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The waste resulting from marble extraction process is usually disposed of in landfills or dumps
and its accumulation is causing serious environmental and landscaping problems. One way of reusing
marble waste is to consider its incorporation in structural concrete as a non-primary aggregate.
This research work attempts to alleviate the situation and provide information on the mechanical
performance of concrete as a function of the replacement ratio of primary aggregates (PA) with
coarse waste marble aggregates (CMA). Three concrete families, including reference concrete (RC)
mixes, were studied that were made with primary aggregates of basalt (BCA), limestone (LCA) and
granite (GCA) (these are the main sources of primary aggregates in the southern and central parts of
Portugal), and concrete mixes with replacement ratios of 20%, 50% and 100% of PA by CMA. To
evaluate their quality and mechanical performance mixes were tested for: slump (in the Abrams cone
test), specific density, compressive strength, splitting tensile strength, Young’s modulus of elasticity
and resistance to abrasion. The results suggest a tendency for the values of all mechanical properties
to decline. However, this tendency is clearly weaker than those observed for the majority of the
research involving other types of non-primary recycled aggregates, which are already used in certain
proportions in structural concrete, according to the limits imposed by the standards and specifications.
The mechanical properties of concrete made with CMA were assessed within the scope of concurrent
work also undertaken at Instituto Superior Técnico (Lisbon, Portugal), concerning the durability-related
materials of the same type of concrete.
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1. Introduction

According to OSNET (Ornamental Stones Network),
world stone production increased by 118% between 1986
and 1998 and the growth rate has remained similar since
then'. In Portugal, one of the most successful extraction
activities is the exploitation of industrial and ornamental
rocks associated with current construction. Data from?
revealed that in 2000 the amount of ornamental stone
produced (including marble and granite) had reached 939
052 tonnes. This has led to a considerable amount of waste
which has a detrimental impact on the environment®*.
Moreover, the growth of industrial production and the
resulting increase in the consumption of natural resources
has led to a fast depletion of available resources being
registered.

The use of waste from marble quarries as aggregates can
help meet the growing demand and mitigate the negative
effects on the environment. Several authors have pointed out
these problems and the need to find a viable destination for
the waste’*. According to Cetin® and Terzi and Karasahin'?,
waste aggregates from marble quarries could be used as
material for road pavement bitumen. Akbulut and Cahit’
and Zorluer® suggested that marble waste can feed the huge

*e-mail: jb@civil.ist.utl.pt

demand for aggregates for use in paving. They single out
the sector dedicated to the manufacture of products used
in construction as being especially able to incorporate
and reuse different types of waste, such as that from the
ornamental rocks industry. However, the reuse of marble
waste in the production of structural concrete is not yet
widespread. To counteract this trend the European Standard
EN 12620 specifies the aggregates’ properties for their use
in concrete, whether they are of natural origin, artificial or
recycled.

2. Experimental Programme

2.1. Concrete design

Three concrete families were produced, all with
11515 mm slump (similar workability) so that their
comparison would be accurate and consistent. These
concrete families included three RC mixes with PA: basalt,
limestone and granite, and other mixes with incorporation
ratios of 20%, 50% and 100% of CMA, according to
Figure 1 and Tables 1 and 2. The reference mixes’ proportion
was determined using the Faury method!'.
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2.2. Experimental tests

The standards and specifications used to characterize
the aggregates and the mechanical properties of fresh and
hardened concrete were:

Grading size analysis, according to NP EN 933-1;
Particle density and water absorption, according to
NP EN 1097-6;

Loose bulk density and voids, according to NP EN
1097-3;

Los Angeles abrasion test, according to LNEC E237;
Shape index, according to NP EN 933-4;

Slump (Abrams cone), according to NP EN 12350-2;
Density, according to NP EN 12350-6;
Compressive strength at 7, 28 and 56 days (3
specimens), according to NP EN 12390-3;

~ 100%

) /\‘/\ 50% Incorporation

of CMA
20%
RC

Basalt

Limestone Granite

Figure 1. Concrete mixes families.

Table 1. RC composition (per m?).

* Splitting tensile strength at 28 days (3 specimens),
according to NP EN 12390-6;

* Modulus of elasticity at 28 days (2 specimens) ,
according to LNEC E397;

* Abrasion resistance (6 specimens), according to DIN
52108.

3. Results and Discussion

3.1. Properties of the aggregates

Concrete performance is highly dependent on the
characteristics of the aggregates. Their shape, particle size,
and chemical composition influence the concrete mechanical
and durability properties.

Table 3 summarizes the results obtained for the
properties of the aggregates, which have been analysed in
more detail by André et al.'?, in parallel research work using
the same materials and concrete mixes but focused on the
durability-related properties.

3.2. Properties of fresh concrete
3.2.1. Slump

The results are within the range 115+15 mm,
corresponding to an S3 consistency class (100 to 150 mm).
The w/c ratio was the same for all mixes, at 0.55.

BRC* LRC* GRC* MRC*
Sieve (mm)
Mass (kg/m?)

16-22.4 366.4 324.9 337.5 331.5
11.2-16 362.4 321.3 333.8 327.9
8-11.2 140.6 124.6 129.5 127.2
5.6-8 139.0 1233 128.0 125.8
4-5.6 122.4 108.5 112.7 110.7
Coarse sand (1-4) 650.7 650.7 650.7 619.1
Fine sand (<1) 183.5 183.5 183.5 174.6
CEM I A-L 42.5 R (kg/m®) 350
Water 189
wic 0.55

*BRC - Basalt reference concrete; LRC - Limestone reference concrete; GRC - Granite reference concrete; MRC - Marble reference concrete.

Table 2. Composition of CMA mixes (per m?).

50%

MA BA MA LA MA GA MA

% of marble 20%
incorporation
Sieves (mm) BA* MA* LA* MA GA*

16-22.4 293.1 66.3 259.9 66.3 270.0
11.2-16 289.9 65.6 257.0 65.6  267.0
8-11.2 112.5 254 99.7 254 103.6
5.6-8 111.2 25.2 98.6 252 102.4
4-5.6 97.9 22.1 86.8 22.1 90.2
Coarse sand (1-4) 619.1 - 619.1 - 619.1
Fine sand (<1) 174.6 - 174.6 - 174.6
CEM ITA-L425R
(kg/m?)
Water
w/c

66.3 183.2 1658 1624 1658 1687 165.8
65.6 181.2 1639 160.7 1639 1669 1639
25.4 70.3 63.9 62.33 63.9 64.7 63.6
252 69.5 62.9 61.66 629 64.0 62.9
22.1 61.2 55.4 54.2 5544 563 55.4

- 619.1 - 619.1 - 619.1 -
- 174.6 - 174.6 - 174.6 -
350
189
0.55

*BA - Basalt aggregates; LA - Limestone aggregates; GA - Granite aggregates; MA - Marble aggregates.
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Table 3. Aggregates’ properties (average and standard deviation).
Fine sand Coarse sand BCA LCA GCA CMA
c G c ¢ G c
Particle dry density (kg/m®) 2576 - 2621 - 2953 222 2641 9.6 2705 483 2687 225
Particle saturated surface-dried 2584 - 2625 - 2976  20.5 267 3.2 2734 339 2705 175
density (kg/m?)
Loose bulk density (kg/m?) 1500 - 1543 - 1475  48.5 1430 7.4 1350 303 1352 33.8
Voids content (%) 41.8 - 41.1 - 50.0 1.4 459 0.2 50.1 2.0 49.7 1.0
Water absorption (%) 0.091 - 0.048 - 0.782 0.2 1.149 0.1 1.077 0.6 0.662 0.2
Los Angeles coefficient (%) - - - - 11.8 2.8 323 1.7 24.7 39 38.8 0.4
Shape index (%) - - - - 23.4 53 16.2 3.0 37.7 11.8  30.1 1.4
Figure 2 shows that the granite family had the lowest 130 -
slump values. This may be related to the aggregates” higher 125 4 125 123
shape index, which shows a large proportion of non-cubic 120 4 = i 17
particles. That irregular, elongated shape makes it difficult E\ 115 4 2.5
for the particles to slide past each other. Because CMA é‘ 110 4 108.5 1085 109
have a lower shape index than GCA, it is expected that % | . |
their introduction in the GCA mix will help to increase the 100 4
workability. This behaviour was different for the basalt and o5 ‘ . . ‘ . . ‘ ‘

limestone families (Figure 2).

Hebhoub et al.’ state that some of the factors that
influence workability of this type of concrete are the
size grading and shape of fine aggregates, the coarse/fine
aggregates ratio and the materials’ characteristics. However,
the authors point out that the critical parameter is water
absorption of the aggregates. In fact, the use of recycled
aggregates to produce concrete normally requires special
attention on this property, because the incorporation of
different types and contents of aggregates (PA and marble)
makes it difficult to control whether the aggregates are
in a saturated dry surface state or not. For this study, the
water compensation method was used', which, according
to Gomes et al.', is the most adequate procedure to avoid
the excess/insufficiency of free water in the mix. Because
marble aggregates have the lowest water absorption value, it
is expected that their incorporation in the mix will contribute
to an increase in the slump results, which is consistent with
the results shown in Figure 2.

3.2.2. Density

The concrete fresh density results are related to its
compacity and, consequently, to its porosity in the hardened
state.

Because basalt has a higher density than marble
aggregates, increasing the incorporation ratio of marble
aggregates will contribute to a loss of concrete density,
whilst for granite and limestone that decrease is only
relevant when the incorporation ratio is 100%, as seen
in Figure 3. Compared with RC, the increase for the
incorporation ratio of 20% for limestone and granite, and
for 50% for limestone, may be due to a positive arrangement
of the particles, when there are different aggregates, with
different shape indexes in the same mix. This spatial
arrangement may be responsible for increased compacity
and, subsequently, higher density.

BRC BC20 BC50 LRC LC20 LC50 GRC GC20 GC50 MRC

Concrete types

Figure 2. Slump.

2500 -
el 2474

Fresh concrete density (kg/m®)

2360 T T T )
0 (RC) 20 50 100
Incorporation ratio of CMA (%)
—— BCA - LCA GCA

Figure 3. Concrete density.

3.3. Properties of hardened concrete

3.3.1. Compressive strength

Table 4 shows the results for compressive strength. The
highest strength loss was 10.3% for the granite family at 28
days with 100% incorporation ratio and 11.4% for the same
family with 50% incorporation ratio; for the other mixes the
loss was always less than 10%.

Comparing our results with those reported by
Binici et al.®, in general the results are quite similar, except
for the limestone reference concrete which showed a
considerably lower result. According to Binici et al.5, it is
favourable, from a mechanical point of view, to replace
limestone with marble. This may be because the limestone
used in that research was weaker rather than being related
to the marble properties themselves, as suggested by the
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results in Figure 4. There is a clear trend showing that the
mixes’ performance worsens when the replacement ratio
of limestone, granite or basalt with marble aggregates
increases.

Some researchers'*'” support the idea that there is a
linear relationship between compressive strength and the
incorporation ratio of RA. However, marble aggregates
cannot be fully regarded as ‘recycled aggregates’, as they
are derived from the ornamental rock industry’s waste. There
are so few studies on CMA concrete, not to mention the
non-conclusive studies by Binici et al.® and Hebhoub et al.,
that the relationship between compressive strength and the
incorporation ratio of CMA in concrete is not yet known. In
a first attempt to fill that gap, a linear relationship hypothesis
was considered and discussed in this study. Linear regression
formulas and their corresponding correlation coefficients
can be found in Figures 5 to 7, for mixes with limestone,
granite and basalt as PA, at 7, 28 and 56 days.

The existence of a linear relationship is not clear. The
closest result to a linear relationship is that for the granite
family at 7 days. Only in this case can the compressive
strength variation be fully explained by the incorporation
ratio, in approximately 92% (the value of R?). At 28 and
56 days, the correlation coefficient is 80% and 64%,
respectively. The results for the limestone and basalt families

Table 4. Compressive strength.
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are lower on average and, in some cases, not significant.
In the light of these results it seems plausible that the
incorporation of CMA in concrete does not directly affect
this property. However, higher correlation values could
be achieved in a more detailed analysis, excluding some
particular points, and this is the case of basalt for a 20%
incorporation ratio at 7 days (R* would change from 29%
to 100%) and of limestone for 0% incorporation ratio at
56 days (R? would change from 29% to 96%). However, it
must be pointed out that almost all the results are inside a
relatively narrow range.

On the whole, regardless of the type of relationship, a
slight decrease can be observed in the compressive strength
with the incorporation of CMA for every ratio (20%, 50%
and 100%) and at every age (7, 28 and 56 days), which is
supported by the negative or close to zero value of the linear
regression slope.

Assignificant loss of compressive strength was registered
for every concrete and age for an incorporation ratio 0of 20%,
in relation to RC, except for limestone at 28 and 56 days.
Unexpectedly, there was a slight improvement for 50%
incorporation ratio for some mixes.

The decrease observed for the 20% incorporation ratio
may be partly explained by the effective w/c ratio. Although
the gross w/c ratio was kept constant, that does not mean

f,, MPa) o (MPa) A (%) {25 MP2a) o (MPa) A (%) {5 (MPa) o (MPa) A (%)
BRC 34 1.10 0.0 46 0.62 0.0 51 0.64 0.0
BC20 33 0.20 -5.2 44 0.91 4.2 49 1.52 -5.0
BC50 34 0.98 2.3 44 0.57 -39 49 0.76 4.4
MRC 33 1.07 —4.7 42 1.28 -9.0 47 0.98 -7.2
LRC 34 0.89 0.0 43 1.89 0.0 45 0.19 0.0
LC20 34 0.35 2.1 43 1.48 -0.5 50 0.56 9.3
LC50 34 0.53 1.1 44 1.10 1.8 49 0.36 8.3
MRC 33 1.07 —4.6 42 1.28 -3.7 47 0.98 4.6
GRC 35 0.61 0.0 47 0.34 0.0 50 0.59 0.0
GC20 34 0.16 -2.9 44 1.24 -6.2 47 1.58 -54
GC50 34 0.17 -3.4 41 3.81 -11.4 47 1.64 -6.6
MRC 33 1.07 -6.2 42 1.28 -10.3 47 0.98 -4.9
E 60
§ 50 - ]
‘;E-‘f 40 A
‘i 30
2 20 A
% 10 +
g
o 0+ T )
1 7 28 56 90 356
Days
o Granite (Binici et al.) ®m Limestone (Binici et al.) = Marble (Binici et al.)
= LRC a LC20 = LC50
= GRC = GC20 » GC50
= BRC . BC20 ~ BC50
0 MRC

Figure 4. Compressive strength results: Binici et al.® vs. present study.
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Figure 5. Compressive strength at 7 days.
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Figure 6. Compressive strength at 28 days.
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Figure 7. Compressive strength at 56 days.
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that the effective w/c ratio was also the same for every
mix because the water available for binder hydration can
be absorbed in different quantities depending on the type
of aggregate. That can also explain why limestone and
basalt, for an incorporation ratio of 20%, registered the
highest slump values, an indirect measure of the effective
w/c ratio, and the lowest compressive strength. A larger
amount of water than is strictly necessary for cement
hydration can promote workability but may jeopardize the
aggregate-binder bond and/or lead to higher porosity, which
is translated into lower compressive strength.

3.3.2. Splitting tensile strength

The results in Table 5 and Figure 8 show the influence
of the incorporation ratio on the splitting tensile strength
at 28 days. The curves have a slightly decreasing trend
for this property as the incorporation of CMA increases.
These results are in agreement with those obtained in other
mechanical properties such as the compressive strength,
modulus of elasticity and the abrasion resistance. However,
this decreasing trend is not as pronounced as for compressive
strength at 28 days. The greatest decrease of about 10.4%
occurred for an incorporation ratio of 20% for basalt, as
opposed to limestone for a 50% incorporation ratio, which
registered a gain of 6.9%. The incorporation ratio of 20%
was found to be the worst, with the lowest results for every
mix. As with the compressive strength, this may be related
to the concrete’s workability, effective w/c ratio and excess
water, which can lead to higher porosity. Nonetheless,
Binici et al.® observed an improvement in this property with
an incorporation ratio of 100% of CMA. Hebhoub et al.*, too,
who studied the replacement of LCA by CMA, concluded
that all mixes exhibited a good performance with increasing
incorporation ratio, except for 100%. However the results in
this series of experiments suggest a different conclusion, as
shown in Figure 9. Because the variation is more moderate,
it is suggested that replacing LCA with CMA does not
significantly affect the splitting tensile strength.

As reported by Coutinho'®, a plausible explanation for
the variations found in Figure 9 is the fact that concrete
splitting tensile strength is substantially influenced by the
aggregates’ tensile strength, as well as by their surface
roughness and shape. This means that, although similar
materials were used in these studies, it is not possible
to control all the differences and variables related to the
aggregates that generate the differences found in the results.

3.3.3. Elasticity modulus

The results of the elasticity modulus test are given in
Table 6. Figure 10 shows a clear decrease of the elasticity
modulus with higher incorporation ratios for the limestone
and basalt mixes but not for granite mixes, which do
not seem to show any trend with the increase of the
incorporation ratio. As expected, the relative decrease in
the elasticity modulus in comparison with the corresponding
RC follows similar trends to those of compressive strength
and splitting tensile strength. The greatest losses were
obtained for an incorporation ratio of 100%, with limestone
reaching 27.7%, followed by basalt with 26.5%, as shown
in Figure 10.
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Table 5. Splitting tensile strength.
Incorporation Basalt Limestone Granite
ratio (%) f  (MPa) o(MPa) A(%) f, ., (MPa) o(MPa) A(%) f ., (MPa) o(MPa) A (%)
0 3.11 0.15 0.0 3.06 0.69 0.0 331 0.26 0.0
20 2.78 0.31 -10.4 291 0.14 -5.0 3.06 0.21 -7.5
50 3.30 0.15 6.1 3.27 0.18 6.7 3.18 0.10 -39
100 3.07 0.07 -1.0 3.07 0.07 0.4 3.07 0.07 -7.0
Table 6. Elasticity modulus at 28 days.
Incorporation Basalt Limestone Granite
50 (9
ratio() g (GPa) o(GPa) A(%) E,(GPa) o(GPa) A(%) E_,(GPa) o(GPa) A (%)
0 37.88 0.68 0.0 38.51 1.06 0.0 29.55 1.05 0.0
20 35.81 0.46 5.5 34.73 1.19 -9.8 29.47 1.29 -0.3
50 33.13 1.02 -12.5 32.76 0.74 -14.9 30.46 0.67 3.1
100 38.51 1.53 -26.5 27.83 1.53 -27.7 27.83 1.53 —5.8
3.40 So far no relevant data has been found to support the
| results obtained, which is encouraging. Because this property
3.30 - is extremely important in the material’s characterization and
320 4 provides valuable information on its performance, further
/ investigation is required.
)

e N7/
3.00

2.90 1 /
2.80
2 T

Splittinging tensile strength (MPa)

.70 T T . . )
0 20 40 60 80 100 120
Incorporation ratio of CMA (%)
—@—Basalt =¢=Limestone Granite
Figure 8. Splitting tensile strength at 28 days.
6.00
=
‘o
= 5.00
£
; 4.00 1 li——
= . .
gdﬂ; 3.00 --o-."-..-..--..'
gt
gl) ~
‘e 2.00
g
= 1.00
=3
©n
0.00 T T ]
0 50 100 150
Incorporation ratio of CMA (%)
«+@-- 28 days (present study) 28 days
—te— days 90 days
=—— 14 days

Figure 9. Splitting tensile strength result: Hebhoub et al.’ vs.
present study.

3.3.4. Abrasion resistance

A reduction in abrasion resistance (higher abrasion
loss) as the incorporation ratio increases is clear in Table 7
for all concrete families. This trend is more evident in the
granite mix that exhibited the highest percent decrease
in comparison to the reference concrete (Figure 11). The
highest value, 50.7%, was obtained with the incorporation
ratio of 100% for the granite family. For every mix, the
substitution ratio of 20% seems to be proportionately
more detrimental, similar to what happened with the
other mechanical tests, which may be linked to the slump,
effective w/c ratio and porosity. Overall, it is reasonable
to suggest that wear sensitivity is more significant as the
incorporation ratio increases.

It is well known that the results of the Los Angeles test
are generally linked to those of the abrasion test. As shown
in Table 7, the Los Angeles test results for CMA are higher
than those for the primary aggregates. This supports the
idea that the introduction of CMA leads to increasing wear
loss by abrasion.

Moreover, the significant porous structure of marble
leads to a lower aggregate bulk density than is found in
the other materials, and results in an increasing loss of
resistance.

According to Binici et al.%, the abrasion results
were satisfactory, revealing a lower wear loss with the
incorporation of CMA, and this is in line with their previous
mechanical results for CMA mixes. However, these results
are contrary to ours, as illustrated in Figure 12. The reasons
for these discrepancies, already discussed in relation to the
previous properties, are still valid. Nevertheless, despite
the general trend of the mechanical properties to decrease
when CMA are incorporated, this effect is weaker than that
registered for the majority of recycled aggregates that are
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Figure 10. Elasticity modulus at 28 days.
Table 7. Abrasion wear loss.
Incorporation Basalt Limestone Granite
20 (9
ratio () pimm)  o(mm) A(%) Di(mm) o(mm) A(%) Di(mm) o(mm)  A(%)
0 2.89 0.17 0.0 2.79 0.14 0.0 2.43 0.20 0.0
20 3.16 0.28 9.3 3.07 0.27 10.0 2.81 0.27 15.7
50 3.41 0.29 18.1 3.20 0.22 14.8 3.08 0.08 26.5
100 3.66 0.59 26.8 3.66 0.59 31.3 3.66 0.59 50.7
1.60 being incorporated in concrete mixes'*?. Therefore, the
results obtained do not in any way inhibit the use of CMA in
1.50 structural concrete, if suitable and convenient incorporation
1.40 ratios are used, depending on the purpose intended for the
-~ concrete.

2130 A
<190 - 4. Conclusions
4 . .

1.10 This work reports the mechanical performance of
concrete formulations incorporating CMA in three concrete
1.00 ¢ families (primary aggregates: limestone, granite and basalt).
0.90 The research enabled the following conclusions to be drawn:
’ 0 20 40 60 30 100 120 . .Compresstilve strfeléit/}‘n Ais tllllloie_rahtel}tf 1affecteld tl?y tl:e
. . incorporation o : the highest loss relative to
I t tio of CMA (% . . .
ficorporation -ra 100 %) ) the RC was observed for granite mixes (10.3% with
=8—Basalt —¢—Limestone Granite 100% incorporation ratio at 28 days and 11.4% with
0/ 1 1 1 .

Figure 11. Abrasion wear loss relative to the RC. 50/.0 n Corpora.ttlon ratio at .56 days.),_ .

» Splitting tensile strength is negligibly or slightly
influenced by the incorporation of CMA;
» The decrease in elasticity modulus follows the trend
140 1 observed for compressive strength. The decrease is
120 + more pronounced in the limestone and basalt families
100 + (38 GPa to 28 GPa) and substantially lower in the
L g0 granite family (30 GPa to 28 GPa);

& . . . . .
2 60 » The loss of abrasion resistance is consistent with
< 0 4 the other mechanical properties. The increase in the

- incorporation ratio leads to lower wear resistance,
whose worst results were observed in the granite
0 - ' ' ' family (50.7% wear loss);
28 days 90 days 365 days 28 days

(Binicietal.) (Binicietal.) (Binicietal.) (present study)
Figure 12. Abrasion wear loss relative to the RC: Binici et al.®

vs. present study.

» The abrasion results are associated with the Los
Angeles wear test: marble showed the highest wear
loss, corresponding to an expected increase in the
abrasion loss as the incorporation ratio increases;
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 The incorporation ratio of 20% was found to have the
most proportionately detrimental results, for every
mechanical property mentioned. This may be related
to the concrete workability, effective w/c ratio and
excess water, which can lead to higher porosity and
so weaken the concrete performance.

The lack of studies on the mechanical properties
of marble as recycled aggregates has hindered further
conclusions and comparisons, particularly with respect to
the elasticity modulus. Despite the general trend for the
performance of this type of concrete to deteriorate, the use

References

1. Midha S and Paspaliaris 1. 4 review of stone processing industry
in five EU regions. OSNET Editions 6; 2003. 101 p.

2. Martins FR. Atividades da terra: A explorac¢ao dos recursos
extractiveis. Portugal: IGEO; 2013. Available from: <http://
dev.igeo.pt/atlas/Cap3/Cap3b_8.html>. Access in: 14/03/2013.

3. University of Massachusetts Transportation Center — UMTC.
Use of recycled materials and recycled products in highway
construction. Massachusetts: UMTC; 1995. p. 238-245.

4. Organization for Economic Co-operation and Development
— OECD. Road Transport Research: Recycling Strategies for
Road Works. Paris: OECD; 1997. p. 140-148.

5. Hebhoub H, Aoun H, Belachia M, Houari H and Ghorbel E.
- Use of waste marble aggregates in concrete. Construction
& Building Materials. 2011; 25(3):1167-1171. http://dx.doi.
org/10.1016/j.conbuildmat.2010.09.037.

6. Binici H, Shah T, Aksogan O and Kaplan H. - Durability
of concrete made with granite and marble as recycle
aggregates. Journal of Materials Processing Technology.
2008; 208(1-3):299-308. http://dx.doi.org/10.1016/j.
jmatprotec.2007.12.120.

7. Akbulut H and Giirer C. - Use of aggregates produced
from marble quarry waste in asphalt pavements. Building
and Environment. 2007; 42(5):1921-1930. http://dx.doi.
org/10.1016/j.buildenv.2006.03.012.

8. Zorluer 1. Stabilization of soils by waste marble dust. In:
Proceedings of the Fourth National Marble Symposium; 2003;
Afyonkarahisar, Turkish; 2003. p. 297-305.

9. Cetin A. Assessment of industrial wastes in asphalt concrete
pavement mixtures. [Tese]. Eskisehir: Department of Civil
Engineering, Natural Science Institute, Anadolu University;
1997.

10. Terzi S and Karasahin M. - Use of marble dust in the hot mix
asphalt as a filler material. Journal of Technology Chamber
Civil Engineering. 2003; 14:2903-3022.

11. Faury J. Le béton. Paris: Dunod; Troisiéme Edition; 1958.

12. André A, Brito J, Rosa A and Pedro D. - Durability performance
of concrete incorporating coarse aggregates from the marble
industry waste. Journal of Cleaner Production. 2014; 65:389-
396. http://dx.doi.org/10.1016/j.jclepro.2013.09.037.

13. Rodrigues F, Evangelista L and Brito J. A new method to
determine the density and water absorption of fine recycled
aggregates. Materials Research Journal. 2013; 16(5):1045-
1051. http://dx.doi.org/10.1590/S1516-14392013005000074.

Materials Research

of recycled marble in structural and non-structural concrete
is still feasible if the proportions used are in accordance with
the relevant standards and specifications. The high potential
of these aggregates should be taken into consideration and
be further explored in future research.

Acknowledgements

The authors thankfully acknowledge the support of the
ICIST Research Institute from IST, University of Lisbon, of
FCT (Foundation for Science and Technology).

14. Gomes M and Brito J. - Structural concrete with incorporation
of coarse recycled concrete and ceramic aggregates: Durability
performance. Materials and Structures. 2009; 42(5):663-675.
http://dx.doi.org/10.1617/s11527-008-9411-9.

15. Fonseca N, Brito J and Evangelista L. - The influence of
curing conditions on the mechanical performance of concrete
made with recycled concrete waste. Cement and Concrete
Composites. 2011;33(6):637-643. http://dx.doi.org/10.1016/].
cemconcomp.2011.04.002.

16. Barbudo A, Brito J, Evangelista L, Bravo M and Agrela F.
- Influence of water-reducing admixtures on the mechanical
performance of recycled concrete. Journal of Cleaner
Production. 2013; 59:93-98. http://dx.doi.org/10.1016/j.
jelepro.2013.06.022.

17. Matias D, Brito J, Rosa A and Pedro D. Mechanical properties
of concrete produced with recycled coarse aggregates -
Influence of the use of superplasticizers. Construction
& Building Materials. 2013; 44:101-109. http://dx.doi.
org/10.1016/j.conbuildmat.2013.03.011.

18. Coutinho AS. Concrete production and properties. Lisbon:
LNEC; 1988. v. I, 11, I1I.

19. Brito J, Pereira AS and Correia J. - Mechanical behaviour of
non-structural concrete made with recycled ceramic aggregates.
Cement and Concrete Composites. 2005; 27(4):429-433. http://
dx.doi.org/10.1016/j.cemconcomp.2004.07.005.

20. Evangelista L and Brito J. - Mechanical behaviour of concrete
made with fine recycled concrete aggregates. Cement and
Concrete Composites. 2007; 29(5):397-401. http://dx.doi.
org/10.1016/j.cemconcomp.2006.12.004.

21. Ferreira L, Brito J and Barra M. - Influence of the pre-saturation
of recycled coarse concrete aggregates on concrete properties.
Magazine of Concrete Research. 2011; 63(8):617-627. http://
dx.doi.org/10.1680/macr.2011.63.8.617.

22. Valadares F, Bravo M and Brito J. - Concrete with used tire
rubber aggregates: Mechanical performance. ACI Materials
Journal. 2012; 109(3):283-292.

23. Ferreira L, Brito J and Saikia N. - Influence of curing
conditions on the mechanical performance of concrete
containing recycled plastic aggregate. Construction & Building
Materials. 2012; 36:196-204. http://dx.doi.org/10.1016/j.
conbuildmat.2012.02.098.

24. Serpa D, Brito J and Pontes J. - Concrete made with recycled
glass aggregates: Mechanical performance. ACI Materials
Journal. 2012



2014; 17(5) Mechanical Performance of Concrete with Incorporation of Coarse Waste from the Marble Industry 1101

Standards Used in the Experimental Work
EN 12620, Aggregates for concrete. CEB, Brussels, 2002.

NP EN 933-1, Tests for geometrical properties of aggregates - Part 1: Determination of particle size distribution -
Sieving method. IPQ, Lisbon, Portugal, 2000.

NP EN 1097-6, Tests for mechanical and physical properties of aggregates - Part 6: Determination of particle density
and water absorption. IPQ, Lisbon, Portugal, 2003.

NP EN 1097-3, Tests for mechanical and physical properties of aggregates - Part 3: Determination of loose bulk density
and voids. IPQ, Lisbon, Portugal, 2002.

LNEC E 237, Aggregates: Los Angeles abrasion test. LNEC, Lisbon, Portugal (in Portuguese), 1971.

NP EN 933-4, Tests for geometrical properties of aggregates - Part 4: Determination of particle shape - Shape index.
IPQ, Lisbon, Portugal, 2000.

NP EN 12350-2, Testing fresh concrete. Part 2: Slump-test. IPQ, Lisbon, Portugal, 2009.
NP EN 12350-6, Testing fresh concrete. Part 6: Density. IPQ, Lisbon, Portugal, 2009.

NP EN 12390-3, Testing hardened concrete. Part 3: Compressive strength of test specimens. IPQ, Lisbon, Portugal,
2009.

NP EN 12390-6, Testing hardened concrete. Part 6: Tensile splitting strength of test specimens. IPQ, Lisbon, Portugal,
2003.

LNEC E397, Concretes: Determination of the elasticity modulus in compression. MOPTC-LNEC, Lisbon, Portugal
(in Portuguese), 1993.

DIN 52108:2010-05, Testing of inorganic non-metallic materials - Wear test using the grinding wheel according to
Bohme - Grinding wheel method. Bleuth, Germany, 11 p, 2010.



