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Abstract:

Background: Concrete is a widely utilized material in construction worldwide. However, concrete performance
could be damaged under aggressive environments, therefore, many concrete structures may require repair and
frequent maintenance.

Objective: The aim of this study is to develop reinforced Self-Consolidating Repair Mortars (SCRMs) incorporating
silica fume and polypropylene fibers.

Methods: This research aimed to study the effect of silica fume as an alternative supplementary cementitious
material (SCM) on the performance of fiber reinforced self-consolidating repair mortars (SCRMs). For this purpose,
five SCRMs mixes incorporating 0%, 5%, 10%, 15%, and 20% of silica fume as partial cement replacement were
prepared. Testing included slump flow, flow time, and unit weight, air-dry unit weight, compressive and flexural
strengths, dynamic modulus of elasticity and water absorption.

Results: The results indicated that the substitution of cement by 15% of silica fume improves the flexural strength
and slightly reduce the compressive strength of the fiber-reinforced repair mortar. The lowest values of total
shrinkage, water capillary absorption, and sorptivity were observed for repair mortars containing 10% silica fume. In
addition, bonding results between repair mortars containing silica fume and old concrete substrate investigated by
the bond flexural strength test showed good interlocking, justifying the effectiveness of these produced mortars.

Conclusion: The results reveal that structural repair mortars containing 10 and 15% silica fume conform to the
performance requirements of class R4 materials (European Standard EN 1504-3) and could be used in repair
applications.

Keywords: Self-consolidating repair mortar (SCRM), Silica fume, Polypropylene fibers, Flowability, Mechanical
properties, Bond flexural strength.
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1. INTRODUCTION

Concrete is a widely utilized material in construction
worldwide. Unfortunately, the performance of concrete
structures may show some degradation during their
service life due to the materials used in the concrete mix
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and the various exposure conditions [1]. Porosity is one of
the properties affecting the durability of cementitious
materials. The higher water absorption of porous
aggregates leads to a higher penetration of aggressive
agents, which significantly worsens the durability of
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reinforced concrete structures [2, 3].

Other factors influencing the durability of concrete
structures include mechanical loading, exposure to fire,
extreme conditions, environmental pollution, and poor
maintenance [4-6].

Finding appropriate materials with good performance
and creating restoration technologies can lead to better
durability but can be more challenging [7-9]. In a broader
context, it is essential to possess technical expertise for
evaluating the lifespan of a structure, as this facilitates the
implementation of appropriate measures to ensure its
optimal performance throughout its operational life. The
speed of placement with adequate strength and improved
durability characteristics suggest that self-compaction
mortar (SCM) could be utilized as an alternative to
conventional repair materials [10, 11].

Self-compacting mortar represents a significant
advancement in high-performance mortars developed over
the past forty years. One of its primary characteristics is
its ability to spread and settle under its own gravity,
thereby removing the need for vibratory compaction
during application [12, 13]. This property not only
simplifies the application process but also guarantees a
uniform and high-quality finish, even in intricate formwork
and areas with dense reinforcement. Additionally, this
technique has the benefit of overcoming the shortage in
the number of skilled workers for handling and applying
mortar [14]. It has been suggested that appropriate
volumes of water, cement, super-plasticizer, and just a
small amount of coarse materials such as sand and gravel
should be used to achieve self-compatibility [15, 16]. In
order to attain self-compacting mortar, additional
cementitious materials such as silica fume, chemical
admixtures like superplasticizers, and reinforcing fibers
need to be incorporated [17]. The density and
homogeneity of the mortar, as well as the workability of
the fresh mixture, can be enhanced by incorporating
supplementary cementitious materials (SCMs) [18].
Although SCMs like silica fume enhance mortar
properties, research is limited on the optimal use of these
materials in varying proportions and their interaction with
fibers.

Silica Fume (SF) is a secondary product generated
from the manufacturing processes of silicon and
ferrosilicon, known for its ultrafine spherical particles
measuring between 0.1 to 0.2 pm in diameter. These
particles are substantially smaller than typical cement
particles. Owing to its high degree of fineness and
substantial silica content, coupled with a large proportion
of amorphous SiO, (85-90%), silica fume is recognized as
an exceptionally reactive pozzolanic substance. This
reactivity is further exhibited through pozzolanic reactions
that transform calcium oxide Ca(OH), lime into additional
calcium silicate hydrate, thus leading to a finer pore
structure and less permeability [19]. In addition, the use of
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silica fume in cementitious systems leads to a significant
improvement in several properties of mortars [20-27].
Furthermore, there is a lack of comprehensive studies on
how different silica fume contents affect the long-term
durability and structural performance of fiber-reinforced
Self-Consolidating Repair Mortars (SCRMs). Additionally,
the effectiveness of incorporating locally available
materials in hot climate conditions has not been
extensively explored.

Concrete reinforced with fibers such as polypropylene
fiber (PPF) [28, 29], is widely acknowledged for its
superior deformation characteristics, such as better
abrasion resistance and ductility, minimal shrinkage, and
enhanced flexural strength.

This paper examines various properties of mortar
incorporating silica fume and polypropylene fibers. The
properties of mortar include slump flow, V-funnel test,
compressive and flexural strength, elastic modulus, water
absorption, shrinkage, and bond strength. This study aims
to develop a self-compacting concrete (SCC) mix
specifically tailored for hot climate conditions using locally
available materials.

Additionally, it seeks to classify the resulting self-
consolidating repair mortars according to the EN 1504-3
standard [30] to ensure its suitability as a repair material.
The research is intended to enhance the optimization of
SCC for practical use in regions with challenging
environmental conditions, thereby contributing to the
advancement of durable and effective repair solutions in
extreme climates

2. MATERIALS AND METHODS

Matrix constituents comprised several components,
namely Ordinary Portland cement (OPC), silica fume (Fig.
1), fine aggregates, water, super-plasticizer, and
polypropylene fiber. OPC, which adheres to the EN 197-1
standard [31], was utilized for mixture preparation. The
material exhibited a Blaine fineness measure of 3850
cm’/g and showed an average compressive strength of
42.5 MPa at 28 days. The Silica Fume (SF) used in this
research adhered to the standards specified in EN
13263-1 [32] and EN 13263-2 [33] and had an average
particle size between 0.1 to 0.3um. Table 1 shows the
chemical compositions of both (OPC) and (SF).

b} Silica Fumee

a) Cement

Fig. (1a, b). Raw materials used.
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Table 1. Chemical and physical properties of OPC and silica fume.

Chemical .
Composition % OPC Silica Fume

CaO 61.74 <0,1

Sio, 20.92 = 85

Fe,04 3.43 <1%

ALO, 5.60 =1%

MgO 1.7%£0.5 = 1%

SO, 2.5%0 <2,0

Cl- 0.02-0.05 <01

Na,0 0.1 <1,0

Loss on ignition 8+2 =4,0

Table 2. Characteristics of PP fibers.
Photo Length (mm) Diameter (um) | ElasticModulus (GPa) | Elongation (%) | Tensile strength (GPa) Density (g/cm®)
12 30 3 50 0.5 0.9

For creating Self-Consolidating Repair Mortars
(SCRMs) mixtures in this study, natural river sand was
utilized, characterized by a fineness modulus of 2.82 and a
bulk specific gravity of 2.70. The mixing water came from
local tap water sources, and to enhance the mixtures'
dispersion, a high-range water-reducing superplasticizer
(MEDAFLOW 30) with a density of 1.07 kg/m’ was
incorporated. Additionally, polypropylene fiber (PPF)
measuring 12 mm in length was employed. The principal

attributes of the PPF are comprehensively listed in Table
2.

In this study, a total of five different mortar mixtures
were formulated. Specific mix proportions for both the
repair mortars and the substrate mortar (SUBM) are
shown in Table 3. Additionally, to modify the properties of
these mixtures, different percentages of silica fume (SF)
were incorporated based on the weight of the cement,
ranging from 0% to 20%.
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Fig. (2). Deformability test for fresh mortar: (a) V-funnel flow test (b) The mini-slump flow test.

(b)
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Table 3. Mix proportions for mortar with varying replacement levels per 1 m’.

Name 1\(/}2 :?:rfepair Ceme(lll:;; gOPC) Silic(ill( ;)ume Water (kg) | Sand (kg) Water-to(-‘r/)‘;;g)der Ratio Super lz‘z/?)sticizer Fihl:’;l:%)
SCRMO 767 000 317 1166 0,45 0,7 0,2
SCRM5 728 038 319 1166 0,45 0,9 0,2
SCRM10 690 077 314 1166 0,45 1,2 0,2
SCRM15 652 115 313 1166 0,45 1,5 0,2
SCRM20 613 153 309 1166 0,45 2,4 0,2

SUBM 525 000 340 2250 0,64 1,2 0,0

The methodology for preparing these mortar mixtures
involved the following steps: First, (SF) and sand were
blended for a period of 30 seconds. Then, 70% of the
predetermined water quantity was incorporated and mixed
for one minute. After that, the remaining water, which
contained the superplasticizer, was added, and the
mixture was stirred for an additional minute. In the third
step, in accordance with the technical guidelines provided
by the manufacturer, the Polypropylene Fibers (PPF) were
manually dispersed into the mixture and mixed for a
duration of 5 minutes. Finally, after a curing period of 24
hours from the casting process, all molds were removed
and then transferred to a curing room. It is worth noting
that all specimens, except for the shrinkage specimens,
were continuously immersed in water throughout the
testing period.

3. EXPERIMENTAL

3.1. Deformability Test for Fresh Mortar

In this experimental investigation, we evaluated the
workability of Self-Consolidating Repair Mortar (SCRM)
using two specific tests: the v-funnel flow test (depicted in
Fig. 2a) and the mini slump flow test (Fig. 2b). The tests
were performed following the guidelines set by EFNARC
[34].

The mini-slump flow test apparatus featured specific
dimensions, including a bottom diameter of 100 mm, a top
diameter of 70 mm, and a height of 60 mm. For the test,
fresh mortar was filled into this cone, which was
positioned at the center of a marked glass plate. When the
cone was lifted vertically, the spread diameter of the
mortar was measured and calculated as the average of two
perpendicular dimensions.

In the V-funnel flow test, the procedure began by
pouring the mortar completely into the funnel. Once filled,
the bottom outlet was opened to let the mortar flow out.
The time taken from the start of the flow to when the
mortar began to exit from the bottom outlet was recorded
and denoted as “t,” representing the V-funnel flow time. It
is worth noting that in accordance with EFNARC
acceptance criteria, the workability values for SCMs were
expected to fall within the range of 240-260 mm for slump-
flow diameter and 7-11 seconds for V-funnel flow time.

3.2. Compressive and Flexural Strengths

Moreover, to evaluate the flexural and compressive
strengths, prism specimens of dimensions 40x40x160

mm® were prepared for each mortar mixture, adhering to
the procedures specified in EN 12190-5 [35]. These
assessments were performed at four different time
intervals: 2, 7, 28, and 90 days. For accuracy, the flexural
strength results were derived by averaging values
obtained from three flexural samples, and the compressive
strength results were calculated from six compression
samples (Fig. 3).

Fig. (3). Flexural and compressive strength test.

3.3. Elastic Modulus

In addition to strength evaluations, the elastic modulus
was also determined in accordance with the EN-12504-4
[36]. This involved the preparation of cylindrical
specimens, each having dimensions of 40 mm in diameter
and 80 mm in length, were created. Following a period of
24 hours from the initial casting, all the molds have been
unmolded. The specimens were then immersed in water
until they reached their designated testing ages, which
were 2, 7, 28, and 90 days. After this period, to precisely
measure their density, the specimens were subjected to a
24-hour oven-drying process at a temperature of 105°C.
The propagation velocity of ultrasonic waves through
these specimens, which is influenced by their density, was
determined using an ultrasonic testing method.
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The disposition of the transducers within the specimen
using the direct transmission method is illustrated in Fig.
(4). Additionally, to ensure precise ultrasonic results, a flat
surface was achieved by employing a smooth diamond saw
to create a bonded plane.

Fig. (4). The process of measuring the propagation velocity of
ultrasonic waves through the specimen.

The dynamic elastic modulus (ED) can be calculated
using Eq. (1) as follows:

ED=pV* 1)
Here:
* E, represents the elastic modulus in GPa.
* p denotes the density of the dry specimens in

kg/m’.

* V stands for the sound speed in km/s.

3.4. Absorption

The absorption test was used in this investigation in
accordance with EN 1015-18 [37]. Half-prism specimens
measuring 40x40x80 mm3 were prepared to assess the
capillary absorption coefficient after 28 days. Following a
28-day curing period, the specimens were subjected to a
24-hour oven-drying process at a temperature of 105°C to
ascertain their dry mass (W). Afterward, all surfaces of the
specimens, excluding their top and bottom sides, were
coated with epoxy resin. This sealing was done in a
manner that allowed water penetration in only one
direction, as visually demonstrated in Fig. (5).

3.5. Shrinkage

Furthermore, to assess drying shrinkage, we utilized
three prism specimens, each containing embedded copper
heads at their two longer ends in accordance with EN
12617-4 [38]. Initially, these specimens were placed in
molds and wrapped with plastic paper for one day during
the curing process. Following this initial curing period, the
samples were carefully extracted and sealed with adhesive
bands at both ends to minimize water evaporation.
Subsequently, these specimens were stored in our
laboratory under controlled conditions, maintaining a
temperature of 23°C and a relative humidity (RH) of 55%.

For precise shrinkage measurements, we employed a
shrinkage measurement frame equipped with a
micrometer precision comparator. It is worth noting that
autogenous shrinkage, caused by the cement hydration
process, results in reduced relative humidity within the
pores of the specimens. When curing is conducted in an
open environment, the movement of water through these
pores to the surface, combined with water loss from the
surface due to evaporation, leads to additional shrinkage.

concrete

/ specimens

resin epoxy

e
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Fig. (5). Schematic diagram of water absorption test.
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Positioning of the specimen within the measuring
frame is visually depicted in Fig. (6). Shrinkage strain
measurements were carried out for all mixtures up to a
duration of 90 days.

Fig. (6). Frame to measure shrinkage deformation.

3.6. Flexural Bond Strength

The bond strength between the repair materials (Self-
Compacting Repair Mortars, SCRMs) and the substrate
mortar (SUBM) was assessed using a three-point bending
test. This test was conducted in accordance with the
ASTM C78 [39] guidelines. In this test, composite
specimens, consisting of SCRMs and SUBM, were

(b)

Fig. (7). (a) Preparation of composite sample, (b) Third- point’s loading composite prism.
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prepared. Each specimen was composed of two prism
halves, each measuring 40x40x80 mm®. One half was
constructed using SCRMs and was securely bonded to the
other half using SUBM, as visually depicted in Fig. (7a).

The substrate portion of the specimen was cast within
metallic molds and subjected to a 28-day curing process in
water, maintained at a controlled temperature of 20+2 °C.
In addition, to ensure a robust adhesion of the repair
material, the surface of the substrate mortar (40x40 mm®)
was carefully prepared by brushing.

Before casting the SCRMs, the interfaces between the
substrate and repair materials were immersed in water for
a period exceeding 6 hours. Upon reaching 28 days of age,
the repair mortars were cast onto the peak of the
substrate. During the testing procedure, each composite
specimen was positioned centrally between two plates of
the testing apparatus, and a load was applied at a constant
rate of 0.5 kN/s until the point of failure, as illustrated in
Fig. (7b).

Additionally, the compatibility between the SCRMs and
the SUBM was evaluated based on the failure mode
exhibited by the composite samples. If the fracture
occurred along the interface between the repair material
and the substrate, it was classified as an incompatible
failure (adhesive failure). Conversely, if the failure
occurred within the repair material (cohesive failure), it
indicated that the repair material was compatible with the
substrate mortar. The bonding strength between the
existing and new materials plays a pivotal role in
determining the quality of the repair material.
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Table 4. Fresh property of SCRMs.

A - EFNARC - EFNARC . .
Repair Mortar Mini Slump (mm) Specifications Mini V-funnel (sec) Specifications Dosage of superplasticizer (%)
SCRM 0 245 5,33 0,7
SCRM 5 240 5,32 0,9
SCRM 10 270 Between 240 4,26 Less than 11s 1,20
to 280 mm
SCRM 15 255 5,23 1,50
SCRM 20 277 4,43 2,40

4. RESULTS AND DISCUSSION

4.1. Deformability Test for Fresh Mortar

Table 4 presents the Mini-slump and mini-funnel
values corresponding to the various SCRMs mixtures.

The optimum dosage, commonly known as the
saturation dosage of superplasticizer, is the dosage at
which there is no further increase or alteration in the
spread of the slump flow of the mixtures. Fig. (8) provides
a visual representation of the varying superplasticizer
dosage levels.

It should be noted that the addition of SF to the mortar
results in lower performance compared to the control
mixture SCRMO in terms of fresh characteristics. The
greater surface area and reduced particle size of Silica

3,0

Fume (SF) resulted in an increased demand for water in
the mortar mix, resulting in reduced workability of the
fresh mortar. Additionally, to maintain a consistent slump
flow for all repair mortars (SCRMs), it was necessary to
increase the dosage of superplasticizer. Table 4 displays
the slump flow diameters for all mixtures, falling within
the range of 240 to 270 mm. According to EFNARC
guidelines, a diameter between 240 and 260 mm is
considered acceptable [34]. Yaseri et al. [40]
recommended a mini-slump range of 220-280 mm, and for
this study, the acceptable mini-slump flow was determined
to be within the range of 240-270 mm. Consequently, a
superplasticizer had to be added to enhance workability.
Increasing the superplasticizer dosage resulted in an 80%
convergence of the mini-slump flow toward the specified
threshold.

2,0

Dosage of superplastizzer (%)

1,0

OOJI|||

SCRM 0 SCRM5 SCRM 10 SCRM 15 SCRM 20
Repair mortar

Fig. (8). Variation of dosage of superplasticizer (%).



8 The Open Civil Engineering Journal, 2024, Vol. 18

8

Euldji et al.
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200 220 240

260 280 300
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Fig. (9). Correlation between mini-slump flow and mini V-funnel tests for SCRMs.

As indicated in Table 4, the flow time values for all
SCRMs mixtures ranged from 4.26s to 5.32s. The
incorporation of SF content resulted in diminished
workability of the fresh repair mortar, thereby requiring
the addition of a superplasticizer to enhance its
workability. The results revealed that Fiber-Reinforced
Mortars (FS) decreased the fluidity of SCRM mixtures,
with the most significant impact observed at a dosage of
20%. This finding aligns with the conclusions drawn by
Erdogdu et al. [41]. Additionally, the presence of SF
increased the superplasticizer requirement in mortars
[42]. The expansive surface area of SF particles led to
heightened adsorption of the superplasticizer. This
phenomenon reduced the superplasticizer's presence in
the solution surrounding cement particles, subsequently
impacting the fluidity of the cementitious mixtures [43].
This aligns with the results documented in previous
studies [44, 45]. Furthermore, a pronounced linear
relationship was observed between the mini V-funnel
spread and the mini-slump spread, as depicted in Fig. (9).
Notably, when the mini-slump spread ranged from
240-280 mm, the corresponding mini V-funnel time was
observed to be between 4 to 6 seconds.

In theory, the workability of fresh cementitious pastes
can be characterized by the values derived from both the
slump flow and mini V-funnel test results. As a result, it
can be noted or concluded that the filling results can be

used to predict the workability of SCRM and that there is
a connection between the filling capacity and the
workability of SCRM.

4.2. Compressive and Flexural Strengths

Data on the flexural and compressive strengths are
presented in Table 5. Figs. (10 and 11) showcase the
flexural and compressive strengths of Self-Consolidating
Repair Mortar (SCRM) mixtures, incorporating varying
Ferrosilicon (FS) content levels of 5%, 10%, 15%, and
20%, measured at 2, 7, 28, and 90 days.

Fig. (10) displays the flexural strength of repair
mortars (SCRMs) mixtures with different FS contents of
5%, 10%, 15%, and 20% at testing intervals of 2, 7, 28,
and 90 days.

Conversely, at the 90-day interval, SCRMS5
demonstrated the highest compressive strength, followed
by SCRM10, and then SCRMO. The compressive strengths
of SCRM5 and SCRM10 were closely matched (73.9 MPa
for SCRM5 and 72.4 MPa for SCRM10). This trend is
primarily attributed to the pozzolanic reaction, which
contributes to a denser microstructure within the mix,
thus enhancing the compressive strength over a longer
period.

This demonstrates that the SF dosage increased
pozzolanic activity, resulting in enhanced hydration and
compressive strength at late ages.
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12
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Fig. (10). Influence of SF content on flexural strengths of repair mortars (SCRMs) over various curing periods.
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Fig. (11). Illustrates the impact of SF content on the compressive strengths of SCRMs.

At 28 days, all SCRMs displayed compressive strengths
comparable to that of SCRMO, except for the SCRM15
mixture.

The information depicted in Fig. (10) indicates an

increase in the flexural strength of Self-Consolidating
Repair Mortars (SCRMs) over time. However, there was a

notable decrease in flexural strength with higher Silica
Fume (SF) content. Specifically, the control mixture
(SCRMO0) demonstrated greater flexural strength at 28
days compared to other SCRM mixtures. Furthermore,
between 28 to 90 days of curing, SCRM5 and SCRM10
showed an increase in flexural strength by 25.5% and
14.4%, respectively.
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Table 5. Hardened properties of SCRMs.
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Flexural Strength Compressive Strength Elastic modulus
Repair Mortar (MPa) (MPa) (GPa)

2d 7d 28d 90 d 2d 7d 28d 90d 2d 7d 28d 90 d
SCRM 0 6,44 8,59 9,06 9,36 32,3 48,0 59,1 67,8 21,30 25,40 27,30 33,76
SCRM 5 5,77 7,41 8,26 10,37 29,9 43,6 60,4 73,9 19,03 24,27 27,43 32,73
SCRM 10 5,23 6,71 8,11 9,28 24,3 40,5 55,1 72,4 16,33 23,79 26,31 29,22
SCRM 15 4,21 6,32 6,94 8,50 18,1 36,6 46,1 62,1 14,76 21,21 24,39 29,87
SCRM 20 4,84 5,54 7,72 8,27 19,0 36,4 57,9 59,8 15,83 24,94 28,07 28,01

It should be noted that the ideal proportion of
superplasticizer to SF for achieving self-compacting mixes
is typically around 1% of the binder weight and 10% of the
weight of the binder, respectively. This combination serves
to reduce porosity while enhancing strength. Furthermore,
the incorporation of SF and superplasticizer enhances the
pozzolanic reaction at 28 days. Additionally, the
development of a denser microstructure in the mortar,
with reduced porosity, can lead to increased strength and
enhanced durability.

Early strength development in cementitious systems is
generally less affected by SF. SF, being a pozzolanic
substance, primarily contributes to long-term strength
characteristics while potentially reducing flexural strength
at an early age. Importantly, in the initial stages of
strength development, fiber-reinforced concrete typically
exhibits lower compressive and flexural strengths relative
to standard concrete.

As for Fig. (11), it shows that the development of
compressive strengths follows a similar pattern to that of
flexural strengths. At early ages (2 days of curing), (SF)
was found to adversely affect the compressive strength of
SCRMs, with all SCRMs showing reduced compressive
strength compared to SCRMO. For instance, at the 7-day
mark, there were observed decreases in compressive
strength by 9.2%, 15.6%, 23.8%, and 24.2% for SCRM5,
SCRM10, SCRM15, and SCRM20, respectively, relative to
SCRMO. This reduction is largely due to the dilution effect
caused by SF.

Numerous studies have noted that the impact of silica
fume (SF) on strength development in mortar is more
pronounced after the first 7 days [45-48]. Initially, an
increase in SF content up to a certain threshold tends to
enhance the compressive strength of the mortar. However,
exceeding this threshold leads to a decline in strength as
the SF content increases further [49]. It has been
discovered in other research that the addition of silica
fume to water does not directly participate in the
hydration reactions of cement. Rather, it interacts with the
Ca(OH), produced during the hydration process, forming
hydrated calcium silicates (C-S-H gel). This process
effectively improves the microstructure of the
cementitious matrix once it has hardened, resulting in a
more compact and dense structure, which is beneficial for
early strength development and contributes to the
improved strength and durability of the mortar over time
[50].

Optimal concrete strength at 28 days is achieved with
a superplasticizer (SP) concentration between 1.0-1.2%
and an SF content of 10-15% by binder weight.
Furthermore, the use of 15% SF as a replacement
enhances the concrete's durability and strength, as
demonstrated in Fig. (9). This enhancement is likely due to
SF's high pozzolanic activity, stemming from its significant
amorphous SiO, content.

These findings align with those reported by other
researchers [51, 52].

However, compressive and flexural strength development
increases even more after 28 days for SCRMs mixes with
5-10% SF replacement and continues at a later time due to
the pozzolanic reaction.

The correlation between compressive and flexural
strengths, as outlined by various researchers, can be
summarized in a different way Eq. (2).

fi = k fC“ (2)

Where f, represents compressive strength in MPa and

f; is flexural strength in MPa. The correlation between

compressive and flexural strength findings proposed in

this study, represented by Eq. (3), was used to model the

correlation among compressive and flexural strength for
SCRMs mixtures.

Coefficients k and o were obtained through nonlinear
regression analysis using the test results, which were
considered as the main variables. The values obtained
were k and a by nonlinear regression analysis are 0.872
and 0.55, respectively. The corresponding strong

correlation coefficient R*= 0,930 can be expressed as
follows:

£,=0,872. £2°° 3)

Cc

Eq. (3), shown in Fig. (12), can be used to estimate
and predict the bending strength from the corresponding
compressive strength value, with high reliability.

4.3. Elastic Modulus

Elasticity modulus for repair mortar was assessed at
intervals of 2, 7, 28, and 90 days, utilizing cylindrical
specimens, as demonstrated in Fig. (13).

The dynamic elastic modulus of SCRMs mixtures,
which characterizes the material's stiffness, is an essential
material characteristic and plays a pivotal role in
engineering design and the development of materials.
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Fig. (13). Influence of SF content on elastic modulus of SCRMs.

Measurements showed that the elastic modulus varied
from 28.01 to 33.76 GPa at 90 days. Clearly, employing
high-volume Silica Fume (SF) led to a decrease in the
dynamic modulus of elasticity compared to SCRMO, which
showed the highest modulus. On the other hand, the
elastic modulus of all Self-Consolidating Repair Mortar
(SCRM) mixtures exhibited an increase over time,
particularly noticeable after 90 days of curing. For
example, during the extension of the curing period from
28 to 90 days, the elastic modulus of SCRM0 and SCRM15
increased by 24% and 22%, respectively. These findings

Lower limit for Class R4

28d 90 d

generally align with those reported in prior studies [53,
54]

Various models and correlations have been suggested
in the literature to estimate the modulus of elasticity of
concrete, predominantly based on the concrete's
compressive strength.

This study has formulated an empirical correlation
between the modulus of elasticity and compressive
strength, which can be expressed as follows:

E.=3,162f,%%7 @
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Here, f. is the compressive strength in MPa and E. is
the elastic modulus in GPa.

Eq. (4) demonstrates a strong correlation between
elastic modulus and compressive strength, as evidenced
by a coefficient of determination (R?) exceeding 0.92. Fig.
(14) further shows a remarkable correlation between the
compressive strength and the modulus of elasticity.

4.4. Water Absorption
Fig. (15) presents the capillary absorption coefficients

Euldji et al.

for different Silica Fume (SF) concentrations at 28 days,
examining sorptivity, which evaluates a porous material's
capacity for water absorption and transmission through
capillary action, to gauge the durability characteristics.

The graph in Fig. (15) indicates a reduction in the
capillary absorption coefficient with an increase in SF
content up to 10%. For instance, the coefficient for
SCRM5 was 60% lower than that of SCRMO0. Conversely,
this coefficient substantially rose when SF levels exceeded
10%, reaching 20%.

40
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-
3 20
=
2
2
o 10

0 1 1 1
0 20 40 60 80

Compressive strength (MPa)

Fig. (14). Relationship between the elastic modulus and compressive strengths of SCRMs, described by Eq. (4).
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Fig. (15). Influence of SF content on the capillary absorption coefficient of SCRMs after 24 hours.
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Fig. (16). Displays the impact of SF content on drying shrinkage of SCRMs.

These findings suggest that SF integration diminishes
surface pores and imperfections in the mortar relative to
the standard repair mortar (SCRMO0), implying that a rise
in SF content up to 20% diminishes SCRMs mortar's
porosity. At 10% SF concentration, the capillary
absorption coefficient dropped to 0.27 (kg/m®h®?),
marking a 71% decrease from SCRMO. Thus, SF addition
effectively lowers water absorption in the repair mortar.

Indeed, the capillary absorption coefficient for all
repair mortars SCRMs that range between 0.27 and 0.46
kg/m’h"® satisfy the requirements (less than 0.5 kg/m’.h"®)
for building materials designed for use in Class R4
structural applications. The following reasons can explain
these results. Firstly, the potent pozzolanic activity of
Silica Fume (SF) is instrumental in compacting the
microstructure of Self-Consolidating Repair Mortars
(SCRMs), thereby lessening their porosity via the
generation of calcium-silicate-hydrates (C-S-H). Secondly,
the comparatively larger specific surface area of SF, in
relation to cement, contributes to a decrease in water
absorption by further compacting the mortar matrix.

Practically, this suggests that the addition of SF particles
primarily serves to occupy the spaces among the hydrated
cement particles, leading to enhanced compressive strength
and a reduction in water absorption. Notably, the control
mix SCRMO demonstrated the highest capillary absorption
coefficient. In contrast, all SF-inclusive SCRMs showed
markedly lower capillary absorption coefficients compared
to SCRMO. These observations are in line with findings from
various other studies [43, 55, 561.

4.5. Drying Shrinkage

Fig. (16) displays the drying shrinkage data for all Self-
Consolidating Repair Mortar (SCRM) mixtures over a period
of 90 days. The figure reveals that increasing Silica Fume
(SF) content to 10% leads to a reduction in the drying
shrinkage of SCRMs at 90 days. For instance, SCRM10

showed a 33% decrease in 90-day drying shrinkage
compared to SCRMO. However, it is important to recognize
that using more than 10% SF in the mix might cause the
specimens to expand.

Previous studies have consistently found that SF usage
tends to diminish the drying shrinkage of repair mortars.
This effect can be attributed to several factors. Firstly, the
addition of pozzolanic materials lowers the amount of
cement needed, which in turn reduces the heat of hydration
and, consequently, the shrinkage of the mortar mixes [57,
58].

Secondly, after sufficient curing, the shrinkage of
SCRMs containing SF generally decreases due to the
pozzolanic reaction, which generates extra C-S-H gels,
thereby making the matrix denser and slowing the rate of
water loss. Thirdly, the use of SF contributes to shrinking
reduction by reducing the diameter and connectivity of
pores, a process partly influenced by SF's reinforcing
properties.

In summary, these findings suggest that mortars
containing pozzolanic materials exhibit lower drying
shrinkage than control mixes under air-cured conditions.

4.6. Flexural Bond Strength

Table 6 provides insights into how SF influences the
adhesion of composite samples (SCRM/SUBM) under normal
water curing conditions. Raising SF content positively
influences the bonding interaction between mortar
substrates and the repair mortar. Compared to the control
mix, substituting cement with 10%, 15%, and 20%
Ferrosilicon (FS) resulted in a notable enhancement in the
flexural bond strength of (SCRM) specimens. Specifically,
this substitution led to improvements in bond strength by
149%, 133%, and 111% for 10%, 15%, and 20% FS
replacements, respectively. The highest value, 8.14 MPa,
was achieved by SCRM10. Additionally, the results of the 28-
day bonding process indicated that composite samples can
generally be categorized into two failure types.
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Table 6. The bond flexural strength of SCRMs.

Euldji et al.

Repair Mortars (SCRMs) Bond Flexural Strength (MPa) Failure Mode

SCRM 0 3,27
Cohesive failure

SCRM 5 6,01
Cohesive failure

SCRM10 8,14
+ Adhesive faflure

SCRM 15 7,63
Adhesive failure

SCRM 20 6.90 SCRM 20

' y | Adhesive failure

In specific terms, the failures occurred in the substrate
of the composites SCRM10/SUBM, SCRM15/SUBM, and
SCRM20/SUBM, which indicates a strong bond between
SCRM mortar and SUBM. In contrast, at 0% and 5% FS
content, the interface cracked, and the repair mortar
completely separated from the support (resulting in
cohesive failure). The interfacial transition zone, which is
the boundary between the old mortar and the new repair
materials, can be enhanced by the inclusion of
Polypropylene Fiber (PPF) [59]. It is also important to
mention that in the restoration of concrete structures, the
tensile bond strength of the repair materials should ideally
surpass 2.1 MPa [60].

On the other hand, A-lite (C,S), B-lite (C,S), and ferrite
(C,AF) are the three primary components of cement, and
their hydration accelerates these positive effects.
Following the cement hydration process, the free alkali,
primarily in the form of calcium hydroxide (Ca(OH),),
reacts with the silica component in Silica Fume (SF), a
process that is facilitated by the presence of water. This
reaction results in the formation of calcium silicate
hydrate (C-S-H), contributing to a decrease in capillary
porosity while simultaneously reducing the calcium
hydroxide content within the matrix [61]. Silica Fume's
larger surface area, which enhances its reactivity,
effectively fills voids in both interfacial and interfacial
transition zones, leading to a denser and more uniform
structure. Furthermore, the robust bond between Self-
Consolidating Repair Mortars (SCRMs) and substrate
mortars (SUBMs) helps to prevent crack propagation in
the transition zone [62].

It is important to recognize that variables such as the
nature of the bonding agent, the cleanliness and moisture
level of the substrate surface, and the roughness of the
interface can significantly affect adhesion at the interface
[63]. In line with these findings, adding Silica Fume (SF)
to the mortar not only improves the mechanical
characteristics of the interfacial transition zones but also
strengthens the bond between the repair mortar and the
substrate, leading to a more robust bond [62].

The addition of SF enhances the internal pore structure

and compactness of the mortar, which in turn significantly
boosts its durability. This increased durability plays a crucial
role in reducing mortar degradation in harsh environments,
thereby extending their service life [64].

CONCLUSION

The findings of the experimental study investigating the
effects of SF and PPF fiber on self-compacting repair mortar
behavior lead to the following conclusions:

e The inclusion of silica fumes notably influences the
workability of self-consolidating repair mortars (SCRMs),
with workability decreasing as the SF content

e Hardened properties of SCRMs are decreased when high-
volume silica fume is used, regardless of age. Moreover,
due to the pozzolanic reaction, after 90 days, all SCRM
mixtures demonstrate significantly higher flexural and
compressive strengths.

e At 90 days, SCRM5 and SCRM10 have compressive
strength values of 73.9 and 72.9 MPa, accordingly, which
can satisfy class R4 requirements according to EN 1504-3
[30]. In addition, all the SCRM mixes produced in this
study showed strengths in excess of 40 MPa at 90 days,
making them suitable for a large number of different
applications.

e A predictive model has developed successfully for the
relationship between compressive and flexural strengths
of SCRMs, with a high correlation coefficient R*=0.930.
This model provides a reliable method for estimating
flexural strength from compressive strength, offering
valuable insights for practical applications of SCRMs.

e Lower elastic modulus readings observed in the SCRM
mixtures are advantageous for mortar restoration and
help mitigate the internal stresses induced by shrinkage,
which is beneficial for the restoration process.

e The study presents a refined empirical model for
correlating the modulus of elasticity with compressive
strength. The high determination coefficient (R*>0.92)
confirms the model’'s strong predictive -capability,
providing a valuable tool for estimating elastic modulus
from compressive strength in concrete applications.

e Incorporating Silica Fume (SF) significantly influences
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the capillary absorption coefficients of repair mortars. Up
to a 10% SF concentration reduces capillary absorption
by up to 71%, enhancing durability by decreasing
porosity. However, SF levels exceeding 10% increase the
absorption coefficient. Mortars with SF concentrations
between 0.27 and 0.46 kg/m”>h®® meet the Class R4
standards for building materials, thanks to SF’s
pozzolanic activity and high specific surface area, which
improve the material's microstructure and reduce water
absorption.

e Increasing Silica Fume (SF) content up to 10% effectively
reduces drying shrinkage in Self-Consolidating Repair
Mortars (SCRMs), with a notable 33% decrease observed
at 90 days for SCRM10 compared to SCRMO. This
reduction is attributed to SF's pozzolanic activity, which
decreases the amount of cement needed, mitigates the
heat of hydration, and promotes the formation of
additional C-S-H gels, enhancing the density of the
mortar matrix and reducing pore connectivity. However,
higher SF contents beyond 10% may lead to increased
expansion. Overall, incorporating SF results in lower
drying shrinkage compared to control mixes,
demonstrating its effectiveness in improving the
dimensional stability of repair mortars.

e According to the three-point bending test, the SCRM
mixture using 10% silica fume showed a satisfactory
binding strength with substrate, as the cure time
increased. This enhancement in bonding power is a result
of the pozzolanic reaction. The results imply that SCM is
potentially a useful material for repairing damaged
concrete structures. Failure continued to occur along the
interface when 10% natural pozzolana was incorporated
into the cement mix.

e According to the findings of this work, SCRM is possibly a
good repair material that complies with EN 1504-3 [30]
due to its adequate mechanical capabilities and durability
characteristics with the concrete substrate.

e Future research should explore the long-term durability
of the SCRMs under diverse environmental conditions
and compare the performance of silica fume with other
supplementary cementing materials. Additionally, field
studies and assessments of economic and environmental
impacts will be valuable for validating and enhancing the
practical application of these materials.
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