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ABSTRACT. Construction industry consumes a large amount of natural
resources and energy and produces high amount of CO; emissions and
waste materials. For more sustainable construction industry, various waste
materials are used as natural aggregates substitution or as cement
replacement materials. In this paper, marble powder (MP) is used as a
substitution to ordinary Portland cement (OPC) and its effects on some
fresh and hardened properties of self-compacting concrete (SCC) are
investigated. The tests at the fresh state were slump flow, L-box and sieve
segregation. To assess the fluidity retention, slump flow loss was measured
after 30, 60 and 90 minutes. At hardened state, two tests were realized:
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compressive strength and static segregation. The results indicate that
adding MP improved the fresh properties but decreased the compressive
strength of SCC. Adding MP allows to maintain the fluidity of SCC until
90 minutes. Production cost can be reduced by using MP. The
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performance approach showed that a substitution level of MP of 20% is
adequate to produce an eco-efficient SCC with high fluidity and acceptable
strength.

KEYWORDS. Self-compacting concrete; Marble powder; Fluidity retention;
strength; Cost; Performance index.

INTRODUCTION

elf-compacting concretes (SCC) are very fluid that can flow and fill all the spaces in the formwork under their
S gravity, without the need for compaction or vibration, and give homogeneous concretes which are resistant to
segregation and bleeding. This type of concrete is suitable for the construction of structures that are heavily
reinforced or with complicated shapes. SCC can only be prepared with superplasticizer, large amounts of ordinary
Portland cement (OPC) and supplementary cementitious materials (SCM). Building demolition, industrial and
agricultural processes generate annually a high quantity of wastes as shown in Tab. 1 in which only a low percentage is

recycled [1-5]. The utilization of these wastes has become a priority for its economic and ecological benefits. SCC is one
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of the most eco-friendly types of special concrete because waste materials have always been used as SCM, fine and
coarse aggregates [6-14]. According to Tennich et al. [15], incorporation of waste from marbles and tiles factories as
partial replacement of OPC, which are freely and cheaply available in the composition of SCC, allows producing
environment friendly concretes. The reuse of industrial by-products and wastes as SCM for manufacturing eco-cements
is a good way to ensure the ecosystem and the biological components of the environment and human health, which
contributes to sustainable development [16]. Moteover, adding SCM such as natural pozzolana and slag to concrete
resulted in low hydration heat, higher compressive strength at later ages, lower porosity, improved durability, lower cost
and lower environmental impact due to reduced CO; emissions [17-25]. Singh et al. [26] reported that using 10% and
15% of marble powder (MP) as partial replacement of cement increased the compressive and split tensile strengths in
the range of 15-20%. Alyamac et al. [27] successfully prepared an eco-SCC by incorporating 60% of MP as partial
replacement of cement. Ashish [28] showed that the introduction of MP with 15% by partial replacement of sand
offered to concrete superior resistance to carbonation. Guneyisi et al. [29] have shown that the introduction of MP by
partial replacement of OPC into self-compacting mortars leads to an increase in the flow time and setting times, while
it reduced the compressive strength and the ultrasonic pulse velocity. Toubal et al. [30] showed that incorporating MP
in cement paste with various replacement rates of 5, 10 and 15% leads to a reduction of the apparent density and
compressive strength and an increase of the porosity at age of 3, 7, 28 and 65 days. The authors concluded that
acceptable results could be obtained by using 5% of MP. The use of MP in ordinary pastes, mortars and concretes has
been widely investigated. However, few studies investigated the effect of MP as partial substitution of OPC on the
properties of SCC especially on fluidity retention and static segregation. This work aims firstly to investigate the effects
of MP as a substitute of OPC on some properties of SCC such as fluidity retention, compressive strength, and
production cost. The performance of each SCC mixture was also assessed by using a performance index by taking into
consideration several performance criteria. This approach allows the selection of a suitable replacement rate that
corresponds to the researched SCC performance. In this research work, MP was incorporated at substitution levels of
5, 10, 15 and 20%, keeping the other ingredients and proportions constant. SCC mixtures were tested at a fresh state to
evaluate the filling, passing ability and the risk to segregation. At hardened state, compressive strength and static
segregation were evaluated at the ages of 7 and 28 days. A performance approach index was used to find the optimal
substitution levels corresponding to the targeted SCC performances at fresh and hardened states.

Waste type Quantity (Mt) Country Reference
Glass 3.45 Egypt [1]
Slag 0.5 Algeria [2]
Marble 0.34 Turkey [3]
Rice husk 120 China, Ir};ciirfiléllarécics)}rllesia and 4]
Plastic 1.8 Australia [5]

Table 1: Statistics for some waste types.

EXPERIMENTAL PROCEDURE

Materials
PC (CEMLI, 42.5) that complies with the European Standard EN 197-1 was used in all SCC mixtures. The MP
O is a by-product of marble stone sawing, shaping, and lustration. The chemical composition and physical
properties of cement and MP are presented in Tab. 2.
Laser particle distribution analysis was used to determine the particle size distribution of cement and MP (Fig. 1). The
results indicated that MP is finer than the cement. Tab. 2 gives the diameter of particles that correspond to 10%, 50%
and 90% of passing. The results showed that more than 50% of MP material has particles less than 6.5 um, and about
50% of cement particles are smaller than 12.35 um. Fig. 2 shows the results of the scanning electron microscopy (SEM)
analysis of cement and MP. This test allows to identify the particles shape of the tested material and confirmed the
results for particle size distribution presented in Fig. 1. The particles of MP are finer and appear to have less angular
shape compared to the cement particles.
The mineralogical analysis of MP which is presented in Fig. 3 indicates that MP is mainly composed of calcite with some
traces of quartz and dolomite.
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Physical properties

Specific gravity

Fineness
characteristics

Fineness (m?/kg)
dio (um)
dso (um)
doo (um)

Cement
20.14
63.47
2.12
3.71
4.74
2.67
0.47
0.21
0.69
0.06
1.72

3.1
330
1.19
12.35
40.53

MP
0.42
56.01
0.12
0.13
0.06
0.01
0.01
0.01
0.43

0.03
42.78

2.7
360
1.36
6.50
21.09

Table 2: Chemical composition and physical properties of cement and MP.
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Figure 1: Particle size distribution of cement and MP.

Figure 2: SEM analysis of (a) cement and (b) MP.
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Figure 3: XRD analysis of MP.

A polycarboxylate-based superplasticizer was used as a chemical admixture, it has a density and pH of 1070 kg/m? and
8, respectively. Natural river sand was used as fine aggregate. Two classes of coarse aggregate were used. The physical
propetties of aggregates were meseaured according to European Standared EN 1097-6 [31] and are given in Tab. 3. Fig.

4 presented the particle size distribution of aggeregates.

Fine aggregate Coarse aggregate

Properties
0/5 3/8 8/15
Absorption coefficient (%) 0.59 1.56 2.26
Density (kg/m?) 2600 2610 2540
Water content (%o) 0.03 0.17 0.13
Table 3: Physical properties of aggregates.
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Figure 4: Particle size distribution of aggregates.

Mixture proportions
To study the effect of MP on some fresh and hardened properties and production cost of SCC, five mixtures were
prepared. The control mix included only OPC as a binder, whereas in the other mixtures cement was partially substituted

with MP at ratios of 5, 10, 15 and 20%. The proportions of all SCC mixtures are shown in Tab. 4.
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. Mix ID
Constituents
OMP 5MP 10MP 15MP 20MP
Cement (kg/m?) 470 448 426 404 382
(%) 0 5 10 15 20
Marble powder
(kg/m?3) 0 22 44 66 88
Sand 0/5 (kg/m?) 882.9
Coarse aggregate 8/15 553
(kg/m?) 3/8 277
Water (kg/m?) 188
Superplasticizer (kg/m?) 4.23
Water/binder 0.4
Superplasticizet/binder 0.9
Table 4: Mix proportions of SCC mixtures.
Testing procedures

Slump flow, L-box and sieve segregation tests were carried out to characterize the filling and passing ability and the
resistance to segregation of fresh SCC according to EFNARC requirements [32]. The fluidity retention was evaluated
by measuring slump flow loss after 30, 60 and 90 minutes. This test allows to estimate the practical duration for using
each SCC mixture, while the trend to segregation can be qualitatively assessed.

Compressive strength and segregation static tests were carried out according to EN 12390-3 and AASHTO PP58 [33-
34], respectively. Prismatic (7X7X28 cm) and cylindrical (16X32 cm) specimens were cast from each SCC mixture. After
demolding, the specimens were cured in water at controlled conditions (T=20+2°C and HR>=95%). The average
compressive strength test results of six prismatic specimens at the age of 7 and 28 days were determined, while three
cylindrical specimens were used to visually assess the static segregation.

Mix ID
Fresh properties Min Max
OMP SMP 10MP  15MP  20MP
Omin  70.5 71.1 72.7 73 73.5
30 min  69.3 70 71.1 71.5 72.2 A@eptance
Slump flow (cm) . criteria 65 80
60 min 67 68.5 69 69.4 70.3 of SCC
90 min 63 66 67 67.3 68.5 suggested
T50 flow time (s) 2.53 1.75 1.61 1.52 1.32 by 2 5
. . EFNARC
L-box blocking ratio (%o) 0.77 0.81 0.82 0.81 0.81 32] 08 1
i T20 0.76 0.61 0.5 0.47 0.39 - -
L-box flow time (s)
T40 1.71 1.53 1.48 1.43 1.38 - -
Segregation ratio (%o) 5.1 6.3 6.2 11.2 13.5 5 15

T50 : is the time required for the SCC slump flow to reach a circle with 50 cm diameter [32].
T20 and T40: are the times required for the SCC to reach points 20 cm (T20) and 40 cm (T40) down the horizontal portion of the L-box [32].

Table 5: Fresh properties of SCC mixtures.

RESULTS AND DISCUSSION

Slump flow
T he results of the fresh properties of SCC mixtures are presented in Tab. 5. Fig. 5 depicted the variation of slump
flow and T50 flow time as a function of the amount of MP. The slump flow is a good indicator of the ability
of SCC to flow under its weight in an unconfined formwork. Fig. 4 showed that all the SCC mixes had good
flowability, with slump flow values ranging from 70 to 74 cm. It can be seen that all the fresh SCC mixtures had slump
flow diameter generally conforming EFNARC (65 to 80 cm) [32]. It has been noted an increase in slump flow with
increasing MP content, which means that mixtures prepared with MP presented better fluidity and deformability,
compared to the reference mixture. This result may be attributed to the shape of the MP particles, which is less angular
than that of the cement and hence increasing the flow of SCC with MP. On the other hand, the density of MP, which
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is lower compared to that of cement, increases the volume of paste and reduces the frictions between coarse and fine
aggregates [35]. Furthermore, the substitution of cement by MP decreased the amount of water consumed by hydration
reactions, which results in the additional free water that increases deformability. Similar findings were stated by Uysal
and Yilmaz [36]. However, Guneyisi et al. [29] have reported contradictory results, in which they observed a dectrease
in the fluidity of the SCC with the addition of MP. It should be noted that it is possible to reduce the need for
superplasticizer and water for SCC made with MP to obtain a similar fluidity to control SCC, this reduces the production
cost, and on the other hand decreases the water/cement ratio which improves the compressive strength and durability.
Fig. 5 presents also the T50 flow time for SCC mixtures. The results indicate that T50 flow time decreases as the amount
of MP increases, this means that SCC with MP is more fluid and less viscous. It should be noticed that all SCC mixtures
do not meet the flow time values suggested by EFNARC [32], except for reference SCC, but the visual control of fresh
SCC revealed that there was no problem of segregation or bleeding (Fig. 6).

—Slump flow —O—Flow time T50

75 5
74 t
-~ {42
£ e
(5]
~ 73 g
: 133
= =
g_‘ 72 B U—<
Z 71 | | 25
o]
] —
70 T T T T 1
OMP SMP 10MP 15MP 20MP
SCC Mixes

Figure 5: Slump flow and T50 flow time of SCC mixtures vs MP content.

4

Fig’ﬁre 6: SCC mixture without segregation or bleeding.

Fluidity retention

The effect of MP on the slump flow loss of SCC mixtures over time is plotted in Fig. 7. It can be observed that there
was a decrease in slump flow diameter with increasing time. The OMP, 5MP, 10MP, 15MP, and 20MP mixtures have
slump flow values of 71, 71, 73, 73 and 74 cm immediately after being mixed, and after 90 minutes these same mixtures
experienced slump flow values of 63, 66, 67, 67.3, and 68.5 cm, respectively. It can be seen that the reference SCC lost
its fluidity after 90 minutes with a slump flow value inferior to 65 cm, while the other mixtures maintained their fluidity
even after 90 minutes with slump flow values supetior to 65 cm.

Adding MP improved and maintained the fluidity of SCC mixtures, this means that SCC can be used for more than 90
minutes after initial mixing or transported for long distances without losing the self-compacting property. These results
may be explained by the substitution of cement by MP, which decreased the amount of water evaporated and consumed
by hydration reactions, thus offered additional free water in the mixture.
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Figure 7: Slump flow loss of SCC mixtures vs MP content.
Blocking ratio

The variation of blocking ratio of SCC mixtures made with different amounts of MP is presented in Fig. 8. EFNARC
committee suggests that 0.8 and 1 for lower and upper limits of blocking ratio, respectively, are acceptable for designing
appropriate SCC mixtures. The blocking ratio values ranged between 0.77 and 0.82. The results indicated that mixtures
containing MP had a blocking ratio higher than 0.8, whereas the blocking ratio of the reference mixture was less than
0.8. This means that SCC mixtures made with MP have great mobility in a confined atea. Topcu et al. [37] found similar
results.
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Figure 8: Blocking ratio of L.-box of SCC mixtures vs MP content.

Fig. 9 shows the evolution of T20 and T40 flow times in L-box as a percentage of MP. It can be seen from this figure
that the replacement of cement by MP reduced the flow times (T20 and T40) due to an increase in the fluidity of these
mixtures, this decrease is of the same as the T50 flow time. All T20 and T40 flow time values are within the target range
T20 <1.5 s and T40 <3.5 s suggested by Jaramillo et al. [38]. The flow times T20 and T40 are good indicators of the
viscosity, this means that mixtures including MP have lower viscosity compared to the control mixture. Alyamac et al.
[27] showed that the addition of MP resulted in higher viscosity and consequently the v-funnel time increased. Some
authors reported that SCC made with MP showed an increase in the flow time by increasing MP content [306, 39].

Dynamic segregation

The results of the sieve segregation test are illustrated in Fig. 10. This figure shows that increasing the amount of MP
increased the segregation ratio, the values obtained are 5.1, 6.3, 6.1, 11.2 and 13.5% for the OMP, 5SMP, 10MP, 15MP,
and 20MP SCC mixtures, respectively. These values indicate that all the tested mixtures have good resistance to dynamic
segregation (5% < IS <15%) [32].
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Figure 9: T20 and T40 flow times in L-box of SCC mixtutes vs MP content.
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Figure 10: Dynamic segregation ratio of fresh SCC mixtures vs MP content.

The control mixture has developed the highest resistance to segregation. However, using MP reduced the resistance to
segregation. The lower segregation ratio for the control mixture is due to its high viscosity. The increase in the
segregation ratio of the other mixtures is attributed to their low viscosity.

Compressive strength

Fig. 11 shows the compressive strength of SCC mixtures at 7 and 28 days. The compressive strength decreased as the
amount of MP increased. This may be attributed to the use of MP, which has no pozzolanic property; therefore, it
cannot chemically contribute to the development of the strength at later ages. Also, the low water retention which
characterizes the MP induces a significant amount of water in the mixture which contributes through the dilution effect
to decrease of the compressive strength. Besides, the reduction of the volume of C3S and CsS that are responsible for
the development of strength, as the cement is partially replaced by MP, decreases also the compressive strength. It has
been noted that compressive strength values are between 19-28 MPa at 7 days and 26-37 MPa at 28 days. The mix with
5% of MP developed a similar strength to the reference mix at 28 days. Furthermore, the control mix had the highest
strength at all the curing ages due to the high amount of OPC (470 kg/m?). The 20MP mixture with 380 kg/m3 of OPC
had the same compressive strength as conventional concrete with 350 kg/m3 of OPC which is the most used cement
dosage in Algerian construction sites.

These results are close to those reported in the literature [30, 40]. However, Tennich et al [15] reported contradictory
results. The authors found that the presence of waste fillers from marble in the composition of SCC, at a dosage of 350
kg/m? increased the compressive strength by about 6.7% in compatison to ordinary cement vibrated concrete. In recent
work, Toubal et al. [41] have shown that wet curing of pastes made with MP leads to higher compressive strength
compared to air curing. They also reported that increasing wet curing duration helps to improve the compressive
strength by reducing the percentage of water evaporated and the porosity.
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Figure 11: Compressive strength of SCC mixtures vs MP content.

Static segregation

Fig. 12 illustrates a visual examination of the static segregation of cylindrical specimens. The figure indicated that all
mixtures have a regular and homogeneous distribution of coarse particles in all parts and for all levels of MP. No
bleeding was noted at the top of the specimens. It can be concluded that all tested mixtures have good resistance to
static segregation.

(d) 15MP o (¢) 20MP
Figure 12: Visual control of static segregation in SCC mixtures.

Production cost of SCC

Until now, the use of SCC in building constructions is limited due to the high production cost stemming from the use
of superplasticizers and large amount of cement. The superplasticisers enable the concrete to obtain the desired fluidity.
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The use of SCM reduced the demand of superplasticizer and the quantity of clinker, which allows decreasing the cost
of SCC and therefore increasing its use. In this context, this study was carried out to examine the effect of MP on the
production cost of SCC. The production cost of one cubic meter of the vatious concrete mixes is given in Tab. 6. It can
be shown that adding MP decreased the production cost of SCC. Increasing MP content from 5 to 20% reduced the
cost of SCC by 3 to 13 %, compared to the plain cement mixture.

Constituents Mix. 1D
OMP 5MP 10MP 15MP 20MP

Cement ($) 50.25 47.90 45.55 43.20 40.74
Marble powder (%) 0 0.22 0.44 0.66 0.89
Sand 0/5 (%) 2.21

8/1 493
Coarse aggregate (9) é /8 234
Water ($) 0.72
Superplasticizer (§) 5.08
Global cost ($) / 1 m? 65.54 63.40 61.27 59.14 56.90
Production cost gain (%) 0 3.27 6.52 9.77 13.18

Prices are considered for Algerian market

Table 6: Production cost for 1 m3 of all SCC mixtures.

The concept of SCC Performance index

The performance of each SCC mixture was evaluated by measuring the performance index (PI) [42]. This approach is
adopted to facilitate the determination of the suitable replacement rate of MP that complies with the researched
performance criteria. The required characteristics depend on the concrete application and are generally defined by the
consumer. The first step in this approach is to calculate the weight ranking (W) of all the selected criteria from Eqn. (1).

Measured performance for each mixture

.

7

©)

Best measured performance

The mixture with the best test value in a certain criterion scores 1.00, while the remaining mixtures have test values
proportional to the best test value (<1.00). In the second step, a numerical index (R;) is calculated. The highest value of
(Rj) is equal to 5.00. For each mixture, the corresponding numerical index is the product of the previously calculated
weight ranking Wi and 5.00 as given in Eqn. (2).

R, =51V’ ®
e D Fluidity retention Compressive strength  Cost production gain
Wi R; Wi R; Wi R;
OMP 0.92 4.60 1.00 5.00 0.00 0.00
5MP 0.96 4.82 0.99 4.94 0.25 1.23
10MP 0.98 4.89 0.93 4.64 0.50 2.48
15MP 0.98 4.91 0.77 3.87 0.74 3.71
20MP 1.00 5.00 0.70 3.51 1.00 5.00

Table 7: Performance indices for individual criteria.

In this study, three performance principal criteria have been selected: fluidity retention, compressive strength, and cost
production. Tab. 7 gives the weighted ranks and numerical indices of all SCC mixtures. According to the required
performance criteria, the related numerical index is multiplied to get a mixture score (Sin) as given by Eqn. (3). The
mixture with the highest score is the most appropriate in terms of the required multiple criteria.
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Tabs. 8 and 9 present the performance indices for multiple criteria and the suitable MP content for different
performance criteria. With regards to the fluidity retention and compressive strength requirements (PI-1), using 5% of
MP was found to be more suitable. For constructions that require fluidity retention and production cost gain (P1-2) (or
compressive strength and production cost gain (PI-3)), a substitution level of 20% is considered the best. If all of the
three characteristics (fluidity retention, compressive strength and production cost gain) are required (PI-4), adding 20%
of MP is the appropriate substitution level.

Mix. ID

Multiple

performance OMP 5MP 10MP 15MP 20MP

ctiterion

PI-1 22.99 23.79 22.68 19.02 17.56

PI-2 0 5.95 12.11 18.22 25.00

PI-3 0 6.09 11.48 14.36 17.56

PI-4 0 29.36 56.14 70.55 87.81

Table 8: Performance indices for multiple criteria.

Performance index ~ Required performance criteria MP (%)
PI-1 Fluidity retention + compressive strength 5-10
PI-2 Fluidity retention + production cost gain 20
PI-3 Compressive strength + production cost gain 20
PI-4 Fluidity retention + compressive strength + production cost gain 20

Table 9: Appropriate MP content for different performance criteria.

CONCLUSIONS

ased on the experimental results and evaluation of SCC with MP using the concept of a performance index, the

following conclusions can be drawn :

. All SCC mixtures have satisfactory self-compacting properties at fresh state. The use of MP in SCC
enhances the filling and passing abilities.

e The addition of MP seems to reduce the need for superplasticizer and water to obtain a similar fluidity to the SCC
control mixture. This not only reduces the production cost, but also the w/c ratio, which allows to enhance the
performance of hardened SCC.

e The time to retain the fluidity of SCC can be extended by using MP, this will be very helpful when transporting
concrete over long distances.

e Atahardened state, the 28-days compressive strength of SCC with MP ranged from 26 to 37 MPa. This means that
is possible to used MP in SCC for construction requiring medium strength. An examination of the risk of static
segregation shows that all the mixtures tested are homogeneous and have good resistance to the static segregation.

e The use of MP as a partial replacement for cement reduced the production cost and CO; emissions, which means
that MP is an interesting material to produce an eco-friendly SCC.

e The characteristics of SCC may be assigned numerical performance Index values. These values may constitute a
reliable means for concrete producers in finding the rate of cement replacement by other cementitious materials.
According to the performance index results, the inclusion of 20% of MP in SCC mixtures was beneficial for most
of the targeted performance criteria.
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