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A B S T R A C T   

This paper is focused on the use of mixed recycled-aggregates (RA), replacing 100% of the natural 
coarse aggregates, for producing steel fiber reinforced self-compacting concrete (FR-SCC-RA) 
oriented to the construction of foundation walls. To this end, an extensive experimental program 
dedicated to the mechanical characterization of FR-SCC-RA foundation walls from the material 
and structural level was carried out. The former was developed on both molded specimens and 
cores extracted from the in-situ constructed FR-SCC-RA walls in Barcelona, Spain. The results lead 
to confirm that the use of RA resulted satisfactorily from both the concrete manufacturing and the 
mechanical performance, since no affectations on the design mechanical variables (i.e., 
compressive and flexural tensile strengths) were detected. Likewise, the results derived from the 
full-scale test evidenced that the residual loads of the slabs tested were significantly higher than 
those calculated based on the test results of the prismatic core samples. The main outcome 
derived from the experimental research program is that FR-SCC-RA might be a suitable material 
for this structural typology and that the tested slabs presented a sufficient post-cracking residual 
capacity -due to the incorporation of structural fibers- for avoiding fragile failures. These con-
clusions could be extended to other countries where similar restrictive regulations and standards 
are present, regarding the use of RA and FRC for structural applications.   

1. Introduction 

The use of recycled aggregates (RA) for producing concrete is often limited the regulations and standards applicable in each 
country. In some cases, mixed recycled aggregates are allowed only in non-structural applications such as filling of trenches or road 
sub-bases [1–4]. Consequently, the reuse for concrete production of the construction and demolition waste generated is partially 
valorized, this leading to a reduction of the sustainability performance of the construction sector [5–7]. Therefore, there are still many 
improvement opportunities in this regard. 

In Spain, approximately 70% of the RA is composed of clean aggregate and bonded mortar. Usually, the amount of impurities in the 
aggregates far exceeds the limits required by Structural Code 2021 [6]. A clear example of this is the content of ceramic material: while 
its mean value in the analyzed samples [8] is 22%, the maximum value currently allowed is just 5%. 
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Moreover, the properties of RA are different from those of natural aggregates (NAs), and in the case of mixed or ceramic RA the 
differences are more evident. The characterization of a RA usually focuses on three aspects: composition, density, and water absorption. 
Those have influence on both the fresh and hardened properties of the resulting concrete. 

Regarding the composition, there is an increasing linear relationship between ceramic material content and the increase in water 
absorption and in the Los Angeles abrasion coefficient. This phenomenon is due to the greater porosity and fragility of ceramic ma-
terials compared to natural stone [9]. Additionally, most RAs satisfy the fragmentation resistance requirement. 

Previous studies [10,11] have shown that, unlike NAs for which absorption is fast and barely significant (approximately 0.5–1.0%), 
in RAs it lasts beyond 24 h and can end after 96–120 h. This can be simulated with a function that reproduces the phenomenon under 
different conditions of the origin of the aggregate [12]. The absorption recorded at 24 h represents between 60% and 70% of its 
maximum capacity. In addition, the absorption of water during the first 5–10 min represents between 75% and 85% of the absorption 
at 24 h [12]. Due to this, to avoid loss of concrete workability, there are different approaches: (1) provide additional water, (2) 
pre-saturate or wash the RAs [13], (3) acid treatment [14] or (4) treatment with absorption-inhibitor additive. 

Other studies [15–17], dealing with pervious or porous concrete for pavements incorporating RAs as well as fibers and mineral 
additives, have found that using RAs decreased density and strength (compressive and flexural), increased void content and perme-
ability of concrete. Nevertheless, recycled ceramic aggregates have been used as internal curing materials for high performance 
concrete (HPC) [18], these resulting highly efficient in reducing autogenous shrinkage of HPC while maintaining a satisfactory level of 
mechanical properties. 

Moreover, from a mechanical standpoint, if the substitution is limited to 20% by weight of the coarse aggregate content, the 
strength of the concrete is hardly affected compared to that of conventional concrete [6,19]. For higher substitution percentages, there 
is generally a reduction in the mechanical properties of the concrete, which depends on the properties and type of RA. In this regard, 
compressive strength of bricks (3–7 MPa) is up to 40 times lower than that of a natural rock (70–280 MPa), as the main source of 
aggregate [20]. 

Previous studies have shown that in concretes with high w/c ratios greater than 0.55, the compressive strength of concrete (fc) with 
RAs is similar to that of a conventional concrete, even with 100% of substitution [21]. However, as the w/c ratio decreases, the 
differences in fc between both types of concrete increase, these reaching 25% for w/c ratios = 0.40. 

In this regard, [22] reports a 20–25% reduction in fc when coarse aggregates are completely substituted with recycled concrete 
aggregate (RCA), through a pre-saturation process of aggregates, for the same w/c ratio (equal to 0.50) and a cement dosage of 325 
kg/m3. 

In case of 25% and 50% substitution of natural sand with fine sand RAs (using 100% coarse recycled aggregate in all cases), [23] 
obtain comparable values of fc, but it is required to make a compensation in order to reduce loss of workability. For higher substitution 
percentages, between 75% and 100%, the strength reduction is 10.1% and 11.3%, respectively. [24] attribute the good strength 
performance of fine ceramic RA to a better binding capacity produced by pozzolanic chemical reactions, combined with internal curing 
initiated by the reserve of water absorbed through the manufacture of concrete. 

The effect of RA on the modulus of elasticity (Ec) is greater than on other mechanical properties. First, the deformability of the 
mixed RA with respect to the NA is greater, and second, a weaker connection between the old and the new aggregate-paste interphase, 
with a larger net of capillary pores and microcracks. Consequently, the substitution of all the coarse fraction with RA has negative 
effects on this property. Specifically, the use of RA (in the case of a 100% substitution of the coarse fraction) leads to a reduction of Ec 
ranging between 15% and 48% Ec [22,25–28]. The Poisson’s ratio for concrete with RA ranges between 0.14 and 0.20, regardless of 
the substitution ratio [29], which represents a reduction of up to 30% compared to conventional concrete. 

In Spain, article 30.8.1 of the Structural Code 2021 [6], about using recycled aggregates regulates the use of RA for producing 
concrete with structural purposes. In this article, the maximum substitution percentage is limited to 20% of the coarse fraction as long 
as the aggregate is obtained from crushed concrete and the water absorption is minor than 7%. However, [6] allows for a higher 
percentage of substitution provided the performance of the resulting concrete is qualified based on particular studies and comple-
mentary testing. 

The replacement levels established in the regulations are often generic, and these can be restrictive for some structural applications. 
This is the case, for instance, of in-situ pile caps or other foundation elements, where these limits could be exceeded to improve both the 
mechanical and sustainability performance [7]. Moreover, for this type of structural typologies, self-compactability and steel fiber 
reinforcement (replacing the traditional steel reinforcement), can be added to achieve a higher degree of economic-technical 
competitiveness [30]. 

Concrete self-compactability allows reducing the likelihood of discontinuities or voids [31], construction time, noise and vibrations 
since compaction tasks are eliminated. These have a positive effect on economic, environmental and social indicators as it has been 
proven for several FR-SCC structural components. In this regard, sustainability-oriented analyses in which the positive outcomes 
derived from the use of SCC (and fibers) [32–34] for precast segmental tunnel linings and pile-supported flat-slabs are presented in 
[35] and [36], respectively. 

Besides, the use of steel fibers (in total [37] or partial substitution of the steel bars) can be suitable in (1) lightly-reinforced 
structures for which only a minimum skin reinforcement is required and, consequently, this could be replaced by a competitive 
amount of fibers [15,16,38–41] and (2) when the placement of the reinforcement cage is complex or time consuming, such as on slabs 
[42–44], tunnel linings [45], pipelines [46] and in walls [47] and piles for foundations [30]. 

So far, a great number of experimental programs on full-scale testing FRC beam and slab-type elements were carried out and re-
ported in the literature [48–54]. These experimental programs have evidenced that the use of structural fibers as bending rein-
forcement and in shear behavior [55,56] is of technical and economic interest, and these have allowed significant advances in terms of 
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design. However, to the best authors’ knowledge, none of those contemplated the use of RA. 
Based on the abovementioned, the objective of this paper is to present and discuss the results obtained from an extensive exper-

imental program oriented to characterize the mechanical performance of FR-SCC-RA full-scale slabs subjected to bending. These slabs 
were obtained from sawing a wall foundation produced with this material, which was previously designed and characterized at the 
laboratory facilities [57]. The results and subsequent analysis presented herein allow reinforcing the suitability of this innovative 
material for this type of applications. This, however, should be seen as a case study and there are still several points related to 
standardization, characterization and design aspects that have to be dealt with further research. 

2. Experimental program 

A total of six types of batches of Self-Compacting Concrete made with Recycled Aggregates and Reinforced with Steel Fibers (FR- 
SCC-RA) were produced. 

The concretes were manufactured in a concrete batching plant in Barcelona (Spain), where moulded specimens were made for the 
physical and mechanical characterization of the concrete. The results obtained as well as the procedures for mixing and manufacturing 
the control specimens can be found in [57]. In the same reference, the characterization in fresh state results is also reported and 
analyzed. 

2.1. SRF-SCC-RA mix proportions and materials 

The cement used for producing concrete was CEM II/A-M (V-L) 42.5 R. The aggregates were limestones of 6–12 mm and 0–4 mm 
particle sizes: 6/12-T-L and 0/4-T-L, respectively. Furthermore, two varieties of recycled aggregates were used: 4–12 mm (4/12-T-R) 
and 12–20 mm (12/20-T-R) particle size. The recycled aggregates used consisted of ceramics, clean aggregate particles, mortar, and 
some other minor components such as organic matter, plaster, glass and wood, among others. The nomenclature used was as follows: 
‘T′ aggregate originated by trituration, ‘L′ limestone origin and ‘R′ recycled origin. The composition and physical properties of the 
recycled aggregates used in this study, can be consulted in [57]. 

Two types of hooked-end steel fibers were used: M502 (length of 50 mm) and M503 (length of 35 mm); the geometrical and 
mechanical properties of these fibers are presented in [57]. A dosage of 20 kg/m3 was added to assure a minimal ductility as well as 
sufficient post-cracking strength to prevent the slabs from brittle failure [58,59]; this lowest reinforcing quantity is suggested in the 
EHE-08 [6] for elements with small structural relevance. 

A superplasticizer (polycarboxylate), a plasticizer (lignosulfonate) and an admixture able to prevent the water absorption in 
recycled aggregates, as an alternative to water pre-saturation, were used for producing the concretes. 

Table 1 presents the FR-SCC-RA dosages for concrete. The terminology for the mixes is T/C MSA–lf+I, where ‘T′ is the type of 
concrete (‘NA’ is natural coarse aggregate, ‘RA’ is recycled coarse aggregate, ‘FRC-RA’ is reinforced with fibers and recycled coarse 
aggregate); ‘C′ is consistency, ‘SCC’ is self-compacting (in all cases); ‘MSA’ is maximum aggregate size; ‘lf’ is maximum fiber length 
(mm); and ‘I′ is the admixture for absorption inhibition [57]. 

Table 1 
Contents for the different concrete dosages (kg/m3).  

Component NA/SCC 12 RA/SCC 20 RA/SCC 20 +I FR-RA/12–35a FR-RA/SCC 12–35b FR-RA/SCC 20–50 

Cement CEM II/A-M (V-L) 42.5 R 355 370 370 370 370 370 
0/4-T-L 1230 1210 1210 1240 1260 1260 
6/12-T-L 580 – – – – – 
4/12-T-R 

Agg. without mortar 
Agg. with mortar 
Ceramic 
Saturation water 
Others (glass, wood, etc.) 

– 180 
97 
51 
11 
18 
3 

200 
108 
57 
12 
20 
3 

540 
291 
153 
32 
54 
10 

520 
280 
147 
31 
52 
9 

180 
97 
51 
11 
18 
3 

12/20-T-R 
Agg. without mortar 
Agg. with mortar 
Ceramic 
Saturation water 
Others (glass, wood, etc.) 

– 360 
151 
111 
50 
36 
12 

390 
168 
123 
56 
39 
13 

– – 340 
142 
104 
47 
34 
11 

M502 fibers – – – – – 20 
M503 fibers – – – 20 20 – 
Water 170 150 170 170 175 160 
Inhibition admixture – – 1.5 – – – 
Lignosulphonate 2.2 2.2 2.6 2.6 2.6 2.6 
Polycarboxylate 6.8 6.8 6.8 7.3 7.3 7.3 
Total 2344 2279 2351 2350 2355 2340 
Fines 548.4 567.4 568.7 581.5 583.7 574.5 
Effective w/c ratio 0.479 0.405 0.459 0.459 0.473 0.432 
Volume (m3) 3 6 6 6 6 6  
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Due to the issues found during the process of mixing dosage FR-RA/12–35a (this sample is not considered as SCC), with difficulties 
in meeting the self-compacting requirements, that dosage was repeated (FR-RA/SCC 12–35b) with slight modifications to the granular 
skeleton, and consequently there are two concretes with that dosage. 

2.2. Case study: Foundation wall in Barcelona (Spain) 

A full-scale on-site pilot test was carried out in which the concrete produced was used to build six foundation walls using trenches, 
in order to subsequently analyze the physical and mechanical properties of test specimens extracted from the walls. The specimens 
were extracted from the work site and cut, to compare the results obtained from the core samples extracted from the walls built during 
the pilot test and the results from the samples produced in the concrete plant, which can be consulted in [57]. The concrete was 
transported by truck mixer to the testing section located at the work site. The travel distance was approximately 15 km and took 
approximately 20–30 min. 

The construction procedure used in the pilot test consisted in the excavation of the trench with the established dimensions (3500 

Fig. 1. Construction procedure: a) Excavated trench, b) Thixotropic sludge, c) Concrete pouring from truck.  
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mm deep, 2500 mm long and 600 mm wide). Subsequently, the excavations are filled with thixotropic or bentonite mud to avoid 
possible collapse of the trenches. 

The pouring of the concrete in the six foundation walls was carried out with the help of a chute, a bucket and a tremie pipe. The flow 
dynamics of the concrete deposited in the trench is determined by the boundary conditions used during the pouring [60,61]. In this 
manner, as the concrete fills the trench (from the bottom up), the excess sludge rises to the surface due to its lower density. Fig. 1 shows 
the different phases of the construction procedure. 

A different type of concrete was poured in each foundation wall, for a total of six walls and six dosages, respectively: Wall 1 (RA/ 
SCC 20), Wall 2 (FR-RA/SCC 12–35b), Wall 3 (NA/SCC 12), Wall 4 (RA/SCC 20 +I), Wall 5 (FR-RA/12–35a) and Wall 6 (FR-RA/SCC 
20–50). 

Fig. 2. a) and b) Cut applied, c) Handling and transport.  
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2.3. Core specimens cutting and extraction plan 

2.3.1. Core specimen cutting plan 
The six foundation walls built during the pilot test were extracted to carry out mechanical characterization studies on the full-scale 

structural elements. To transport the slabs to the laboratory, the six walls had to be cut lengthwise into two halves, as Fig. 2 shows, 
from which twelve pieces with approximate dimensions of 2500 mm × 1750 mm x 600 mm were obtained. 

Since for each wall there were two pieces of similar dimensions available, two different lines of research were planned, one for each 
wall, as Fig. 3 shows:  

1. Specimens cored (cylindrical, prismatic and cubic) to analyze the variability of physical and mechanical properties as a function of 
the ‘Z′ (vertical) dimension, and thus detect possible anomalies caused by the construction process, such as aggregates segregation, 
accumulation of fibers or presence of cracks.  

2. Slabs for testing under a three-point bending configuration (flexural bending in isostatic conditions). It must be remarked that -owe 
to the variability of thickness- it was assumed that the degree of variability of the mechanical results would be high. Nonetheless, 
for the comparison of the different concretes, and to verify that the failure was not brittle, these elements and its geometry were 
found acceptable and representative of the real boundary conditions. 

2.3.2. Extraction of core specimens 
The core samples were extracted following the cutting plan described below. Fig. 4 details the number of core samples obtained for 

each wall, grouped according to their type, and shows the three types of core samples to extracted from each piece.  

• 6 prismatic cores (PC) of 150×150×600 mm, grouped in pairs, making nine cuts on the previously obtained plate.  
• longitudinal cylindrical cores (CCZ) 100 mm diameter and a length equal to the height of the wall ‘L′ (2200–2500 mm).  
• 9 transverse cylindrical cores (CCY) 100 mm diameter and a length equal to the thickness of the wall ‘H′ (600 mm). 

Fig. 5 shows some details of the extraction of the prismatic and cylindrical specimens from the extracted walls. 

2.3.3. Cutting and producing the slabs 
The slabs were extracted from the right half of each wall, and on each piece two longitudinal cuts were made, as Fig. 6 shows, using 

Fig. 3. Foundation wall cutting diagram (dimensions in mm).  

Fig. 4. Number and type of core samples extracted (per wall).  
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the diamond wire cutting technique. 
From each piece, three slabs approximately 200 mm thick were obtained. The identification of each slab was made in Spanish 

according to its placement, the upper slab was marked with the letter “S”, the central slab with “C” and the lower slab with an “I”, as  
Fig. 7a shows. Once the cuts were completed, the slabs were transported by truck to the “Lluís Agulló” Structures Technology Lab-
oratory (LTE for its initials in Spanish) of the Polytechnic University of Catalonia (Fig. 7b), to conduct the flexural tests. 

2.4. Mechanical characterization tests 

2.4.1. Core specimens extracted from the foundation walls 
A total of 318 core samples were obtained, distributed as follows: 208 CCZ and CCY and 110 PC. Table 2 shows the test plan and the 

properties analyzed for each type of core sample, the standard or method applied, as well as the number of specimens tested. 
The tests for the mechanical characterization: compressive strength (fc), flexural tension (fct,fl), toughness (Gf) and modulus of 

elasticity (Ec), were performed by the aid of an Ibertest press of 3 MN of capacity, controlling the displacement. 

Fig. 5. Obtaining the a) and b) prismatic and c) cylindrical core samples.  
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The amount (Cf) and orientation of the steel fibers were characterized using cubic samples by means of the magnetic induction 
method, as described in [66]. This non-destructive method is based on the measures of the increments in inductance, due to the steel 
fibers inside the concrete. These increments depend on the Cf and on the type of steel of the fibers, since these steel fibers have some 
ferromagnetic properties and causes an alteration in the properties of the uniform magnetic field. An impedance analyzer (HP-4192) 
was used, with an error below 5%. For the cylindrical samples, the test was performed according to the method given in [64]. 

Fig. 6. Production of plates (left half of each wall).  

Fig. 7. a) Nomenclature of the walls, b) Transfer of the slabs to LTE.  

Table 2 
Standards and test methodologies applied.  

Core sample type Property Standard/Method Number of specimens tested 

CCZ and CCY Compressive strength (fc) UNE-EN 12390-3 [62]  72 
Modulus of elasticity (Ec) UNE-EN 12390-13 [63]  72 
Amount (Cf) and orientation of steel fibers Modified Inductive Method [64]  32 

PC Flexural tensile strength (fct,fl) and residual flexural strength (fR) EN 14651 [65]  18 
Amount (Cf) and orientation of steel fibers Inductive Method [66]  46  
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2.4.2. Slabs obtained from the foundation walls 
The elements tested were 18 slabs of variable geometry, 3 for each of the 6 walls. 9 of the slabs were made of fiber-reinforced 

concrete (those corresponding to walls 2, 5 and 6), while the remaining 9 were made of plain concrete (walls 1, 3 and 4); all the 
walls were made of concrete with recycled aggregates. 

Fig. 8. a) Forklift, b) Distribution beam and support trestles, c) Neoprene.  
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The configuration of the test carried out consists of a simply supported configuration and a linear load applied onto the center span 
section through a steel spread beam of 2000 mm in length and 300 mm of flange width. To ensure a stable and even contact between 
slab and support trestles, and between the slab and the distribution beam, neoprene bands 200 mm wide and 20 mm thick were placed 
as shown in Fig. 8. 

Fourteen linear variable displacement transducers (LVDTs) were used to record the vertical displacements of the slab and the 
evolution of cracks during the test. Twelve of these transducers were installed on an isolated auxiliary aluminum frame to measure the 
vertical displacements across the top part of the slabs, as illustrated in Fig. 9 and Fig. 10. The 2 remaining LVDTs were adhered to the 
side faces of the plate. 

An initial preload of between 3.0 and 5.0 kN was applied to verify that the load was distributed correctly throughout the width of 
the slab. Once that point was reached, a control for the displacement approach was established to constantly maintain 0.25 mm/min. 
Once the load exceeded 20 kN, it the displacement velocity of the press was doubled increased. For FRC slabs, the test was stopped 
when a crack width of 5 mm was reached. For plain concrete elements, the test was stopped after cracking as no noticeable residual 
bearing capacity was observed. Fig. 11 presents the general test setup for the case of slab 4 S. 

3. Results and discussion 

3.1. Material 

3.1.1. Physical and mechanical properties 
Table 3 gathers the mean values and the coefficients of variation (CV expressed as percentages in parenthesis) of the density (δ), 

compressive strength (fcm), modulus of elasticity (Ecm), flexural tensile strength (fctm,fl) and residual flexural tensile strengths (fR1m and 
fR3m, for crack mounts openings of 0.5 and 2.5 mm, respectively), for each wall and dosage. 

The mean compressive strength characterized from the cored specimens resulted to be superior to 38 N/mm2 (target value) for all 
concretes produced, except for the concrete FR-RA/12–35a, which exhibited an fcm of 36.3 N/mm2 (4% below). The residual flexural 
strength values derived from testing notched beam tests (following the [65]) resulted to range from 0.6 to 0.8 N/mm2 and from 0.4 to 
0.6 N/mm2 for fR1 and fR3, respectively. These magnitudes are low –and aligned with low amount of fibers– used according to the 
criteria stablished within the fib Model Code 2010 [67] for FRCs and these would not be sufficient to replace traditional steel lon-
gitudinal rebars. Nevertheless, it must be remarked that, in this pilot case, fibers were meant to replace skin reinforcement and to 
guarantee a minimum ductility in case of these panels cracked during service –situation very unlikely since the bending forces esti-
mated were far below the cracking bending moment of the wall cross-section. 

In the results, the average values of compressive strength exceed, for all the dosages, the minimum of 20 N/mm2 required by the 
majority of standards for structural unreinforced concrete applications and the value of 25 N/mm2 for reinforced concrete. Regarding 
the tensile strength results, the values vary between 2.63 and 3.35 N/mm2; in contrast to compressive strength requirements, the 
recommendations usually do not establish a lower limit on the value of tensile strength, given that the reinforced-concrete structures 
are designed to permit controlled cracking of the concrete. 

3.1.2. Content and orientation of fibers 
Fig. 12 shows the results related to the orientation of steel fibers in the three foundation walls obtained using the inductive method 

[66] on 46 cubic cores with 150 mm-edge produced from the 18 prismatic cores previously tested for flexural stress (6 for each FRC 
dosage), following the cutting plan described above, in Section 2.3.1. The criterion used to identify the orientation and direction of the 
fibers was the following: axis 1 is the vertical axis (Z), axis 2 is the short (thickness) horizontal axis (Y) and axis 3 is the long (width) 
horizontal axis (X), as stated in Fig. 6. 

The percentage of fibers oriented vertically (axis 1) increases in the three cases analyzed with respect to the results obtained with 
the specimens molded at the plant and at the laboratory [57], where approximately 70–80% of the fibers were oriented in the hor-
izontal plane and 20–25% remain oriented in the vertical axis. This difference is due to the construction procedure used, as it influences 
the distribution and orientation of the fibers within the structural element [61], which increases the proportion of vertically oriented 

Fig. 9. LDVT’s layout on the slabs.  
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fibers. 
In this regard, as [68,69] stated, steel fibers tend to orient perpendicular to the direction of flow and parallel to the formwork due to 

a wall effect. In the case of foundation walls, the flow direction of the concrete is predetermined to be vertical. As the self-compacting 
concrete flows freely and fills the excavated trench, the final arrangement of the fibers depends on their ability to rotate along the 
sections traveled, from the end of the tremie pipe to their final position. Therefore, the position and orientation of the fibers within the 
wall depends fundamentally on three factors:  

• Consistency of the concrete: the more liquid the concrete is, the lower the resistance to flow and the fibers will have greater rotation 
and orientation ability depending on the direction of flow.  

• Fiber geometry: the longer the fiber is, the lower the ability to rotate, and a greater proportion of fibers will be arranged vertically. 

Fig. 10. a) and b) LVDTs placement, c) Detail of the X60 adhesive.  
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• Wall dimensions: the larger the wall, the further the fiber must travel, and therefore the more likely it will rotate. 

This has consequences, from a structural standpoint, on the post-cracking behavior of fiber-reinforced concrete slabs [70]. In any 
case, the results presented in Fig. 12 allow stating that the fibers are rather distributed 3-dimensionally as the percentages of fibers 
aligned along each axis ranges between 20% and 40%, this indicating that there are no preferential planes. The latter is beneficial in 
terms of control of cracks induced by shrinkage and temperature at early ages since this type of cracks use to appear randomly and 
without a pre-established direction. This makes the fibers oriented 3-dimensionally to be more effective as reinforcement for con-
trolling this type of cracks. 

It is worth mentioning, that for the FR-RA/12–35a mix (even though it cannot be considered as SCC) it can be observed an 
increment of the fibers aligned in the Y direction (short horizontal axis), compared to vertical direction (axis Z). This can be owing to 
the major resistance to flow and the movement of the fibers since this mix presented difficulties in meeting the self-compacting re-
quirements, as explained before in Section 2.1. 

Finally, the amount of fibers assessed by means the inductive test performed on the 46 cubic specimens cut from the walls ranged 

Fig. 11. Test setup (slab 4S).  

Table 3 
Results of the physical and mechanical characterization of the extracted cores.  

Wall Dosage Density (g/cm3) fcm Ecm fctm,fl fR1m fR3m 

(MPa) (GPa) (MPa) (MPa) (MPa) 

1 RA/SCC 20 2.1 
(0.5) 

42.4 (12.9) 25.5 (5.8) 3.1 (9.8) – – 

2 FR-RA/SCC 12–35b 2.1 
(0.2) 

45.9 (5.4) 27.2 (4.2) 3.4 (10.8) 0.6 0.4 

3 NA/SCC 12 2.3 
(0.4) 

45.2 (18.2) 34.4 (2.4) 3.1 (7.6) – – 

4 RA/SCC 20 +I 2.1 
(0.9) 

39.7 (11.0) 26.1 (2.8) 3.2 (8.4) – – 

5 FR-RA/12–35a 2.1 
(0.5) 

36.6 (6.9) 21.3 (3.5) 2.6 (14.3) 0.8 0.6 

6 FR-RA/SCC 20–50 2.2 
(0.4) 

46.4 (5.2) 29.1 (2.5) 3.3 (8.9) 0.8 0.6  

Fig. 12. Fiber orientation in the walls (data: 150 mm-edge cubic core samples).  
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between 13.4 and 21.2 kg/m3, with an average of 18.1 kg/m3 and CoV of 14%. A similar statistical pattern of the fiber distribution was 
observed for those walls reinforced with steel fibers and, therefore, no significant influence of the concrete consistency and the ag-
gregates nature/origin on the fiber distribution was observed. 

3.2. Mechanical performance of the tested slabs 

The applied force (F) – crack opening (w) relationships derived from the real-scale bending tests are presented in Fig. 13. It must be 
remarked that the variability observed was expected due to the irregular geometry of the slabs, which in any case is that found in the 
real structure and, thus, the representative of the mechanical response of the wall. 

The cracking load (Fcr) ranged from 59.2 to 94.7 kN (slabs type 2), from 40.1 to 66.4 kN (type 5) and from 85.2 to 114.7 kN (type 
6). The variability of Fcr must be attributed to the variability of the: (1) thickness (CoV up to 20%) of the cracked sections and (2) fctm,fl 
(see Table 3), which ranged between 2.6 and 3.4 N/mm2 (CoV of 9%), the former being the parameter that governs the variability of 
Fcr – depends quadratically of h and linearly of fct,fl –. 

As per post-cracking response of the fiber reinforced concrete slabs, a deflection softening behavior, without a brittle failure after 
cracking, due to the effective contribution of fibers across the cracked section can be observed. A ratio F2.5/Fcr superior to 0.5 was 
achieved for the slabs type 2 and 6, F2.5 being the force for a w = 2.5 mm. This ratio was imposed during the design of the FRC walls in 
order to avoid a fragile response of slabs after cracking. In this regard, it must be highlighted that the reinforcement of these walls 
responded to minimum requirements for shrinkage and temperature cracking and, hence, this was replaced by steel macrofibers (see 
Table 1). 

This criterion is aligned with the fib Model Code 2010 [67] requirements per FRC ductility: (1) fR1k/fLOPk > 0.4 and (2) fR3k/fR1k 
> 0.5 and, consequently, fR3k/fLOPk > 0.2. As fLOP and fR3 are directly related with Fcr and F2.5, respectively, it was found appropriate 
–and on the safe side– to equivalently impose F2.5/Fcr > 0.5. 

Fig. 13. Diagram P-w. Slabs HRF a) 2I, b) 2 C, c) 2 S, d) 5I, e) 5 C, f) 5 S, g) 6I, h) 6 C and i) 6S.  
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4. Conclusions 

A pilot experience of using recycled-aggregates (RA), replacing 100% of the natural coarse aggregates, for producing steel fiber 
reinforced self-compacting concrete (FR-SCC-RA) oriented to the construction of foundation walls was presented in this paper. An 
experimental program oriented to characterize the mechanical performance of FR-SCC-RA and foundation walls made of this material 
was carried out and the results are presented and discussed herein. The following conclusions can be stated:  

• The compressive strength (fc) and modulus of elasticity (Ec) of the concrete produced with 100% of RA was found compatible (and 
sufficient) with the strength and stiffness that these types of walls are required for service and ultimate limit states.  

• The use of steel macrofibers for replacing the skin reinforcement proved to be a suitable alternative as no cracks were observed. 
Moreover, the residual post-cracking strength of the slabs (cut from the wall) obtained from the real-scale bending tests was proven 
adequate to avoid fragile response after cracking. 

Based on the abovementioned, it can be stated that FR-SCC-RA can be an attractive –from both technical and sustainable 
perspectives– to traditional reinforced concrete (with natural aggregates) for this structural typology. Nevertheless, this consisted in a 
pilot case mean to confirm the adequacy of the material for the production of the walls and its sufficient load bearing capacity, and 
further research has to be conducted in order to establish requirements on the fresh state properties, structural design and durability. 
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