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Abstract

:

Cost optimization is a key factor in the competitiveness of construction companies. Hence, in the case of a concrete manufacturing plant, the technical-economic optimization of the process involved in producing concrete is a determining factor in its activity being more competitive than that of other companies. Thus, the main objective of this experimentation is the optimization of the different concrete dosages used in a pre-casting plant. The cement volume, the water/cement (W/C) ratio, the influence of an accelerator additive and replacing coarse aggregate with recycled aggregate were analysed. As an application of the economic results, three different hypotheses were analysed for different mix combinations in a real concrete structure model. The results show that it is essential to monitor the actual initial moisture state of aggregates and the perfect definition of the effective water/cement ratio of the dosage (Wef/C) in manufacturing in order to obtain more homogeneous production. It is proposed to simplify the number of different mix proportions and reduce cement by 10–20% without decreasing resistance and functional capabilities. Regarding additive optimization, the results show that using low rates of accelerator additive significantly improves compressive strength. Replacing natural aggregates with recycled aggregates obtained from the concrete waste of non-conforming elements is suited to manufacturing recycled concrete using replacement rates of 50% and 100%. The cost analysis for a real industrial building applying the different dosing options studied shows that a cost reduction of up to 17.8% can be achieved.
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1. Introduction


Construction activity plays an important role in the global economy, since it generates a substantial number of jobs and consumes large amounts of intermediate products (raw materials, chemicals, electrical and electronic equipment, etc.) and related services [1]. In addition, the current framework of the world economy, characterised by globalization and liberalization, has led to increasingly competitive business activity [2]. Hence, companies in the construction sector are constantly seeking cost-efficiency actions to obtain reasonable profit margins that allow them to withstand these difficult conditions, and hence be more competitive in the global market [3]. This context makes it essential to optimise available resources to achieve more competitive prices for the manufactured product [4].



In concrete manufacturing, one of the main lines of action is the technical-economic optimization of the different components involved in the dosage of the concrete mixture. Here, the most important costs are those of the cement and chemical additives, which have a significantly higher unit cost than the raw materials (water and aggregates) [5]. Thus, these costly components are normally dosed in lower proportions, giving preference to the functional requirements of the elements for manufacture [6]. Table 1 shows a list with the average costs of each component for a standard dosage of concrete estimated for the south-east area of Spain, considering three main situations of cement richness: (a) 300; (b) 350 and (c) 400 kg/m3. This table also shows the percentage cost of each component relative to the total cost of the proposed concrete.



Regarding these values, the cement cost represents 62–70% of the final cost of the mixture. Thus, the cement volume is the highest cost in the concrete dosage, as suggested by various authors [7]. Therefore, the cost of the concrete mixtures increases proportionally to the growth in cement richness. An average increment of EUR 5 for each 50 kg of extra cement added could be considered, i.e., an increment of about 10% for each new addition of 50 kg used in the dosage.



Cement content is typically perceived as controlling concrete strength. Based on this perception, a minimum cement content that may exceed the amount needed to achieve the desired strength and durability is often specified [8]. Previous studies [9,10] suggest that a high cement content in a mixture does not contribute to a greater strength than the required design strength. In fact, the final strength level is controlled by the W/C ratio, which characterises the porous properties of the cementitious matrix [11,12]. In consequence, any decision intended to optimise the cement content in the concrete mixtures should be given priority, since the economic margins involved in the construction activity are increasingly lower.



However, apart from the economic criteria, other factors are equally important in many cases, e.g., the workability of fresh concrete, hardening rate, durability conditions, possibility of reusing concrete waste as new aggregates for concrete (recycled aggregates), and, last but not least, the energy cost savings [13]. Furthermore, the Portland cement used in concrete is a matter of interest due to the high greenhouse gas emissions associated with its production, which results in approximately 5% of all CO2 emissions [14]. This concern has led international organisations to make suggestions aimed at improving concrete production, recommending methods to reduce the greenhouse gas emissions associated with cement production [15].



Regarding the manufacturing process, pre-casting companies typically produce their concrete elements in suitably controlled conditions that allow them to reproduce each successive concrete batch almost identically during the entire manufacturing process. This is evidently of great importance in concrete production in order to optimise the W/C ratio and to guarantee the final mechanical properties [12]. In this regard, Montero and Laserna [16] propose that accurately determining the initial moisture of the aggregates is essential to ensure the appropriate repeatability of the mixture designed, and in consequence, improve the homogeneity of the strength of the hardened concrete. Thus, it is key to consider the water absorption capacity of each fraction of aggregate to adjust the internal water balance at any point in the manufacturing process. Thus, the objective is to accurately control the effective water volume (Wef) parameter involved in the cement reaction [17]. The concept of effective water volume can be defined as the amount of water available for cement hydration; it is a very important aspect when using recycled aggregates with higher water absorption [16]. Hence, only the mixtures performed with the same Wef/C ratio should really be compared by strength, since their cementitious matrices have been manufactured in the same available water conditions [18]. This accurate control of the initial moisture of aggregates at the time of manufacture is not always considered and adequately implemented by companies, despite the significant implications in the final strength and variability of the concrete [19], and therefore, in the economic optimization of the manufactured products.



In high-tech manufacturing plants, the use of different types of additives is highly common and key in providing some of the specific properties of the concrete [20]. Thus, water-reducer/plasticiser additives are used to obtain a significant reduction in the mixing water volume for the same target consistency of the fresh concrete. Additionally, the use of accelerator additives allows the hardening time to be reduced, which is an essential aspect of the pre-casting activity, since achieving the desired strength early in the process allows the manufacturing process to be optimised by reducing the time during which the moulds are occupied with each batch of specimens.



For pre-stressed concrete elements, it is standard to define a strength level of 25 MPa as the minimum compressive strength that allow the pre-stress of the steel bars to be released, such that the manufactured specimens can be managed, leaving the production area free to start a new batch. Thus, reducing the setting time of concrete as much as possible is essential to optimise the manufacturing process for each batch and so improve a company’s competitiveness.



Moreover, construction and demolition waste (CDW) requires specific treatments, following current regulations [21,22]. Hence, many pre-casting concrete companies have significant problems in managing concrete waste or non-conforming specimens, leading, consequently, to additional costs for their already tight financial situation. Thus, in an attempt to temporarily avoid such costs, companies accumulate significant amounts of waste specimens in need of adequate management. The average cost of transporting and managing only reinforced concrete can be estimated at EUR 10/t [23], although the managing costs may differ according to the area where a company operates. Thus, given this scenario, a firm recycling and reusing its own waste to make new concrete products is of great interest, since this action might help companies solve problems of accumulation and reduce the costs of managing such waste. Hence, the aptitude of these recycled aggregates has been analysed in many works [24,25,26,27,28].



Moreover, since the current standards on structural concrete include the reuse of old concrete from CDW, this action is highly indicated for economic and environmental savings, as well as reducing of CDW volume. In fact, the sustainable management of resources is directly related to new perspectives of construction, with the application of the life cycle assessment (LCA) methodology [29,30,31,32], in which the reduction of the environmental impact of buildings is enhanced by renewable or recycled materials with low industrial processing [33,34,35,36], with these policies for cost reintegration being considered a key question in new building development.



Given the above advantages, research in the field of recycled aggregate concrete (RAC) is increasing worldwide, obtaining, in many cases, a similar strength for RAC to that of homologous conventional concrete [37]. Most studies with RAC analyse types of concrete that are similar to the conventional concretes most widely used in construction, with compressive strength types between C25 and C35 [38,39,40]. However, pre-casting concrete elements typically use higher performance concretes, reaching strength properties of type C45 or higher, with this specific characteristic normally limiting the use of RAC, depending on the quality of the concrete from which the recycled coarse aggregates (RCA) were obtained.



Thus, the use of RCA obtained from a high-quality, controlled concrete, e.g., pre-cast concrete elements, can avoid the pre-estimated strength reduction of the RAC. However, applying pre-stressed reinforcement can be a problem in some pre-cast elements, due to the higher creep and drying shrinkage compared to conventional concrete [41,42,43,44], and specific experimentation is needed to clarify this aspect.



Against this backdrop, the aim of this experiment is to analyse the different concrete dosages used in a real plant of pre-cast concrete elements in order to suggest a technical-economic optimization of the current mixtures, according to the materials and manufacture technology used. The cement content in each mixture was analysed to achieve an optimal volume, and the real Wef/C ratio was determined to perform consistent comparisons between the different concrete mixtures. The influence of several accelerator additives on the compressive strength of the mixtures used in the experiment was also studied. Moreover, the effect of the RCA obtained from the non-conforming elements was included to determine the strength properties for these new recycled concretes and to analyse the opportunity costs derived from managing these CDWs.




2. Materials and Methods


2.1. Concrete Components


All the mixtures were manufactured using natural siliceous round aggregates obtained from a quarry located in the south-east of Spain. Three main natural (N) aggregate sizes were used to achieve the grain configuration of the concrete: sands (0–4 mm), medium gravel N (4–10 mm) and gravel N (10–20 mm). Additionally, recycled aggregates from non-conforming elements were used to make new recycled concrete. The RCA were produced by a double crushing treatment on jaw and impact mills. The average strength of the original concrete of the recycled aggregates was 35 MPa. Only coarse recycled aggregates (>4 mm) were used to produce the recycled concrete: (4–10 mm) and (10–20 mm). Figure 1 and Table 2 show the grading [45] of each size of aggregate; the finesse modulus [46], density and water absorption [47] are also shown.



Portland cement for concrete was used to manufacture all the mixtures [48] (CEM I 52.5 R), according to the standard type of binder used in pre-cast concrete manufacturing. As for the additives, an accelerator (Chryso Xel 355) and high range superplasticiser (Chryso Fluid 180) were used, both of which are widely used in the manufacture of pre-cast concrete elements. In addition, a specific additive based on nanocomposites (Basf Master X-SEED 130) was used to analyse the hardening speed at early stages of the concrete.




2.2. Dosage Criteria


Pre-cast concrete uses different types of concrete according to the specific requirements of the elements to be manufactured. The strength requirements (fc) are typically between 25 and 45 MPa, and usually require plastic workability (Abrams cone) [49]. A further important aspect for the dosage is the characteristic of the steel reinforcements in order to use reinforced (RC) or pre-stressed (PC) concrete. For these experiments, two main concrete types were selected to analyse the effect of the different variables, since they were considered those most representative for this proposal: (a) PC-45 designed with 420 kg/m3 cement volume, and (b) RC-30 with 360 kg/m3 cement volume. Both were configured with similar aggregate graining but using different Wef/C ratio and additive rates.



Firstly, the control batches were accurately manufactured, controlling all the parameters related to the water movements in the mixture and estimating the exact effective water volume (Wef) of each one, since companies tend to have insufficient control over this. Based on these two reference batches, different mixtures with similar functional characteristics were configured in order to analyse: (a) the effect on the cement volume of a reduction, (b) the influence of the additives, and (c) the influence of the recycled aggregates, as follows:




	
Strength: The following mixtures were performed in order to analyse the influence of the cement reduction on the final compressive strength: PC-45 with cement volume of 420, 360 and 300 kg/m3 and RC-30 with 360, 320 and 250 kg/m3, maintaining the additive volume constant across the batches of each type. Furthermore, the PC-45 mix with 300 kg/m3 was analysed using twice the volume of plasticiser additive as the reference (plast_x2), which optimises the effective Wef/C ratio for the same consistency up to the limits allowed by standards.



	
Hardening rate: To study the impact on the hardening effect of the concrete, the RC-30 mix was analysed in two accelerator additives in two further configurations: one without accelerator (RC-30-Acel_x0) and the other with twice the volume of the control (RC-30-Acel_x2). Additionally, the PC-45 mix with 360 kg/m3 cement volume, was performed using a new-generation additive based on nanocomposites, to study the benefits for the hardening effect at early stages (24 h) (PC-45-360-1%nano).



	
Recycled concrete (RAC) behaviour: We analysed the effect of the RCA on the RC-30 mix, using recycled replacement rates (r) of 50% and 100% of the coarse conventional aggregate volume. The total mixing water was offset by the absorbed water volume due to the recycled aggregate fractions achieving similar free or effective water volumes in the three batches. This allows for a true comparison of strength criteria for the different mixtures, following Laserna and Montero [18].









2.3. Experimental Programme


A total of 12 different mixtures were manufactured to analyse the influence of the mixture dosage optimization of the control concrete on the strength behaviour. Table 3 shows the proposed dosages of the different mixtures. According to these guidelines, different experimental mixtures of 30 litres were manufactured to produce cylindrical test specimens of ∅150 mm × 300 mm height according to the UNE 12390-2-2009 [50]. A small drum mixer of 140 litres and ∅750 mm was used to mix all the components. Mixing was performed by a double-step mixing method, which is characterised by a prior step to mix the cement and the aggregates in “dry conditions”, i.e., before adding the mixing water [16]. Double step mixing methods are especially recommended in recycled concrete manufacturing, since they improve the weaker areas of the recycled aggregates, and consequently, the strength properties of the new concrete. This method can evidently also be used to manufacture conventional concrete and was thus used in both recycled and conventional mixtures to avoid potential differences in the result due to the mixing procedure.



The water absorption and initial moisture of each size aggregate were accurately determined before mixing, allowing us to obtain an accurate value of the effective Wef/C ratio for each batch. The initial moisture and effective water were determined in line with the recommendations of Montero and Laserna [16]. All the mixtures were designed to yield plastic workability (slump of 3–4 cm on Abrams cone).



It is very important in industrial manufacturing to control the initial moisture content to determine the effective water content, either by using moisture sensors or by taking samples to be put in an oven beforehand.



Test specimens were stored in laboratory curing conditions with an average of T = 20 °C and 50% humidity (i.e., non-saturated conditions), in order to simulate the actual curing conditions present at the manufacturing point and to obtain a result closer to those achieved in real conditions. For the hardened concrete, the compressive strength was determined at 1, 3, 7 and 28 days, following standard EN 12390-3 (2009) [51]. Three repetitions of cylindrical specimen tests were performed in a 2000 kN compressive machine; the maximum standard error accepted was 2%. A specific rotary polisher was used to prepare the top of each specimen.




2.4. Cost Estimation and Application


The estimated cost of each concrete mixture was calculated to analyse the economic viability of the mixtures designed compared to the controls. The costs of the different mixtures were determined using the values shown in Table 1. As well as the functional capacity and strength of the mixtures, the economic viability was analysed according to the particular manufacturing conditions of the area studied. Moreover, an average cost of EUR 3.5/m3 was estimated for the recycled aggregate production [37], considering this value as the costs exclusively necessary for converting the waste from the concrete production waiting to be converted into recycled aggregates.



The estimated average cost for the waste management is significantly lower than the previously referenced EUR 10/t, since the management of the materials at the location significantly reduces costs, e.g., costs of transport or dumping taxes.



As the application of the economic results, three different hypotheses were analysed for different mix combinations on a real concrete structure model. These analyses compare the actual manufacturing mixtures with two combinations of the new proposed mixtures according to the required functionality conditions for each structural element. In this case, we analysed an industrial building model with an 890 m2 surface and 10 m pillar height of the typology shown in Figure 2.



Thus, the pre-casting structure was formed by supports and wall panels of reinforced concrete together with roof beams, main beams and ceiling panels of pre-stressed concrete. The measurements of the items and the concrete strength (fc) of each element type are shown in the Results (Section 3.4).





3. Results and Discussion


The results for compressive strength (fc), Wef/C ratio and the estimated production costs for all the mixtures performed are summarised in Table 4. As can be observed, all the concrete mixtures yield significantly higher compressive strength values than the target strength for both the concrete types. Thus, the compressive strength values at 28 days for the PC-45 series were between 71 and 55.5 MPa, while for the RC-30 series, these were between 52.4 and 48.0 MPa. In addition, all the mixtures reached a compressive strength higher than 25 MPa before the first 24 h, corresponding to the level considered for releasing the pre-stress reinforcements. Table 4 also shows the strength ratio for each curing age over the compressive strength obtained at the characteristic age (28 days). The main results of this experiment are now discussed with respect to the cement content, the hardening rate and the RAC behaviour.



3.1. Influence of the Cement Volume Reduction


A comparative analysis for the compressive strength evolution is shown in Figure 3. These are classified by concrete types (PC-45 (Figure 3a) and RC-30 (Figure 3b)) in order to clarify the influence of the different cement content, and also to avoid a possible influence of the accelerator additive which is only included in RC-30 mixtures. For the mixtures compared, the additive rate was kept constant between the different cement steps in each concrete type, either in volume or in binder proportion.



Figure 3 first seems to suggest that a reduction in the cement volume will entail a proportional fall in compressive strength, such that the evolution of strength is maintained approximately constant at the different measured ages. Thus, this proportional fall in compressive strength may be statistically evidenced, obtaining a degree of correlation of R2 = −0.98 for both situations.



However, this hypothetical cement volume–strength interaction must be considered incorrect since it is typically deduced by comparison between mixtures with significantly different cementitious matrices, which did not actually obtain the same volume of effective mixing water, and thus yielded a different effective Wef/C ratio. Thus, if PC-45-300 and PC-45-300-plast_x2 mixtures (dosages with same cement volume but different Wef/C ratio) are now compared and also compared with PC-45-360 (with +60 kg of cement but same Wef/C ratio as PC-45-300-plast_x2), the results (Figure 4a) show that the mixtures with a similar Wef/C ratio reach a similar final compressive strength (fc28 d: 65.8 y 64.2 MPa) despite the difference of 60 kg in cement volume. However, both mixtures with the same cement volume show different strength levels (fc28 d: 55.5 y 65.8 MPa), with the values being higher for the mix with lower effective Wef/C ratio (Figure 4a). These results corroborate that the real strength level for any concrete mix is actually influenced by the Wef/C relation, which is consistent with the findings of Abrams [46], and not by the total cement volume, as can be wrongly deducted from Figure 3. This aspect is commonly misrepresented in many recommendations (different concrete manufacturers and in some concrete manufacture technical recommendations).



Thus, such an assumption should be exhaustively examined, since as the results show, a reduction in the cement volume did generate a fall in the compressive strength whenever the same materials and manufacturing conditions were used. These assumptions are in line with the recommendations of Laserna and Montero [18] and García [52].



Figure 4b details the values for compressive strength against Wef/C, showing a linear relationship between the two factors for both concrete types, which supports the above assumption. In this context, the differences observed for PC-45 and RC-30 were likely induced by the different proportions of additives for each one, and also by the use of accelerant additive in the RC-30 series. It is shown in this case that the accelerant additive has a positive effect on the strength of the concrete.



Regarding the economic cost of each mixture, each step reduction is quantified directly in the final unitary cost of the concrete, such that the economic savings are EUR 8.7 and 11.0/m3 for 360 and 300 kg/m3 mixtures, respectively, compared to the reference dosage PC-45 with 420 kg/m3. In the case of the RC-30 series, the savings were EUR 2.4 and 8.7/m3 for dosages with 320 and 250 kg/m3 compared to the reference mix (360 kg/m3).



As mentioned, the strength levels of all the mixtures were higher than the target, such that any of them could be perfectly considered and manufactured, selecting the best solution as the most economical one for conventional manufactured elements. However, in some manufacturing processes, such as pre-stressed joists, where concrete is applied by a movable carriage along a continuous track, concretes designed with low cement rates and high Wef/C ratios might not be functionally adequate, and thus the applicability of these mixtures requires more in-depth manufacturing experimentation.



On the other hand, the EC2 standard states that the concrete dosage for pre-stressed elements needs a minimum of 260–300 kg/m3 of the cement volume and Wef/C ratio of 0.6–0.55 for most exposure conditions XCi (25 nominal cover to reinforcement). Thus, all the proposed mixtures, with the exception of the 250 kg/m3 dosage, are consistent with these recommendations. However, the mixture with the lowest cement volume can be applied for XC1 exposure conditions, which due to the high optimization on cement volume and Wef/C, achieves important economical savings on the manufactured elements.




3.2. Hardening Rate


The influence of the accelerator additive was analysed according to the early hardening rate of the concrete estimated, since it is an important aspect in optimizing pre-cast concrete manufacturing. To study this parameter, the mixtures RC-30, RC-30-Acel and RC-30-Acel_x2 were compared, since these dosages were designed using the same raw material proportions, with the only change being in the accelerator additive rate. Figure 5 shows the compressive strength evolution over time for the mixtures with different additive rates. Figure 5 is also distributed in two plots according to the two types of concrete analysed: RC-30 (Figure 5a) and PC-45 (Figure 5b).



Thus, as Figure 5 shows, the effect of the accelerator additive was notable, since an increment of 25% (65.0 MPa versus 52.4 MPa) on the compressive strength was obtained for the mix with accelerator compared to the mixture without it. Note that the use of additive accelerator did not modify the Wef/C ratio. Furthermore, the results also show that the analysed additive rate had a limited effect on strength improvement. Thus, despite the use of double the additive rate (from 0.36% to 0.72% of the cement volume), both mixtures reached similar final strength levels, albeit with a significant increase in the cost of the mix (EUR +1.5/m3).



In the case of PC-45 mixtures, the difference between conventional accelerator and nanocomponents was analysed. Thus, as Figure 5b shows, the use of nanocomponents generates a different behaviour regarding the strength evolution on the hardening rate. Although the improvement in compressive strength at 28 days was not significant (64.2 and 65.4 MPa), the results show a substantial effect on the strength hardening from the curing age of 3 days, with an improvement of 5.5 MPa at 7 days. This effect can be favourable in the stripping process of some concrete structural parts. Thus, nanocomponent additives enhance the compressive strength by around 7% at 7 days, i.e., 90.8% vs. 84.0% of the compressive strength at 28 days for the conventional additive. However, this improvement also entails an increment of EUR 7.1 (+15%) over the control mix, representing an extremely high increase in cost for many manufacturing situations.



Nonetheless, the results for improving the hardening at early stages, even before the first 24 h, to streamline the production of elements and save costs were unsatisfactory. In the experiment, the strength evolution for both mixtures up to the first 72 h was similar in value and tendency (Figure 5b). Hence, for these experiments, the increase in the unitary cost of this new additive was not justified by either the hardening rate or the final strength increment.




3.3. Behaviour of Recycled Concrete


The experiment showed that the RAC mixtures performed with waste from the precasting elements are a highly interesting alternative. As Table 4 shows, the compressive strengths at 28 days for the RAC mixtures were 55.4 and 56.6 MPa for replacement rates (r) of 50% and 100%, respectively. Furthermore, the values at the first 24 h were 33.8 and 33.2 MPa. Consequently, both recycled mixtures may be qualified as C30 (RC-30) strength concrete typology, and even as C45 type.



However, the use of RAC mixes for pre-stressed elements may not perform well in all situations, despite meeting the strength objectives. Several studies [41,42,43] show that creep and shrinkage effects are greater in recycled concrete that can induce effects on the curvature of pre-stressed structural elements working in bending, and functional capacity could be lost if they are not correctly dimensioned. Consequently, further research is necessary to complete the functional aptitude of recycled concrete mixes for manufacturing pre-stressed elements in order to analyse potential long-term effects.



Figure 6 compares the results of the compressive strength evolution of the RAC mixtures with respect to the equivalent normal concrete (RC-30). Additionally, the normal concrete mixture without accelerator (RC-30-Acel_x0) was compared. All of these were performed using the same Wef/C ratio and dosage conditions.



Thus, the use of recycled aggregates generates a reduction of the compressive strength of around 17% (−11 MPa) at 28 days compared with the equivalent conventional concrete mixture RC-30. Moreover, the results show a contrasting effect, increasing the final compressive strength at 28 days by approximately 6% (+3 MPa) compared to the conventional mixture, which uses no accelerant additives. In all cases, the strength obtained is higher than the minimum required value of 30 MPa.



Once the strength viability of the recycled concrete was tested, the economic factors for these mixtures were analysed to complete the interest of applicability. Thus, the costs shown in Table 4 suggest the highest manufacturing costs correspond to the higher strength mixture with EUR 53.3/m3 (conventional control concrete RC-30), followed by the equivalent mixture without an accelerator (RC-30-Acel_x0) with EUR 51.8/m3, and finally, the most economic mixtures were the recycled ones, with costs of EUR 51.5 and 49.8/m3 for r = 50 and 100%, respectively. Thus, the use of recycled aggregates achieves savings of around EUR −3.5/m3 compared to conventional concrete, i.e., a reduction of some 7% in the final costs, which is an interesting profit margin to consider RAC as an alternative material in the manufacturing process.



In addition, it is necessary to add the economical savings from the conventional management of concrete to complete the total costs savings of RAC (around EUR 10/t for transport + management), corresponding to an additional saving of EUR 4.8 and 9.5/m3 for r = 50 and 100%, respectively. Therefore, the total savings of using recycled aggregates can be estimated at EUR −6.6/m3 for r = 50 and EUR −13/m3 for r = 100% compared to the conventional mixture (RC-30) and EUR 5.1 and 11.5/m3 with respect to the HA-30-Acel_x0 mixture (Table 5).




3.4. Economic Application of Optimization of Concrete Dosages to a Real Building


Three different optimization proposals were analysed considering the strength results and the above considerations of the technical-economical aptitude for each one: (A) intermediate reduction of cement volume (first step of cement reduction); (B) extreme optimization by cement volume reduction (both Wef/C ratio and cement volume optimization to the standards limitations); and option (C) recycled concrete proposal.



Table 6 shows a list of the detailed measurements and concrete strengths of all the elements that make up the type of building described in Figure 2. Additionally, this table shows the estimated costs for the mixtures in current conditions, and the final costs and savings for the three new proposals.




	
Conventional concrete proposals. The manufacturing costs (only for concrete material) in the type of structure for the current concrete dosages were estimated at EUR 22,309.6, corresponding to a unit per built surface cost of EUR 25.1/m2. Meanwhile, the costs estimated in Option A (medium optimization) were EUR 19,743.7, i.e., a saving of EUR 2565.9 or an 11.5% reduction in the concrete costs for an alternative with similar strength and functional capabilities. In the same way, the most extreme optimization (Option B) could achieve savings of around 17%, with a total concrete cost of EUR 18,498.1, also for the strength requirements of each element type. However, this extreme optimization requires in-depth research to analyse the functional adaptation of these concrete mixtures to the specific manufacturing process. In any event, these additional experiments are wholly justified by the opportunity of high savings relative to the cost of the current dosages. These conclusions demonstrate that accurate control of the dosages, and primarily of the initial moisture state of aggregates that allow for real-time control of the Wef/C parameter, could result in a substantial reduction in the costs of concrete production and help achieve highly homogenous elements.



	
Recycled concrete proposal. Regarding the recycled alternative (Option C), the total concrete costs for the proposed building were estimated at EUR 20,915.2, a reduction of 6.25% on the total costs. At first sight, this cost is higher than the two cement reduction proposals analysed above, with this comparison making conventional concrete seem better than the recycled concrete proposal. However, once the management costs of recycled aggregates are considered in the economic balance, the recycled alternative emerges as a highly competitive alternative, since the total saving rises from EUR −1395.0 to EUR −3963.5, thus being the alternative with highest saving of all the proposals, yielding a reduction of 17.8% over the actual costs. Consequently, this analysis demonstrates that, in addition to being a perfectly feasible solution in strength terms, recycled concrete represents a highly interesting alternative due to the total savings generated in a company’s global economic balance. Thus, the technical-economic opportunity of RAC may involve similar and even higher savings than performing high optimization of the Wef/C ratio and the cement volume in the dosages.










4. Conclusions


The results of these experiments lead us to conclude there is a key opportunity to perform the technical-economic optimization of the current manufacturing process of pre-casting elements by means of optimizing the material dosage. Thus, we can accurately determine the water balance when the mixture dosage allows the concrete mix to be optimised, reducing the amount of cement needed for similar strength objectives for the concrete. Hence, for these experiments, a reduction of up to 120 kg/m3 in the cement volume (from 420 to 300 kg/m3) can be applied to the current concrete mixtures for similar strength requirements. In consequence, the analysed reductions in the cement volume could result in savings of around EUR 8–10/m3. Indeed, even an extreme optimization, reducing the cement volume and adjusting Wef/C ratio to the standards limits, yields satisfactory strength results.



Regarding the optimization of additives, the results of these experiments show that the use of low rates of accelerator additive (0.36%) produces a significant improvement in the compressive strength (+12.5 MPa) at 7 and 28 days, without this entailing a substantial increase in the unitary cost of the mixture (EUR +1.5/m3). However, the results show that increments of up to double the amount had no greater impact on the strength properties of the concrete, suggesting there exists an optimum low rate for this additive. Regarding the hardening of the concrete, the results show that for very early ages (≤24 h), the analysed nanocomponent additive did not have the desire effect, since both mixtures showed the same evolution over the first 3 days. Only a 7% improvement in the hardening rates at 7 days was detected, although compressive strength at 28 days finally shows similar values.



Finally, the proposals for the optimization of the concrete mixtures may generate savings of between EUR 3 and 10/m3 on the current mixture costs. Applying this proposal to an industrial type building of 890 m2, savings of around EUR 2500–3800/m3 on concrete production can be obtained for similar strength capabilities. Additionally, the replacement of natural aggregates with recycled aggregates obtained from the concrete waste of non-conforming elements are perfectly suitable for manufacturing recycled concrete with C30 strength properties using replacement rates of 50% and 100%.



The proposal of using recycled concrete may yield savings of around EUR 0.8–3.5/m3. However, due to the management costs of the waste concrete elements, which is partially avoided when recycled aggregates are reused, the final economic margin could reach savings of about EUR 3950, depending on the type of industrial building. Thus, the use of recycled concrete emerges as a very interesting proposal for companies. In any event, further research is required to corroborate the functional aptitude of manufactured recycled concrete for certain manufacturing procedures and pre-stressed applications.
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Figure 1. Grain-size curve of aggregates used in the concrete dosage. 
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Figure 2. Industrial building model with pre-casting concrete elements. 
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Figure 3. Strength comparison of mixture series PC-45 (a) and RC-30 (b) for different cement dosages. 
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Figure 4. Comparison of strength for mixtures PC-45-360, PC-45-300 and PC-45-300-plast_x2 (a), and Wef/C ratio versus compressive strength for RC-30 and PC-45 series (b). 
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Figure 5. Effect of accelerator additives on RC-30 (a) and PC-45 (b) mixtures. 
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Figure 6. Results for the compressive strength of recycled concrete and normal concrete (RC30). 
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Table 1. Average cost of standard concrete mixtures for cement content of 300, 350 and 400 kg/m3 and proportional cost of each component for the total cost of the concrete batch (date: July 2022).
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Component

	
Unit Costs

	
Dosage Costs per m3 (EUR)

	
% Cost of Concrete in m3




	
300 kg

	
350 kg

	
400 kg

	
300 kg

	
350 kg

	
400 kg






	
Aggregates

	
EUR 6.5/t

	
14.0

	
13.2

	
12.5

	
30.6

	
26.7

	
22.7




	
Cement

	
EUR 95/t

	
28.5

	
32.3

	
38.0

	
62.3

	
65.4

	
69.2




	
Water

	
EUR 5/t

	
0.8

	
0.8

	
0.8

	
1.6

	
1.7

	
1.7




	
Additives

	
EUR 1.1/kg

	
2.5

	
3.0

	
3.5

	
5.5

	
6.1

	
6.4




	
TOTAL (EUR/m3)

	
45.8

	
49.4

	
55.0
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Table 2. Characteristics of aggregates used in the concrete dosage (N: natural; RCA: recycled coarse aggregates).
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	Aggregate Size (mm)
	Finesse Modulus
	Density (t/m3)
	Water Absorption (%)





	Sand N (0–4)
	3.06
	2.40
	0.90



	Gravel N (4–10)
	6.64
	2.60
	0.70



	Gravel N (10–20)
	7.44
	2.70
	0.90



	Gravel RCA (4–10)
	6.18
	2.37
	4.89



	Gravel RCA (10–20)
	7.23
	2.43
	3.87
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Table 3. Dosage characteristics for the different performed mixtures.
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PC-45

	
PC-45-360

	
PC-45-360-1%nano

	
PC-45-300

	
PC-45-300-plast_x2

	
RC-30

	
RC-30-Acel_x0

	
RC-30-Acel_x2

	
RC-30-50%

	
RC-30-100%

	
RC-30-320

	
RC-30-250






	
Cement (kg/m3 of concrete)

	
420

	
360

	
360

	
300

	
300

	
360

	
360

	
360

	
360

	
360

	
320

	
250




	
Wef/C ratio

	
0.34

	
0.39

	
0.37

	
0.48

	
0.38

	
0.43

	
0.41

	
0.41

	
0.43

	
0.43

	
0.46

	
0.59




	
Wtotal/C ratio

	
0.38

	
0.44

	
0.42

	
0.54

	
0.44

	
0.48

	
0.46

	
0.46

	
0.54

	
0.58

	
0.52

	
0.67




	
Aggregates

	
Sand (%)

	
47.8

	
47.8

	
47.8

	
47.8

	
47.8

	
51.9

	
51.9

	
51.9

	
51.9

	
51.9

	
51.9

	
51.9




	
Gravel N (4–10) (%)

	
26.1

	
26.1

	
26.1

	
26.1

	
26.1

	
26.4

	
26.4

	
26.4

	
13.2

	
--

	
26.4

	
26.4




	
Gravel N (10–20) (%)

	
26.1

	
26.1

	
26.1

	
26.1

	
26.1

	
21.7

	
21.7

	
21.7

	
10.8

	
---

	
21.7

	
21.7




	
Gravel RCA (4–10) (%)

	
--

	
---

	
--

	
--

	
---

	
--

	
--

	
---

	
13.2

	
26.4

	
---

	
---




	
Gravel RCA (10–20) (%)

	
--

	
---

	
--

	
--

	
---

	
--

	
--

	
--

	
10.8

	
21.7

	
---

	
--




	
Additive

	
Accelerator

	
(l/m3 of concrete)

	
0.00

	
0.00

	
3.19 *

	
0.00

	
0.00

	
0.94

	
0.00

	
1.88

	
0.91

	
0.91

	
0.92

	
0.94




	
(%) **

	
0.00

	
0.00

	
1.00 *

	
0.00

	
0.00

	
0.36

	
0.00

	
0.72

	
0.36

	
0.36

	
0.41

	
0.52




	
Plasticiser

	
(l/m3 of concrete)

	
3.00

	
2.53

	
2.68

	
2.07

	
4.25

	
2.99

	
2.99

	
2.99

	
2.92

	
2.92

	
2.94

	
2.99




	
(%) **

	
0.80

	
0.80

	
0.80

	
0.80

	
1.60

	
0.93

	
0.93

	
0.93

	
0.93

	
0.93

	
1.05

	
1.34








* Nanocomponents additive. ** % by weight in relation to the quantity of cement.
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Table 4. Results of Wef/C, compressive strength (fc) at several ages and the manufacturing cost for the different concrete mixtures analysed.
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Cement (kg)

	
Wef/C

	
fc (MPa)

	
% fc (Ref 28 D) (MPa)

	
Cost (EUR/m3)




	
24 h

	
3 d

	
7 d

	
28 d

	
24 h

	
3 d

	
7 d

	
28 d

	






	
PC-45

	
420

	
0.34

	
51.3

	
59.4

	
62.8

	
71.3

	
71.9

	
83.3

	
88.1

	
100

	
56.7




	
PC-45-360

	
360

	
0.39

	
42.4

	
49.1

	
53.9

	
64.2

	
66.0

	
76.5

	
84.0

	
100

	
48.0




	
PC-45-360-1%_nano

	
360

	
0.37

	
41.2

	
51.2

	
59.4

	
65.4

	
63.0

	
78.3

	
90.8

	
100

	
55.1




	
PC-45-300

	
300

	
0.48

	
31.5

	
40.6

	
44.2

	
55.5

	
56.8

	
73.2

	
79.6

	
100

	
45.7




	
PC-45-300-plast_x2

	
300

	
0.38

	
38.3

	
48.5

	
52.0

	
65.8

	
58.2

	
73.7

	
79.0

	
100

	
48.2




	
RC-30

	
360

	
0.43

	
36.9

	
51.0

	
58.9

	
66.2

	
55.7

	
77.0

	
89.0

	
100

	
53.3




	
RC-30-Acel_x0

	
360

	
0.41

	
30.6

	
39.0

	
45.4

	
52.4

	
58.4

	
74.4

	
86.6

	
100

	
51.8




	
RC-30-Acel_x2

	
360

	
0.41

	
35.2

	
49.8

	
57.5

	
64.5

	
54.6

	
77.2

	
89.1

	
100

	
54.5




	
RC-30-50%

	
360

	
0.43

	
33.8

	
42.5

	
48.4

	
55.4

	
61.0

	
76.7

	
87.3

	
100

	
51.5




	
RC-30-100%

	
360

	
0.43

	
33.2

	
44.4

	
50.4

	
56.6

	
58.7

	
78.5

	
89.1

	
100

	
49.8




	
RC-30-320

	
320

	
0.46

	
39.0

	
49.8

	
54.8

	
62.4

	
62.5

	
79.8

	
87.8

	
100

	
49.4




	
RC-30-250

	
250

	
0.59

	
25.4

	
34.5

	
41.8

	
48.0

	
52.9

	
71.9

	
87.1

	
100

	
43.1
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Table 5. Cost savings (EUR/m3) of the recycled mixtures (RC-30-50% and RC-30-100%) compared to conventional concrete (RC-30 and RC-30-Acel_x0).
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Cost (EUR/m3)

	
RC-30 (EUR 53.3/m3)

	
RC-30-Acel_x0 (EUR 51.8/m3)




	
Diff

	
Manage

	
Cost + Manage

	
Diff

	
Manage

	
Cost + Manage






	
RC-30-50%

	
51.5

	
+1.8

	
+4.8

	
+6.6

	
+0.3

	
+4.8

	
+5.1




	
RC-30-100%

	
49.8

	
+3.5

	
+9.5

	
+13.0

	
+2.0

	
+9.5

	
+11.5
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Table 6. Cost analysis for a real industrial building (890 m2 surface) with three dosage strategies (A, B, C).
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Element

	
Concrete

	
Vol

	
Current Costs

	
Option A

	
Option B

	
Option C




	
(m3)

	
(EUR/m3)

	
(EUR)

	
(EUR/m3)

	
(EUR)

	
(EUR/m3)

	
(EUR)

	
(EUR/m3)

	
(EUR)






	
Supports

	
RC−30

	
33.9

	
53.3

	
1808.6

	
51.8

	
1757.7

	
43.1

	
1462.5

	
49.8

	
1689.9




	
Beam tubular TT

	
PC−45

	
38.4

	
56.7

	
2179.9

	
48.0

	
1845.4

	
45.7

	
1757.0

	
51.5

	
1980.0




	
Beam delta type

	
PC−40

	
18.6

	
55.4

	
1029.5

	
48.0

	
892.8

	
45.7

	
850.0

	
51.5

	
957.9




	
Joist tubular

	
PC−40

	
176.9

	
55.4

	
9793.0

	
48.0

	
8492.5

	
45.7

	
8085.6

	
51.5

	
9111.8




	
Joist ceiling

	
PC−40

	
4.3

	
55.4

	
239.6

	
48.0

	
207.8

	
45.7

	
197.9

	
51.5

	
223.0




	
Wall panel

	
PC−40

	
85.4

	
54.2

	
4627.0

	
48.0

	
4097.7

	
45.7

	
3901.4

	
51.5

	
4396.5




	
Ceiling panel

	
PC−40

	
27.9

	
54.2

	
1510.4

	
48.0

	
1337.7

	
45.7

	
1273.6

	
51.5

	
1435.2




	
Reinforced panel

	
RC−25

	
22.5

	
49.8

	
1121.5

	
49.4

	
1112.0

	
43.1

	
970.2

	
49.8

	
1121.0




	
TOTAL (EUR)

	

	

	

	
22,309.6

	

	
19,743.7

	

	
18,498.1

	

	
20,915.2




	
Difference (EUR)

	

	

	

	

	

	
−2565.9

	

	
−3811.4

	

	
−1394.3




	
Concrete cost/m2 built (EUR/m2)

	

	
25.1

	

	
22.2

	

	
20.8

	

	
23.5




	
Savings on CDW management (EUR)

	
r = 50%

	
351.5 m3

	

	
−4.8

	

	

	

	

	

	
−15,895




	
r = 100%

	
56.5 m3

	

	
−9.5

	

	

	

	

	

	
−9796




	
Economic saving (EUR)

	

	

	
0

	
−2565.9 (−11.5%)

	
−3811.4 (−17%)

	
−3963.5 (−17.8%)
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