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A B S T R A C T   

Adding sustainable raw materials to Self-Compacting Concrete (SCC) modifies its flowability 
behavior. Furthermore, the use of these raw materials may at the same time even improve one 
fresh property while worsening another. An accurate flowability description of SCC containing 
sustainable raw materials therefore requires a multi-parametric classification that simultaneously 
covers all fresh properties (slump flow, viscosity, and blocking ratio) for an accurate description 
of its potential applications. Existing classifications consider each fresh property independently. 
In this paper, a multi-parametric flowability classification of SCC containing sustainable raw 
materials is proposed. The effects of multiple sustainable raw materials on SCC flowability are 
compiled in a dataset serving as a knowledge base with information on 663 SCC mixes containing 
sustainable aggregates and binders. The statistical analysis of the dataset led to the definition of 
three types of flowability zones. Firstly, the overall-flowability zones, in which SCC flowability is 
described in absolute terms: the better the in-fresh properties, the better the overall-flowability 
zone. Secondly, the flowability-balance zones reflect the balance between free flow (slump 
flow and slump-flow viscosity) and flow around obstacles (V-funnel emptying time and L-box 
blocking ratio). Finally, SCC is classified within flowability-predominance zones, which define the 
main characteristic of SCC flowability, rate of flow (viscosity) or uniformity of flow (spreading). 
The variability of the effect of each sustainable raw material on the flowability of SCC makes this 
classification useful, in so far as it offers a complete picture of the fresh behavior of SCC in which 
all fresh properties are simultaneously considered. Furthermore, based on the description in the 
proposed classification of overall flowability and the balance between free flow and flow around 
obstacles, the application fields are defined for which the use of each SCC mix with sustainable 
raw materials is recommended.   

1. Introduction 

Self-Compacting Concrete (SCC) has specific advantages over other types of concrete in relation to its placement. Its high in-fresh 
flowability is the distinctive feature of its behavior, which is appropriate for on-site placement without vibration [1]. Thus, concreting 
can be easily performed in almost any situation, even where elevated pumping heights are required and operator access is difficult [2]. 
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The high flowability of SCC also means that its use has environmental advantages [3], because the absence of vibration when using SCC 
results in significant energy saving during placement [4], which in turn translates into a notable reduction of its carbon footprint [5]. 
Thus, SCC is a highly desirable type of concrete, because of its operational and functional advantages and its higher sustainability than 
other concrete types. 

In the fresh state, concrete is classified according to its slump in the Abrams-cone test, EN 12350-2 [6], which is an indicator of its 
ease of placement. According to Standard EN 206 [6], there are five consistency classes: S1 (slump between 10 and 40 mm); S2 (slump 
between 50 and 90 mm); S3 (slump between 100 and 150 mm); S4 (slump between 160 and 210 mm); and S5 (slump higher than 220 
mm). On the basis of that classification, SCC is a concrete with an S5 consistency class. However, this classification is insufficient for 
SCC, since the absence of vibration during concreting implies that this type of concrete must settle on its own as effectively as vibrated 
concrete [7]. Thus, SCC must, without applying any vibration or external force, be able to flow/spread (free-flow capability) at an 
adequate rate of flow (viscosity), to flow around obstacles, such as reinforcement bars (passing ability), and must present no segre
gation between its different components [8]. A situation that has resulted in the development of different fresh-state tests, each of 
which measures one of the above-mentioned aspects [1]. It has likewise led to the existence of several classifications for SCC, one for 
each of the above aspects, as shown in Table 1. 

In SCC containing conventional raw materials (natural aggregate and ordinary Portland cement), it is common to use single- 
parameter flowability classifications, in which the different fresh properties are not interrelated with each other [9]. Each SCC mix 
is therefore assigned six classifications, one for each fresh property that is measured [1], as shown in Table 1. This procedure is valid 
because, in general, there is a directly proportional relation between all characteristics, i.e., the improvement of one of these prop
erties, e.g., slump flow (free-flow capability), implies the improvement of the others (viscosity and passing ability) [10]. Although 
multi-parametric flowability classifications have been shown to provide a more complete and a simpler overview of SCC flowability, 
efforts to develop them are very scarce, the most relevant example being "Okamura’s map" [11]. On this map, the SCC is represented 
within a two-dimensional space, whose dimensions are the relative slump flow and the relative slump-flow viscosity of the mortar 
phase of the SCC mix [11]. Through those two parameters, the mixtures can be classified as having “excellent behavior” (AA), “good 

Table 1 
Standard classification of SCC.  

Test Standard 
[6] 

Measured parameter SCC property evaluated Classification [1,6] 

Slump-flow test EN 12350- 
8 

Final spreading diameter (slump flow) Free-flow capability Slump-flow class  
• SF1: final spreading diameter 

between 550 and 650 mm  
• SF2: final spreading diameter 

between 650 and 750 mm  
• SF3: final spreading diameter 

between 750 and 850 mm 
Slump-flow test EN 12350- 

8 
Time to reach a spreading diameter of 500 
mm (t500) 

Free-flow viscosity Slump-flow viscosity class  
• VS1: 500-mm-slump-flow time 

lower than 2 s  
• VS2: 500-mm-slump-flow time 

higher than 2 s 
V-funnel test EN 12350- 

9 
V-funnel emptying time Rate of flow (viscosity) when 

overcoming obstacles 
V-funnel viscosity class  
• VF1: V-funnel emptying time 

between 0 and 8 s  
• VF2: V-funnel emptying time 

between 9 and 25 s 
L-box test EN 12350- 

10 
Blocking ratio (ratio between the heights at 
the beginning and at the end of the box) 

Passing ability Passing-ability class  
• PA1: blocking ratio higher than 

0.80 in a 2-bar L-box  
• PA2: blocking ratio higher than 

0.80 in a 3-bar L-box 
Sieve- 

segregation 
test 

EN 12350- 
11 

Percentage loss of mass through a 5-mm- 
opening sieve 

Segregation resistance Segregation-resistance class  
• SR1: percentage mass loss lower 

than 20%  
• SR2: percentage mass loss lower 

than 15% 
J-ring test EN 12350- 

12 
(1) Final diameter spreading (1) Free-flow capability J-ring slump-flow class, as in the slump- 

flow test 
(2) Height difference inside and outside the J- 
ring 

(2) Passing ability J-ring slump-flow viscosity class, as in 
the slump-flow test 
J-ring passing-ability class  
• PJ1: height difference lower than 

10 mm in a 12-bar J-ring  
• PJ2: height difference lower than 

10 mm in a 16-bar J-ring  
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behavior” (A) and “acceptable behavior” (B) [12], as shown in Fig. 1. 
Nowadays, the use of waste and by-products for the manufacture of any type of concrete, such as SCC, is a very common practice [8, 

13,14]. The replacement of conventional aggregates and cement with those materials is a highly recommendable practice from a 
sustainability point of view [14]. On the one hand, it reduces the numerous environmental impacts resulting from the manufacture of 
the conventional raw materials used in concrete, such as CO2 emissions during Portland cement production [13] and land damage due 
to aggregate extraction from quarries and gravel pits [7]. On the other, it solves the problem of storage and consequent disposal in 
landfill sites of these wastes or industrial by-products [15]. However, if this practice is to be truly possible, there has to be a guarantee 
that whenever SCC contains waste and by-products its behavior will be adequate in both the fresh and the hardened state [14,16]. 
Numerous studies in the literature have reported successful results for SCC containing sustainable aggregates, such as copper-slag 
coarse and fine aggregate [17,18], steel-slag coarse and fine aggregate [19,20], recycled-concrete coarse and fine aggregate [8], 
and plastic-waste fine aggregate [21], and sustainable binders, such as fly ash [22], silica fume [23], and ground granulated blast 
furnace slag [23]. Thus, these wastes and by-products are considered as sustainable raw materials, in so far as SCC containing such 
materials behave in similar ways to SCC containing conventional raw materials and concrete sustainability is greater. 

Although successful results have been obtained in relation to the behavior of SCC containing sustainable raw materials, their 
addition has modified the behavior patterns of SCC [24]. Focusing exclusively on the fresh behavior, unlike the SCC made with 
conventional raw materials, no directly proportional behavior has been found between the fresh properties listed in Table 1 when using 
sustainable raw materials [7,8,14]. A phenomenon that is a result of modifications to the SCC mix composition when adding sus
tainable raw materials and the different properties that each sustainable raw material presents:  

• Increasing the content of coarse recycled concrete aggregate can in some cases worsen the slump-flow viscosity of SCC while 
improving the V-funnel viscosity. A behavior that was especially observed when the sustainable aggregate was pre-soaked before 
use [25].  

• Additions of fine recycled concrete aggregate instead of natural siliceous sand can improve the slump flow of SCC, provided 
adequate particle sizes are used. However, the flow of the SCC slows down, i.e., its viscosity increases [26].  

• With only a small increase in its content, the high density of slag aggregate leads to improvements of both the slump flow and the 
ability of the SCC to flow around obstacles, although, at the same time, it increases viscosity [18]. The high density of slag 
aggregate, especially if this aggregate is used in very high quantities, can also lead to an increased risk of segregation between the 
aggregate and the cement paste, [27]. Adjusting the fine aggregate content and carefully controlling the segregation resistance of 
SCC are key aspects for solving these slag-aggregate-related issues [28].  

• Other sustainable aggregates show no clear trends with regard to their effects on SCC flowability. For example, plastic aggregate in 
some cases improves both the slump flow and the viscosity of SCC [29], while in other cases it enhances the viscosity of SCC, but 
reduces its slump flow [30]. Results that can be explained by the lower density of plastic compared to natural aggregate, as well as 
its large variety of shapes. The same assertions can be made for glass aggregate [31].  

• In some cases, when fly ash is used, the increase in the passing ability of SCC is accompanied by an increase in viscosity, while slump 
flow remains constant [32]. This behavior depends on the type of fly ash in use, the coarse-to-fine-aggregate ratio, and the pro
portion of added plasticizer [32,33].  

• Finally, the lower grinding fineness of ground granulated blast furnace slag compared to conventional cement causes the slump 
flow to increase while the passing ability decreases [34]. Nevertheless, the specific behavior will depend on the mix design [26]. 
The same applies when silica fume is used [35]. 

Single-parameter flowability classifications, in which each fresh property of SCC is separately considered, cannot answer the 
following question, “What is more important for the flowability behavior of SCC, an improvement in one fresh property or the worsening of 
another one?”, when adding any sustainable raw material [1]. Thus, the variability of the behavior of SCC containing those materials 
means that single-parameter classifications never quite accurately describe its flowability. It in turn means that their range of possible 
applications are not well defined. Multi-parametric flowability classifications therefore need to be developed, in which all the fresh 
characteristics of SCC containing sustainable raw materials are simultaneously considered and interrelated with each other. In this 

Fig. 1. Okamura’s map [11].  
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way, it is possible to obtain a more complete picture of the fresh behavior of SCC. So far, this type of classification has not been studied 
in the literature, and only a few studies addressing workability boxes for certain types of waste are available [36]. 

2. Initial approach 

As stated in the introduction, the aim of this paper is to provide a multi-parametric flowability classification of SCC that contains 
sustainable raw materials. A classification that is based on simultaneously considering all the fresh properties of this alternative SCC 
and their interrelations, rather than each property in isolation, as is usually the case for conventional SCC (Table 1). In this way, a 
classification will be presented that provides a full overview of the flowability of SCC containing sustainable raw materials. 

The in-fresh properties of SCC that were considered for the development of the classification were slump flow, slump-flow viscosity, 
V-funnel emptying time, and L-box blocking ratio (passing ability). These properties provide insight into the behavior of the SCC in 
relation to its free flow (slump flow and slump-flow viscosity) and its movement when facing obstacles (holes, V-funnel emptying time, 
and reinforcements, L-box) [1]. The J-ring test was not considered, because it measures both the free-flow capability and the passing 
ability of SCC, and its use would unnecessarily complicate the interpretation of the classification, due to the interaction between those 
two fresh properties during that test [37]. Neither was segregation resistance considered, because it is not a measure of the capability of 
SCC to flow, but a measure of the cohesion between the components of SCC when fresh. It was therefore thought easier to maintain the 
classification used for conventional SCC (classes SR1 and SR2, Table 1). 

Having defined these aspects, a literature review was conducted of papers reporting the measurement of these four fresh properties 
(slump flow, slump-flow viscosity, V-funnel emptying time, and L-box blocking ratio) in an SCC containing sustainable raw materials, 
whether aggregate, aggregate powder (fraction 0/0.5 mm of the aggregate), or binder. These three types of sustainable raw materials 
were jointly considered for the development of the proposed multi-parametric classification, in order, on the one hand, to achieve the 
most generic possible classification and, on the other, to consider the flowability interactions that could exist between them when used 
simultaneously in the same SCC mix. In Table 2, the scientific papers containing the data with which the proposed classification was 
developed are shown alongside each sustainable raw material. Thus, a dataset of 663 SCC mixes containing sustainable raw materials 
was obtained. All the scientific papers under consideration had been published over the past few years, so the classification could be 
adapted to current practice when preparing SCC. From the results on the four fresh properties reported for each of these 663 SCC mixes, 
a statistical procedure based on extracting the principal dataset components was performed. This procedure, described in detail in the 
following section, yielded the multi-parametric flowability classification that is proposed in this study. 

3. Multi-parametric flowability classification 

In this section, the multi-parametric classification is developed by calculating the principal components of the fresh properties of 
the dataset of 663 SCC mixes. A brief explanation of the method precedes the presentation of the results from which the classification 
was developed. 

3.1. Principal-components procedure 

Let us suppose that there is a set of m elements (in this case, 663 SCC mixtures) for which n properties or characteristics have been 
measured (in this case, 4 fresh properties: slump flow, slump-flow viscosity, V-funnel emptying time, and L-box blocking ratio). 
Furthermore, no precise relationship between any of the n properties can be established when considering the values of the n properties 
of the m elements. This situation hinders the m elements from being successfully grouped/classified within a space of less than n 
dimensions. One dimension would have to be considered for each property to be measured, in order to group/classify the m elements, 
all of which makes the classification very difficult to interpret. 

Table 2 
Knowledge base for the study.  

Component Sustainable raw material Mixes of the knowledge base with the sustainable 
raw material (%)a 

References 

Aggregate Slag aggregate 33.2 [17,18,28,34,38–49] 
Recycled concrete aggregate 37.5 [2,5,25,26,33,37,42,50–66] 
Plastic aggregate 8.9 [29,30,67–71] 
Glass aggregate 4.1 [31,72–74] 
Rubber aggregate 3.4 [70,72,75,76] 
Ceramic aggregate 2.9 [67,70,77] 

Aggregate 
powder 

Slag powder 2.4 [47,66,78] 
Recycled concrete powder 7.6 [26,50,51,79] 
Glass powder 2.2 [28,49,80,81] 
Ceramic powder 3.4 [67,78,82,83] 

Binder Fly ash 45.9 [17,30,32,33,35,38,39,41,43,44,46–48,50–54,57–62, 
64,70,73,77,79,84–89] 

Ground granulated blast 
furnace slag 

36.8 [26,32,34,40,42,45,46,49,61,82–87,89–91] 

Metakaolin 8.1 [31,41,50,52,53,61,91] 
Silica fume 18.7 [17,30,35,40,41,49,51–53,59,64,76,79,83,87]  

a The sum of the percentages is not 100% due to the existence of mixes that simultaneously contain two or more sustainable raw materials. 
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Principal-components analysis is a statistical method that consists of constructing fictitious quantities, called principal components, 
that are linear combinations of n properties measured for m elements. Each principal component describes a certain percentage of the 
variance of the dataset. This variability defines the coefficients of each property for each principal component [92]. 

As many principal components as there are measured properties would explain 100% of the variance of the data, i.e., n. However, 
with a smaller number of principal components, it is possible to cover 70–80% of the variability of the data that is normally considered 
sufficient [92,93]. Thus, it is possible to explain the behavior of m elements with a smaller number of variables, grouping them in a 
space of as many dimensions as there are principal components needed to explain 70–80% of the variance [93]. In our case, SCC mixes 
need 4 fresh properties for an adequate description of their behavior (four-dimensional space), although their flowability behavior can 
be successfully described with only 2 principal components (two-dimensional space) as shown in the following sections. 

The principal components need no interpretation; they are simply linear combinations of n measured properties. However, a useful 
classification will be one in which the principal components have an easy and direct interpretation, as with those presented in this 
study. 

Finally, it is important to note that the principal components are calculated with the normalized values of the properties considered 
in the analysis (values between 0 and 1). Therefore, when defining a principal component, each value of each property is subtracted 
from the mean and divided by the standard deviation calculated from the values of that property for all the m elements. Therefore, the 
formula of the principal components is conditioned by the specific m elements used to obtain them [92]. However, if properties 
needing no normalization (i.e., their values are already between 0 and 1) are used, then instead of directly using the value of the 
properties and subsequently normalizing them to obtain the principal components, the application of the principal components is 
much more generic and valid for elements not introduced in the principal-components analysis. 

3.2. Normalized fresh properties 

Rather than considering the traditional slump-flow, viscosity and passing-ability classes (Table 1), it was necessary to work with the 
values of the different fresh properties, in order to prepare a classification in which all the fresh properties would be simultaneously 
considered so that it would be widely applicable. Bearing in mind the usefulness of normalizing the fresh properties before obtaining 
the principal components, an aspect explained in the previous section, the 4 fresh properties under consideration were therefore 
normalized, i.e., transformed to assume values between 0 and 1 in a linear way with the experimental values of the fresh properties. In 
addition, the normalized properties were set to a value of 0 for the worst value of the fresh property and 1 for the most favorable value, 
so that they could be intuitively understood. Finally, two other aspects were also considered to preserve the range of SCC fresh property 
values included in the standards [1]:  

• If a property had a worse value than the most unfavorable value in the standards, EN 206 [6], i.e., a slump flow lower than 550 mm, 
a blocking ratio lower than 0.80, or a V-funnel emptying time higher than 25 s, then the normalized property took the value of 0. A 
maximum value of t500 is not considered in the definition of the slump-flow-viscosity classes of the regulations, which is necessary 
to normalize the value of t500. Therefore, 5 s was established as the most unfavorable value based on the authors’ experience and on 
the behavior of the SCC observed in the literature [7,8,21–23].  

• If a fresh property had a better value than the most favorable value in the standards, EN 206 [6], i.e., a slump flow higher than 850 
mm, then the normalized fresh property assumed a value of 1. 

Each normalized fresh property, designated with a subscript ‘s’, was calculated with a different equation: Equation (1) for slump 
flow (SF, in mm); Equation (2) for slump-flow viscosity (SFV, in seconds); Equation (3) for V-funnel emptying time (VFV, in seconds); 
and Equation (4) for L-box blocking ratio (BR, dimensionless). 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 SF < 550

SFs =
SF − 550

300
550 ≤ SF ≤ 850

1 SF > 850

(1)  

⎧
⎨

⎩

SFVs =
5 − SFV

5
0 ≤ SFV ≤ 5

0 SFV > 5
(2)  

⎧
⎨

⎩

VFVs =
25 − VFV

25
0 ≤ VFV ≤ 25

0 VFV > 25
(3)  

⎧
⎨

⎩

BRs =
BR − 0.80

0.20
0.80 ≤ BR ≤ 1.00

0 BR < 0.80
(4)  

3.3. Principal components 

The principal-components analysis was performed using the previously normalized fresh properties of the 663 SCC mixes (see 
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previous section) that formed the knowledge base. No further normalization of the fresh property values had to be performed. The 
ranges of values of the principal components were defined by maximizing the percentage of variance explained by the first two 
principal components, so that the classification would be as accurate as possible, while at the same time easy to apply. Thus, the two 
most relevant principal components (two first principal components) were set at positive values of between 0 and + 2 so that they only 
had values in the first quadrant of the two-dimensional plane, which simplified the classification. In addition, the values of the third 
principal component had to be within a range of 2 units with values between − 1 and +1 to uniformize the width of the range of values 
of all the principal components, so as to avoid mistakes. 

Bearing in mind the aspects described in the previous paragraph and applying the statistical procedure for obtaining the principal 
components of a dataset, the principal components of the SCC-mix knowledge base were generated using statistical software. These are 
shown in Equation (5) (first principal component, PC1), Equation (6) (second principal component, PC2), and Equation (7) (third 
principal component, PC3). The fourth and last principal component was considered of no use, as the flowability classification was not 
simplified when using as many principal components as fresh properties, so it was therefore omitted. 

PC1 = 0.09 × SFs + 0.11 × SFVs + 0.74 × VFVs + 1.06 × BRs (5)  

PC2 = 0.80 × SFs + 1.00 × SFVs + 0.04 × VFVs + 0.16 × BRs (6)  

PC3 = − 0.48 × SFs + 0.13 × SFVs + 0.87 × VFVs − 0.52 × BRs (7) 

The principal components presented a simple interpretation related to the fresh behavior of SCC containing sustainable raw 
materials:  

• The first principal component reflected the ability of the SCC containing sustainable raw materials to flow around obstacles, both 
through holes (V-funnel test) and around reinforcements (L-box test). It can be observed from the results of Equation (5) that the 
higher the normalized fresh properties VFVs and BRs, i.e., the lower the V-funnel emptying time and the higher the L-box blocking 
ratio, then the higher the principal-component value.  

• Similarly, the second principal component reflected the free-flow capability of SCC containing sustainable raw materials, so that 
the higher its value, the higher the free-flow capability of the SCC. Equation (6) shows that this principal component was mainly 
dependent on the normalized fresh properties SFs and SFVs.  

• Finally, the third principal component served to compare the uniformity of flow (slump flow and L-box blocking ratio) of the SCC 
containing sustainable raw materials with its rate of flow or viscosity (slump-flow viscosity, t500, and V-funnel emptying time). 
Thus, if the third principal component has positive values (between 0 and + 1), it is the rate of flow of the SCC mix that pre
dominates, rather than its uniformity of flow. However, if this principal component has negative values (between − 1 and 0), then 
the situation is reversed, and it is the uniformity of flow that predominates over the rate of flow. 

The results of the first two principal components were sufficient to explain 75.0% of the variance of the data, an adequate value in 
common practice [93]. Therefore, a two-parameter flowability classification, i.e., a two-dimensional classification, can be constructed 
from them. If the third principal component is also used, 92.5% of the variance of the data can be explained and its use enables the 
above two-dimensional classification to be completed, resulting in a three-parameter flowability classification (three-dimensional 
classification). 

Fig. 2. Polar coordinates.  
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3.4. Two-parameter flowability classification (two-dimensional classification) 

The variance percentage explained by the first two principal components (PC1 and PC2) is suitable for a two-dimensional Cartesian 
representation of the SCC mixes. In this representation (Fig. 2), each principal component defines the value on each axis. The first 
principal component (Equation (5)) is represented on the x-axis, while the second principal component defines the value on the y-axis 
(Equation (6)). Furthermore, according to the definition of the principal components, every pair of points was in the first quadrant of 
the two-dimensional Cartesian system. The maximum value on each axis was 2. 

However, a simple grouping of the mixes could not be represented with these Cartesian coordinates. For this reason, it was decided 
to use polar coordinates (Fig. 2). The SCC mixes containing sustainable raw materials were therefore classified in terms of both the 
modulus of the vector from the origin to the analyzed point and the angle that the vector forms with the x-axis. These two parameters, | 
a| (modulus) and α (angle), are represented in Fig. 2 and formulated in Equation (8) and Equation (9), respectively. 

|a| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(PC1)
2
+ (PC2)

2
√

(8)  

α= tan− 1
(

PC2

PC1

)

(9) 

The two-parameter flowability classification was therefore defined in terms of the values of the polar coordinate parameters, |a| 
and α. 

3.4.1. Overall-flowability zones 
The modulus of the vector, parameter |a|, is a measure of SCC flowability from a global point of view. It can be considered as an 

average value of the four normalized fresh properties. Although the parameter entails no evaluation of the balance between the ability 
to flow around obstacles (first principal component) and the free-flow capability (second principal component), it provides an initial 
overall flowability estimation of SCC containing sustainable raw materials. As the values of both the first and the second principal 
component were set to vary between 0 and 2, the value of the parameter |a| ranges between 0 and 2.83. Considering this range of 
values and dividing it into equal probability percentiles, according to the |a| parameter values of all 663 mixes that constituted the 
knowledge base for this study, yielded five overall-flowability zones, which are defined and detailed in both Table 3 and Fig. 3. 

These overall-flowability zones enable an initial classification of the SCC mixes containing sustainable raw materials according to 
the SCC mix fresh behavior. They were obtained through a review of the conclusions on in-fresh behavior found in the articles that 
composed the knowledge base (Table 2):  

• Zone 1 (|a|>2.47) can be qualified as "ideal" due to the high values needed for all four normalized fresh properties simultaneously. It 
represents the optimal type of SCC containing sustainable raw materials for any application. Although this overall-flowability zone 
can be calculated in both mathematical and statistical terms, the development of an SCC containing sustainable raw materials that 
has this “ideal” behavior is almost impossible in practice. In fact, none of the 663 mixes listed in the dataset (Table 2) had an |a| 
parameter value that met the required value for classification within this zone.  

• Zone 2 (2.10<|a|<2.47) corresponds to the "real optimal" SCC containing sustainable raw materials, i.e., SCC which presents optimal 
flowability for use and can actually be developed in practice [11]. The SCC with this overall-flowability class could be used for any 
type of building application, although its main area of application should be for pumping concrete to form beams and columns at 
great heights.  

• Mixes in Zone 3 (1.40<|a|<2.10) showed "good" overall flowability, the one that has most commonly provided good results in 
practice in view of current experience [1]. It is therefore the recommended overall-flowability class in absolute terms, without 
separate consideration of free-flow capability and ability to flow around obstacles. According to the literature [56], an SCC with 
this overall-flowability class could be used in the precast-concrete industry to manufacture building elements, although its in-situ 
use is also suitable, but using it for lower pumping heights than a Zone 2 SCC.  

• When in Zone 4 (0.70<|a|<1.40), it refers to an SCC of "acceptable" overall flowability. It can be used but only with caution, 
attentive to its real behavior during placement and whether vibration is required.  

• Finally, an SCC containing sustainable raw materials in Zone 5 (|a|<0.70) will have very low flowability and, in extreme cases, an 
absence of self-compactability. Its use is not therefore recommendable. 

Table 3 
Overall-flowability zones.  

Code Parameter intervals Description a 

1 |a|>2.47 All normalized values of SCC fresh properties above 0.87 
2 2.10<|a|<2.47 All normalized values of SCC fresh properties between 0.75 and 0.87 
3 1.40<|a|<2.10 All normalized values of SCC fresh properties between 0.50 and 0.75 
4 0.70<|a|<1.40 All normalized values of SCC fresh properties between 0.25 and 0.50 
5 |a|<0.70 All normalized values of SCC fresh properties values below 0.25  
a Not all fresh properties will have these values as these are average values. Thus, if a normalized fresh property has a lower value than required in one zone, a higher 

value of another normalized fresh property can compensate for it. 

V. Revilla-Cuesta et al.                                                                                                                                                                                               



Journal of Building Engineering 63 (2023) 105524

8

3.4.2. Flowability-balance zones 
As the first two principal components will always be positive values, any combination of their values will be in the first quadrant of 

the two-dimensional Cartesian representation. Thus, the vector angle, parameter α, will always present values between 0◦ and 90◦. The 
five flowability-balance zones were defined on the basis of the range of the α angle values, which were divided into five equal 
probability percentiles according to the values of the normalized fresh properties of all 663 SCC mixes in the knowledge base (Table 2). 
The coding of these zones, their corresponding α values, and their descriptions are shown in Table 4. These zones, graphically rep
resented in Fig. 4, present comparisons of the passing ability (flow around obstacles) with the free-flow capability of an SCC mix 
containing sustainable raw materials. 

The recommended fields of application for SCC with sustainable raw materials could be established for each flowability-balances 
zone, on the basis of these flowability-balance zones and the conclusions on the in-fresh behavior reported in the articles forming the 
knowledge base of the dataset (Table 2):  

• An SCC containing sustainable raw materials that is in Zone A (36◦<α < 54◦) is an SCC that can be successfully used for any 
application, guaranteeing a formwork-filling capability (free-flow capability) balanced with the ability to pass between 

Fig. 3. Overall-flowability zones.  

Table 4 
Flowability-balance zones.  

Code Parameter intervals Description 

A 36◦<α<54◦ Adequate balance between free-flow capability and ability to flow around obstacles 
B 54◦<α<72◦ Slightly better free-flow capability than ability to flow around obstacles 
C 18◦<α<36◦ Slightly better ability to flow around obstacles than free-flow capability 
D 72◦<α<90◦ Almost null ability to flow around obstacles compared to free-flow ability 
E 0◦<α<18◦ Almost null free-flow capability compared to its ability to flow around obstacles  
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reinforcements (related to the L-box test) and its ability to be pumped (indirectly measured by the V-funnel test). It is the ideal 
flowability-balance zone, so this type of SCC could be used in any building application.  

• Although they can be used in any application, the SCC mixes within Zone B and Zone C highlight the recommended fields of 
application. Mixes within Zone B (54◦<α < 72◦) show a predominance of free-flow capability, and formwork-filling. Thus, in those 
situations where gutter pouring is required and when concreting large components with conventional reinforcement, such as 
footings and foundation slabs, it is advisable to use mixes within Zone B. In contrast, the first principal component of the mixes 
within Zone C (18◦<α < 36◦) reflects the predominance of the ability to flow around obstacles. It is therefore advisable to use Zone-C 
mixes when placing by pumping or when concreting highly reinforced elements. Thus, Zone-C mixes are recommended for pumped 
concreting of tall buildings and singular elements with a complex shape, such as some roof types.  

• In the SCC mixes of Zone D (72◦<α < 90◦) and Zone E (0◦<α < 18◦), the free-flow capability predominates very markedly over the 
passing ability or the ability to flow around obstacles or vice-versa. Therefore, these SCC mixes show unbalanced behavior that may 
involve disadvantages, such as the need for vibration. The use of such mixes is therefore not recommendable. 

3.4.3. Complete classification 
Both the overall-flowability zones and the flowability-balance zones provide very relevant information regarding the practical 

application of SCC containing sustainable raw materials. However, a complete picture of mix flowability is never provided from their 
isolated use alone:  

• The overall-flowability zones refer to global flowability, without differentiating between the free-flow capability and the ability to 
flow around obstacles. Thus, the overall flowability of a mix may be very good in terms of a high slump flow, even though its V- 
funnel emptying time may be prolonged.  

• The flowability-balance zones provide insight into whether the flowability of the SCC is balanced in terms of free-flow capability 
and ability to flow around obstacles. However, there is no indication of whether the overall flowability of the SCC containing 
sustainable raw materials is high. 

A classification based on both parameters, |a| and α, must therefore be applied, i.e., assigning an overall-flowability class and a 

Fig. 4. Flowability-balance zones.  
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flowability-balance class to each SCC mixture. Fig. 5 shows these combined zones together with their coding, combining what is 
separately established for each zone. Thus, for example, a Class-2A SCC mix is a mix with optimum flowability and balance between 
free flow and flow around obstacles (the ideal mix type from a practical point of view); a Class-3C mix is of “good” overall flowability, 
recommended for pumping and concreting of highly reinforced elements; and a mix of Class 4B is a mix with “acceptable” overall 
flowability that should be carefully monitored during placement and which is recommended for use in gutter pouring and when 
concreting highly reinforced elements. 

Finally, it is worth noting the zones to which it is recommended that the SCC with sustainable raw materials belongs for an optimal 
on-site placement, which are marked with a red line in Fig. 5. On the one hand, an SCC in overall-flowability Zone 1 is almost 
impossible to obtain in practice, while an SCC in Zone 5 is very unlikely to be successfully placed. On the other hand, SCC mixtures that 
are in flowability-balance zones D and E show unbalanced behavior, with free-flow capability far exceeding the ability to flow around 
obstacles or vice-versa. Therefore, an SCC containing sustainable raw materials must be in zones 2A, 2B, 2C, 3A, 3B, 3C, 4A, 4B, and 4C 
for successful placement. 

3.5. Three-parameter flowability classification (three-dimensional classification) 

The two-parameter flowability classification outlined above can be completed by considering the third principal component (PC3, 
Equation (7)). It is used to establish a three-parameter classification through cylindrical coordinates in a three-dimensional space in 
which each dimension is a principal component (Fig. 6). 

This three-parameter flowability classification consists of completing the overall-flowability and flowability-balance zones pre
viously obtained (two-parameter classification) with flowability-predominance zones (Fig. 7). These zones depend on whether the 
third principal component (PC3, Equation (7)) is either positive or negative:  

• If the third principal component is positive, then the normalized values of the fresh properties related to rate of flow (slump-flow 
viscosity and V-funnel emptying time) will be higher than those more related to the uniformity of flow (slump flow and L-box 
blocking ratio). Rate of flow therefore predominates in an SCC containing sustainable raw materials with a third principal 
component greater than 0. These SCC mixes can be coded with an "s" (speed, rate of flow-predominance zone). 

Fig. 5. Complete classification.  
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• On the contrary, if the third principal component is less than 0, then the SCC with sustainable raw materials will be dominated by 
uniformity of flow, because the normalized values of the slump flow and L-box blocking ratio will be higher than the normalized 
values of the fresh properties related to viscosity. Such mixtures can be coded with an "m" (movement, uniformity of flow- 
predominance zone). 

In the three-parameter flowability classification, the designation given for the two-parameter flowability classification is supple
mented by adding an "s" (PC3 > 0) or an "m" (PC3 < 0) at the end (for example, 2Am or 3Bs). This additional term in the designation is 
related to the placement of SCC, because a Class-s SCC containing sustainable raw materials, in which rate of flow predominates, 
ensures that concreting is performed quickly, thus saving time and, indirectly, money [36]. On the other hand, a Class-m SCC con
taining sustainable raw materials guarantees successful pouring, although it may result in higher concreting costs, due to a lengthier 
filling time in comparison with the Class-s SCC [37]. 

3.6. Overview 

In summary, determining the flowability classification for an SCC mixture containing sustainable materials can be obtained in a 
simple manner as follows:  

1. Experimentally measure the values of slump flow, slump-flow viscosity (t500), the V-funnel emptying time, and the L-box blocking 
ratio of the SCC mix.  

2. Obtain the normalized fresh properties: normalized slump flow (Equation (1)), normalized slump-flow viscosity (Equation (2)), 
normalized V-funnel emptying time (Equation (3)), and normalized L-box blocking ratio (Equation (4)). 

Fig. 6. Cylindrical coordinates.  

Fig. 7. Flowability-predominance zones.  
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3. Calculate the first and the second principal components using Equation (5) and Equation (6), respectively.  
4. Calculate the |a| parameter value (Equation (8)).  
5. Assign one overall-flowability zone (codes 1, 2, 3, 4, and 5; Table 3 and Fig. 3) to the SCC mix depending on the |a| parameter value.  
6. Calculate the |a| parameter value (Equation (9)).  
7. Assign the SCC mix a flowability-balance zone (codes A, B, C, D, and E; Table 4 and Fig. 4) as a function of the |a| parameter value. 

With these seven steps, the two-parameter flowability classification will be defined (Fig. 5).  

8. Calculate the third principal component (PC3, Equation (7)).  
9. Assign the SCC mix a flowability-predominance zone (codes s and m; Fig. 7), based on the value of the third principal component. 

With these two last steps, the three-parameter flowability classification will have been defined for any SCC mix (Figs. 5 and 7). 

4. Application and usefulness of the flowability classification 

Having presented the proposed SCC flowability classification in the previous section, in this section its utility for proper description 
of the flowability of SCC containing sustainable raw materials is discussed. 

4.1. Accurate flowability description of the SCC containing sustainable raw materials 

As indicated in the introduction, the flowability patterns of SCC when sustainable aggregates or binders are added are unlike those 
of SCC made with conventional raw materials. It implies that, when adding any type of waste or industrial by-product, one fresh 
property may improve while another worsens [8]. Thus, with the existing classifications, in which each fresh property is individually 
addressed, it is difficult to know in some cases whether the flowability of the SCC improves or worsens with the addition of a sus
tainable raw material [14]. 

The proposed classification entails simultaneous consideration of all the fresh properties, which in turn enables precise descriptions 
of in-fresh behavior and flowability improvements noted when adding sustainable raw materials to SCC. The authors consider this 
aspect of great importance, due to the highly variable flowability behavior of SCC depending on the sustainable raw materials it 
contains. This variability is found in the presence of sustainable aggregates and binders and is even noted between SCC mixes con
taining the same sustainable aggregate or binder, as shown in Fig. 8 for sustainable coarse and fine aggregates and Fig. 9 for sustainable 
binders (for clarity, not all the articles shown in Table 2 for each sustainable raw material were considered in the development of these 
figures). 

4.2. Analysis of the effect of different factors on the flowability of SCC 

The proposed classification and description of SCC flowability levels can be used for the analysis of other factors and their effects on 
flowability through a global approach, without having to consider each property separately. Some of these factors are the addition of 
different wastes or by-products (sustainable raw materials), the modification of the initial conditions of the raw materials and the 
passage of time. All these aspects are addressed in this section through different examples related to two of the sustainable raw 
materials for which studies in the literature are more abundant (Table 2): recycled concrete aggregate and ground granulated blast 
furnace slag. 

Fig. 8. Variability of flowability performance of SCC containing sustainable aggregates (see references list in Table 2).  
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4.2.1. Variation of the SCC composition 
Fig. 10 shows the SCC flowability trends with increasing contents of recycled concrete aggregate in both the coarse and the fine 

fractions:  

• On the one hand, it can be seen that the increase in the content of coarse recycled concrete aggregate mainly reduces the overall 
flowability of the SCC. Thus, in the example shown [25], the SCC was Class 4 overall-flowability for 0% coarse recycled concrete 
aggregate and Class 5 when 50% was added. The irregular shape of this residue compared to natural aggregate [56] appeared to be 
the cause of a proportional reduction in all fresh properties, as there was no change in the flowability-balance class, so that the SCC 
was in all cases Class B (recommended use in gutter pouring and when concreting large elements with conventional reinforcement).  

• On the other hand, increasing the content of fine recycled concrete aggregate tends to affect the rheology of the cement paste [8]. 
Thus, in the example given [37], raising this sustainable aggregate from 0% to 100% not only caused the overall-flowability class to 
vary from 3 to 4, but also led to a notable increase of the imbalance in the flowability of the SCC. Thus, the SCC had a Class A 
flowability-balance (ideal) for 0% fine recycled concrete aggregate and a Class D flowability-balance for 100% fine recycled concrete 
aggregate. The SCC passed from an optimal balance between free-flow capability and ability to flow around obstacles with 0% fine 
recycled concrete aggregate to a much lower ability to flow around obstacles than its free-flow capability when adding 100% fine 

Fig. 9. Variability of flowability performance of SCC containing sustainable binders (see references list in Table 2).  

Fig. 10. Flowability evolution when varying the content of recycled concrete aggregate (RCA): (a) coarse fraction [25]; (b) fine fraction [37].  
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recycled concrete aggregate. The behavior was exactly the same when limestone aggregate powders (aggregate fraction 0/0.5 mm 
added to SCC to reach self-compactability) were replaced with recycled concrete powder, as shown in Fig. 11 [26]. 

The same analysis can be performed when sustainable binders are used. In general, it is assumed that the use of this type of binders 
implies a worsening of the SCC flowability [32]. However, if the mix composition is adapted to the characteristics of each sustainable 
binder, this behavior can be different. Fig. 12 shows that ground granulated blast furnace slag can be successfully used, if the coarse 
aggregate content is reduced when this binder is added, due to its high grinding fineness compared to ordinary Portland cement [26]. 
In this way, it is possible to preserve the flowability-balance zone of SCC, and even improve its overall flowability. 

4.2.2. Modification of the initial conditions of sustainable raw materials 
Another factor whose influence on flowability can be analyzed is the initial state of the sustainable raw materials added to the SCC. 

Fig. 13 shows the effect of modifying the initial moisture of the coarse recycled concrete aggregate [25]. It can be observed that its 
modification mostly implies an alteration of the overall flowability of the SCC, as approximately all the SCC mixes, regardless of the 
initial moisture content of this sustainable aggregate, are found in the same flowability-balance zone. In addition, the difference 
between using the aggregate under oven-dried or environmental conditions never resulted in large ranges of SCC flowability, as the 
content of coarse recycled concrete aggregate increased. However, additions of coarse recycled concrete aggregate after pre-soaking 
resulted in better preservation of overall flowability as the amount of this sustainable aggregate increased. 

4.2.3. Passage of time 
Finally, Fig. 14 shows the usefulness of the proposed classification to analyze the effect of the passage of time, according to some 

results reported in the literature [37]. The workability of concrete decreases over time due to water evaporation and the setting process 
[11]. Thus, on the one hand, the passage of 30 min since the mixing end caused a decrease in overall flowability, so that the mixes went 
from an overall-flowability Class 3 to an overall-flowability Class 4. It was nevertheless also observed that this decrease in flowability was 
not balanced, as there was a more pronounced decrease in the fresh properties linked to the ability to flow around obstacles (V-funnel 
emptying time and L-box blocking ratio). The mixes therefore changed their flowability-balance zone, moving from Class B to Class D. 

Fig. 11. Flowability evolution when modifying the nature of the aggregate powder [26].  
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SCC with fine recycled concrete aggregate therefore lost a lot more of its ability to flow around obstacles than its free-flow capability. 

5. Conclusions 

In this paper a multi-parametric flowability classification for Self-Compacting Concrete (SCC) with sustainable raw materials has 
been developed by taking all the following fresh properties (slump flow, slump-flow viscosity, V-funnel emptying time, and L-box 
blocking ratio) simultaneously into consideration. The two main contributions of the flowability classification addressed in this paper 
are set out below:  

• First, the flowability of any SCC mix with sustainable raw materials can be accurately described by considering overall-flowability 
zones, which quantify SCC flowability in absolute terms (Table 3 and Fig. 3), and flowability-balance zones, which evaluate the 
balance between the free-flow capability and the ability to flow around obstacles of the SCC mix (Table 4 and Fig. 4). Their 
simultaneous consideration is sufficient to reach the two-parameter flowability classification of the SCC mix (Fig. 5). However, for a 
more detailed flowability description, flowability-predominance zones, which indicate whether the rate or uniformity of flow 
predominates in the SCC mix, can also be considered (three-parameter flowability classification, Fig. 7). 

• Second, the real applicability of any SCC mix with sustainable raw materials can be defined in the light of the suggested classi
fication system. That applicability will depend on the overall-flowability and flowability-balance zones in which the mix is found. 
The overall flowability defines whether the SCC will exhibit adequate self-compactability during placement and therefore no vi
bration. The flowability balance determines whether the SCC will be suitable either for gutter pouring to produce conventional 
reinforced concrete components or for pumping to produce heavily reinforced concrete components. 

From the development of the proposed multi-parametric classification, another three key points on the flowability of SCC with 
sustainable raw materials can be mentioned:  

• The effect that each sustainable raw material on the flowability of the SCC may exhibit a high variability (Figs. 8 and 9). Therefore, 
the flowability of SCC containing sustainable raw materials cannot be clearly described by separately considering its fresh 

Fig. 12. Flowability evolution with additions of ground granulated blast furnace slag (GGBFS) adjusting the mix composition [26].  
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properties. Interrelating all the fresh properties with each other is suggested for reaching a more complete and accurate description 
of SCC in-fresh behavior and its applicability.  

• From the overall-flowability and flowability-balance zones, it can be stated that obtaining an SCC made from sustainable raw 
materials with optimal fresh behavior is not only conditional upon all fresh properties that are as high as possible. It also requires 
the existence of a balance between its free-flow capability (slump flow and slump-flow viscosity) and its ability to flow around 
obstacles (V-funnel emptying time and L-box blocking ratio). Thus, the mix design should be oriented towards the simultaneous 
achievement of both aspects.  

• From the flowability-predominance zones, it is found that an SCC with better viscosity values compared to flow-related results 
(slump flow and L-box blocking ratio) will require less placement time, which will in turn reduce costs. However, the opposite 
situation ensures optimal formwork filling, although concreting may require extra time. 

The authors consider that the proposed classification provides a clear and concise overview of the flowability of SCC containing 
sustainable raw materials. However, from an analysis of the studies within the knowledge base for the preparation of this classification 
(Table 2), it can be seen that SCC containing sustainable aggregates, such as slag aggregate and recycled concrete aggregate, and 
binders, such as fly ash, ground granulated blast furnace slag, and silica fume, predominate. The proposed classification is mainly 
adapted to those five sustainable raw materials. Studies are therefore advisable on the fresh behavior of SCC made with other less- 
intensively-studied sustainable raw materials, such as plastic aggregate, glass aggregate, different types of sustainable aggregate 
powder, and metakaolin. In this way, the greater availability of data may be used to complement the proposed classification widening 
both its validity and its fields of application. 
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[25] I. González-Taboada, B. González-Fonteboa, J. Eiras-López, G. Rojo-López, Tools for the study of self-compacting recycled concrete fresh behaviour: workability 

and rheology, J. Clean. Prod. 156 (2017) 1–18, https://doi.org/10.1016/j.jclepro.2017.04.045. 
[26] V. Revilla-Cuesta, M. Skaf, A. Santamaría, J.J. Hernández-Bagaces, V. Ortega-López, Temporal flowability evolution of slag-based self-compacting concrete with 
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