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Abstract: High-performance cementitious composites with self-compacting characteristics are gain-
ing due importance in meeting the challenges of the modern world. This experimental study deals
with developing high-strength self-compacting cement mortar composites containing a binary blend
of silica fume and fly ash. Seven specimens series were prepared with fly ash (FA), ranging from
17.5% to 25%, and silica fume (SF), from 1.25% to 7.5% of the cement mass. The control specimen
powder content consists of 80% ordinary portland cement (OPC), 20% FA, and 0% SF; in the remain-
ing six series of specimens, OPC is kept constant, whereas FA is reduced by 1% and SF is increased
by 1% subsequently. Rheological behavior, mechanical properties, and microstructural characteristics
of the developed high-performance composites were evaluated. The optimum binary blend for
achieving the maximum flow spread and flow rate of the cement mortar is reported as 80% FA and
20% SF. For superior mechanical characteristics, optimum powder content was found as 80% OPC,
17.5% FA, and 2.5% SF. Using the proposed binary blend for construction applications will produce
high-strength composites and promote sustainable development due to the use of industrial wastes
as OPC replacement.

Keywords: self-compacting mortar; fly ash; silica fume; microstructure; mechanical properties;
rheological properties; ultrasonic pulse velocity

1. Introduction

High-performance cementitious composites with self-compacting characteristics are
gaining due importance in meeting the challenges of the modern world [1]. Repair, retrofit,
and maintenance operations often require the casting of thin laminates or patches of the
material in narrow and inaccessible places, necessitating the utilization of highly flowable
cementitious composites [2–4]. Construction time can be reduced by using self-compacting
concrete (SCC) [5,6]. However, these flowable cementitious composites must qualify some
specific requirements in the fresh state [7]. The composites need to satisfy the dynamic and
static stability requirements for their efficient utilization; the dynamic stability corresponds
to the resistance against the separation of blended materials during transportation and
placement operations. In contrast, the static stability is related to the resistance of the
cementitious composites against bleeding, segregation, and surface settlement during
their plastic phase [8]. The stability characteristics and the mechanical properties of the
cementitious composites strictly depend on the composition of the mix [9,10]. Therefore, it
is imperative to proportion the ingredients for achieving high performance in the fresh and
hardened states.

Different flow properties of self-compacting mortars may be achieved by using dif-
ferent chemical and mineral admixtures [11]. These admixtures reduce the water demand
while improving flow, strength, and durability [12,13]. The selection of suitable mineral
admixtures/secondary raw materials (SRMs) is an essential component of SCC mix design,
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as already emphasized in the literature [14–16]. Different industrial by-products and ashes
from coal and agricultural wastes burning can be utilized in SCC because it requires more
powder material and superplasticizer to improve its properties [17,18]. Self-compacting
mortars (SCMs) incorporating limestone powder, fly ash, rice husk ash, and blends of
fly ash with silica fume and rice husk ash have already been studied [12,19,20]. Broadly
speaking, there is no widely accepted effect of SRMs, due to interlinked actions. Thus it is
not easy to generalize their behavior [7].

Fly ash is a residue of coal burning. It is pozzolanic, and as such, can be added to SCMs
for improving their properties. Class F fly ash is a combustion residue of bituminous coal
and has pozzolanic properties [17,21,22]. SCC systems in which ordinary Portland cement
(OPC) is replaced by fly ash reduce the high-range water-reducing admixture (HRWRA)
quantity by lowering the water demand [12,17,23]. Usually, fly ash ranging from 15% to
25% by mass of binder is used in concrete [24]. Certain SCC parameters, like viscosity, yield
stress, flow rate, and spread, can be enhanced by adding high fly ash content [25]. Water
requirement for concrete can be reduced by using ultra-fine fly ash; each 10% addition
of fly ash lowers the water demand by 3% [24,26]. If concrete is continuously cured for a
prolonged period, there will be a continuous increase in strength due to the pozzolanic
activity of fly ash [27]. Fly ash is a substitute viscosity-modifying agent in SCCs [28].
Ultra-fine particles of fly ash can enhance the viscosity and compressive strength of the
SCC systems without affecting the rheological properties [29]. The principal reaction of
fly ash with portlandite and alkali is analogous to OPC hydration, i.e., secondary C-S-H
gel formation. The microstructure of the fly ash reaction product is more gel-like and
compacted as compared with that of OPC [30]. The use of fly ash as fine aggregates in the
SCC system reduces workability, unit weight, and compressive strength drastically [31].

Silica fume is an excellent amorphous powder obtained as a by-product in electric
arc furnaces. It has a particle size ranging from 0.1 to 0.2 µm. It is reported that, annually,
approximately 900,000 metric tons of silica fume are produced [19]. Silica fume enhances
the hydration reaction rate by releasing OH- ions and alkalis [32]. Silica fume improves
the rheological, mechanical, and chemical properties by mitigating corrosion in reinforcing
steel. It is beneficial for the durability of the concrete. Using varying amounts of different
mineral additives, the durability of the cementitious composite can be improved [33,34].

It has been well-established that fly ash results used in grouts and mortar are analogous
when used in concrete [35,36]. Due to specific particle morphology and less specific gravity,
the use of fly ash mitigates bleeding, enhances flowability, and limits segregation in
SCC [37,38]. Workability properties of SCC are assessed by evaluating self-compacting
mortars and are an essential part of SCC design [39,40]. Different researchers have used
SRMs to enhance the fresh and hardened properties of the SCC system [4]. Fly ash and silica
fume blend was recommended to produce composites with ultra-high-strength and good
rheological properties [12]. However, silica fume increases the HRWRA demand to achieve
the target flow. The use of silica fume hinders the flowability of the SCC system due to its
large surface area, which requires more water for lubrication [41]. It is reported that fly ash,
when used alone in large quantities, retards the strength gain of SCC systems considerably.

In contrast, the blend of fly ash and silica fume enhances the overall response [12]. The
fresh properties of the SCC system are affected by the water-to-binder ratio and quantity
of different admixtures in many ways. Accurate proportioning of these parameters is
essential for the achievement of self-compacting properties. Zeta potential is the potential
difference between dispersed particles and the layer of liquid attached to them. Fly ash
has zeta potential −38.7 mv, while that of silica fume and OPC is −21 mv and +5.5 mv,
respectively. This difference in zeta potential is beneficial for enhancing the rheological
characteristics of SCMs [7,42].

Based on the past research, it is revealed that instead of using fly ash alone, an SRM
combination of fly ash with silica fume is beneficial to enhance the overall response of
the SCM system [12]. High-strength mortar composites containing various proportions of
silica fume and fly ash can provide a fair balance between flowability and strength [43].
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In the current study, the effect of fly ash replacement with silica fume at different levels
is carried out. Seven mix proportions were used, replacing fly ash with silica fume in
the range of 0 to 30%, at increments of 5%. In this study, the only variable was the
replacement level of fly ash with silica fume, while all the other ingredients were kept
constant. Rheological properties like flow spread, flow time, and v-funnel time were
measured, while the hardened properties, including compressive strength and flexural
strength at 3, 7, 14, 21, 28, and 56 days were also determined. Mechanical properties are
confirmed by ultrasonic pulse velocity test. This test method is used to investigate the
quality, homogeneity, presence of voids and cracks. This technique is an assessment of
the effectiveness of the crack repairing technique. Many researchers suggested different
criteria to evaluate concrete quality [44–46]. According to a study [46], a cementitious
composite with UPV > 4.5 km/s is considered excellent quality. Most of the results meet
this distinction. The microstructure was also studied by high-resolution SEM images that
validate the mechanical properties and ultrasonic pulse velocity results.

2. Materials and Methods
2.1. Materials Characterization and Mix Proportions

Seven mix proportions were prepared by using ordinary Portland cement (grade
52.5N) as binder. The initial and final setting time for cement was determined as per ASTM
C191 [47], and it conforms to ASTM C150 [48] specifications. Locally available natural sand
(Lawrancepur sand), conforming to ASTM C33 [49] with fineness modulus (FM) of 2.44
and specific gravity of 2.53, was used as fine aggregate to prepare the mortar mixes.

The grain size distribution (GSD) of the fine aggregate is presented in Figure 1. The
GSD curve shows that the sand is well-graded and possesses particles of different sizes.
Class F fly ash, conforming to ASTM C618 [50], was used. The salient characteristics and
oxide composition of fly ash and silica fume are presented in Table 1. The oxide composition
of fly ash reveals that the total composition of SiO2, Al2O3, and Fe2O3 is 88.35%, which is
far more than that required for a pozzolanic material [51]. Slightly high SO3 content was
observed, which indicates that bituminous coal with high sulfur content was burnt, which
resulted in such fly ash. The high SO3 content might lead to efflorescence in hardened
mortars and concrete. It is also observed that fly ash has a high LOI. Even though the LOI
of fly ash is slightly high, it is considered usable in this study. This allowance is provided
by ASTM C 618 [52], where it is mentioned that “use of Class F pozzolan containing up
to 12.0% loss on ignition may be approved by the user if either acceptable performance
records or laboratory test results are made available”. The high value of LOI reduces
air entrainment [51]. Air entrainment is beneficial for the flowability of self-compacting
mortar/concrete; due to high LOI, a greater superplasticizer dosage will be required to
surpass target flow spread [51].
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tivity in alkaline cementitious systems, which leads to secondary hydrates formation and



Crystals 2021, 11, 915 4 of 14

subsequent higher matrix strength due to greater gel-space ratio [53]. The amounts of CaO,
SiO2, and Al2O3 are the most important in determining the reactivity and behavior of the
mineral admixtures in the cementitious matrix. Both early-age and long-term properties
are, thus, affected.

In the mix proportions, the cement content and total powder content were fixed to
750 kg/m3 and 940 kg/m3, respectively. A w/c of 0.3 was used for all the mixes. Lower
w/p was used to ensure resistance against segregation. Superplasticizer (BASF Master gle-
nium ACE 30), which is a polycarboxylate ether with a specific gravity of 1.06g/cc, pH of 6,
and total solid content of 30% by weight), was used for attaining suitable flowability. The
admixture was selected following ASTM C494 Type F [54] and EN 934-2 T3.1/3 [55].

Table 1. XRF of fly ash and silica fume (oxide composition expressed in %age).

Description Fly Ash Silica Fume OPC *

silicon dioxide 39.45 92.31 18.92
aluminum oxide 24.81 2.29 5.09

iron oxide 24.09 1.97 2.27
calcium oxide 4.03 1.14 63.18
sulfur oxide 5.08 0.25 3.48

minor constituents 2.54 2.04 3.84
loi 6.71 1.6 1.35

moisture 1.71 - -
% passing #325 sieve 96.5 100 >95

specific gravity 2.36 2.20 3.17
* Typical values [56].

2.2. Sample Preparation

A self-compacting mortar system with a combination of 1:1.5:0.25 (cement sand Fly
ash + silica fume) by weight was prepared using a mixer of capacity 5.0 L (M/S Controls
Italy Model 65-L005) conforming to EN 196-1 standard [57]. The mixer moves in two ways;
one about its axis and the other in an oscillatory way. The mixing sequence adopted in this
study comprises the initial mixing of all the dry materials at a slow speed for 60 s. Then
70% of used water was added and further mixed for 90 s at a slow speed. The mixing was
paused for 30 s, and the mixer walls were scraped with a hard rubber scraper. Then, the
remaining 30% of used water, along with a superplasticizer, was added and mixed for 150 s
at high speed. The total mixing time was 300 s.

The detailed composition of the mortar samples is given in Table 2.

Table 2. Proportion of fly ash and silica fume *.

Mix Designation Fly Ash Content g,
(% by Weight of Cement)

Silica Fume Content, g
(% by Weight of Cement)

T0 225.00 (25.00) 00.00 (0.00)
T1 213.75 (23.75) 11.25 (1.25)
T2 202.50 (22.50) 22.50 (2.50)
T3 191.25 (21.25) 33.75 (3.75)
T4 180.00 (20.00) 45.00 (5.00)
T5 168.75 (18.75) 56.25 (6.25)
T6 157.50 (17.5) 67.50 (7.50)

* For each mix, 900 g cement, 1350 g sand, 22.5 g superplasticizer, and 270 g water were used (for casting
03 specimens).

2.3. Methodology

The testing was carried out in three phases. Initially, the fresh mortar composites
were evaluated for their rheological characteristics. The hardened mortar composites were
tested for their mechanical properties, and in the third phase of the investigation, the
microstructural characteristics of hardened material were studied in detail.
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2.3.1. Rheological Characterization

The deformability and segregation resistance of self-compacting cementitious systems
are assessed by slump cone spread and V-funnel time [58,59]. The superplasticizer content
was adjusted in the mortar mixes to achieve a target flow of 260 mm by Hagerman’s
mini-slump cone. The superplasticizer content was fixed as 2.50% by the weight of cement
for all mix proportions after several trials to surpass the minimum flow spread as required
by EFNARC 2002 [60].

The flow spread and V-funnel time were determined using the standard method
described in EFNARC 2002 [61]. Similar to T500, which is the time of SCC to achieve a
spread of 500 mm, some researchers [12] reported measuring the time corresponding to
flow diameter of 250mm in case of using a mini-slump cone [62]. Each test is repeated at
least three times, and an average of the observation is reported.

2.3.2. Mechanical Strength

Mortar Specimens of 40 mm × 40 mm × 160 mm were cast, cured, and tested per
EN196-1 standard [57]. The samples were placed in the moist cabinet (CURACEM M/S
Controls Italy Model 65-L0013/D), capable of maintaining the temperature at 20 ◦C and 95%
humidity immediately after casting. After 24 hours, the samples were demolded and placed
in CURACEM for curing at 20 ◦C till the day of testing. The samples tested for compression
and flexure, in saturated surface dry condition, in a compression testing machine (Flexure
frame model M/S Controls Italy 50-C1601/B attached with MCC8 Console) capable of
controlling load rate up to 1 N/s at the age of 3, 7, 14, 21, 28 and 56 days. Three specimens
were tested for flexure at each testing age and four specimens in compression for each
mix proportion.

2.3.3. Ultrasonic Pulse Velocity

Ultrasonic pulse velocities of the mortar specimens were recorded at the age of 3, 7,
14, 21, 28, and 56 days using an ultrasonic pulse velocity tester (M/S Controls Italy Model
58-E4800). During measurement of ultrasonic pulse velocity, compressive strength, and
flexural strength tests, working conditions (temperature, humidity, mix regime, filling)
were kept the same.

2.3.4. Microstructural Characterization

Scanning electron microscopy (SEM) is an advanced technique to elaborate the mi-
crostructure and phase composition of the cementitious hydration products [63–66]. In
this study, SEM was done by JSM-6390 and JSM-6700F (ultra-high resolution SEM; 1 nm
at 15 kV and 2.2 nm at 1 kV) (Jeol USA Inc., Peabody, MA, USA) [67,68]. For scanning
electron microscopy, small chips of mortar composite samples were obtained from the
broken pieces of the prism samples after their compression tests. The small chips were
coated with a layer of gold particles before the SEM observations. Several images for each
sample are taken to elaborate on different phases such as fully or partially hydrated or
residue raw materials, porosity interface between different hydration products, etc.

3. Results and Discussions
3.1. Rheological Properties

The results obtained from the experiments with their respective standard deviations
(SD) are reported in Table 3. The flow results indicate that all the formulations have
surpassed the targeted flow of 260 mm and exhibited maximum spread for the mortar
formulation containing 80% fly ash and 20% silica fume. All the mixed proportions with
silica fume exhibit no segregation and lixiviation. While T0 was well cohesive, but a little
bit of lixiviation was observed. As W/C and superplasticizer, the content was kept constant
for all mix proportions. Mix proportions with silica fume engaged water more efficiently.
The total spread of the mortar formulations represents the strong influence of relative
quantities of included SRMs in the mix (referred to Figure 2).
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Table 3. Total flow spread, T250 time, and V-funnel times.

Mix Designation Flow Spread T250 Time V-Funnel Time
mm SD s SD s SD

T0 285 3.61 22.1 1.56 31.7 2.14
T1 290 4.36 21.7 1.59 31.0 1.22
T2 330 5.29 11.3 1.33 25.2 1.91
T3 335 4.36 12.5 2.07 22.3 1.83
T4 345 3.61 12.5 0.64 19.3 1.52
T5 330 4.36 13.7 1.68 14.7 2.04
T6 290 7.21 15.2 1.88 10.5 1.41
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The mini-slump flow, which is a direct function of the yield stress of the formulation,
exhibited an increasing trend in the total flow with a small quantity of silica fume inclusion.
After 20% content, the total spread indicated a sharp reduction in the total flow. The
enhanced flow obtained from 20% inclusion of silica fume is attributed to the packing effect
achieved from the inclusion of ultra-fine particles of silica fume in the matrix of fly ash
particles and similarly filling effect of fly ash particles in the matrix of fine aggregates [69].

Further, the packing effect was more pronounced due to the spherical shape of sil-
ica fume and fly ash particles producing a ball-bearing effect. The lubricated spherical
particles produced efficient rolling with reduced intra-particle friction. The water and
superplasticizer contents were kept constant throughout the formulations; therefore, up to
20% replacement level lubrication was enough to achieve the rolling effect. After that, the
overall surface area of the powder content increased, requiring a higher amount of water
and superplasticizer for achieving the same workability level. Due to this effect, the total
spread gradually decreases after the replacement level of 20%. This phenomenon is also
evident from the T250 time.

The results of T250 indicate a sharp decrease in the flow time between 5% and 10%
silica fume replacement levels. Afterward, there is a slight increase in flow time. As silica
fume content increases from 5% to 10%, it increases the ball bearing effect; thus, the time
required to touch 250 mm circles reduces. Afterward, this effect is reduced due to the
increased viscosity of the mortar.

The relationship between T250 and V-funnel time for all the mortar formulations with
varying replacement levels of silica fume is presented in Figure 3. V-funnel time decreases
with an increase in silica fume content. This may be attributed to the reduction in internal
friction and shear stress with the inclusion of silica fume.
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3.2. Mechanical Properties

The compressive strength results of the mortar formulations are presented in Figure 4.
The total strength gain of mortar composites containing silica fume and fly ash is higher
than the control mix. This may be due to the pozzolanic activity of silica fume at the early
stage. However, the contribution of fly ash is less, and it only acts as a pore sealer. At a
later stage, the fly ash significantly contributes to the strength by reacting with free Ca
(OH)2 and converting it into calcium silicate hydrate. Strength for mix proportion T2 is the
highest for all ages, and it corresponds to 10% replacement of fly ash with silica fume. This
is the optimum value for the replacement of fly ash with silica fume. There is significant
increase in strength from 28 to 56 days i.e., 15.9, 19.6%, 15.2%, 5.7%, 4.6%, 5.4%, and 10.16%
from T0 to T6, respectively. A gain in delayed strength reduces with increasing the level of
fly ash replacement. The possible reason is that the subsequent decrease in fly ash contents
limits the pozzolanic activity (known as the delayed effect of fly ash). The continuous
pozzolanic activity strengthens the interfacial transition zone by reducing pore sizes and
the packing effect phenomena by the excess unreacted fly ash particles and silica fume [3].
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The flexural strength test results of the mortar formulations are reported in Figure 5 be-
low. Usually, cementitious composites are extraordinarily strong in compression and weak
in flexure, i.e., ten times weaker than compressive strength. In the present investigation,
the flexural strength patterns are much like results of compressive strength.



Crystals 2021, 11, 915 8 of 14

Crystals 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

level of fly ash replacement. The possible reason is that the subsequent decrease in fly ash 
contents limits the pozzolanic activity (known as the delayed effect of fly ash). The con-
tinuous pozzolanic activity strengthens the interfacial transition zone by reducing pore 
sizes and the packing effect phenomena by the excess unreacted fly ash particles and silica 
fume [3]. 

The flexural strength test results of the mortar formulations are reported in Figure 5 
below. Usually, cementitious composites are extraordinarily strong in compression and 
weak in flexure, i.e., ten times weaker than compressive strength. In the present investi-
gation, the flexural strength patterns are much like results of compressive strength. 

Maximum flexural strength was obtained with the mix proportion T2. Maximum 
flexural strengths were achieved at 28 and 56 days, at 19.15+ and 20.86 + 0.5 MPa, respec-
tively, which is about 19% and 18% of their corresponding compressive strengths. The 
relationship between compressive strength and flexural strength of cementitious compo-
sites is a matter of interest for researchers and structural designers. Different relationships 
for various cementitious composites are proposed by many researchers and adopted by 
the code forming committees. A famous relationship as adopted by ACI is given as fol-
lows [70]. 

௥݂ = ݊ × ඥ ௖݂
ᇱ (1)

 
Figure 4. Compressive strength of mortar composites with varying fly ash and silica fume content. 

 
Figure 5. Flexural strength of mortar composites with varying fly ash and silica fume content. Figure 5. Flexural strength of mortar composites with varying fly ash and silica fume content.

Maximum flexural strength was obtained with the mix proportion T2. Maximum flex-
ural strengths were achieved at 28 and 56 days, at 19.15+ and 20.86 + 0.5 MPa, respectively,
which is about 19% and 18% of their corresponding compressive strengths. The relationship
between compressive strength and flexural strength of cementitious composites is a matter
of interest for researchers and structural designers. Different relationships for various
cementitious composites are proposed by many researchers and adopted by the code
forming committees. A famous relationship as adopted by ACI is given as follows [70].

fr = n×
√

f ′c (1)

The linear regression analysis of the mortar composites samples indicates that the ACI
relationship for predicting the flexural strength holds good for the present research (refer
to the supplementary data for linear regression analysis).

3.3. Ultrasonic Pulse Velocity (UPV)

UPV is an innovative non-destructive technique to measure the mechanical properties
of cementitious composites. The results of ultrasonic pulse velocity for a few mix propor-
tions are shown in Figure 6. It was observed that the specimens with only fly ash have the
lowest UPV, and samples with a 10% replacement level have a maximum. These results are
in close agreement with the mechanical properties. The difference between samples with
and without silica fume narrows down at the age of 56 days because hydration products
fill voids due to the delayed pozzolanic activity of fly ash [71,72]. The compressive and
flexural strength of the SCM composite can be correlated with UPV by an exponential
function. Two different models were proposed after analysis of data, one for estimation of
compressive strength and the other for flexural strength.

3.3.1. Mathematical Model for Estimation of Compressive Strength

The proposed model for the estimation of compressive strength from UPV is shown in
Equation (2). This model is valid for all mix proportions with silica fume at 28 and 56 days.
The maximum error is 4.93 + 0.65% and 8.94+0.30% at 28 and 56 days, respectively.

fc = 1.68 e0.92(UPV) (2)

For mix proportion without silica fume up to an age of 28 days, the error is relatively
high, more than 50%, but at the age of 56 days, this error reduces to 14.7 + 4.4%. It is
due to the delayed pozzolanic activity of fly ash. These hydration products have filled up
the micro and nanosized pores, and UPV is comparable with mix proportions containing
silica fume.
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3.3.2. Mathematical Model for Estimation of Flexural Strength

The proposed model for the estimation of flexural strength from UPV is shown in
Equation (3). This model is valid for all mix proportions with silica fume at 28 and 56 days.
The maximum error is 5.5 ± 0.76% and 9.1 ± 0.87% at 28 and 56 days, respectively.

fr = 0.042 e1.37(UPV) (3)

For mix proportion without silica fume up to 28 days, the error is relatively high—
more than 35%—but at the age of 56 days, this error reduces to 1.2 ± 0.3%. The reason has
already been explained in the case of compressive strength.

3.4. Microstructural Characterization

The micrographs for the mix proportions T0 to T6 are presented in Figure 7a–g,
respectively. The SEM micrographs show various hydration products as well as partially
reacted and unreacted fly ash particles. Typical hydration products, including calcium-
silicate-hydrate (CSH) gel and calcium hydroxide (CH), have been identified in the SEM
images. Figure 7a is a micrograph for mix proportion T0, which contains only fly ash as
SRM. The micrograph shows a flocculent and porous structure with unreacted fly ash
particles as well. CSH gel and CH are present as hydration products. Many pores are
present within the cementitious matrix.

Figure 7b is the micrograph of mix proportion T1, which corresponds to 95% of fly
ash and 5% of silica fume as SRM. The micrograph shows a denser microstructure as
compared to T0. The dense microstructure of the composites with silica fume incorporation
is attributed to the pore filling effect (due to the smaller particle size of silica fume than
OPC) and secondary hydrates formation [21]. The presence of high amounts of amorphous
silica (as shown in Table 1 in the XRF results) is responsible for reaction with calcium
hydroxide crystals at a later age. Reduced portlandite amount and increased gel formation
are, thus, expected, which leads to lower total porosity and higher compressive strength.
Figure 7c is the micrograph for mix proportion T2, which corresponds to 90% FA and 10%
SF as SRMs. The microstructure is dense and well compacted, with a few minor cracks
indicating strong interface contact between the hydration products. This indicates the
pozzolanic reaction; secondary hydration products have filled the pores and improved the
interfacial properties. It is also evident from compressive and flexural strength results. The
highest strength results are related to this mix proportion. Figure 7d corresponds to the
mix proportion T3, which contained 85% of fly ash and 15% of silica fume. Even denser
microstructure in T2 is seen. Interfacial separation is also observed. Figure 7e–g correspond
to the mix proportion T4 (which contains 80% FA and 20% SF), T5 (which contains 75% FA
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and 25% of SF), and T6 (which has 70% FA and 30% SF. At some points, large voids with a
weak interface between hydration products have been observed.
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4. Conclusions

In this study, the role of fly ash replacement with silica fume on fresh and hardened
properties of SCM with a moderate volume of fly ash is presented. From the results of this
study, the following conclusions may be drawn.
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• Replacing fly ash with silica fume gradually increases the flow spread up to 20%
replacement level. After that, a decline is observed. Therefore, the optimum blend for
maximum spread is 20% silica fume with 80% fly ash content.

• Superplasticizer used in this study was polycarboxylate-based and suitable for in-
creasing the workability of SCMs.

• It is concluded that with the high dosage of silica fume, cement content and super-
plasticizer may be increased to achieve the target flow.

• T250 time gradually decreases up to 20% replacement level and then starts increasing.
This result is in line with the results of flow spread and indicates that the flow spread
and the rate of flow decrease after 20% replacement level.

• V- funnel’s time gradually decreases with the increase of silica fume content, indicating
that increase of silica fume content enhances the vertical movement of particles by
reducing air bubbles, which interfere with the vertical movement of paste. This result
complements the results of flow spread and T25 time.

• Proposed models for estimation of compressive and flexure strength from UPV are
valid for all mix proportions containing silica fume at the age of 28 and 56 days. For
mix proportion containing only fly ash, these are valid for 56 days only. These models
can be used to predict the strength of high-strength self-compacting mortar containing
fly ash and silica fume.

• The optimum powder content to obtain maximum compressive and flexural strength
is 80% of OPC, 18% fly ash, and 2% silica fume.

• Flexural strength follows the compressive strength trend, i.e., the optimum replace-
ment level of fly ash is 10%. Highest achieved flexural strength was 20.86 ± 0.5MPa
for mix proportion T2, i.e., 90% FA and 10% SF. Same as compressive strength results
gain in flexural strength can be correlated by a power law.

High-strength mortar developed in this study can be used for repair, maintenance,
retrofitting, and strengthening of existing reinforced concrete and structures. It can also
be used as the matrix for ferrocement and laminated cementitious composites. Studies on
optimal amounts of ternary and quaternary blends containing new SRMs [73–75] should
be further investigated.
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