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ABSTRACT. The main goal of this work is to develop self-compacting repair
mortars (SCRMs) containing limestone dust (LD) and Natural Pozzolan (NP).
Therefore, a three different mortar (SCRMO, SCRM-10LD and SCRM-20NP)  ;iaion: Benyahia, A.. Choucha, S., Ghrici,
were prepared and tested according to EN 1504-3. The results of the C., Omran, A, Influience of limestone dust
experimental study showed that the produced repair materials fulfilled the and natural posolan on engincering

properties of self-compacting repair mortars,

performances requirements for structural repair products, class R4. In Fratura ed Integrita Strutrurale, 45 (2018)
Iy . . 135-146.
addition, complete composite specimens for the slant shear, showed a good

bond strength between the SCRMs and existing substrate concrete (SUBC) at Receivej 05.02.2018
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28-days and the fractures were only occurred in the SUBC, which means that P e L0 2018

the substrate is the weakest link in the repair system.
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INTRODUCTION

the average income. These structures should be preserved in good conditions for longer life spans by carrying out

periodical maintenance and rehabilitation. If the structures are made of concrete, high quality of care should be given,
because concrete deterioration can be caused by a variety of factors, including natural hazards, climate changes,
overloading, etc. These conditions could result in corrosion, cracking, local damages, or in extreme cases which can all
lead to concrete failure However a crack maybe the first sign of a serious defect which may affect the serviceability or the
stability of the building [1].
The cracks can be prohibited or at least minimized by the inclusion of fibers in the cementitious matrix. Fibers can
improve several mechanical properties of the hardened mortar such as post-cracking response, toughness, flexural
strength and ductility; they can also reduce the water permeability and the creep [2]. Currently, there are a large variety of

I n the last decades, the number of houses in the developing countries has increased dramatically due to the increase in
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fiber options for reinforcing concrete, available in the marketplace including steel, glass, synthetic, and natural fibers.
Among them, the polypropylene fibers (PPF), as one of the synthetic fibers, is the most frequently used type due to its
affordable cost, better distribution in concrete, and avoidance of corrosion spots on the concrete surface which could be
made by using the steel fibers. Singh et al. [3]. reported that the fracture, impact resistance toughness and fatigue
properties can be improved significantly when using polypropylene fibers in the cement mortar mixture. However, the
fiber addition can reduce the mortar workability. The better dispersion of fibers in a mortar and more workability
characteristics are the key factors to obtain successful fiber-reinforced mortar for repair applications [4].

The self-compacting mortar mixture (SCM) can provide many advantages. Self-compacting mortar, as the name indicates
is a highly flowable mortar which can be placed without any external consolidation [5]. Nowadays, the self-compacting
mortar is specially designed for repair applications [6]. The SCRM technology can provide better filling capacity, especially
in the heavily reinforced sections and the narrow spaces |7, 8].

The SCMs mix requires a significant amount of mineral admixtures content compared to the ordinary mortar [9]. The use
of mineral admixtures in self-compacting mortars mix can improve rheological and mechanicals properties and durability.
Since that cement is one of the most expensive components of concrete or mortar, the use of mineral admixture as a
replacement of cement is one of the economic solutions. However, mineral admixtures are not available in all regions and
would be expensive if imported which makes their imports more expensive. This promotes the valorization of other
available local materials (natural, waste or by-products) which can be used as mineral additives for the production of repair
materials. Therefore, due to their high availability in Algeria, limestone dust (LD) and Natural Pozzolan (NP) could be
successfully and economically used as mineral admixtures in self-compacting mortar production.

During extraction and processing of limestone rocks, huge amounts of fines called limestone dust (LD) are generated
forming unsold stocks. Therefore, in the presence of wind, these fines are transported and can affect the health workers as
well as the people living near quarries [10]. Incorporation of limestone dust in construction works will solve the problem
of disposal of these fines. Limestone dust has been successfully used in concrete or mortar as a sand replacement.
However, few researches have been conducted in the area of SCC using this fines as a partial cement replacement. Zhu
and Gibbs[11]. observed that incorporating limestone powder in SCC can accelerate cement hydration and improve the
eatly strength. Chi et al., 2004 reported that it is possible to use up to 15% of limestone fines in concrete manufacture
without compromising its mechanical strength. Felekoglu et al. [12]. investigated the effect of quarry dust on SCC mix.
They stated that quarry dust powder reduced the superplasticizer content and enhanced the 28-day’s compressive
strength. Dehwah [13]. reported that using of quarry dust in SCC mix enhances their mechanical properties.

Natural pozzolans are siliceous or siliceous and aluminous materials produced during magmatic eruptions. These materials
do not harden themselves when mixed with water, but when finely ground the desired fineness and in presence of water,
they react with dissolved calcium hydroxide (Ca(OH),) at ordinary temperatures to form strength-developing calcium
silicate (C-S-H gel) and calcium aluminate compounds. Natural pozzolans have been used successfully since a long time as
cement replacement in concrete industry for many purposes to bring down the cost of OPC [14] as well as to produce
more environmental friendly concretes [15]. In addition, its engineering properties have been also subjected to
investigation [16, 17]. Indeed, these materials have been used to reduce the hydration heat evolution and to increase
strength and durability characteristics of mortar. But only a few studies[18-21 | were carried out to investigate the effect of
natural pozzolans on SCC .

The main goal of this research is to develop self-compacting repair mortars with available local materials such as limestone
dust and natural pozzolan, and the study of the engineering properties behavior of the produced repair materials.

The main goal of this research is to investigate the engineering properties behavior of self-compacting repair mortars
made by the available local materials such as limestone dust and natural pozzolan.

MATERIALS, MIXTURE PROPORTIONS AND TESTING METHODS

Materials nsed
1I the repair mortars mix were prepared using ordinary portland cement CEM I 42,5 in accordance with EN 197-
1]22]. The chemical composition and physical characteristics of OPC were obtained from the lab result and given
in Tab. 1. Two types of local mineral admixtures; limestone dust and natural pozzolan were used. These materials
were milled to a particle-size distribution with a mean-particle diameter (dsp) of 125um. Tab. 1 also presents the chemical
composition and physical properties of these two fillers. Modern superplasticizers based on chains of modified
polycarboxylic ethers in accordance with EN 934-2 [23], with a solid content of 30% and density of 1.065 g/cm? was
used. A short PPF fiber with a length of 12mm, diameter of 0.3mm, modulus of elasticity of 3 kN/mm? and density of
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0.9g/m?3 was used. Coatse aggtegates used in the formulations of repair materials mix were crushed limestone gravel, with
Dmax of 15 mm and specific gravity of 2.56. Siliceous river sand, with a specific gravity of 2.42, Dmax of 3 mm and
fineness modulus of 1.65 was used. Particles size distribution of coarse and fine aggregates are also presented in Fig.. 1.

Physical properties Cement Limestone Dust ~ Pozzolan
Specific gravity 3.10 2.72 2.63
Specific surface atea (m2/kg) 350 470 550
Compressive strength (MPa) 425 - -
Chemical properties (%0)

CaO 63.91 52.57 10.88

SiO, 21.58 4.58 48.1

AlLOs 4.44 0.41 18.83

SO; 1.93 0.01 0.51

Fe20O3 5.36 0.42 10.6

MgO 1.64 0.22 4.38

NaxO 0.11 0.01 0.80

K0 0.22 0.13 0.20

Loss of ignition 0.78 41.6 5.70

Table 1: Characteristics of ordinaty cement, limestone dust and natural pozzolan.
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Figure 1: Grading of gravel and sand.

Mixcture proportions

In order to evaluate the influence of local mineral admixtures on the properties of repair mortar (SCRMs), Two types of
mortar mixtures containing 10% LD and 20% NP as partial OPC replacements were prepared in comparison with a
control mortar (Tab. 2). The water-to-powder ratio and the volume fraction of polypropylene fibers were kept constant in
all the SCRMS mixtures. Appropriate adjustments were conducted in the amount of SP in each mixture to achieve
rheological properties as recommended by the EFNARC (2005). The substrate concrete (SUBC) is an ordinary Portland
cement concrete usually used in the construction. The mix proportion of the SUBC is also presented in Tab. 2.

mR:iiz  Cement LD NP P Waer Sand Gravel W/P SP  PPF
SCRM-0 685 00 00 685 260 1274 - 038 755 12
SCRM-10LD 6165 685 00 685 260 1274 - 038 650 1.2
SCRM-20NP 548 00 137 685 260 1274 - 038 845 1.2
SUBC 340 ~ -~ 170 720 1130 05 - -

Table 2: Mixtutre propottions of SCRMs and SUBC (kg/m?).
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Testing methods

The self-compactness characteristics of all the repair materials mix were evaluated by using a mini-slump flow and mini-V-
funnel flow time tests according to EFNARC [24]. The Mini slump-flow was used to describe the ability of the fresh mix
to deform under its own weight in unconfined conditions. The Mini V-funnel flow time can be used to evaluate the
flowability or viscosity of the repair materials mix. The fresh unit weight of repair mortars was determined according to
EN 1015-6 [25]. Compressive and flexural strengths tests of SCRMs samples were conducted in accordance to EN 12190-
6 [26]. Three prism specimens measuring 40X40X160 mm was cast for both compressive and flexural strengths, for each
repair mortar. All the repair mortars samples were demolded and tested in the laboratory after 1, 7 and 28 days. The
mechanical properties of substrate concrete (SUBC) such as compressive and splitting-tensile strengths were determined
on 100 mm diameter and 200 mm height cylinder specimens after 28-days. The flexural strength test was determined on
70x70%280 mm? beam samples at 28 days. The dynamic modulus of elasticity for all the repair mortars was determined
after 28 days by the resonant frequent method using the ultrasonic pulse velocity test [27] (Fig. 2).

Figure 2: Test on dynamic modulus of elasticity of SCRMs samples.

The specimen was a cylinder with a diameter of 50 mm and height of 60 mm. After determining the ultrasonic velocity
through the specimen, the Ep is calculated as follow:

By = ov’ @

where, Ep is the elastic modulus (GPa), ¢ is the density of the dry samples (kg/m?) and v is the ultrasonic velocity (m/s).
In order to evaluate the durability characteristics of the produced repair mortars, the capillary water absorption coefficient
was measured according to EN 1015-18 [28]. After 28-days of curing, the SCRMs prism specimens (40X40X80 mm) were
introduced in the oven at 60°C until mass stabilization. A resin layer covered the lateral sides of the prisms. The dry mass
of the prisms was noted, where these prisms were vertically placed over a grid in a watertight tray containing 5mm water
depth. The capillary water absorption coefficient of the mixtures at 28 days was calculated as follows:

M

e @

The adhesion between produced repair materials (SCRMs) and concrete substrate (SUBC) was evaluated by the slant shear
test procedure according to ASTM-C882 [29]. The quantification of bond strength by this test was justified by the
excellent results reported in previous studies [30, 31]. In the slant shear test, each type of repair mortar was bonded to a
substrate concrete sample which has slant plane inclined at 30° angle from vertical axis. It should be noted that before
casting the repair materials, the concrete substrates were surface treated by the sandblasting then by dry brushing to
ensure a better bond strength [32, 33]. The composite samples were 76 mm in diameter and 152 mm in height thus
obtained (see Fig. 3) were tested under a compressive load using the conventional procedure according to ASTM C39
[34].

The bond strength can be calculated as follow:

F
S — _max 3
“\ ©)
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where, S is the bond strength (MPa), Fmax is the maximum applied compressive force (kN) and A is the area of the
interface. The slant surface area is given:

2
A= i 4
4 -sin30

Figure 3: Composite cylinder samples subjected to slant shear.

RESULTS AND DISCUSSION

Mini-stump flow
T he results of the mini-slump flow test for all tested repair materials mixtures are plotted in Fig. 4. All a repair
mortars were designed to satisfy the requirement of SCMS limits [24], which were obtained by adjusting the
content of the SP. It can be seen from the Fig. 4 that mixtures containing 10% LD showed a better flowability
when compared to the mixture containing 20% NP. The required amount of SP to achieve the target flowability for
SCRM-10 LD decreased by 0.9 liters compared to the control mortar mix (see Tab. 2). This can be explained by the
higher fineness of the LD filler particles compared to the cement, which improves the packing density of cement, leading
to decreasing the retained water in the mortar skeleton. This was also reported by several researchers such as Fujiwara et
al. [35] and Ellerbrock et al. [36]. However, SCRM-20NP mix required a slightly higher amount of SP (1.05 liter) than that
used for the SCRMO mix to achieve the desired flowability. This behavior can be attributed to the higher fineness and the
irregular particles shape of NP. This also confirms the results of previous works on the natural pozzolan [37-39].
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Figure 4: Mini-slump flow for SCRMs.

Mini V'-Funnel flow time
The flow time results obtained from the mini V-Funnel showed that the observed values for all SCRMs mixtures are
included in the EFNARC specifications (Fig. 5). The incorporation of 10% LD in the SCRM1 mix resulted in a flow time
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very close then that of control mortar mix. In contrast, the SCRM-20NP mixture showed a slightly higher flow time. This
is in agreement with previous works [40,18].
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Figure 5: Mini V-Funnel flow time for SCRMs.

Fresh unit weight

The measured unit weight values for the SCRM-0, SCRM-10LD and SCRM-20NP mix were 2210, 2115, and 2193 kg/m?,
respectively. From these results, it can be seen that cement replacement with 10% LD and 20% NP yielded about 4.3%
and 1.0% reduction in the density for fresh SCRM-10 and SCRM-20NP mix respectively, compared to that of the control
mortar mix. This was due to the lower density values of the LD and NP particles compated to the cement patticles (see
Tab. 1). Cement replacement with 10% LD in the SCRM-10LD mix did not increase fresh density compared to that
obtained by 20% NP in the SCRM-20NP, despite the density of the LD which was higher than that of the NP. This can
be justified by the higher fineness of the NP particles (550 m2/kg) compated to that of the LD (470 m?2/kg) which led to a
higher matrix densification of SCRM-20NP.
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Figure 6: Variation of compressive strength with age for SCRMs.

Compressive strength

Fig. 6 shows the measured compressive strength of produced repair mortars (SCRMs) at 1, 7 and 28 days. The
compressive strength of mortar mix containing 10% LD and 20% NP was lower than that of the control mortar mix at all
ages. The highest compressive strength was obtained by the control mortar mix, followed by the mortar containing
20%NP and then that containing 10% LD. Except for 1-day of curing, the compressive strength of SCRM-10 LD was
close (16.87 MPa) to that of the control mortar (17.34 MPa) but exceeded that of the SCRM-20NP (12.81MPa). This
result is consistent with previous studies [41, 16]. This behavior can be attributed to the fact that hydration
provides/produces monocarbo-aluminate, when the finely limestone dust (CaCOs3) reacts with C3A [42, 43]. Moreover,
the decrease in the compressive strength of the SCRM-20NP at 1-day can be attributed to the slowness of the pozzolanic
reaction [44].

However, the strength gain was more pronounced for SCRM-20NP-beyond 7 days of curing. The compressive strength of
SCRM-20NP was 47 MPa and continues to increase and reached 56 MPa at 28-days of curing which was slightly lower
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than those of the control mixture (57.6 MPa). This can be attributable to the higher rate of C-S-H gel formed during cement
hydration [45, 46]. However, when the curing age extends from 7 to 28-days, the strength gain for SCRM-10LLD was only
13%. Further, at 28 days, the compressive strength of SCRM-10LD was 20% lower that that of the control mixture. The
compressive strength reduction of SCRM-10LD can be attributed to the lower fineness and the slowness of the
pozzolanic reaction of the LD (see Tab. 1) compared to that of the NP [47]. In addition, Fig. 6 shows that all the
produced repair materials have high compressive strength values which can meet the requirement for class R4 specified by
the EN 1405-3 [48].

Flexcural strength

The results of flexural strength of repair mortars at 1, 7 and 28-days are shown in Fig. 7. It can be seen that both
compressive strength and flexural strength development show a similar trend. For instance, at 1-day of curing, the flexural
strength of SCRM-20NP is approximately 20%, higher than that of SCRM-10LD. However, for SCRM-10LD mixture, no
significant flexural strength gain was observed beyond 7-days. This result was in accordance with the findings-reported by
[9]. In addition, at 28-days of curing, using 20% NP in SCRM-20NP mix showed flexural strength values very close (9.1
MPa) to that of SCRM-0 (9.5 MPa). The increase in SCRM-20NP strength can be explained by the improvement of the
aggregate (sand)-paste bond due to the densification of the transition zone (ITZ) and the formation of more secondary C-
S-H gel [41].
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Figure 7: Variation of flexural strength with age for SCRMs.
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Figure 8: Variation of dynamic modulus of elasticity with age for SCRMs.

Dynamic elastic modulus

For all repair mortars, the dynamic elastic modulus (Ep) for all repair mortars was measured at 7 and 28-days and the
results are presented in Fig. 8. In general, the results clearly showed the effect of mineral additions on the development of
the Ep with time. The obtained results showed that the Ep decreases with increasing the replacement rate of cement by
LD and NP. The highest modulus values were obtained by the control repair mix at all ages, due to the high amount of
cement content (0% replacement). The 7 and 28-days Ep values determined for the SCRM-10LD were 6% and 9%
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respectively, lower than those measured for the SCRM-0. The corresponding reductions for the SCRM-20NP were 5%
and 8%. This finding was consistent with that obtained by [49]. In summary, the Ep of SCRM-0, SCRM-10LLD and
SCRM-20NP at 28-days are 28GPa, 26.5 GPa and 25.8 GPa respectively, which were higher than the lower limit (20
GPa) required by the EN 1504-3 Standards for Class R4 repair mortars.

Water absorption

The capillary water absorption test was carried out over a 24-hour period for the three investigated mortars. The capillary
absorption coefficient values after the 24-hour ranged between 0.30 and 0.48 kg/m?2/h%5, as shown in Fig. 9. The lowest
capillary absotption coefficient of 0.30 kg/m?2/h%> was obtained by the SCRM-20NP (27% less than the SCRM-0), which
indicates a lower porosity. Najimi et al. [14] reported that NP can reduce significantly the concrete porosity due to its
filling effect and pozzolanic reaction (the formation of secondary C—S—H gel), which can reduce the water mobility inside
the mortar matrix and hence, reduce the capillary absorption. On the other side, the highest capillary absorption
coefficient was obtained by the SCRM-10LD (0.48 kg/m?2/h%5). This might have occurred due to the lake of the LD
particles to block effectively the capillary pores. As a conclusion, all of the tested mortar samples meet the requirement for
class R4 accotding to the EN 1504-3. The EN 1504-3 specifies 0.5 kg/m?2/h05 as an upper limit for the water absorption
after 24h of testing.

0.6
0.5

Lower limit for class R4 Materials EN-1504-3

)
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0

C (kg/m-h

01

0
SCRM-0 SCRM-10LD SCRM-20NP

Figure 9: Evolution of water absorption after 24 hours for SCRMs.

Slant-shear strength

Tab. 3 presents the development of bond strength in the vatious composite cylinders specimens (SCRMs/SUBC) at 7 and
28-days. At all ages, the slant shear strength values of composite cylinders SCRM-10LD/SUBC and SCRM-20NP/SUBC
wete less than the control composite specimens SCRM-0/SUBC. The 7-days slant shear strength of the control composite
specimens was 20.1 MPa, whereas SCRM-10L.LD/SUBC and SCRM-20NP/SUBC specimens showed a decrease of 10%
and 28%, respectively, compared to the control composite specimens. At 28-days, the bond strength values of SCRM-
10LD/SUBC and SCRM-20NP/SUBC specimens kept on increasing and reached 21.1 MPa and 20.4 MPa, respectively,
which ate 9% and 12% lower than that of the SCRM-0/SUBC. The slant sheat strength improvement of SCRM-
10LD/SUBC specimens could be explained by the higher stiffness (higher Ep) of repair matetial with 10% LD (SCRM-
10) than the mortar containing 20% NP (SCRM-20NP). Another explanation for this, that the textural shape and
angularity of the LD particles can increase the friction at the interface between repair material (SCRM-10LD) and existing
concrete, thus leading to an improvement of the bond strength [50]. Furthermore, the significant bond strength gain of
SCRM-20NP/SUBC composite at 28-days, as seen in Tab. 3 (up to 2 times larger than that of the SCRM-10LD/SUBC)
may be due to the high pozzolanic effect that improved the microstructure at the ITZ between the SCRM-20NP mix and
SUBC.

Besides, the slant shear test, composite cylinder specimens showed two different failure modes (please see Tab. 4),
monolithic failure and failure in the substrate. At 7-days, all composite cylinder specimens exhibited a monolithic rupture
mode, where cracking and fracturing can be observed in both the repair materials and substrate concrete. At 28-days, all
the fractures were occurred in the substrate concrete, which clearly indicated that the substrate concrete was weaker than
the produced repair materials.

Based on the results presented in Tabs. 3 and Fig. 10, it can be concluded that using 10% LD or 20% NP are considered
as suitable materials for use as cement replacement to produce self-compacting repair mortars, because all the repair
materials developed in this study using LD and NP, meet the standards requirements for ACI [51].
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Slant-shear strength

Composite samples S, MPa
7-days 28-days
SCRM-0/SUBC 20.1 232
SCRM-10LD/SUBC 18.2 211
SCRM-20NP/SUBC 14.5 20.4
ACI Bond strength range 6.9-12.4 13.8-20.1

Table 3: Slant shear strength results.

R -

Cinigy bt o L Mo

SCEM-10LD

SCEM-20NF

SCEM-10LD

Table 4: Failure mode for composite samples in slant-shear test (a), (b) and (c) monolithic failure at 7-days, and (d), (¢) and (f)
substrate failure at 28-days

CONCLUSIONS AND FUTURE TRENDS

1) It has been observed that the efficiency of modified polycarboxylic SCWMs decreases compared to the control
mortar with replacement cement content up to 10% LD, and vice-versa, with NP content up to 20%, in
comparison with control mortar mix.
2) Although the density of the LD is higher than the NP, the use of 10% of LD in the SCRM-10NP mix has no
significant effect on the wet density compared to the 20% NP in the SCRM-20NP mix, due to the higher fineness of the
NP which leads to a higher matrix densification.

T he main conclusions according to the experimental results are summarized next:
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3) Both limestone dust and natural pozzolan affect the compressive strength of SCRMs mix. At 1-day of curing, the
compressive strength of SCRM-10 LD was close (16.87 MPa) to that of control mortar (17.34 MPa). From 7 to 28-days,
using 20%NP contributes significantly to the strength development of the SCRM-20NP mix, compared to that of the
mortar containing LD. The compressive strength of SCRM-20NP was 47 MPa and kept on increasing and reached 56
MPa at 28-days of curing with only 3% decrease compared to that of the control mortar (57.6 MPa). However, all the
produced repair mortars showed compressive strength values higher than the lower limit of the Class R4 (EN 1504-3).

4) The dynamic modulus of elasticity decreases with increasing the substitution rate of cement with LD and NP. The
incorporation of 10% of LD led to an increase in the ED at 7 and 28 days higher than 20% NP addition. It should be
noted that at 28 days, all repair mortars produced, showed higher Ep than the lower limit (20 GPa) specified by the EN
1504-3 Standard for Class R4.

5) For a good durability of repair materials used in structural applications as Class R4. EN 1504-3 standard requires
maximum water absorption value 0.5 kg/m2/h0.5 at 24 h. This study showed that all tested repair mortars meet this
requirement. The SCRM-20NP exhibited the lowest capillary absorption coefficient than SCRM-10LD, due to the filling
effect of ultrafine particles and the pozzolanic reaction (the formation of secondary C—S—H gel) of the NP.

6) In 7-days slant shear tests, it has been noticed an increment of bond strength in shear of the SCRM-10LD/SUBC
specimens. But after this age (28-days), a slight increase of bond strength value was observed. Whereas, the SCRM-
20NP/SUBC specimens showed a bond strength gain two times larger than that of the SCRM-10LD/SUBC at 28-days.
Additionally, all composite specimens exhibited monolithic rupture mode at 7-days and substrate failure at 28-days
without interface failure between repair materials and substrate.

Finally, it is important to note that this study does not cover all the required characteristics to examine repair materials for
damaged concrete structures. Furthers investigations on compatibility issues such as dimensional change/stability of the
self-compacting repair mortars-based LD or NP are recommended.
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