and hardened concrete, as well as the
long-term performance of concrete. BS 882 [39] set the
maximum allowable limit of MFA (i.e., particles less than
0.075 mm) in MS as 16% for concrete usage. However,
lack of conviction remains whether this allowable value
can be further applied to concrete as high MFA content
leads to serious drawbacks in strength and water demand
of the mixes. Several studies showed different optimum
permissible percentages of MFA in terms of the
properties of hardened concrete. Due to the scarcity of
available information regarding the fresh properties of
concrete, this study aimed to investigate the allowable
optimum MFA in MS concrete by inspecting concrete
bleeding and plastic shrinkage induced cracking. In this
study, the maximum permissible MFA content is
evaluated in regards to the rate of bleeding, cumulative
bleeding, and plastic shrinkage crack properties, such as
crack initiation life, crack width, crack length, and crack
area, which is a novel concept. In addition, the combined
influence of varying MFA levels in MS and water
reducing capacity of mineral and chemical admixtures on
bleeding and plastic shrinkage cracking is also examined,
which has not been reported in any literature.

3 Experimental setup
3.1 Materials

3.1.1 Cement

An Ordinary Portland Cement (OPC) classified under the
‘CEM 1 42.5N’ of BS EN 197-1 [40] was used as the
binding agent for each concrete. The properties of OPC,
according to the technical specifications, are listed in
Table I, with each property verified against the
limitations given in the above standard. The chemical
properties of OPC are mentioned in Table 2.

3.1.2 Manufactured sand

In the present study, MS is included in the concrete mixes
as the fine aggregate. Two types of MS, specifically MH
and MC, were selected based on the production sources.
MH (see Fig. 1(a)) defines the MS produced from
Hornblende-Gneiss rock and MC (see Fig. 1(b)) is
denoted by the MS produced from Charnockite rock. The
particle size distribution of both MS types is illustrated in
Fig. 2. Based on the gradation curves, we can see that the
percentage of particles greater than 1.16 mm and less than
4.75 mm of MH and MC were slightly higher than the
allowable limitations defined in ASTM C33 [41].
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Furthermore, the percentage of particles greater than
0.075 mm and less than 0.2 mm also marginally exceeded
the required region. The reason for this could be the
dependence of MS gradation on the crushing stages
during production, where varying equipment efficiencies
could differ the degree of particle sizes [42]. However,
the present study will not address on this concept, but
rather focus on the influence of MFA levels.

The chemical compositions of various MS types were
obtained through X-ray fluorescence technique and
Table 2 provides the compositions detected from the
experiment. Since the SiO, content was greater than 70%,
the sources selected for both MS types shall be classified
as ‘silicate rocks’, which work well with the performance
of cement-based mixes and highlights the durability of
the selected MS types in concrete. Moreover, X-ray
diffraction test was carried out on the powdered samples
of Hornblende-Gneiss and Charnockite rocks. Table 3
shows the minerals identified in those sources. The
potentially detrimental minerals for the performance of
concrete suggested by ASTM C294 [43], such as illite
and biotite were identified in very low quantities.
Generally, illite and biotite could lead to serious issues in
the long-term performance of concrete. Illite coats the
aggregates and reduces their bonding capacity with the
cement paste. Biotite increases the water demand of the
mixes due to its flaky and elongated surfaces, reducing
the overall strength of concrete. Because of the scarcity of
these harmful minerals, a risk-free application of the
selected MS types in concrete shall be assured.

Table 4 lists the physical properties relevant to the

Table 1 Properties of OPC

property selected cement EN 197-1 [40] limits
compressive strength (2 d) (N/mmz) >25 =10
compressive strength (28 d) (N/mmz) >52 42.5-62.5
setting time (min) 130-150 = 60
fineness (m%/kg) 330-340 not defined
soundness (mm) <1 <10
relative density ~3.08 not defined
chloride content <0.08% < 0.1%
insoluble residue (IR) <3.0% <5.0%

Table 2 Chemical and mineralogical compositions of concrete

ingredients (wt.%)

material  Si0, ALO, Fe,0, Ca0 MgO SO, Na,0 K,0 LOI
MC 7201 783 209 395 025 000 208 254 -
MH 7359 759 483 307 102 000 175 133 -
FA" 6347 2622 527 071 033 028 0.018 0.039 255
OPC" 2258 254 064 5924 261 248 —  — 289

“Note: Data provided in the technical specifications. LOI: Loss on ignition.
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Fig. 1 MS and MFA types: (a) MC; (b) MH; (¢c) MFA-MC; (d) MFA-MH.

concrete mix design and experiments conducted in this
study. The corresponding standards for the determination
of each property are also included. Based on the fineness
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Fig. 2 Particle size distribution of MS types, MFA types, and
FA.

Table 3 Mineralogical compositions of the sources for MC and MH
(Wt.%)

material calcite quartz albite k-feldspar anorthite dolomite illite biotite
MC 18.97 27.95 18.03
MH 0.62 49.48 10.44

27.15
10.68

436
20.30

0.23
0.22

1.66 0.00
6.23 0.02

Table 4 Physical properties and deleterious contents of MC and MH

modulus and specific gravity, it can be observed that MH
is slightly coarser and heavier than MC. Both MS types
demonstrated similar loose densities, though the packing
density of MH is considerably higher than that of MC.
This could be due to the increased MFA content of MH
(6.28%) compared to MC (3.37%) since the micropores
between the coarser sand particles could be filled with
this increased fine particle content. Small quantities of silt
were also present in both types. No chloride or salt, two
main accelerators of corrosion of reinforcement, was
detected in the selected MS types. Therefore, these MS
types could be applied in reinforced concrete to ensure
long-term performance.

3.1.3 Microfine aggregate

The influencing parameter of the present study is the
percentage of MFA added to concrete. Here, MFA that
complies with BE 882 [39] is defined as MS particles that
can pass through the 0.075 mm sieve. Initially, the
required amount of MFA was prepared in the laboratory
using a wet sieving method as described in ASTM C117
[49]. The sieved contents were then oven-dried

material  fineness modulus ~ specific gravity  loose density (kg/m’®) packing density (kg/m’) water absorption (%) deleterious contents (%)
ASTM C144 [44] ASTM C128 [45] ASTM C1252 [46] ASTM C29 [47] ASTM C70 [48] MEA Silt

ASTM C117 [49]
MC 3.086 2.70 1740 1824 1.1 3.37 1.92
MH 3.107 2.71 1784 1915 1.2 6.28 2.88
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continuously for 48 h and stored in air-tight containers.
Figures 1(c) and 1(d) show the MFA obtained from the
selected MS types, where MFA-MC represents the MFA
obtained from MC and MFA-MH represents the MFA
obtained from MH. Furthermore, the particle size
distributions of both MFA types were investigated using a
hydrometer analysis test based on ASTM D7928 [50].
The gradation curves of MFA-MC and MFA-MH are
presented in Fig. 2.

MFA is a by-product from aggregate crushing plants,
which are the dust-of-fracture of high-grade metamorphic
rocks. Therefore, MFA is also known as ‘mineral fines’
(i.e., the crushed form of minerals presents in the parent
rocks). Generally, the reaction rate of aggregates is
influenced by its fineness since higher fineness causes
higher reaction rates with other chemical compositions.
Here, the dust nature of MFA could lead to both
advantages and disadvantages in the mechanical and
durability characteristics of concrete. The performance of
MFA should be -carefully investigated due to the
possibility of it containing reactive harmful minerals. For
example, the reactive form of mica lowers the strength of
concrete due to the improper adhesion between the
cement paste and the flat and smooth surface of the mica
particles [51,52]. The durability of concrete may also be
deteriorated if water and air accumulate beneath the flaky
mica particles. The presence of mica may also have
serious effects on the freeze—thaw expansion and
contraction response of concrete [53]. Fortunately, the
mica content in the parent rock sources selected in this
study are negligible, which reduces the issues mentioned
above.

3.1.4 Admixtures

The main purpose of using admixtures is to reduce the
water demand for concrete mixes and investigate the
selected concrete properties with the available water
content. Both mineral and chemical admixtures were
selected for this study since they may reduce the water
demand to various extents. Fly ash (FA) and superpla-
sticizer (SP) were utilized as the mineral and chemical
admixtures, respectively. In order to avoid the variations

(a)
Fig.3 Free-running shape at SSD condition: (a) MC; (b) MH.
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in admixture content, the dosages of FA and SP were
maintained at 15% and 1.2% (by OPC mass), respective-
ly. According to the technical requirements stated in
ASTM C618 [54] and ASTM C494 [55], the selected FA
was classified as ‘Class F fly ash’, while the selected SP
was categorized as ‘polycarboxylate and modified
phosphonate superplasticizer—Type A and F’.

3.2 Batching of materials and concrete mix design

Materials for concrete were acquired on a weight basis.
Prior to batching, all materials were stored at a tempera-
ture of (28 + 4) °C, which also remained constant
throughout the mixing of concrete. To study the effects of
varying MFA levels, MC and MH were partially replaced
by its own MFA (i.e., by MFA-MC and MFA-MH,
respectively). The weight of MS in concrete was replaced
at 0%, 3%, 6%, 9%, and 12% by MFA. The concrete with
0% MFA was used as the control mix to compare the
performances of other concrete mixes.

For the concrete designed with lower MFA levels, such
as 0% or 3%, the MC and MH were first sieved with a
0.075 mm sieve to completely remove the initial MFA
that make the MFA content higher than 3%. Then, the
required MFA was measured from the stored contents
using an electronic balance and mixed with the sieved
MC and MH. For the other replacement levels, such as
6%, 9%, and 12%, the required MC and MH were
measured without sieving and the additional required
MFA was blended with the unsieved MC and MH. In all
cases, the total fine aggregate content (i.e., the summation
of MS and MFA) was checked to make sure accurate
quantities of the required materials were obtained using
the mix design calculations.

The mix design of concrete was done based on the
saturated surface dry (SSD) condition of aggregates. At
the preliminary stage, it is required to identify the
moisture content of the selected MS types at the SSD
condition using a standard method described in BS 8§12-2
[56]. Several attempts were used to achieve the required
free-running condition of MC and MH suggested by the
standard. Figure 3 presents the free-running shape of MC
and MH obtained during SSD condition. Afterwards, the

®)
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representative MC and MH samples were oven-dried at
(100 = 5) °C for at least 24 h to determine the moisture
contents at SSD condition.

Each concrete was designed with a grade of M30. The
initial water-to-cement ratio (w/c); was set as 0.5 and the
mixes were designed for a slump of (110 + 10) mm. The
mixing of concrete was carried out using a mini concrete
mixer with a capacity of 0.2 m’ and the total mixing time
was maintained at (10 £ 5) min for each mix. The OPC
and MS were first thoroughly mixed before MFA was
added. After that, coarse aggregate was introduced into
the mixer. For M-series concrete mixes, FA was added
and then water was gradually added until the pre-defined
slump was achieved. SP was mixed normally with a
portion of the total measured water and then added to the
mix.

For the pre-defined design slump to maintain constant
throughout the study, the workability of each concrete
was regularly checked during mixing through slump trials
as per ASTM C143 [57]. This method allowed us to
check whether the design slump has been achieved or if
additional water is required. For example, if a mix did not
achieve the design slump, it was re-mixed with the
addition of water to increase the slump. This process was
repeated until the mix reached the design slump. Once the
concrete attained the required slump, the actual w/c ratio
was determined as the effective w/c (w/c),; based on the
total water content in the mix. Here, the total water
content is the summation of the initial water calculated
from the mix design and the additional water introduced
to the mix to achieve the design slump. All concrete
mixes were categorized into three series: P series, M
series, and C series, which define the plain concrete (i.e.,
concrete without any admixtures), concrete with FA, and
concrete with SP, respectively. Table 5 tabulates the mix
proportions of the constituents for each concrete series.

3.3 Experiments

3.3.1 Bleeding

The bleeding test was carried out according to the
standard procedures under ‘Method A’ of ASTM (C232
[58]. This procedure is based on the consolidation of
fresh concrete using a rodding method without any
external vibrations. A cylindrical steel container with a
250 mm diameter, 280 mm inside height, and an
approximate 3 mm thickness was filled with concrete
immediately after the mix reached the required slump.
The total time for introducing fresh concrete into the
bleeding container was maintained at (5 £ 2) min to

minimize the effects of slump reduction. The
experimental setup used for the bleeding test is shown in
Fig. 4(a).

A straight steel tamping rod with a 16 mm diameter and
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hemispherical tip was used for the rodding compaction of
concrete. The filling and surface finishing of concrete
was done up to a height of 250 mm from the bottom of
the container to enhance the extraction of accumulated
bleed water. Following filling and compaction, the
container was covered with a lid to prevent any
evaporation of the bled water.

The container and its contents were carefully placed on
a level platform without any vibrations and exposed to
the same environmental conditions for the plastic
shrinkage cracking test. The accumulated bleed water was
drawn off using a syringe at 10-min intervals during the
first 40 min and at 30-min intervals afterwards until
160 min (the average time for ceasing bleeding from the
trial experiments). At each extraction, the bled water was
transferred into a 100 mL glass measuring cylinder with
an air-tight lid and the cumulative weight was measured
using an electronic balance sensitive to 0.1 g. Two test
samples were prepared to determine the bleeding for each
mix. The two results were averaged to obtain the final
results.

3.3.2 Plastic shrinkage cracking

The susceptibility of concrete for plastic shrinkage
induced cracking was investigated inside a climate
chamber to maintain stable environmental conditions
throughout the experiment. A rectangular mould with the
internal dimensions of 560 mm x 355 mm X 100 mm was
fabricated with a stress riser (i.e., which acts as the crack
inducer) at the middle that complies with the standard
ASTM C1579 [59]. Two metal inserts were provided next
to the stress riser to accommodate the internal restraints
of concrete during shrinkage. However, several previous
studies reported that the provision of only two metal
inserts next to the stress riser was not sufficient to
restraint the concrete during hardening. Therefore, the
specimen prepared according to ASTM C1579 [59] was
further modified in this study using six additional 10 mm
diameter corrosion-free end bolts and nuts at both shorter
spans of the mould as shown in Figs. 4(b) and 4(c).

For the provision of nuts and bolts, the shorter spans
were selected because concrete generally shrinks quicker
from the edges along its longer span. Here, it should be
noted that the nuts were kept at the edges of bolts, which
could efficiently restraint the concrete without shortening
from the edges of the mould. With these modifications,
large cracks were visible along the stress riser provided at
the middle of the specimen. These modifications were
also used in the studies conducted by Sayahi [60] and
Sivakumar and Santhanam [61] with minor deviations.

Once the defined slump was attained, the concrete mix
was introduced into the plastic shrinkage cracking mould
a layer at a time to reduce the effects of compaction on
bleeding. After the mould was filled entirely with
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Table 5 Mix proportions of concrete ingredients
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series mix code main constituents of concrete (kg/m”) (wle),; contribution of supplementary materials (%)
OPC MC MH CA MFA-MC MFA-MH FA SP
P P-MC, 450 799 - 903 0.5 0 - - -
P-MC;, 450 775 - 903 - 3 - - -
P-MCq 450 751 - 903 - 6 - - -
P-MC, 450 727 - 903 - 9 - - -
P-MC,, 450 703 - 903 - 12 - -
P-MH, 450 - 765 937 - - 0 - -
P-MH, 450 - 742 937 - - 3 - -
P-MH¢ 450 - 719 937 - - 6 - -
P-MH, 450 - 696 937 - - 9 - -
P-MH,, 450 - 673 937 - - 12 - -
M M-MC, 396 799 - 903 0.5 0 15 -
M-MC; 396 775 - 903 - 3 - 15 -
M-MCq 396 751 - 903 - 6 - 15 -
M-MC, 396 727 - 903 - 9 - 15 -
M-MC,, 396 703 - 903 - 12 15 -
M-MH, 396 - 765 937 - 0 15 -
M-MH, 396 - 742 937 - - 3 15 -
M-MH, 396 - 719 937 - - 6 15 -
M-MH, 396 - 696 937 - - 9 15 -
M-MH,, 396 - 673 937 - - 12 15 -
C C-MC, 445 799 - 903 0.5 0 - 1.2
C-MC; 445 775 - 903 - 3 - - 1.2
C-MCq 445 751 - 903 - 6 - - 1.2
C-MC, 445 727 - 903 - 9 - - 1.2
C-MC,, 445 703 - 903 - 12 - - 1.2
C-MH, 445 - 765 937 - - 0 - 12
C-MH, 445 - 742 937 - - 3 - 1.2
C-MHg 445 - 719 937 - - 6 - 1.2
C-MH, 445 - 696 937 - - 9 - 1.2
C-MH,, 445 - 673 937 - - 12 - 1.2

concrete, the sides were tamped by a steel rod until the
concrete was approximately level at the top. At the end of
screeding, the concrete was leveled with a trowel and,
immediately, the mould and its contents were placed
inside the climate chamber. Figure5 presents the
experimental setup used for the plastic shrinkage
determination. One test specimen was prepared for this
for each concrete mix. It was also ensured that the
bleeding and plastic shrinkage cracking setups were
susceptible to the designed environmental conditions
simultaneously.

To satisfy the minimum requirements for plastic
shrinkage cracking mentioned in ASTM C1579 [59], the
climate chamber was maintained at a constant

temperature of (40 = 5) °C, relative humidity of 20% +
5%, and wind speed of (10 £ 1) m/s. Most of the concrete
mixes showed an initial temperature range of (25 =+
2) °C. Hence, the average evaporation rate inside the
climate chamber was determined as (1.5-2) kg'm >-h™'
from the ‘evaporation nomograph’ proposed by Kosmatka
etal. [32].

3.3.3 Crack investigation and interpretation

The concrete specimens for plastic shrinkage cracking
were continuously inspected to identify crack initiation. A
high intensity discharge lamp was not only used as the
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Fig. 4 Experimental setups: (a) bleeding test setup; (b) plastic shrinkage cracking device; (c) arrangement of plastic shrinkage cracking
device (all dimensions are in mm).
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Fig. 5 Plastic shrinkage cracking test setup (all dimensions are in mm) (Arulmoly et al. [62]). (Reprinted from Structural Concrete,
Arulmoly B, Konthesingha C, Nanayakkara A, Plastic settlement and hardened state assessments of manufactured sand made concrete for
varying microfine levels, 1-21, Copyright 2022, with permission from John Wiley and Sons.)

heat source, but also as the light source that aided in the life’ was recorded as the duration between the first
visual inspections during light-time. The ‘crack initiation exposure of the concrete specimen to the climate
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conditions and first observation of hairline cracks at the
surface.

The crack measurements and investigations began after
the concrete specimens were exposed to the climate
conditions for at least (24 + 2) h to ensure full
development and stabilization of cracks initiated at the
surface. After the required period, the developed cracks
were photographed using a 16x Digital Single-Lens
Reflex camera with a measuring scale on the surface of
concrete specimen to scale images for processing.

The crack detection, characterization, and measure-
ments were executed using an image processing techni-
que and the ‘Imagel’ software. Before implementing the
crack detection model, as described in Fig. 6, the raw
images were calibrated by setting a scale for the assigned
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known length using the software. The first stage after
calibration was gray scaling and enhancing by setting the
images to an 8-bit grayscale type. The grayscale images
were then cleaned, filtered, and binarized to reduce the
background noise and subsequently enhanced for better
crack detection. After that, image thresholding was set at
72.5% for better crack illumination. The illuminated
cracks were then detected using crack boundaries and
edges using a similar methodology as that found in the
research done by Qi et al. [63] and Turkmenoglu et al.
[64].

Once the crack contour was detected, further image
processing was done to analyze the cracks. The profile of
the crack was clearly defined using the illuminated
boundaries and outlines as presented in Fig. 7. Prior to

o primary processing: Tirne crack detection: _—
images (Verysels thresholdin (Dlbeanc ey measurements
g (b) enhancement & (b) edges U
length width area edge cracking depth
Fig. 6 Crack detection model based on image processing technique.
crack area (enclosed K
crack width (between by purple boundary) secondary crac
outer edges)
primary
crack

1.0

1:5 2.0 25 3.0

3.5

4.0 4.5 6.0 6.5

(mm)

Fig. 7 Measurements of a primary crack (boundary detected threshold image) (Arulmoly et al. [62]). (Reprinted from Structural Concrete,
Arulmoly B, Konthesingha C, Nanayakkara A, Plastic settlement and hardened state assessments of manufactured sand made concrete for
varying microfine levels, 1-21, Copyright 2022, with permission from John Wiley and Sons.)



1462

crack measurements, the crack profiles were categorized
based on the crack patterns. It was observed that the
cracks propagated along the stress riser, thus the crack
lengths were measured using a line of best fit. For
segmented cracks, the total length was determined by
adding the lengths of each segment.

The width of the crack was quantified perpendicular to
the stress riser at 20 mm intervals along the longitudinal
profile starting from one edge of the crack to the other.
The width was measured between the two outer
perimeters of the crack boundary, and the average crack
width and maximum crack width were determined. Crack
area quantification of many previous studies were
conducted based on the total length and average width of
cracks [65,66]. However, the accuracy of this area
calculation may not be sufficient due to the large
variations in crack widths and curvatures. Therefore, the
‘Polygon sections’ software tool was used to estimate the
crack area. Furthermore, the depth of the cracks was
evaluated by observing the side views of the hardened
specimens after their removal from the device. The crack
depths were measured at the longer spans of the specimen
near the stress riser and used to calculate the average
depth.

3.4 Statistical analysis

To visually inspect the significance of replacing MS with
MFA, the concrete properties were plotted against the
replacement levels of MFA. Vertical error bars were
provided for each replacement level at the standard 95%
confidence interval and the significance was identified
based on the interception of error bars.

In addition, a standard single factor one-way analysis of
variance (Table 7) test was performed to determine the
statistical significance of varying the MFA content on the
bleeding and plastic shrinkage cracking of concrete. Here,
five independent groups were decided according to the
replacement levels of MS by MFA, specifically 0%, 3%,
6%, 9%, and 12%. The level of statistical significance
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was evaluated between these five groups. The null
hypothesis was ‘no significant effect of the replacement
of MS with MFA on the property of concrete’ and this
was checked at 95% confidence interval (@ = 0.05).

4 Results and discussion

4.1 Effect of MFA on bleeding

Figure 8 shows the bleeding of the P-series concrete by
time for each replacement level. It was observed that as
the replacement levels of MS by MFA increased, the
bleeding of concrete decreased (i.e., curves moved from
top to bottom as the replacement levels increased from
0% to 12%). The rationale behind the reduced bleeding at
higher MFA contents could be due to the replacement of
the coarser aggregate particles by MFA, a finer aggregate,
resulting in a lower particle settlement. A similar behavi-
our was seen in the study conducted by Ghourchian et al.
[23] on the effects of fineness in different cement types. It
should be noted that a drastic decline was observed when
the MFA replacing level increased from 3% to 6%, as
seen in Fig. 8(a). Though the exact reason for this is
unknown, it may be due to the optimum settling
behaviour of coarser particles when the MFA content was
0% and 3%. A future study on this behaviour is necessary
to better understand the drop observed between these
curves.

Results also showed that as the MFA content in P-
series concrete increased from 0% to 12%, the water
remaining after the design slump was reduced from 0.263
to 0.209 kg/m® for MC concrete and from 0.241 to 0.205
kg/m® for MH concrete. For RS concrete, the excess
water was 0.302 kg/m’. This reflects how the higher
replacement levels of MS by MFA could increase the
total specific surface area of aggregates, increasing the
water content required to achieve the pre-defined slump,
as well as the water retained in the mix.

Furthermore, the MC and MH concretes showed a
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Fig. 8 Variation of bleeding of P-series concrete with time: (a) MH concrete; (b) MC concrete.
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gradual increase at the beginning for each MFA level,
which slowed down from 90 to 120 minutes. This
behaviour was influenced by the amount of water
available in the mix required for stiffening. Bleeding was
halted when concrete reached the initial setting [19,22].
At 160 minutes, it was observed that the coarser MH
considerably increased the cumulative bleeding of
concrete compared to MC due to its quicker particle
settlement A similar behaviour was also observed in
Figs. 9 and 10 for the M- and C-series concrete, respec-
tively.

The addition of FA decreased the rate of bleeding of
M-series concrete than P-series concrete at each
replacement level. According to Fig. 9, the optimum
bleeding attained by the M-series concrete with MH and
MC were 1.37 to 1.63 kg/m® and 1.32 to 1.51 kg/m?
respectively. These were considerably less than the
ranges 0.85 to 1.95 kg/m” and 1.18 to 1.47 kg/m?, which
were obtained from the P-series concrete with MH and
MC, respectively. It can be determined that the rate of
bleeding up to 90 minutes was similar for each M-series
concrete mix, which was not the case for the P-series.
Hence, it can be concluded that the initial rate of bleeding
was mainly influenced by the inclusion of FA rather than
the MFA replacement levels.
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Here, FA was used as a cementitious material, which is
finer than OPC. Therefore, the effective fineness was
increased due to the partial replacement of OPC by FA,
which resulted in the slightly reduced bleeding of
concrete. Here, it should be noted that the addition of FA
was maintained at 15% for each M-series concrete mix.
The addition of 15% FA by replacing cement reduced the
water required for the M-series concrete mixes to achieve
the design slump to 5%—6.2%. Therefore, the actual water
content in the M-series concrete mixes was lower
compared to the P-series, which resulted in the lower
bleeding.

As seen in Fig. 10, two bases for the bleeding rate
trends of the C-series concrete shall be concluded. Due to
the scarcity of mineral admixtures, variations in the
mixes’ fineness were solely due to the varying MFA
contents. The optimum bleeding was achieved from 0.79
to 0.91 kg/m* and 0.60 to 0.84 kg/m* when MH and MC
were respectively replaced by MFA from 12% to 0%. The
optimum bleeding levels were approximately 40% to
50% lower than that of the P-series concrete. The high
range water reducing SP that was used played a pivotal
role in the declination of bleeding. It was identified that
the inclusion of 1.2% SP minimized the water
requirement to 11.5% to 14% compared to the plain
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concrete. This is a significant reduction in the amount of
free-water in the mixes, which resulted in considerably
lower bleeding in the C-series concrete than P-series and
M-series concretes.

As seen in Fig. 11, the cumulative bleeding of each
concrete series gradually decreased as the replacement of
MFA increased. The selected FA type manifested similar
physical characteristics to OPC, except for the specific
gravity. According to the product specifications, the
specific surface area (fineness) of FA was identified as
365 mz/kg, which is closer to the fineness of OPC (i.e.,
(330-340) m?/kg). The specific gravity of FA was
identified as 2.92, compared to 3.08 for OPC. The
similarity in the fineness of FA and OPC proved to be
insignificant on the cumulative bleeding of concrete.
However, the small variation could be due to differences
in the specific gravities of FA and OPC. It should also be
noted that the cumulative bleeding of the C-series
concrete was significantly lower than that of the P-series
and M-series concrete at each replacement level, which
could be due to the high range of water reduction in the
mixes.

4.2 Effect of MFA on plastic shrinkage cracking severity

The severity of plastic shrinkage cracking could be
correlated with the MFA replacements. The rate of
bleeding of fresh concrete is a major factor in plastic
shrinkage cracking [20-22]. The bleeding of concrete is
influenced by the settlement rate of aggregate particles
and the free-water content of the mix. Here, MS particles
were 0.075 to 4.75 mm in size, while MFA particles were
less than 0.075 mm. Therefore, the settlement rate of fine
aggregate particles was quicker than that of the MFA
particles due to the higher specific gravity.

Varying ranges of replacement with MFA enhanced
different levels of plastic shrinkage cracking severity. As
illustrated in Fig. 12, low, medium, and high severity
levels (w, < w, < ws;) were achieved in concrete mixes
with the selected replacement levels of MS by MFA. At
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smaller replacement levels, such as 0% and 3%, the
bleeding was high due to the presence of larger MS
particles, leading to low severity. This is because the
reduced evaporation of the accumulated bleed water
created low tensile stress in the concrete. When MS was
replaced at higher levels, such as 9% and 12%, more
smaller particles were introduced into the mix, reducing
the amount of bleed water at the surface. As a result, the
rapid evaporation caused higher tensile stress during
concrete stiffening and led to high plastic shrinkage
cracking severity.

4.3 Effect of MFA on crack initiation life

Crack initiation life was first measured for concrete
specimens subjected to the plastic shrinkage cracking test.
Figure 13 shows the effects of varying MFA on the crack
initiation life of concrete. Similar trends were observed
for both MS types, specifically, a decreasing trend was
observed with increasing replacements by MFA. This
could be due to the slower settlement rate of coarser
particles at larger replacement levels by MFA as
discussed under Subsection 4.2.

The C-series concrete mixes were first exposed to
plastic shrinkage cracking where the crack initiation life
of both MS types was less than 40 min at each MFA level
due to the addition of SP, which highly reduced the water
content in the mix. In the case of the M-series, the crack
initiation life varied between 60 to 40 min as the
replacement level increased from 0 to 12%. This resulted
in a considerable increment in crack initiation life
compared to the C-series due to an increased bleeding
rate. The P-series concrete with 0% and 12% replacement
with MFA exhibited a crack initiation life of 68 and 40
min, respectively, for MH concrete and 55 and 38 min,
respectively, for MC concrete.

Based on the observations, a relationship can be
modeled between the initiation life of plastic shrinkage
cracking (¢) and the cumulative bleeding of concrete (b),
as illustrated in Fig. 14(a). Based on the best fitting trend
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Effect of MFA replacement levels on cumulative bleeding: (a) MC concrete; (b) MH concrete.
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Fig. 14 (a) Crack initiation life vs cumulative bleeding; (b) crack width vs optimum bleeding.

line, a linear relationship, as provided in Eq. (1), was
obtained with an R-squared value of 0.9643. As discussed
above, an increasing crack initiation life trend was
observed with the cumulative bleeding of concrete.

t,=31.651b. @)

4.4 Effect of MFA on crack profile

In general, cracks are classified based on their nature,
dimensions, and shape [65,66]. However, this section
focuses solely on the shape-wise classification to
investigate the crack profiles. The experimental results
were obtained from visual inspections and image

processing, hence no quantitative analysis was carried
out. Based on the 24-h observation of each mix, all
specimens underwent the plastic shrinkage cracking test
with the assigned environmental conditions. In certain
specimens, both primary and secondary cracks were
identified. However, only primary cracks were selected
due to their dimensions and analysed to identify the crack
profile.

The identification of crack profile was conducted as the
fourth stage of the image processing model as shown in
Fig. 6. Four different profiles of plastic shrinkage cracks
were detected in this study. Figure 15 exhibits the
processed images of the four crack types, specifically the
continuous crack, segmented crack, branching crack, and
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shortened crack. The following author-defined definitions
of the four crack profiles mentioned above were used in
this study to categorize the crack patterns observed in the
specimens.

—Continuous crack: Crack initiated from or near one
edge of the crack inducer and propagated to the other
edge without any spacings or splits.

—Segmented crack: Crack initiated from or near one
edge of the crack inducer and propagated to the other
edge or ceased at an intermediate position with a
combination of segments.

—Branching crack: Continuous or segmented crack
diverged into branches at one or more locations along or
near the profile of the crack inducer.

—Shortened crack: Crack initiated from any location
along or near the profile of the crack inducer and
propagated to a maximum length of 100 mm.

The grayscale, enhanced, and threshold images were
obtained from image processing to analyze the crack
profiles illustrated in Fig. 15. The grayscale images reveal
the pictorial views of the actual concrete surface
following calibration. The surface locations where the
crack pattern and the author-defined cracks coincided
were marked with squares, which were enlarged to
produce the enhanced and threshold images. The

5 mm

25 mm 5 mm

5mm

Imagel] software processed images of typically identified crack patterns.

enhanced images distinctly show the crack patterns after
the modification of grayscale images. The threshold
images provide additional visual evidence by clearly
showing the enlarged views of the crack patterns detected
from the grayscale images.

As discussed in Subsection 4.3, crack susceptibility
increased as the MFA percentage increased. Based on the
crack profiles, we can see that shortened and segmented
cracks were detected at lower MFA levels, while
continuous and branching cracks were observed at higher
MFA levels. Shortened cracks were only formed when
the concrete reached maximum bleeding at 0%
replacement level. Based on Table 6, P-MH,, and P-MH,
were determined for shortened cracks.

Segmented cracks were detected when the concrete was
exposed to medium susceptibility. The majority of the P-
series, M-series, and C-series concrete with 3% and 6%
replacement levels were failed by segmented cracks. This
crack profile was, in general, shorter in length and width
compared to that of the continuous and branching cracks.
Due to the increase in MFA, bleeding was reduced and
high tensile stress was created at the surface of concrete
with 0% MFA. Segmented cracks formed when concrete
was unable to dissipate the energy created by tensile
stress through shortened cracks.
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Table 6 Summary of crack features and measurements (values are in mm and mm?)
mix profile width depth length area
mean SD mean SD

P-MC, segmented 0.19 0.062 11.15 1.45 96.85 18.35
P-MC, segmented 0.25 0.058 11.60 0.80 78.37 23.44
P-MCy segmented 0.40 0.095 9.80 1.40 174.24 79.68
P-MC, continuous 0.47 0.186 7.90 1.50 308.55 145.09
P-MC,, branching 0.57 0.101 8.05 0.65 312.66 189.52
P-MH, shorten 0.18 0.060 13.90 0.30 115.84 19.85
P-MH, shorten 0.24 0.064 10.15 2.25 129.47 31.74
P-MH¢ continuous 0.34 0.170 9.90 0.50 295.24 105.32
P-MH, continuous 0.40 0.146 11.55 1.85 287.55 115.35
P-MH,, segmented 0.47 0.120 12.22 3.26 320.61 155.79
M-MC, segmented 0.26 0.071 14.06 0.79 116.43 30.27
M-MC, segmented 0.37 0.127 11.53 1.72 154.28 53.14
M-MCg segmented 0.43 0.131 10.53 2.04 148.35 65.88
M-MC, branching 0.62 0.076 14.47 1.20 284.10 176.14
M-MC,, continuous 0.78 0.188 15.02 3.38 311.25 242.84
M-MH, segmented 0.23 0.066 11.82 0.58 147.58 31.97
M-MH, segmented 0.26 0.102 16.90 2.54 177.89 46.82
M-MH¢ continuous 0.36 0.134 7.95 1.51 244.08 103.48
M-MH, continuous 0.48 0.109 14.36 0.59 308.98 148.31
M-MH,, branching 0.68 0.169 13.40 1.26 305.84 201.46
C-MC, segmented 0.37 0.145 13.81 1.34 104.88 39.14
C-MC;, segmented 0.49 0.141 6.66 2.82 115.37 56.53
C-MCq continuous 0.50 0.214 13.74 2.60 284.51 145.18
C-MC, branching 0.71 0.178 9.00 0.54 338.94 240.31
C-MC,, branching 0.80 0.185 7.75 2.12 317.58 258.57
C-MH, segmented 0.31 0.107 10.72 0.31 100.73 31.62
C-MH; segmented 0.45 0.116 9.74 3.40 132.06 58.43
C-MHg segmented 0.52 0.157 5.75 0.59 189.34 98.47
C-MH, continuous 0.68 0.202 7.30 1.16 295.18 202.84
C-MH,, branching 0.84 0.391 11.05 1.305 328.54 262.19

Note: SD represents the standard deviation of data.

Continuous and branching cracks propagated in conc-
rete with higher MFA replacement levels, such as 9% and
12%, indicating high severity of plastic shrinkage
cracking. Because of the lower concrete bleeding at high
replacement levels, cracking was exacerbated due to the
high tensile stress. However, bifurcations of cracks were
created when concrete had inadequate capacity to
dissipate the energy through a single continuous crack.

4.5 Effect of MFA on average and maximum crack widths

The average and maximum crack widths were the key
parameters of the plastic shrinkage cracking test of

concrete. The crack width should be carefully investiga-
ted since it is a major factor related to durability and
structure failure. Figure 16 illustrates the effects of
varying MFA levels in concrete on the average crack
width. Based on the 24-h observations, the average crack
width was determined for both MC and MH concretes for
all replacement levels by MFA.

For the P-series, MC and MH concretes had average
crack widths of 0.19 and 0.18 mm, respectively at 0%
MFA content (see Table 6). However, the average crack
widths at 12% MFA were 0.57 and 0.47 mm. Similar
trends were observed for the M-series and C-series. The
C-series concrete demonstrated the highest average crack
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width for each selected replacement level by MFA,
reflecting the significant impact of high range water
reducers in concrete on the crack width. According to the
values provided in Table 6, concrete that contained MH
manifested crack widths slightly lower than that of MC
concrete.

The maximum crack width of concrete also followed an
increasing trend as the MFA content increased, as
presented in Fig. 17. The P-series MC and MH concretes
at 0% MFA content showed maximum crack widths of
0.32 and 0.30 mm, respectively, which later increased to
0.80 and 0.60 mm, respectively, at 12% replacement level
of MS by MFA. The M-series and C-series MC concrete
mixes showed slightly higher maximum crack widths
than the P-series MC concrete. A similar behaviour could
be identified for the MH concretes of each series.

Figure 14(b) is a graphic representation of the correla-
tion between the average and maximum crack widths and
concrete bleeding. Based on the data distribution, we can
see that the average and maximum crack widths
decreased as the optimum bleeding increased. The high
tensile stress due to low bleeding resulted in the initiation
and propagation of larger cracks (usually accompanied
with larger widths) at the surfaces. We were unable to
derive a direct relationship between the factors due to the
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low coefficient of determination values for the distribu-
tion of data.

4.6 Effect of MFA on crack length and crack area

The variations in crack length and crack area with respect
to the replacement levels of MS by MFA are plotted in
Fig. 18. A gradual increase in the crack length was
observed as the MFA content in MC concrete increased
from 3% to 6% and 3% to 9% in MH concrete (i.e., 78.37
to 174.24 mm for MC concrete and 129.47 to 295.24 mm
for MH concrete). Due to the gradual increase in the
crack widths and lengths, the crack area also increased as
the replacement levels increased. As discussed previou-
sly, the actual crack area was measured using the image
processing software in this study. The area encompassed
by the purple boundary (see Fig. 7) represents the crack
area measurement of a typical crack. This method could
be more accurate than the traditional method of crack
area calculation (multiplying the crack length by the
average crack width). It was observed that the crack area
of MC and MH concretes changed from 18.35 to
189.52 mm® and 19.85 to 155.79 mm®, respectively, when
the replacement level increased from 0% to 12%. The
rationale behind these variations could be the lower
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Fig. 18 Relationship of MFA content, crack length, and crack area: (a) P-series; (b) M-series; (c) C-series.

concrete bleeding at high MFA levels, resulting in
increased crack length and crack area.

Concrete mixes that contained FA revealed a margi-
nally higher crack length than that of the P-series
concretes at smaller replacement levels. However, at high
replacement levels, such as 9% and 12%, both MC and
MH concretes demonstrated similar behaviours to the P-
series concretes. The length of the MC and MH concrete
cracks at 12% replacement were 63% and 52% higher
than that of the MC; and MH, concretes at 0%
replacement level. When the replacement level increased
from 0% to 12%, the crack area also increased by 87%
for MC concrete (from 30.27 to 242.84 mm®) and 84%
for MH concrete (from 31.97 to 201.46 mmz).

The C-series concretes also revealed similar trends.
Compared to the other series, the C-series exhibited
remarkably higher crack lengths and crack areas. At 12%
replacement level, the crack lengths of the C-series MC
and MH concretes were 317.58 and 328.54 mm,
respectively, which are 2% and 7% higher than their
respective M-series concretes. At this replacement level,
the crack area of C-series was measured as 258.57 mm®
for MC concrete and 262.19 mm? for MH concrete,
which are 6% and 23% greater than the M-series MC and
MH concretes, respectively.

The above trends demonstrated by the M-series and
C-series are attributable to the higher tensile stress

created at the concrete surfaces as a result of the inclusion
of admixtures. Both mineral and chemical admixtures
selected for this study considerably reduced the water
demand of the concrete mixes compared to the plain
concrete, which led to an inability to resist tensile stress
and shorter bleeding duration. This resulted in a
significant increase in crack length and crack area
compared to the P-series concretes.

4.7 Effect of MFA on crack depth

Crack depth was investigated based on visual observa-
tions and manual measurements using a micrometer, in
other words, the image processing technique was not used
for this analysis. The final crack depth was calculated as
the average of the two depths observed at the longer
spans of the specimen near to the stress riser. Table 6
shows the average crack depth of each concrete and their
respective standard deviations. A distinct variation was
not identified between the average crack depth and
replacement levels of MS by MFA. Therefore, statistical
analysis on the effects of MFA replacements on crack
depth was not carried out.

The crack depth could vary along the profile of the
stress inducer since the depth measurements were taken
only on the longitudinal sides of concrete specimens,
which may affect the accuracy of the average crack depth.
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Thus, we are unable to draw accurate conclusions on the
effects of MFA replacement levels on plastic shrinkage
cracking depth. Future studies are necessary to evaluate
the plastic shrinkage cracking depth at regular intervals
along the profile of stress riser.

4.8 Level of statistical significance

Table 7 provides the p-values obtained from the single
factor one-way ANOVA test for each concrete property
mentioned in this study. Each ANOVA test was conducted
with a degree of freedom of nine (9). The p-values were
compared at a level of significance (@) of 0.05 (at 95%
confidence interval) selected for this statistical analysis.
Regarding the bleeding of concrete, results from the
ANOVA test showed p-values of each concrete series
between 0.708 and 0.787. This range is higher than the
level of significance, thus can be concluded that the
replacement levels with MFA has no statistically
significant effect on the bleeding of concrete. Since the
p-values of crack initiation life of concrete were between
0.996 and 1.000, we can also conclude that the varying
MFA levels has no significant impact on crack initiation
life.

The average and maximum crack width, crack length
(p-values between 0.864—0.975), and crack area (p-values
between 0.699-0.799) measurements also showed no
statistical significance for the selected MFA replacement
levels since the p-values were above the significance
level. Hence, it can be concluded that the replacement
levels of MS with MFA did not have a significant impact
on the bleeding and plastic shrinkage cracking properties
of concrete.

5 Conclusions

The effects of varying replacement levels of MS by MFA,
from 0% to 12% at 3% increments by weight, on the
bleeding and vulnerability to plastic shrinkage cracking
of concrete were investigated in this study. The combined
influence of mineral and chemical admixtures and the

Table 7 p-values of single factor one-way ANOVA test
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replacement levels were reported. The major conclusions
derived from the experiment results are as followed.

1) The increasing replacement levels by MFA declined
the rate of concrete bleeding. A gradual increase followed
by a less gradual trend was observed for each
replacement level. The cumulative bleeding of concrete
uniformly decreased with the increasing MFA substitu-
tions. The main factors that influence the rate of bleeding
were determined as the replacement of larger particles by
MFA and the varying water demand with the addition of
mineral and chemical admixtures.

2) The susceptibility to plastic shrinkage cracking of
concrete was evaluated based on the crack features
obtained from an image processing technique. Three
severity models of plastic shrinkage cracking were
proposed in this study, specifically low severity, medium
severity, and high severity according to the crack
measurements. In addition, these severity models were
verified with the initiation life of plastic shrinkage cracks.

3) The crack initiation life decreased as the MFA
contents in concrete increased and the rate of declination
increased in the order of C-series < M-series < P-series.
The rationale behind this is the evaporation of
accumulated water at the concrete surface was accelerated
by the low bleeding rates at higher replacement levels by
MFA. After the complete propagation of cracks in each
specimen, four patterns were detected, specifically the
continuous crack, segmented crack, branching crack, and
shorten crack.

4) The experimental results clearly show that the
average and maximum crack widths increased as the
replacement level increased from 0% to 12%. The highest
average and maximum crack widths were detected for the
C-series concrete, followed by the M-series and P-series
concretes. An inverse relationship was identified between
the crack widths and cumulative bleeding of concrete. On
the other hand, a positive correlation was observed
between the crack length/area and the increasing
replacement levels due to the high tensile stress caused by
early evaporation at higher replacements of MS with
MFA (i.e., 9% and 12%).

5) Finally, the severity of plastic shrinkage cracking of

property P-series

M-series C-series

MC concrete MH concrete

MC concrete

MH concrete MC concrete MH concrete

bleeding 0.787 (0.424) 0.724 (0.525) 0.708 (0.551) 0.708 (0.552) 0.761 (0.463) 0.745 (0.490)
crack initiation life 0.996 (0.038) 0.999 (0.014) 0.997 (0.029) 1.000 (0.007) 1.000 (0.004) 1.000 (0.016)
mean crack width 0.745 (0.491) 0.733 (0.509) 0.727 (0.520) 0.716 (0.539) 0.725 (0.524) 0.654 (0.646)
maximum crack width 0.713 (0.543) 0.733 (0.509) 0.710 (0.548) 0.716 (0.539) 0.708 (0.551) 0.654 (0.646)
crack length 0.864 (0.305) 0.936 (0.185) 0.932 (0.194) 0.975 (0.106) 0.917 (0.228) 0.914 (0.224)
crack area 0.699 (0.566) 0.768 (0.454) 0.726 (0.522) 0.791 (0.417) 0.799 (0.406) 0.759 (0.469)

Note: Values in parenthesis represent the F-values.
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concrete was advanced (from low severity to high
severity) with the increasing replacements of MS with
MFA (i.e., from 0% to 12%). Results from the statistical
analysis showed that the selected replacements did not
have significant effects on the bleeding and plastic
shrinkage properties of MC and MH concretes at 95%
confidence interval.
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