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Abstract

The aim of this research is to assess the influence of the effective water-cement ratio on the concrete workability and strength. This study was carried
out with a concrete used for the manufacture of concrete caissons for the construction of a harbour in the south of Tenerife. This commercial concrete
was elaborated with basaltic aggregates but with a partial replacement of basalt sand by a sand called "African Sand". As a reference, a concrete
containing only basaltic aggregates was manufactured. The water absorption of the aggregates influence the amount of water available for the
hydration of the cement. The value of water absorption for the basaltic sand is higher than African sand. This presence of aggregates with different
water absorption in the concrete allowed the proposal of a methodology for the determination of the effective water-cement ratio in the fresh
concrete. This methodology was used for the calculation of water available for the hydration of the cement in the fresh concrete. The results allowed
the answer for two questions regarding the behaviour of these concrete mixes. Firstly, how the incorporation of this African sand influences effective
water-cement ratio and the concrete workability. Secondly, how this incorporation influences the strength of the concrete.
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The network of pores of the aggregates causes a reduction of effective water content for the cement hydration due to
water absorption in the pores of these aggregates. This reduction of the water-cement ratio in fresh concrete is usually
regarded as a negative phenomenon as it can lead the loss of the mixture's workability (Zhang & Gjgrv, 1990). On the
other hand, the water absorption by the aggregates in the fresh concrete is also associated with the improvement of
the cement paste adhesion that can increase the strength and durability of the concrete (Zhang & Gjgrv, 1992).

This article present an example (regarding a studied case) of how the substitution of a part of the basaltic aggregates
with a sand called African sand, which is less porous, influences the workability and strength of the concrete. To study
the influence of the effective water-cement ratio on the concrete workability and strength, a methodology is proposed
to determine this effective water-cement ratio in the fresh concrete, i.e. water availability in the concrete mix. The
application of this methodology needs to use of aggregates with different water absorption values in the concrete mix.
In this research, the studied concrete was employed for manufacturing concrete caissons used for the construction a
harbour in the south of Tenerife. The incorporation of African sand reduces the total water absorption by the aggregates
because the African sand is less porous. This incorporation is usually carried out because, in many cases, it seems to
improve the properties of the concrete. However, no references are documented regarding the behaviour of concrete
made with these mixtures of basaltic and African sand.

Currently, in Tenerife (Islas Canarias, Spain), the aggregates used for the manufacture of concretes are obtained by the
crushing of basaltic rocks. However, it is a common practice to replace a part of the basaltic aggregates with a sand
called "African sand", which is mainly composed of silica and calcium carbonate. This substitution reduces the total
water absorption by the aggregates because the African sand is less porous.

Due to water absorption of the aggregates, the water availability for the hydration of the cement is less than the total
added to the mixtures. However, the current standards limit the water-cement ratio without considering the amount
of water absorbed by the aggregates. For example, the Spanish annex for the application of European Standard (UNE-
EN 206-1, 2008) or Spanish Code on Structural Concrete (EHE-08, 2008) limit the maximum water/cement ratio
according to each exposure class, but without making an allowance for the water absorption of the non-lightweight
aggregates.

The use of the African sand implies an economic and environmental cost because this sand was imported from the
African continent. This cost would be justified if it improves the characteristics of the concrete. This article forms part
of a research to explain the influence on the water absorption of the aggregates with respect to the concrete workability
and strength.

No references were found regarding the behaviour of concrete made with basaltic sands or with mixtures of basaltic
and African sand. However, in relevant literature, several articles research the influence of the high absorption of
lightweight aggregates in the properties of concrete (Henkensiefken, Castro, Bentz, Nantung, & Weiss, 2009; Golias,
Castro, & Weiss, 2012; Domagata, 2015; Castro, Keiser, Golias, & Weiss, 2011; Zhang & Zong, 2014). These researches
do not only cover the lightweight aggregates with high water absorption. With respect to non-lightweight aggregates,
the researcher (Alhozaimy, 2009) also studies the effect on the strength and the loss of the workability of the concretes
which were manufactured with limestone aggregates having a percentage of water absorption between 1.3 and 1.9%.
The concrete workability defines its application and use in construction practices. The aggregates occupy between 70-
80% of the volume of the concrete and, therefore it has an important influence on the features of the fresh and
hardened concrete (Alhozaimy, 2009).

The materials used in this research correspond to those used to make commercial concrete caissons for a harbour in
the south of Tenerife. The cement used was type Il, portland cement with the addition of natural pozzolana (P), sea
water resistant with a resistance type 42.5 and being of high initial resistance. Its designation, according to (UNE 80303-
2, 2011), is: lI/A-P 42.5R/MR. Also, the same amount of the chemical admixtures used to manufacture the commercial
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concrete were added in all concrete mixes included in this work. Three aggregate types were used: a basaltic coarse
aggregate (G10/20), a basaltic sand (A0/6) and an African sand (A0/2). Figure 1 shows an image of the sands.

Figure 1. Image of basaltic sand (left) and African sand (right). The separation between the markings of the ruler is 1 mm. Source: own elaboration.

Chemical composition of the aggregates

The chemical composition of the basaltic and African sand was obtained by combining two techniques of chemical
analysis: CHNS elemental analysis with a FlashEA-1112 CHNS Analyser and by an X-ray diffraction incorporated in
scanning electron microscopy. The chemical composition of the basaltic aggregate was very similar in the six zones
analysed with an Energy Dispersive X-Ray Analysis (EDX) of different grains. The chemical composition of the African
sand depends on the colour of the grains (Figure 1). Thus, the grey grains contains mostly Ca, O, and C, but the grains
of other colours also contains Mg, Si, Fe and Al. The African sand is mainly composed of a mixture of silica and calcium
carbonate. The presence of silica and calcium carbonate in the powdered African sand were found by using of the X-ray
diffraction method using a PANalytical Empyrean X-ray diffractometer.

Table 1. Percentage of the chemical elements present in the basaltic aggregates and African sand. Source: own elaboration.

% Weight

African sand
Elements Basaltic aggregates White grains Non-white grains
Ca 7.4 49.1 34.7
0 37.9 45.3 45.4
C <0.5 4.9 4.9
Si 25.5 - 3.6
Mg 1.8 - 6.8
Fe 8.1 - 2.8
Al 9.5 - 0.8
Na 3.8 - -
Ti 2.1 - -
K 2.3 - -
P 0.7 - -
Others <0.5 <0.5 <0.5

Density and water absorption of the aggregates

The density and water absorption values for the aggregates were determined according to the pycnometer method and
water absorption (as percentage of dry mass) after immersion for 24 hours, respectively (EN 1097-6, 2014). Table 2
shows the values of density and total water absorption for each aggregate type. The apparent density (pa) is equal to
the mass of the aggregates divided by its volume including the solid material and closed pores, and the effective density
(prd) is equal to the mass of the aggregates divided by its volume including the solid material, open and closed pores.
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Other non-lightweight aggregates studied (Alhozaimy, 2009), both fine and coarse, have water absorption in the range
of 1-2% by weight. However, the basaltic aggregates, which are relatively dense, show a water absorption greater than
3% (Table 2). The basaltic aggregates, obtained by the crushing of basaltic rocks in Tenerife, have a higher water
absorption than the African sand (0.47%, see Table 2) or other type of basaltic aggregates (1.45%) (Karpuz, Vefa Akpinar,
& Mutlu Aydin, 2017).

Table 2. Average values of density and water absorption. Source: own elaboration.

Pa Prd Water absorption
A tet
ggregate type Reference (kg/m3)  (kg/m3) (%)
Basaltic sand A0/6 2870 2700 3.41
African sand A0/2 2730 2710 0.47
Basaltic coarse G10/20 2790 2620 3.82

Size distribution of the aggregates and fine particles

The particle size distribution, shown in Figure 2, was determined according to the sieving method (EN 933-1, 2012). The
size of fine particles less than 63um was determined using a Particle Size Analyser from Malvern Instruments based on
laser light scattering. For the African and basaltic fines, the diameter of the mean sphere of the same volume (D [4, 3])
was 54.76+0.12um and 30.83 +0.43um, respectively. These values show that the fines of the basaltic sand are more
than 40% less in diameter of the average sphere in volume. The parameter of uniformity in the basaltic fines (0.73+0.01)
indicates that these fines are less angular and more rounded than African fines (0.47+0.01).

The average content of the fine particles in the coarse aggregate G10/20 and African sand A0/2 was 0.7% and 1%,
respectively. In both cases, the standard deviation was less than 0.1. The amount of fine particles of the A0/6 basaltic
sand was 9.2% with a standard deviation of 0.8. The amount of fine particles (<63 um) was obtained by sieving.

Figure 2. Particle size distribution of the African sand (A0/2), the basaltic sand (A0/6), the basaltic coarse
aggregate (G10/20). Source: own elaboration.
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Experimental procedure and preparation of the tested concretes

The dosage of the concrete studied is a commercial dosage used to manufacture of the concrete caissons for a maritime
works. This dosage, called AF06 in this article, is the suitable for the requirements of this construction process. The AF06
mix contains a partial replacement of basalt sand with African sand (A0/2) which has a much lower fines content than
the basaltic sand. To evaluate only the effect of the incorporation of the African sand to the concrete mixture (AF06),
an AB06 mix, containing only basaltic aggregates, was used as a reference. The behaviour of the AF06 mix was compared
with the behaviour observed for the ABO6 mix. The proportion of total fines in the ABO6 concrete mix was adjusted by
removing basaltic fines until the same amount of fines as AF06 mix was achieved. Table 3 shows the average values and
ranges of the percentage of cement, the total ratio w/c, and the percentage of fines for the AFO6 and ABO6 concretes.

The adjustment of the content of total fine particles in the mixtures ABO6 and AF06 was achieved by sieving.
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Table 3. Average values and standard deviation (x + s) of the percentage of cement weight, the
total ratio w/c, and the percentage of fine particles of the AF06 and ABO6 mixes. Source: own

elaboration.
AFO6 (x +s) ABO6 (x £ s)
Cement (%) 16.9 +0.0 16.8 £+0.2
Total water/cement ratio 0.48 £0.02 0.48 +0.03
Fine particles <63um (%) 5.7 £0.3 6.1+0.7

The ABO6 mix contains 47.8% of a basaltic coarse aggregate (G10/20) and 52.2% of the basaltic sand (A0/6) as the total
weight of the aggregates. On the other hand, the AF06 mix also contains 47.8% of a basaltic coarse aggregate (G10/20)
but it contains 35.0% of the basaltic sand (A0/6) and 17.2% of an African sand (AO/2). The AFO6 mix corresponds exactly
to the dosage of the commercial concrete used for the manufacture of harbour caissons. Table 4 shows the dosage of
each component for mixtures AF06 and ABO6.

Table 4. Dosage of each of the components of the AF06 and ABO6 mixes per cubic meter of concrete.

AF06 ABO6
Cement 401 kg 401 kg
Water 193 dm3 193 dm3
G10/20 (Basaltic coarse aggregate) 835 kg 835 kg
A0/6 (Basaltic sand) 611 kg 912 kg
AO0/2 (African sand) 300 kg -
Plasticizer/retarding admixture( 1.8% 1.8%
Superplasticizer admixture!® 1.5% 1.5%

(UPercentage by total weight of cement.

All the mixes of concrete included in this research were prepared in the Laboratory Service and Quality of Construction
of the Government of the Canary Islands. The manufactured specimens totalled 80 specimens in 20 mixtures, i.e. 40
specimens in 10 mixtures for each dosage: AF06 and ABO6.

The properties of the concrete are influenced mainly by the characteristics and percentage of the cement added, the
water-cement ratio, the characteristics of the aggregates and chemical admixtures used. The average cement dosage in
all mixtures was 401+10 kg/m?3. This value is higher than the minimum cement content required for the environment
Illb (EHE-08, 2008), called XS2 in reference (UNE-EN 206-1, 2008). The amount of water added in each mixture was the
same. Before the preparation of each mixture, an aggregate sample was taken to determine the moisture of the
aggregates. The moisture was determined by oven drying at 11045 2C according to the standard (EN 1097-6, 2014) until
a weight difference of less than 0.1% was obtained. The average moisture of the aggregates in the concrete was 2.1 +
0.1%. The value obtained from the moisture allowed the calculation of the total water-cement ratio. The average values
of the total w/c ratio of the dosages are given in Table 3 along with the standard deviation.

The mixing procedure was performed using the same amount of time and order of mixing of the components. In all
cases a previous mixing of the aggregates and cement without water was carried out in a planetary concrete mixer. The
water was then added together with a plasticizer/retarding admixture (TIMM-CX 69 lignosulfonate) with a percentage
of 1.8% of the total cement weight. Other superplasticizer chemical admixture (Techmocem 120) was added at 1.5% of
the total cement weight, approximately 1 minute before the discharge of the concrete. The rate and procedure of the
addition of the admixtures were carried out as in the production of the commercial concrete used for manufacturing of
the concrete caissons. Figure 3 shows images of concrete specimens along with compression and slump tests during
this research.
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Density of the concretes

The density of the fresh concrete was determined by weighing the concrete mass in a mold of 100 mm x 100 mm x 100
mm. The average values and standard error values obtained were 2457426 kg/m?3 for the AF06 mix, and 2496+25 kg/m?3
for the ABO6 mix. Once these specimen concretes were cured in a humid chamber for 28 days, each of the obtained
cubic specimens were dried at 50°C until constant mass to avoid a change in the microstructure of the cement paste.
Several researchers (Wong & Buenfeld, 2009) suggest that the dehydration of hydration products (crystalline phases
and non-crystalline phases, C-S—H gel) may have occurred at temperatures even below 105 °C. The obtained values of
dry mean density for AFO6 and ABO6 were 2339+30 kg/m3 and 2343+48 kg/m?3, respectively. The results indicate that
the densities of both mixes were very similar.

Effect of water available in the fresh concrete

The absorption of water by aggregates is a complex phenomenon (Domagata, 2015) and it is difficult to estimate the
water actually absorbed by the aggregates. The Code on Structural Concrete (EHE-08, 2008) establishes that it is very
difficult to determine the effective water-cement ratio for light aggregates due to their high water absorption. However,
there are studies that attempt to calculate this effective water-cement ratio for different aggregate types using different
methodologies. The study reported by (Alhozaimy, 2009) for limestone aggregates determines that the water
absorption value of these aggregates in the fresh concrete is approximately 75% of their total water absorption
(between 1.3-1.9%). The basaltic aggregates included in this research are not lightweight aggregates, but their
absorption is higher than 3% (Table 2). This value of water absorption for the basaltic sand is higher than African sand.

Due to the water absorption by aggregates, the water available for the hydration of the cement is less than the total
added to the mixture. The relationship between the amount of water available in the fresh concrete and the weight of
the cement is called: effective water-cement ratio (UNE-EN 206-1, 2008). The effective water-cement ratio can be
calculated according to the Equation 1, which considers the water absorption by the aggregates included in the concrete
mix.

(< el m) "
C eff C

where w; is the weight of total water added to the concrete; p is the percentage of water absorption by the aggregates
in the fresh concrete with respect to their total water absorption; q; is the total water absorption of the aggregate i;
and m; is the mass of the aggregate i. Thus, for example, for p=100% the aggregates absorb 100% with respect to their
total water absorption, and for p=0% the aggregates do not absorb water during the mixing procedure of the concrete.
The i subscript refers to the African sand (i=1=A0/2), basaltic sand (i=2=A0/6), and basaltic coarse aggregate
(i=3=G10/20).
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In each mixture, the fresh concrete was extracted in order to quantify its slump (EN 12350-2, 2009). The slump of the
fresh concrete depends on the amount of water available in the mixture. The total water-cement ratio does not
represent the water available in the fresh concrete because it does not consider the water absorption by the aggregates;
nevertheless, the effective water-cement ratio does consider it. When the effective water-cement ratio is considered,
the slump would be independent of the aggregate type included in the concrete. Therefore, the best correlation
between the slumps and (W/C)sz for both AFO6 and ABO6 mixes (simultaneously) allows the estimation the water
absorption value of the aggregates in the fresh concrete.

The effective water-cement ratios of the AF06 and AB06 mixes were calculated following the equation (1) for different
values of p%. Subsequently, the slump values were correlated for different effective water-cement ratios. As an
example, Figure 4 shows the result of the linear correlation for the effective water-cement ratio calculated for both
p=0% (Figure 4A) and p=100% (Figure 4B). The best linear regression was obtained for an effective water-cement ratio
with p=25% and p=30% (Figure 5). Therefore, the water absorption value of the aggregates in the AF06 and ABO6 mixes
was estimated between 25% and 30% of their total water absorption.

Figure 4. Representation of the slump versus the effective water-cement ratio calculated for both 0% (A) and 100% (B) of the total absorption capacity of the aggregates.
Source: own elaboration.
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This estimated absorption is lower than that obtained by (Alhozaimy, 2009) for limestone aggregates. This may be
because the mixing procedure performed for this research was the dry pre-mixing of the aggregate with the cement.
This dry pre-mixing could restrain the effective absorption of the aggregates compared with an initial mixing procedure
of the aggregates with water, and later the addition of the cement.

The average slump obtained for these AF06 and ABO6 mixes were 16 cm and 9 cm, respectively. The slump values have
a great dispersion due to the sensitivity of the slump test with small variations of the w/c ratio (between 0.43-0.51, see
Figure 4 for p=0%). The slump values were always less than 8 cm for total w/c ratios less than 0.47. The AFO6 mix
obtained a slump values higher than AB06 mix for a same w/c ratio. The slump is different for the AF06 and ABO6 mixes
precisely because these mixtures of concrete have different amounts of available water in the fresh concrete.

Figure 5. R? linear versus the percentage of water absorption of the aggregates in the fresh concrete (A), and representation of the two best linear regression
of the slump versus the effective water-cement ratio (B). Source: own elaboration.
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Effect of the presence of the African sand in the
strength of the concrete

The AF06 and ABO6 mixes differ in the substitution of a specific amount of the basaltic sand for African sand. Cylindrical
specimens of 150mm x 300mm were made for the determination of the compression strength (EN 12390-3, 2009) after
28 days of curing in a humid chamber. A total of 80 specimens were performed and tested, 40 of the AFO6 mixes and
40 of the AB06 mixes. The average compression strength and standard deviation obtained was 63+11 MPa for AFO6 mix
and 67+6 MPa for ABO6 mix. The range of the resistance data of the AFO6 mix is greater than the range of data of the
compression strength for the ABO6 mix (Figure 6).

The Mann-Whitney U test is a non-parametric test that was used to test the null hypothesis. This nonparametric test is
adequate for the case in which the assumption of normality is not satisfied and the samples are relatively small. The
application of the Mann-Whitney U test (IBM Corp., 2010) shows that it is not possible to conclude that there is a
difference in the compression strength values of the AFO6 and ABO6 mixes, with a p-value=0.467.

Figure 6. Box plot corresponding to compression strength for the AF06 and ABO6
mixes. Source: own elaboration.
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This work present a methodology proposal for the determination of the effective water-cement ratio using aggregates
with different water absorption. The water absorption value of the basaltic aggregates was estimated to be between
25% and 30% of their total absorption capacity with a previous mixing procedure performed by dry pre-mixing of the
aggregate with the cement. This procedure avoids an absorption of more water by the aggregate because the water is
not added directly together with the aggregate.
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The high absorption of water of the basaltic aggregates causes a loss of available water on the fresh concrete that leads
to less slump values. The results show that the average slump obtained for the concrete containing African sand was
higher than the average slump in the concretes made only with basaltic aggregates. For the same total water-cement
ratio, the incorporation of the African sand in the concrete causes an improvement in the concrete workability because
the concrete has more water that is available.

The results indicate that it is not possible to conclude that there is a difference in the compression strength values
between the AF06 and ABO6 mixes. In other words, the substitution of 17% of basaltic sand by African sand does not
improve the compression strength of the concrete mix studied, which was employed for the manufacture of concrete
caissons used in a maritime works. The slight difference between the average strength of AFO6 and AB06 mixes may be
due to the fact that the high porosity of the fine aggregate of basalt causes a lower effective water-cement ratio for the
mixture ABO6, and therefore a higher average strength.
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