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ABSTRACT 

Governing the dispersion and the orientation of fibres in concrete through a suitably 

balanced set of fresh state properties and a carefully designed casting procedure, is a 

feasible and cost-effective way to achieve a superior mechanical performance of fibre 

reinforced cementitious composites, which may be required by the intended 

application, even keeping the fibre content at relatively low values. The purpose of this 

work is to investigate how the fibers orientation induced through the 3D modeling of 

the formwork allows an increase in flexural strength in high-performance fiber-

reinforced concretes. To achieve this, a series of 16 toothed parallelepiped specimens, 

divided by tooth height category, with a total height of 32mm, width of 116mm and 

length of 360mm were casted. The work was intended to verify whether the casting 

methods and the geometry (which was designed to "reproduce" the peculiarities of 3D 

printed elements). Initially, a detailed  analysis which deals with the use of 3D 

modeling technology in the construction field, outlining its limits and advantages was 

carried out. Subsequently, a brief description of the characteristics of fiber reinforced 

concrete and its fields of application precedes the actual experience. In it takes place 

the journey that starts, as in all the recipes of a Michelin-starred restaurant, from the 

list of ingredients to create toothed parallelepiped samples in fiber-reinforced cement 

and continues with the method used to obtain the required results, up to the assembly 

of the food on the plate, in which the results will attract the reader's curiosity. 

Furthermore, it was explained how the modalities of the fresh concrete flow and the 

geometrical characteristics of the formwork induce a predetermined orientation of the 

fibers with which to govern them during the casting. To conclude, a report that bonds 

the orientation parameters and the bending resistant capacity of the specimens has been 

carefully found. 
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SOMMARIO 

Governare la dispersione e l'orientamento delle fibre nel calcestruzzo attraverso un 

insieme opportunamente bilanciato di proprietà di stato fresco e una procedura di 

colata accuratamente progettata, è un modo fattibile ed economico per ottenere 

prestazioni meccaniche superiori di materiali compositi fibrorinforzati, che possono 

essere richiesti dall'applicazione prevista, mantenendo anche il contenuto di fibre a 

valori relativamente bassi. Lo scopo di questo lavoro è quello di studiare come 

l'orientamento delle fibre indotto attraverso la modellazione 3D della cassaforma 

consenta un aumento della resistenza alla flessione in calcestruzzi rinforzati con fibre 

ad alte prestazioni. Per ottenere ciò, sono stati scelti una serie di 16 campioni 

parallelepipedi a denti, divisi per categoria di altezza del dente, con un'altezza totale 

di 32 mm, larghezza di 116 mm e lunghezza di 360 mm. Il lavoro aveva lo scopo di 

verificare se i metodi di fusione e la geometria. In prima analisi è stata effettuata una 

dettagliata analisi sull’impiego di tecnologia di modellazione 3D nel campo delle 

costruzioni, delineando i suoi limiti e i vantaggi. Successivamente, una breve 

descrizione delle caratteristiche del fiber reinforced concrete e i suoi campi di 

applicazione precede l’esperienza vera e propria. In essa si svolge il viaggio che parte, 

come in tutte le ricette di un ristorante stellato Michelin, dall’elenco degli ingredienti 

per creare i campioni parallelepipedi dentellati in cemento fibrorinforzato e prosegue 

con il metodo utilizzato per ottenere i risultati richiesti, fino alla fase di assemblamento 

del cibo nel piatto, in cui i risultati attireranno la curiosità del lettore. Inoltre, è stato 

spiegato come le modalità del flusso fresco di calcestruzzo e le caratteristiche 

geometriche del cassero inducano un orientamento prestabilito delle fibre con il quale 

governarle in fase di getto. Per concludere, una relazione che lega i parametri di 

orientamento e la capacità resistente a flessione dei provini è stata accuratamente 

trovata. 
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CHAPTER 1 - INTRODUCTION 

 

In recent years, technology developments in the field of digital design and robotics, as well 

as in the modeling and design of cement materials have made great strides, allowing the 

introduction of new automated construction methods. In this line of thinking, in which 

cement is employed as a building material, the techniques and technologies of Digital 

Fabrication with Concrete (DFC) have been introduced. However, since the characteristics 

of the DFC are very different from those of conventional manufacturing techniques, it is 

necessary a rethinking, or rather a reconstruct and reorganize of all the production phases 

and designs that previously perfectly suited a conventional method, but that now require of 

a makeover.  

The research study of this master thesis will initially deal with the state of the art of the last 

decades, focusing on the combination of conventional reinforcement method and the 

application of DFC with integrated reinforcement in various ongoing research activities, 

outlining the technical challenges and the economic and the environmental potential of the 

DFC.  Subsequently, the Fiber Reinforced Concrete (FRC) will be explained in its properties 

and characteristics of the fibers in relation to the cement material according to applications. 

Furthermore, a brief introduction to 3D printing and its two main printing methods will be 

given.  In the second part, the materials and methods used to perform the experimental work 

will be discussed. First of all, the materials will be listed, giving more information about the 

superplasticizer and the steel fibers used, as they are considered the main factors, together 

with cement, to obtain a good mix design. The latter, in fact, will be optimized with the 

purpose of obtaining a workability and homogeneity of the cement mixture required.  Once 
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the formworks have been obtained using 3D printing technology, different types of 

specimens will be submitted to the X-ray analysis.  Finally, the fiber orientation data 

processing according to the polar coordinates will precede the three-point flexural tests. 

The main purpose of this thesis is to uncover a relationship between the orientation of the 

fibers and the mechanical performance of the specimens in terms of flexural strength. 

Furthermore, the variation of the density of the fibers within the sample will be highlighted, 

the role that the fresh cement casting plays with the orientation of the fibers and observe 

how they are oriented with the choice of a mold form of the predetermined formwork 

according to the phenomenon of the "wall effect". 
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CHAPTER 2 - STATE OF THE ART. 3D-

PRINTING AND FIBERS 

2.1 Introduction 

Over the last decade, developments in digital design and modelling, robotics, as well as in 

the engineering of cementitious materials, have allowed the introduction of new automated 

construction methods. Consequently, an ensemble of innovative fabrication technologies is 

now in continuous development all over the world.  

Many of them are not easy to classify and are identified by a range of generalized names. 

Generally, each of them shares the following characteristic: 

 

▪ introduction of new functionalities; 

▪ introduction of bespoke fabrication; 

▪ a high degree of freedom for shapes; 

▪ robotized material placement; 

▪ lack of conventional formwork system. 

 

For the purpose of discussing the new technologies or techniques having concrete as the 

main construction material, they are collectively identified as Digital Fabrication with 

Concrete (DFC). However, since the characteristics of DFC are quite different from those 

of conventional fabrication techniques, it is necessary to reconstruct and reorganize the 

manufacturing, product material design, manufacturing process, assembly in a structural 

system and performance evaluation of the final product starting from building components 

up to full-scale houses. In concrete constructions a key point is that traditional cementitious 
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materials have insufficient tensile capacity and ductility and for this reason their 

implementation is made possible in combination with tensile reinforcement. Reinforcement 

concepts and principles implemented in conventional concrete constructions are not 

generally applicable to DFC. Therefore, a rethinking of the fundamental concepts of 

reinforcement technology, dimensioning and detailing is required in order to open the way 

for market applications of digitally fabricated concrete structures. The analysis of the first 

part of the state of the art will focus on an in-depth description of Digital Fabrication with 

Concrete (DFC). Starting from the combination with the conventional reinforcement 

method and the application of DFC with integrated reinforcement in various ongoing 

research activities, up to outline the technical challenges and economic-environmental 

potential. In the second part, Fiber Reinforced Concrete (FRC) will be treated in its 

properties, current legislation and the various experiences and researches that have 

highlighted the peculiarities of the use of this material. Finally, the possibility of orienting 

the fibers through rheology or the magnetic field by introducing the application of 3D-

printing in the thesis experience will be discussed. 

 

2.2 Digital Fabrication with Concrete (DFC) 

 

Talking about Digital Fabrication with Concrete (DFC) it is crucial to recognize that 

replicating existing schemes into new technologies can be potentially detrimental for the 

economy of the new technology as well as structural performance and construction speed. 

Therefore, it is interesting to investigate how digital fabrication can improve the 

performance of concrete construction and define new design criteria appropriate for each 

specific DFC technique. In order to classify the criteria, it will be necessary to expose the 

advantages and disadvantages of current reinforcement technologies. Nowadays, the 

legislation requires using a “minimum reinforcement” inside the concrete. This is due to 

two main factors: the tensile strength, roughly equal to 10% of the compression strength, 

that is neglected during structural calculations, and the shrinkage phenomenon, which 

involves not negligible initial stresses. In addition, reinforcement avoids brittle failures at 

cracking, ensure sufficiently ductile behavior to enable stress redistribution (concerning 

bearing capacity), limit deformations and crack widths under service conditions and thus 



 
5 

 

contribute to provide the required durability. Conventional reinforcement can be 

categorized as internal or external, metallic or non-metallic, and passive or prestressed 

(active). With the use of steel bars, yield strengths of 450-500 MPa are achieved, while high 

strength steel wires or strands are typically used as prestressed reinforcement, with tensile 

strengths in the order of 1500–1800 MPa. Over the last decades, the use of fibers replacing 

or complementing conventional reinforcement has become more frequent. However, 

compared to conventional reinforced concrete (RC), fibre reinforced concrete (FRC) is 

limited in terms of strength and, more importantly, of ductility. Ultra-high-performance 

fibre reinforced concretes (UHPFRC) represent the cutting edge in terms of achievable 

strain hardening post-cracking behaviour, but its use is so far restricted to special, typically 

precast applications due to the elevated costs and complex handling on site. The 

technological development, in terms of effective fibre incorporation in the cementitious 

matrices, has mainly considered the control of distribution and orientation of fibers in the 

fresh and hardened material. Given that this technological aspect might be difficult to 

control in many on-site situations, the use of FRC has been typically limited to applications 

with no primary structural function such as industrial floors. In addition to the mechanical 

and technological limitations related to the FRC material itself, the major barrier to the 

widespread use of FRCs in structural applications is the limited coverage of methodology 

and applications in design codes, only recent fib Model Code 2010 has provided the first 

consistent set of design rules applicable to this category of advanced cement based 

materials. 

In terms of reinforcement installation, available methods are coupled with conventional 

concrete casting processes, either for in situ or prefabricated reinforced concrete structures. 

At casting, the concrete is filled into the formwork from top to bottom in layers, being 

compacted using immersion vibrators or vibrating tables.  

In recent decades, self-compacting concrete (SCC) which does not require vibration for its 

consolidation has found a more widespread application, especially in the use of elements 

with a large amount of reinforcement. After this general overview of conventional 

techniques typically adopted, it is evident that the fundamental mechanical behavior of 

digitally fabricated RC elements will not differ from conventionally built RC.  Moreover, 

the design methods based on mechanical models are applicable to additively manufactured 

elements, as well provided that the models are enhanced to account for fabrication method-
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specific effects (anisotropy, shape-related mechanical effects, and weak layers). However, 

many current design provisions are based on semi-empirical models, calibrated on 

experimental testing of traditional RC elements. Such models need to be revised and adapted 

to fit the mechanical performance of digitally fabricated elements, or even abandoned for 

some technologies since empirical models will never be able to cover the entire range of 

complex geometries achievable by digital fabrication. Below are listed several ongoing 

research activities related to DFC with integrated reinforcement. 

 

2.2.1 Smart dynamic casting 

 

Smart Dynamic Casting (SDC) is a robotic prefabrication technique for non-standard 

concrete structures developed at ETH Zurich that extends the slip-forming technology using 

either a free slipping trajectory (Fig. 1) or flexible actuated formworks to produce variable 

cross sections and geometries (Fig. 2 and 3). SDC technology allows the digital fabrication 

of complex column structures in a continuous casting process with similar mechanical 

performances as conventionally built structures, even in cases where reinforcement is 

required. Hence, this is an example of a DFC process in which the reinforcement issue can 

be addressed by standard technologies and design processes, following similar lines as in 

conventional construction. Currently, the reinforcement integrated in the SDC technique is 

fabricated before concrete casting using three-dimensional numerically controlled bending 

processes, which allow applying standard and inexpensive deformed steel bars to complex 

digitally fabricated structures. This technology has been used for the production of a large 

number of variable cross-section 3 m tall mullions for the DFAB HOUSE in the NEST 

building at Empa in Dübendorf, Switzerland. In this application, the architectural design 

concept required a variable spacing between the mullions, leading to different structural 

requirements for each mullion, including transverse loading by wind pressure and suction. 
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Figure 1, 2 and 3  – Different uses of slip-forming technology 

 

2.2.2 Mesh mould 

Mesh Mould (MM) is also a digital fabrication technique developed at ETH Zurich, in which 

the reinforcement and formwork production are unified in a robotically controlled system. 

In MM, an industrial robot (“in-situ fabricator”) equipped with a specially designed end-

effector automatically fabricates on site a dense, three-dimensional welded reinforcement 

mesh (Fig. 4), currently designed using conventional structural concrete design 

specifications. This double side fine mesh is infilled with a special concrete mix that 

achieves sufficient compaction without flowing out the mesh and is subsequently finished 

with a cover layer to serve as a freeform RC structural element. An analogy could be made 

with ferrocement technology conceived and promoted by Pier Luigi Nervi, in which 

optimum complex structural shapes can be produced without formwork. As in the SDC 

technique, concrete is continuously cast in the core of the MM structure, reducing the 

potential layering issues inherent to other digital fabrication processes. MM uses 

conventional deformed bars in the mesh production with a grid spacing of around 40 mm, 

currently limited to 6mm and 4.5mm diameter respectively in each direction because of the 

bending, cutting and welding capabilities of the end effector. The mesh spacing varies 

depending on the mechanical requirements and the local curvature. The use of FRC to infill 
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the mesh is a complementary reinforcement that has been proven to enhance the strength of 

MM elements and reduces concrete flow out of the mesh. 

 

 

Figure 4  – Production of 14m long mesh for a double curved load bearing wall for the DFAB HOUSE, NEST 

building at Empa in Dübendorf, Switzerland 

2.2.3 External reinforcement arrangement 

 

The main scope of the external reinforcement arrangement approach is the manufacturing 

of steel rebar/tendon reinforced concrete (RC) members using DFC technology of concrete 

without interfering with reinforcement during fabrication. The approach is based on the idea 

that a RC member beam can be ideally cut into several “segments” which are printed 

separately using a specific digital fabrication technology for concrete and, in a second stage, 

assembled with a steel reinforcing system to create the final structural element. Each 

concrete segment of the structural member can be manufactured through the width direction 

or longitudinal axis of the member itself. Once the number and dimensions of segments are 

defined, each concrete segment can be designed to accomplish weight reduction targets and 

proper mechanical performances related to the internal forces acting on the structural 

element. To this end, concrete segments can be topologically optimized with a number of 

voids, to save material while still guaranteeing the required mechanical performances. In 

addition, functional voids can be foreseen before the printing process, that can be used as 
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specific geometrical detail to accommodate sensors or tendons. The DFC technological 

strategy consists in printing several concrete segments, each one designed according to a 

specific mechanical model to resist variable bending moments and shear forces. Besides the 

printing stage, this approach requires the beam segments to be designed in an integrated 

manner with the reinforcement system in order to guarantee proper tensile reinforcement 

and to lock the segments in a single continuous element. Following an example of 

reinforcement scheme adopted in the prototypes presented by Asprone et al. [1] which 

consists in two separate external steel reinforcing layers installed on both sides of the beams 

connected each other through orthogonal threated rods (Fig. 5). The latter are positioned 

into the holes of each concrete segment and secured with a high strength low-viscosity 

cement-based mortar. Asprone implemented, as one of the possible mechanical optimization 

strategies, the classical strut-and-tie model for the design of a straight 3.0 m long RC beam 

characterized by a rectangular cross-section having 0,20m and 0,45m of width and height, 

respectively (Fig. 6). 

 

   

Figure 5 and 6  – On the left external steel reinforcement connection details and on the right variable cross-

section RC beams obtained through the DFC technique of external reinforcement arrangement.  
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If prestressing external reinforcement is used, strategies and detail solutions known from 

conventional externally prestressed structures, particularly precast segmental bridges, can 

be applied, paying specific attention to creep and shrinkage behaviour. Following the same 

structural design principle, a real scale example is the pedestrian and bicycle bridge 

developed at the Eindhoven University of Technology, which was recently placed in 

Gemert, the Netherlands. It is constructed from 6 segments, printed to a height of 99 cm 

each. After printing, the segments were rotated by 90°, positioned next to each other and 

connected by post-tensioned prestressing tendons that were anchored in conventional cast 

blocks. An epoxy adhesive was applied to the seams. 

 

2.2.4 3D printed concrete formworks 

 

In a limited number of projects, a different strategy has been adopted, for example the 3D 

printed concrete as lost formwork for conventional reinforced concrete. In this case, DFC is 

unreinforced, typically not structurally active and the reinforcement is placed during 

manufacturing in a “passive” way. The inclusion of passive reinforcement using 

conventional steel elements represents a more straightforward approach than the above-

described technologies. This approach has been combined with several DFC techniques 

currently available on the market. A typical representative example is the production of RC 

walls using contour crafting technique in which custom-made reinforcement ties are 

manually inserted between layers with a spacing of 30 cm and 13 cm in the horizontal and 

vertical direction, respectively. Even though this approach allows for an easy and, probably, 

cost-effective implementation of reinforcement, some limitations appear to be not negligible 

from the structural design point of view. Indeed, one of these concerns about the interface 

between printed and cast concrete, structural efficiency, and flexibility. These aspects 

restrict the range of structural applications to those characterized by simple loading 

conditions or, in general, to those not requiring complex resistant mechanisms, such as the 

production of vertical elements subjected to compression loads. 
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Figure 7  – Digital manufacturing of a free-shaped wall-like concrete bench using the ‘Concrete Printing’ 

approach 

2.2.5 Printable fibre reinforced concrete 

The addition of fibres to the 3D printable concrete matrix is an obvious solution strategy 

that has been explored on a very small scale by Hambach and Volkmer [2], who added 3–

6mm basalt, glass and carbon fibres to a printable mixture, and Panda [3], who compared 

glass fibres of different lengths (3, 6 and 8 mm) and varying the volume percentage of fibres 

(vol%).  The studies reported a significant increase in flexural tensile strength as well as an 

orientation effect of the fibres in the direction of the filament flow. 

2.2.6 3D construction printing with directly entrained reinforcement cable 

The most advanced concept currently under development at the Eindhoven University of 

Technology, is the direct in-print entrainment of reinforcement cable into the concrete 

filament during printing. This concept builds on an idea presented by Khoshnevis [4] that 

included a reinforcement wire coil that would not only provide longitudinal tensile strength, 

but also ductility though the layer interfaces, as half of the coil sticks out of the preceding 

layer.In this concept, the reinforcement cable should be sufficiently strong and ductile, but 

also highly flexible to allow it to follow all 3D freeform lines that can be produced with the 

concrete filament. High strength steel cables for synchronous belts provide such a 

combination of properties (Fig. 8). Several experiments have been conducted, using 3 types 

of cable (A, B and C) with ultimate tensile loads of Fuk =420, 1190, and 1925 N, 

respectively, and diameters ranging from 0.63 to 1.20 mm, from which significant ductility 

could be achieved. 

 



 
12 

 

 

Figure 8  – Printing with the Reinforcement Entraining Device (RED) to introduce a steel cable into the 

concrete layer 

 

In a more extensive subsequent study Bos [5], the pull-out behaviour of the cables in cast 

and printed concrete was investigated (Fig. 9). The bond strength in cast concrete was 1.5 

to 3 times higher than in printed concrete. The bond in printed concrete was towards the 

lower bound of what would be expected from smooth conventional reinforcement bars. 

From the results, anchorage lengths were calculated, and dedicated series of beams were 

designed so that the ultimate failure moment should exceed the cracking moment, Mu > Mcr. 

The tests on the cable beams, nonetheless, confirmed the applicability of common 

calculation methods for RC. The variability of the bond behaviour between cables and the 

concrete matrix highlighted the major role of the production conditions for the effective 

implementation of this technique, including contour length, drying stage, self-weight of the 

structural build up, concrete matrix compaction, and geometry effects. The effective control 

of these process-related aspects is required to achieve the successful scale up of structural 

elements manufactured with 3DCP using directly entrained reinforcement cable. 
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Figure 9  – Pull-out test on concrete with embedded reinforcement cable: on the left experimental set-up with 

printed specimen; on the right comparison of average bond strengths in cast and printed concrete for 3 types 

of cables 

2.2.7 Technical challenges 

A major current obstacle to a broad application of 3D printing in construction industries is 

the very limited material palette currently available in practice. Many current showcases are 

not based on high-quality materials required to reach a reasonable service live in natural or 

industrial exposure conditions. When checking material performance in some showcases in 

more detail, striking insufficient performance can sometimes be noticed. Moreover, the 

issue of appropriate curing of 3D printed elements or structures, in the absence of formwork 

from the beginning, remains a technical challenge requiring further optimization. Intense 

work on admixture development to get the desired material performance has been done 

recently. Hence, the detailed control of rheological properties and the constantly evolving 

technology allow to develop a structural improvement of the building element. Although 

these developments are promising and have already been implemented on the field, they are 

quite sensitive to the physical and chemical composition of the mix. A change in the cement 

type, or aggregate nature might require a new adaptation of the concrete mix design and 

admixture type. However, a more robust approach is to actively control material rheology 

and stiffening in real time during production, as currently studied in the ERC Advanced 
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Grant ‘SmartCast’ project [7]. The main objective of ‘SmartCast’ is to develop concrete with 

actively controllable rheology and stiffening, in order to automate and optimize concrete 

casting operations. While 3D printing is offering a totally new production method, 

fundamental scientific knowledge on cementitious materials is not becoming outdated. On 

the contrary, it will even become more important in view of correctly understanding the 

consequences of the different production conditions compared to traditional formwork-

based casting operations. Bulk material properties will follow the same fundamental 

material laws. However, in a 3D printed structure or element, the role of interfaces will 

become increasingly important. Between successive layers, an interface zone is present, 

with properties depending on time delay between deposition of layers.  These interfaces will 

influence the mechanical performance, most prominently the bond behaviour, as well as 

transport and durability behaviours. The anisotropic nature of 3D printed concrete is 

challenging current approaches for structural and durability design, as well as current 

practices for performance testing [8]. Current structural and durability design codes consider 

the concrete as a homogeneous material. For 3D printed concrete elements, this is no longer 

the case, due to the layered concept with more porous and weaker interfaces, and anisotropic 

behaviour. In summary, in case of 3D printed concrete based on the principle of additive 

manufacturing, current structural and durability design codes will have to be revised to 

consider the anisotropic behaviour.  In addition, current concepts of compliance control or 

performance testing will also require updating. On the short term, the lack of appropriate 

design codes and performance testing protocols will hinder the breakthrough of digital 

manufacturing in concrete industry. Finally, added functionality can also be achieved by 

DFC through purposeful choice of material used, e.g. cementitious materials with very low 

thermal conductivity such as LWAC, foam concrete, concrete with wood as additive (see 

Fig. 10) and thermally activated concrete. In future settings, the smart deposition of 

materials with particular mechanical properties could also include options for internal curior 

self-healing where needed. Use of multiple materials, each responsible for specific function 

such as compression load-bearing, tensile load-bearing and insulation has been 

demonstrated and is envisioned to offer plethora of opportunities to digitally fabricate smart 

structures. Multi-material structures with load bearing concrete as outer shell and insulating 

material as infill are also envisioned to reach marketability with DFC in near future. 

However, this fine intermixing of different materials raise the question of recyclability [9]. 
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Whether multi-functionality should be achieved through a hybridization at the material level 

or at structural level is a fundamental question for the environmental performance of the 

final building element. 

 

 

Figure 10  – 3D printed LWC with wood as filler 

2.2.8 Economic potential 

 

Construction industry in European Union constitutes 9.7% of the gross domestic product 

and provides 6.6% of Europe's total employment [10]. Currently, developed countries suffer 

from stagnating or in fact in some countries decreasing productivity. The causes are 

numerous and include factors such as the resistance to introduce changes in a highly 

traditional sector, low industrialization of construction processes, poor collaboration and 

data interoperability, and high levels of turnover, which make it difficult to implement new 

methods. In general, the conservative construction industry invests relatively little in 

research and development. This holds true also for countries with very good economic 

situation. Relatively low profit margins for construction companies could be the primary 

reason for this [11]. As a consequence, construction processes have almost not changed 

during the past decades. The revolutionary potential of DFC offers a logical evolution from 

the already well developed Computer Aided Design (CAD) tools to automated construction, 

thus making construction a fully digitalized process. A reduction of construction times and 

the improvement of the quality and cost by the integration of digital design and construction 

activities can significantly increase the productivity of the sector [12]. Digitalization of 

processes ranging from design to fabrication may also reduce the potential for errors and 



 
16 

 

aid enhanced management of the construction process. Digital data managed through 

Building Information Management (BIM) will be fully utilized from planning to production 

and even further to maintenance, rehabilitation and recycling. A recent study developed by 

García de Soto et al. [15] investigated the effects of DFC on productivity by analyzing the 

cost and time required for the construction of a robotically-fabricated concrete wall with 

different degrees of shape complexity. The results of the analysis demonstrated that additive 

digital fabrication provides higher productivity over conventional construction when 

complex concrete structures are built. It has been shown that there is no additional cost 

derived from robotic fabrication if the complexity of the wall geometry increases. For 

placing concrete, especially the ready-mix type, formworks are commonly needed. The use 

of formworks leads to high material, labor and machinery costs. Formwork costs amount up 

to 28 % according to Schmitt [13] but can be in some cases half of total concrete structure 

cost. In addition, usage of formworks results in considerable time delays and negative 

environmental impact. The problematic role of formwork is even more significant in case 

of constructing unique objects or complex structures, where the use of formwork is on the 

one hand challenging and on the other hand expensive plus time-consuming. In case of DFC, 

with help of guaranteed rheological properties and control of their evolution in time, placed 

cementitious material can retain its shape without any formwork. This can lead to substantial 

cost reduction. Furthermore, almost-unlimited geometrical freedom enabled by DFC also 

provides the potential that costs in case of complex structures will not increase or even 

decrease in comparison to the conventional construction. In other words, the costs of 

structures manufactured by means of DFC are expected to become largely complexity 

independent. Subjected to qualitative scrutiny, the four broad components of any 

construction process are: 

▪ labor; 

▪ machinery; 

▪ material; 

▪ design and planning costs (3D models, BIM). 

 

In case of DFC, total labor costs will be significantly lower than that of conventional 

construction [14]. The costs of machinery, in principal, depend on the DFC approach and the 

applied techniques. Three major sub-processes can be identified in all DFC technologies: 
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▪ transporting material to the print-head; 

▪ precise positioning of the print-head; 

▪ extrusion or activation of parts of the desired structure’s component. 

 

Machinery used for these sub-processes varies depending on DFC technique and so are the 

costs. In a different perspective, the machinery used for DFC can be categorized into 

unconventional construction equipment (UCE) and conventional construction equipment 

(CCE). The more CCEs are incorporated into machinery of DFC sub-processes the faster 

will be the industrial acceptance, the lower will be the total costs of DFC and the higher will 

be the sustainability. On the one hand, the material costs for DFC can be lower than those 

of conventional construction due to topology optimization, avoidance of over-engineering 

and waste material reduction. On the other hand, they could also be higher in case of DFC 

due to utilization of expensive, very fine additions such as nano-clay, nano-silica and special 

chemical admixtures. The costs for the final design and planning, which includes 3D 

modelling BIM are expected to gradually decrease considering the advancements in related 

fields. This decrease in costs is particularly likely in case of large-scale implementation. 

The high reusability of digital data will eventually render the costs for planning in case of 

DFC negligible in comparison with conventional construction. However, based on a real 

scale DFC wall constructed in the NEST building (Switzerland), García de Soto et al. [15] 

estimated the cost structure of this case study. Specifically, the study compared the cost 

structure of straight and double-curved reinforced concrete walls constructed with robotic 

fabrication techniques and conventionally. The allocation of the different costs for the 

different wall types and construction methods is shown in fig.11. It can be observed that the 

main variations occur in the construction of the conventional concrete walls, and they are 

caused by the high cost of the formwork needed for double-curved walls. The relative cost 

of materials is more than tripled when building the complex wall in the conventional way. 

In contrast, the variations between straight and double-curved robotically fabricated 

concrete walls are negligible. Therefore, this analysis shows that the cost structure of DFC 

processes differs significantly when compared to conventional construction. 
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Figure 11  – Allocation of labor, material and equipment costs for different types of concrete wall 

construction. (Based on García de Soto [15]) 

 

DFC, like other revolutionary innovations, will change the stakeholders in the construction 

sector. I-Tech companies will have a pronounced role by using BIM and other digital tools 

as a primary aspect. Furthermore, new start-ups and existing robotic and automation 

companies potentially enter and become large stakeholders in DFC. The inevitable 

changes for the personnel with emergence of DFC are also noteworthy. The 

implementation of digital fabrication in the construction sector will potentially affect the 

simplest and repetitive manual tasks. As a result, the less qualified jobs may be automated. 

The number of low-skilled workers will potentially decrease in favour of an increase of 

high-skilled specialized workers. As a result, highly skilled robotics, programming and 

concrete technology experts will be the backbone of DFC. Fig. 12 illustrates a simplified 

representation of the potential evolution of the construction workflow due to the 

implementation of digital fabrication. In a short term phase or “digitalization” phase, it is 

expected a partial implementation of digital technologies in construction. During the 

design phase, the engineering knowledge is embedded in a central software allowing the 

architect to use this knowledge to design the building. During the construction process, a 

digital fabrication specialist takes control of the on-site robotic fabrication, extending 

his/her design knowledge to the construction process. Consequently, the number of on-site 

conventional construction tasks decreases, and also the construction workers intended for 

them. The conventional role of designers and project managers will potentially evolve to a 

consultant, co-creator and collaborator, making digital fabrication technologies accessible 

to users and helping them during the construction process. Related research in other fields 

such as presented the role of the designer as a communication facilitator between users 

and technology developers in a multidisciplinary team, understanding their needs and 

sharing technological possibilities. 



 
19 

 

 

Figure 12 – Evolution of the construction workflow derived from the digitalization of the 

construction industry, including current, short-term and long-term state [15] 

2.2.9 Environmental potential 

The construction sector is responsible for high environmental impacts worldwide, such as 

40% energy consumption, 40% solid waste generation, 38% GHG emissions and 12% 

water depletion [16]. Society's increasing concern about sustainability is inducing the 

emergence of innovative construction processes to overcome the high environmental 

impacts caused by traditional construction. Additive manufacturing processes have been 

associated with a cost-effective fabrication that lowers energy use, resource demands and 

CO2 emissions over the product life cycle. As the interest in 3D printing grows, potential 

large-scale applications are emerging in construction. According to Labonnote [17], 

additive construction processes highlight a significant potential to reduce material though 

topology optimization, produce complex geometries without supporting structures and 

integrate multi-functionality in building elements, which is not possible with conventional 

construction techniques. However, in order to achieve a recognizably sustainable 
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construction process, life-cycle assessments (LCA) must be performed to guide the design 

of 3D printed structures. Agustí-Juan and Habert [18] performed an environmental 

evaluation of larger process where three digitally fabricated building elements and their 

comparison with conventional construction were studied. The results of the evaluation 

highlighted the low relative impact of the digital construction process compared to the 

impact of building materials production. Looking specifically at additive manufacturing 

with concrete materials, Agustí-Juan showed that the production of robotic arm, the 

production and recycling of the lithium batteries used to operate the robots as well as the 

electricity demand during the fabrication contribute marginally to the overall 

environmental impact of a digitally fabricated wall. Moreover, the analysis confirmed that 

most of the impacts come from the amount and type of building materials used. These 

results are not surprising as in conventional construction, published studies have already 

shown that the construction phase has a very small contribution to the life-cycle impact of 

buildings. Specifically, Hong et al. [19] and Junnila et al. [20] showed that direct emissions 

derived from on-site construction account for approximately 2% of the overall life cycle 

emissions. Recent developments in computer-aided design and additive fabrication in 

architecture demonstrate strong potential to construct customized complex structures. 

However, a gap has emerged between the possibilities offered by architectural design and 

the reality of the building industry. Non-standard geometries in construction require the 

planning and fabrication of complex and labour-intensive rebar geometries and formworks 

that are not easy to fabricate with current construction techniques. As a result, 

architectural design is often constrained to standard geometries to reduce costs and enable 

the reuse of formworks, especially in concrete construction. According to Labonnote and 

Rüther [21], additive construction processes offer the possibility to produce non-standard 

geometries at no additional cost. The more complex the structure, the more profitable the 

use of additive construction. In contrast, additive manufacturing technologies could be less 

cost-effective for standard construction. Focusing specifically on digital concrete, Agustí-

Juan [22] analyzed the environmental performance of reinforced concrete walls with 

different levels of complexity constructed with additive robotic fabrication techniques and 

compared them with similar structures that would have been built with conventional 

techniques. The results of the environmental evaluation confirmed that digital fabrication 

brings high environmental benefits compared to conventional construction for structures 

with a high degree of shape complexity. As shown in Fig. 13, the environmental impact of 

the digitally fabricated wall does not grow with the uniqueness and complexity of the 

architectural geometry. Additional shape complexity is achieved without additional 

environmental costs, so the potential benefit of digital fabrication increases proportionally 

to the degree of complexity of the architectural geometry. Digital fabrication can facilitate 

the production of elements with higher shape complexity without increasing the 

environmental costs. This statement contradicts what is usually observed in conventional 

construction, where increasing complexity leads to a higher use of resources, construction 

waste and delays in the construction process [23]. 
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Figure 13 – Complexity related environmental advantage of digital fabrication vs. conventional 

construction. The environmental impact is expressed by the percentage of Global Warming 

Potential (kg CO2) per m2 of concrete wall (based on Agustí-Juan [22]) 

 

 

 

Novel computational approaches integrate structural optimization in form-finding design, 

offering new possibilities of formal expression and addressing resource efficiency in 

architecture [24], see Fig. 14. Several publications have pointed out the potential of additive 

construction techniques to reduce the use of material through structural optimization. For 

instance, Wangler [25] expected high sustainable benefits due to a more efficient design 

achieved by placing material only where it is structurally needed. Labonnote [17] and Hack 
[26] specified the potential of structurally optimized nonstandard geometries to bring 

material savings and weight reduction in load bearing applications. However, the 

production and optimization of complex concrete structures through digital fabrication 

methods often relies on high contents of cement. High-performance concrete ensures early 

strength and buildability without the need for coarse aggregates, the use of which is 

limited when thin structures such as the one usually manufactured by 3D printing are 

produced. As the environmental impact per cubic meter of concrete increases by 

augmenting cement content, the volume reduction must be even more effective [27]. 

 

 

Figure 14 – Complexity related material optimization using computational structural analysis 
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The second strategy to efficiently use the benefit of a higher complexity without additional 

cost is to use complex forms to achieve multifunctionality (Fig. 15). Published literature 

on additive manufacturing applied to construction agree indeed on the potential of digital 

technologies to facilitate the integration of multi-functionality in building elements [28]. 

One can distinguish two cases. First, the integration of services such as piping, insulation 

or electrical facilities in the structure often requires complex geometries. Second, the 

complex structure can provide a secondary function through its shape, which will save an 

additional building component that would have provided this function. Integrated design 

can save building materials during production, associated with reductions in costs and 

environmental impacts. Nevertheless, environmental emissions are not just produced 

during the construction phase but also during the service life and a functional 

hybridization may increase the difficulty of retrofitting a building during its life cycle and 

increase replacement rates for building elements. The design of hybrid structures should 

be flexible enough to enable maintenance of certain components without influencing the 

service life of the whole element. Moreover, the functions integrated should be carefully 

chosen to avoid functions with a too short service life associated in elements that will have 

to last long. A reduction in the lifetime of the structure would result in high replacement 

rates, which increase life-cycle impacts. 

 

 

Figure 15 – Complexity related material optimization through functional hybridization 

 

2.3 Methods and reinforcement in the 3D printed concrete 

3D construction uses additive manufacturing techniques, which means objects are 

constructed by adding layers of material.  Conventional approaches to construction involve 

casting concrete into a mould. But additive construction combines digital technology and 

new insights from materials technology to allow free-form construction without the use of 

formwork. Eliminating the cost of formwork is the major economic driver of 3D concrete 

printing. Built using materials such as timber, formwork accounts for about 60% of the total 

cost of concrete construction. It’s also a significant source of waste, given that it is discarded 
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sooner or later. According to a 2011 study by Oluwafemi O. Omotayo, Samuel Lambe 

Akingbonmire [29], the construction industry generates 80% of total worldwide waste. 

Pouring concrete into formwork also limits the creativity of architects to build unique 

shapes, unless very high costs are paid for bespoke formwork. Free-form additive 

construction could enhance architectural expression. The cost of producing a structural 

component would not be tied to the shape, so construction could be freed from the 

rectangular designs that are so familiar in current building architecture. One of the most 

promising methods of concrete 3D printing is called Contour Crafting (CC) and has been 

developed at the University of Southern California, USA. This technology uses the 

extrusion-based technique to extrude two layers of cementitious mixture to build a vertical 

concrete formwork. Custom-made reinforcement ties are manually inserted between layers 

(at every 30 cm horizontally and 13 cm vertically) while the CC machine is constantly 

extruding the layers. Trowel-like fins are attached to the print head to create smooth 

extruded surfaces. Once the extruded formwork is completed, concrete is then manually 

poured to a height of 13 cm and a second batch is poured on top of the first batch after one 

hour. A one-hour delay batch is to control the lateral pressure of the concrete by allowing it 

to partially cure and harden. A concrete wall form fabricated by the CC machine is shown 

in the following figure.  

 

 

Figure 16 – A concrete wall form fabricated by the CC machine with custom-made reinforcement 

ties manually inserted between layers[30] 

 

The chief advantages of the CC technology are the superior surface finish and the greatly 

enhanced speed of fabrication. Other key advantage of CC is possibility of integration 

with other robotics methods for installing internal components such as pipes, electrical 
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conductors, and reinforcement modules to enhance mechanical property. The CC 

technology currently produces vertical elements largely in compression. When a doorway 

or window is required a lintel is placed to bridge the gap and the wall can be placed above.  

 

Therefore, it avoids the cantilever problem. Gosselin et al. [30] reported the following 

drawbacks for the CC technology: 

▪ this technology is limited to vertical extrusion, hence yielding 2.5D topologies (vertical 

extension of a planar shape); 

▪ the initial formwork and trowel system can be rather complex to implement for 

production, depending on the size and shape of the object being printed; 

▪ the interrupted sequential casting of concrete within the formwork due to hydrostatic 

pressure and weak mechanical properties of the extruded concrete may result in 

weakened interfacial zones between the layers 

Another technology using the concrete as a building material is the "Concrete Printing 

technology" developed by a team at Loughborough University in the United Kingdom. This 

technology also uses the extrusion-based technique and to some extent is similar to the CC 

technology. However, the Concrete Printing technology has been developed to retain 3D 

freedom and has a smaller resolution of deposition, which allows for greater control of 

internal and external geometries. In addition, the material used in Concrete Printing is a 

high-performance fiber-reinforced fine aggregate concrete, resulting in superior material 

properties to those obtained in the CC technology.  

 

Figure 17 – A full scale bench fabricated by the Concrete Printing with functional voids and 

posttensioned reinforcement [31] 
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The figure above shows a full-scale bench fabricated using Concrete Printing. The bench 

was 2 m long, 0.9 m maximum width and 0.8 m high and comprised of 128 layers of 6 mm 

thickness. The bench includes 12 voids that minimize weight, and could be utilized as 

acoustic structure, thermal insulation, and/or path for other building services. The bench 

also demonstrates a reinforcement strategy where carefully designed voids form conduits 

for post placement of reinforcement. Concrete Printing requires additional support to create 

overhangs and other freeform features. It uses a second material, in a similar manner to the 

FDM method. The disadvantage of this process is that an additional deposition device is 

needed for the second material resulting in more maintenance, cleaning and control 

instructions and the secondary structure must be cleaned away in a post processing 

operation.  Exploiting the technologies explained above a Smart Slab [31], a fiber-reinforced 

concrete ceiling involving the technology of Digital Fabrication with Concrete (DFC) and 

the efficiency of robotics  was constructed with 3D sand printing technique. The Smart Slab 

is part of the DFAB HOUSE, a collaborative demonstrator of the NCCR Digital Fabrication 

for the NEST building of Empa and Eawag. The Smart Slab is at the core of the 

demonstrator, resting on the double-curved mesh mould wall and supporting the two-story 

robotically-assembled timber units above.  In addition, on the perimeter, it interfaces with 

the 15 Smart Dynamic Casting facade mullions. The Smart Slab is a 78-square-meter 

prestressed concrete slab discretized into eleven 7.4 metre long segments. Each segment is 

unique and prefabricated with special interface features which facilitate on-site connection 

through post-tensioning tendons. The geometry of the Smart Slab is structurally optimized 

for its challenging load-case, involving cantilevers of up to 4.5 meters. The material is 

distributed in a hierarchical grid of curved ribs, which vary between 30 and 60 cm in depth. 

In addition to this, the interstitial surfaces stabilize the grid and are only 1.5 cm thick.  

Consequently, the slab only weighs 15 tonnes, almost 70% less in comparison to a 

conventional solid concrete slab. The Smart Slab is a fully functional structural element 

which showcases an exquisite digitally designed geometry, with a deeply folded surface and 

millimeter-precise details.  The computational design process uses the structural grid as a 

starting point to generate a basic mesh geometry with several dozen faces. After several 

iterations of selective subdivision sequences and parametric smoothing based on the relative 

position of the vertices within the slab, the articulated final surface is defined with around 

13 million mesh faces. 3D printing is used for the most resource-intensive process in 
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concrete construction: fabricating the formwork. Beyond economic benefits, 3D printing 

enables several types of geometric features which are a significant challenge for other 

fabrication methods. Undercuts, sharp inner edges and micro-structures are difficult to 

achieve with CNC milling or hot-wire-cutting. Therefore, for the formwork of the Smart 

Slab, different 3D printing technologies were used to efficiently take advantage of their 

unique capabilities. Binder jetting was used for the most part, while fused filament 

deposition was used for locally integrating building services within the slab. 

 

 

Figure 18 – Post-processing of the 3D printed formwork parts. Unconsolidated sand particles are being 

removed from the print bed 

 

 

Figure 19 – complex shape of the ceiling obtained with 3D printing 
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Supplementary, laser-cut plywood formwork panels were integrated to define the geometry 

of the upstand ribs. This is because the upstand ribs only contain flat surfaces which do not 

require the high-resolution of 3D printing. This extensive and tolerance-free fabrication 

freedom for concrete has further applications, beyond the new and radically expressive 

aesthetic. It enables the perfect integration of the complete suite of building services and 

structural features necessary for a working building.  

 

2.4 Fiber Reinforced Concrete (FRC) 

2.4.1 Introduction 

In recent years, several studies have been devoted to investigate the behavior of fiber-

reinforced materials consisting of a continuous matrix and fibers that are appropriately 

dispersed inside it. A particular interest in the field of civil engineering was aimed to steel 

fiber reinforced concrete. The idea of reinforcing brittle materials using short fibers 

distributed randomly to improve their physical and chemical properties dates back to ancient 

times. The invention of composite materials with added fibers is to be attributed to the 

Egyptians (5000-3000 BC) who used crumbled straws drowned in bricks. Also, the Mayans 

(around 2,000 BC) put fibers in their ceramics to prevent cracking when the clay was 

quickly dried in the sun. Nevertheless, one has to go as far as the mid-1900s to talk about 

composites with the current meaning. Composites consisting of metallic or polymeric fiber-

reinforced matrices were the ones that have been the most studied and applied in a wide 

field ranging from aerospace structures to sports equipment. From the ‘50s and ’60s to the 

present day, new composite materials have been studied, with greater interest, for 

applications in the civil engineering field: among these are cement-based composites. The 

research conducted by Romualdi, Batson and Mandel [31] in the late 1950s and early 1960s 

is fundamental and marked as the beginning of the studies related to the behavior of these 

composites. Fiber reinforced concrete is a composite material consisting of a cementitious 

matrix (hydraulic cement, aggregates, possibly with pozzolan and chemical additives 

commonly used in conventional concrete) and a dispersed fiber reinforcement. The 

application of fiber-reinforced concrete to primary structural elements subjected to bending, 

shear and torsion can be very useful. Indeed, cementitious materials such as concrete and 
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mortar are brittle and are characterized by an intrinsic weakness in tensile strength. The 

addition of steel fibers, then increases ductility and crack propagation  resistance improving 

the fatigue behaviour and energy absorption capacity. The incorporation of fibers helps to 

improve the response of the concrete after cracking by bridging the cracks, reducing their 

width and resisting their opening. The behavior of fiber-reinforced concrete is governed by 

the following factors: 

▪ fiber content; 

▪ fiber geometry; 

▪ bond between fibers and matrix. 

 

2.4.2 Effect of dosage in Fiber Reinforced Concrete (FRC) 

In fiber-reinforced concrete, the increases are not only of the maximum tension reached, 

but rather there are behaviours that result in a better fracture toughness, understood as 

deformation work to reach the breaking of matter, of ductility, of resistance to fatigue 

shock absorption, the ability to withstand loads after cracking, increased wear resistance 

and durability. The material behaves differently depending on the variation of the type of 

matrix, but also and above all based on the type of fibers used in the mixture and their 

dosage. Depending on the dosage, in fact, two kinds of behavior of the material can be 

obtained with the presence and formation of a single crack, Fig. 22 (a), or with high doses 

of fibers, it is possible to check for a hardening behavior with the formation of multiple 

cracks, Fig. 2.7 (b) [32]. Normally the behavior (a) occurs when there is a percentage of 

fibers that is less than 2% in volume, while exceeding this quota it is possible to establish 

multi-turbulent phenomena, with an increase in resistance. 

 

Figure 20 – Effect of dosage on the behavior of the FRC. Low fiber percentages (a), high percentages (b) [33]) 

The aggregates that are used in the construction of fiber-reinforced concrete must be 

studied carefully. Their size characterizes the dispersion of the fibers inside the matrix: a 



 
29 

 

larger size of the aggregates means less dispersion of the fibers in the mixture, as in Fig. 

21. According to this phenomenon, an optimal behavior of the fibers in the mixture is 

achieved when the maximum size of the aggregates is a value between 1/5 and 1/3 of the 

length of the fibers employed [34]. 

 

 

Figure 21 – Fiber dispersion in matrices with different aggregate sizes [34] 

 

2.4.3 Fibers 

The fibers inside the fiber-reinforced cementitious composites can be divided into two 

families based on the modulus of elasticity of the material they are made of: 

▪ Rigid fibers: their Young modulus is greater than that of the cement matrix (Steel, 

Kevlar, Carbon, Asbestos, Glass, etc.). 

▪ Flexible fibers:  their elastic modulus is less than that of the matrix in which they are 

dispersed (Polyacrylonitrile, Cellulose, Nylon, Polypropylene, etc.) 

The fibers with low modulus of elasticity, reducing the micro-cracks due to shrinkage, 

improve durability. The fibers with high modulus of elasticity improve the strength of the 

composite material and therefore the ability to withstand stress [34]. 

The main parameters that influence the technical characteristics of fiber-reinforced 

concrete are the type of fiber, the shape, the aspect ratio and the relative dosage.  

The shape of the fibers is generally aimed at increasing the resistance to the extraction and 

can be of different types: 

▪ smooth fibers; 

▪ twisted fibers; 

▪ hooked fibers; 

▪ twisted-hooked fibers. 
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The absorbed energy increases as the aspect ratio increases, defined as the ratio of fiber 

length to its diameter, as shown in Fig, 22. 

 

 

Figure 22 – Influence of the aspect ratio of a fiber with the energy absorbed [34] 

The fiber dosage represents the predominant factor in the behavior of the element and 

directly affects the mechanical parameters and the technical performance of the fiber-

reinforced compound. The dosage is both expressed in weight quantities (kg / cm3 of fiber 

in the matrix) and in volumetric quantities depending on the overall volume of the 

concrete. 

2.4.4 Orientation of steel fibers in magnetically driven concrete 

A large number of experiments on steel fiber reinforced concrete (SFRC) have been carried 

out over the last four decades [35]. It was shown that fiber orientation has an effect on the 

tensile behavior of SFRC. The ultimate strength and post-peak stresses increase with a more 

favorable orientation of the steel fibers. An experience on the orientation of steel fibers in 

concrete was completed by Wen Xue, Ju Chen, Fang Xie and Bing Feng [37] using an 

experimental magnetic method to induce fiber orientation. Steel and iron sand slag were 

used in the concrete and in the magnetic drag concrete to replace the fine aggregate. In total, 

two series of concrete specimens were tested. One during the casting and one during the 

vibration of the concrete.  

The purpose was to compare on the one hand, the magnetic induction on the fibers during 

the vibration of the compound compared to a reference sample carried out with the same 

mix design but without a magnetic device. On the other hand, the effect of the magnetic 

field on the fibers orientation during casting was compared to a specimen obtained without 

the magnetic device. Steel fibers having a nominal length of 31.0 mm and nominal diameter 

of 0.689 mm were used. The elastic modulus and tensile strength obtained from the 

manufacturer were 210 GPa and 810 MPa, respectively. In total, two layers of 16 steel fibers 
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each were placed in a 100 x 100 mm cubic concrete specimen. Concrete was cast with two 

different layers into the mold. The direction of the steel fibers was vertical to the direction 

of the magnetic force, as shown in Figure 23.  

 

 

Figure 23 – Test setup of fiber orientation in magnetically driven concrete  

 

The magnetic field was applied by a device developed by Chen [36] as shown in Figure 30. 

The direction of the magnetic force was changed by switching the direction of the current 

at a frequency of 5 s. Each test specimen was vibrated for about 3 min based on the test 

results from Chen [36].  All concrete cubic specimens were cured in the standard concrete 

curing room at a temperature of 20°C and humidity of 90% for 28 days, respectively. 

Afterwards, splitting tests were performed on cubic concrete specimens to obtain the tensile 

strengths. 

 

 

 

Figure 24 – Magnetic vibration device. 1- Electric Coil; 2- Shell; 3- Steel plate; 4-Coil frame; 5-Iron core; 6-

Concrete; 7-Mold 

 

The direction of the steel fibers of specimen submitted to the shaking table remained vertical 

to the splitting direction, which means that  had almost no effect on the orientation of the 

steel fibers. While, in the samples in which the magnetic force was applied during vibration 
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the angles between the steel fibers and the concrete cast direction ranged from 35° to 75° 

with average value of 45°. For the specimen submitted to magnetic field during casting, the 

steel fibers changed almost 90° of orientation. A comparison of the four test specimens 

indicates that the orientation on the steel fibers was most effective in the last specimen. It 

may be explained that the movement of the coarse aggregate under the magnetic force was 

helpful for the steel fiber’s orientation. It is shown that the tensile strengths at 28 days of 

the specimen series magnetically inducted were higher by 3.5% and 4.4%, than those of the 

specimen series not subject to the magnetic field. The enhancement in tensile strength may 

have been caused by the favorable directions of the steel fibers. Fibers are the best aligned 

with the direction of tensile load having the maximum contribution in tensile resistance. 

2.4.5  High-Performance Fiber Reinforced Cementitious Composite 

(HPFRCC) 

The birth of High-Performance Fiber Reinforced Cementitious Composite (HPFRCC) 

originates from the limit encountered in the development of fiber-reinforced concrete 

elements (FRC) due to their composition. The reduced workability in compounds with 

increasing volumes of fibers prevented it from entering the High-Performance category, 

while the development of HPC materials was limited due to their poor tensile strength and 

their high compression fragility. To mitigate these two characteristics, tailored solutions 

have been studied that see both the use of fibers and high performance. Studies and 

developments have given birth to different materials, such as SIFON (Slurry Infiltrated 

Fiber Concrete) able to reach a quantity of fibers equal to 12-13% of the total volume, ten 

times higher than the quantity contained in normal FRCs, reaching very high compression 

resistances of 120-140 MPa. 
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Figure 25 – Classification of fiber-reinforced compounds [38] 

 

The application of fine elements in the cement mixture, the addition of superplasticizer, 

the possibility of reducing the water / cement ratios to very low values, the use of thin 

steel fibers allowed to develop those that are called HPFRCC. These materials are 

characterized by an excellent tensile deformation capacity and develop a multiple cracking 

that provides the compound with a hardening behavior under tensile stress. 

 

Figure 26 – 'strain-hardening' and 'strain-softening' concepts, under axial tensile stresses 

 

As seen, the FRC compounds follow the two typical trends (1) and (2) after the formation 

of the first crack, without obtaining higher tensile values in the post-crack branch, as 

assessed for cement elements. The HPFRCC material, on the other hand, increases its 

maximum tension due to the formation of the first crack, following the behavior described 

by the curve (3) in Fig. 26. 
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Figure 27 – Classification of FRC based on the stress-strain response before tensile and flexural 

tests [39] 
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The High-Performance category is used to distinguish materials with particular 

performances from conventional ones. What gives attention are, for example, the gains in 

terms of strength, ductility, toughness, durability, stiffness, thermal resistance, but also the 

final cost of the material and of the structural element produced, depending above all on the 

expected useful life. The "high performance" assessment for some of the aforementioned 

qualities must be made according to the behavior as identified in Fig. 2.14. The direct tensile 

behavior of the material can be strain-hardening or strain-softening (degrading). According 

to Naaman and Rehindart [39], those that have a strain-hardening behavior are deficient in 

HPFRCC materials. On the basis of the flexural behavior, instead, the same distinctions are 

made, going to evaluate the trend of the load-displacement diagram determined in a bending 

test. There are therefore two typical behaviours: deflection hardening and also deflection 

softening. “High performance fiber reinforced cement composites (HPFRCC) form a class 

of cement composites characterized by a tensile stress-strain response that exhibits strain 

hardening accompanied by multiple cracking”. [40]. It is now widely recognized that the use 

of these materials can significantly improve for example the behavior of the structure under 

seismic actions, as well as the resistance to impacts and explosions. Their particular 

characteristic is that of being able to develop a hardening behavior. The practical 

significance of this peculiarity is in the formation of a multi-layer extending along the entire 

length of the element stressed to traction or in the intrados part when inflected. Resistance 

to withstand stress increases, as does the ultimate deformation. The next step was to be able 

to check the crack width. A new type of cement material has therefore been developed. The 

Engineered Cementitious Composites (ECCs), a type of material that is part of the caterogy 

of HPFRCCs, as shown in Fig. 2.12, represent a new element that can offer a solution to the 

problem of the durability of structures. This type of compound can obtain a final 

deformation of about 300 ÷ 500 times higher in reference to traditional concretes (3 ÷ 7% 

of deformation against 0.1% of traditional concrete), maintaining the crack opening to very 

low values, on the order of 80 μm. For these characteristics, Mustafa Sahmaran and Victor 

C. Li [41], are wondering if this particular type of material can be accepted as crack-free 

concrete. The HPFRCCs have a strain-hardening behavior with the formation of small 

multi-crack opening that can carry a greater value of load after their formation, allowing the 

cementitious material to behave as a ductile metal. 
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Figure 28 – ECC: (a) strain-stress curves and (b) development of micro-cracks [41] 

 

There is no particular mix design for this type of material, but every "ingredient" that 

makes it up is carefully chosen to be used to the best of its characteristics. In fact, the 

realization is "tailored", as are the fibers employed. Their volume Vf is usually at least 2%. 

ECCs therefore do not have a particularly high fiber content inside them, but their 

composition, carefully designed on micromechanical basis, allows to improve the 

cohesion between matrix and fibers that allows to effectively govern the redistribution of 

efforts following the formation of the first slot. The advantages obtained from these 

characteristics are innumerable: a reduction of the crack opening, or better still, the 

formation of multiple cracks instead of the propagation and spread of a single crack makes 

the material much less permeable to the aggressive substances, as can be seen in Fig. 29. 

 

Figure 29 – Corrosion trend according to the type of crack [34] 

 

This particular material can find particular applications in fields where explicit demands 

for ductility are made. Fukuyama et al. [35] have experimented the use of ECCs as seismic-

resistant apparatuses, where, the image Fig. 30, shows a clear difference between the shear 

behavior of a reinforced beam and the employment of high ductile material. Another 

important factor is the ability to exploit the potential of autogenous self-healing: the 

particular chemical composition of the compound and its physical properties can 

favourably influence the development of typical products of autogenous self-healing in 

different types of environments, as seen in Fig. 31. 
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Figure 30 – Application of ECCs as shear beam [42] 

 

 

 



 
38 

 

Figure 31 – Effect of self-healing on the ECC before (a, c) and after (b, d) [41] 

2.5 Implementation of 3D printing and fiber orientation in the 

master’s experience  

The 3D printing technique was used to generate the molds using a Fused Filament 

Fabrication (FFF) machine. Thanks to technology and the 3D printing technique the limits 

of time and material imposed by the traditional technique of wooden formwork are 

exceeded. In this way complex and toothed shapes of formwork are generated, but at a 

reasonable price. The size of the formwork teeth was dictated by the length of the fibers 

used. This allowed during the casting to accentuate the "Wall Effect" on the fiber 

orientation. As discovered by Roussel and Martinie [55] quantitatively, the average 

orientation factor in a zone of thickness equal to the half-length of the fiber turns from α = 

0.5 for the isotropic bulk material to α = 0.6 for sections perpendicular to the wall, moreover 

this preferred orientation is induced as soon as the material is poured into the formwork and 

only depends on fiber length and geometry of the element to be cast. In addition, the fibers 

orientation as previously seen can be induced through a magnetic field or through the size 

of the aggregates. Indeed, it has been demonstrated that fibers strongly affect the packing 

density of aggregates and vice versa. Barthos and Hoy [43] noted that packing density is 

reduced with fiber addition in a slightly larger way with coarse aggregate than with sand, 

because “the sand is able to pack tightly around the fiber, whereas coarse aggregates are 

pushed apart by the fiber's presence”. 

     

Figure 32 – On the left, wall effect for a fiber of length Lf in a structural element of thickness L. The thickness 

of the zone affected by wall effect is Lf/2. On the right, wall effect for a fiber of length Lf at a distance of a wall 

y  <  Lf  / 2 [33] 
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This complex specific phenomenon illustrated in Fig. 33 cannot be quantitatively predicted 

without numerous experimental measurements allowing for the fitting of empirical 

coefficients. Therefore, by using a mix design with coarse aggregates, while maintaining 

the required self-compacting and workability characteristics, it is possible to induce the 

orientation of the fibers. 

 

 

Figure 33 – Effect of a fiber on the packing of gravel and sand mixtures.  

 

Regarding the considerations previously discussed on the fresh state of the concrete and its 

components, the purpose of this work is to investigate how the fibers orientation induced 

through the 3D modeling of the formwork allows an increase in flexural strength in high-

performance fiber-reinforced concretes, as well as verify the casting methods and the 

geometry (which was designed to "reproduce" the peculiarities of 3D printed elements). 
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CHAPTER 3 – MATERIALS AND METHOD 

An analysis concerning the State of the Art of 3D printing methods and in particular Digital 

Fabrication with Concrete (DFC), passing from the properties of Fiber Reinforced Concrete 

(FRC) and ongoing research activities up to the expectations of the master thesis experience 

was carried out. In this section the materials and methods used to perform the experimental 

work will be discussed. First, the materials will be listed one by one accompanied by a brief 

theoretical description, subsequently a mix design will be realized that satisfies the 

workability and homogeneity performance of the fiber reinforced concrete with fibers 

dispersed inside. Secondly, the formwork formation process using 3D printing method and 

the casting methods. Finally, x-ray computed tomography and fiber orientation analysis will 

be discussed, highlighting the peculiarities of Avizo software, ImageJ, Java class and 

Paraview. The fiber orientation analysis will also involve an additional experience 

concerning a casting in which two flows come into contact with each other. The second 

purpose of the master’s thesis is to describe only the behaviour during the meeting of the 

fibers inside the two different casting. 
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3.1 Materials 

 

The materials used for all concrete mixes and samples can be seen in Table 1. 

 

 

Table 2 - Materials used for the concrete matrix 

 

3.1.1 Cement 

The cement used in the mix design is type I of class 52.5 R with rapid hardening, which 

from the technical data sheet is composed of 95-100% clinker according to UNI EN 197-1, 

while the remaining part consists of any secondary constituents. Follows chemical 

composition of the cement. 
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Table 2  – Chemical composition of CEM I 52.5 R 

 

3.1.2 Aggregate 

The aggregate that was used in the castings is a sand with a maximum diameter of 4 mm. 

The granulometric curve of the material is shown in the following figure. 

 

  

Figure 34 - Granulometric curve of the sand used for packing the mortar 

 

3.1.3 Silica fume 

 

Silica fume, also known as microsilica, (CAS number 69012-64-2, EINECS number 273-

761-1) is an amorphous (non-crystalline) polymorph of silicon dioxide, silica. It is an 

ultrafine powder collected as a by-product of the silicon and ferrosilicon alloy production 

and consists of spherical particles with an average particle diameter of 150 nm. In the mix 

design, silica fume has been added to cement concrete to improve its properties, in particular 

its compressive strength, bond strength, and abrasion resistance. Addition of silica fume 

also reduces the permeability of concrete to chloride ions, which protects the reinforcing 

steel of concrete from corrosion, especially in chloride-rich environments such as coastal 

regions and those of humid continental roadways and runways (because of the use of deicing 



 
43 

 

salts) and saltwater bridges. Effects of silica fume on different properties of fresh and 

hardened concrete include:  

▪ Workability: with the addition of silica fume, the slump loss with time is directly 

proportional to increase in the silica fume content due to the introduction of large surface 

area in the concrete mix by its addition. Although the slump decreases, the mix remains 

highly cohesive. 

▪ Segregation and bleeding: silica fume reduces bleeding significantly because the free 

water is consumed in wetting of the large surface area of the silica fume and hence the 

free water left in the mix for bleeding also decreases. Silica fume also blocks the pores 

in the fresh concrete so water within the concrete is not allowed to come to the surface. 

Standard specifications for silica fume used in cementitious mixtures are ASTM C1240 and 

EN 13263. 

 
 

      
 
Figure 35 – Characteristics of the specific silica fume 

 

 

3.1.4 Fibers 

The used steel fibers are fully straight without hooked-ends. The geometric properties of the 

steel fibers can be seen in Table 2. The mechanical properties as well as the rheology of 

HPFRC are linked not only to the fiber content but also to the geometric properties of the 

fibers. In order to be able to compare the rheology and mechanical properties of different 

concrete mixes, the geometry of the fibers and the fiber content of the mix are considered 

using the fiber aspect ratio far (Equation 1) and fiber factor ff (Equation 2).  The fiber aspect 
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ratio far is a simple geometric parameter and useful to compare the properties of different 

individual fibers. The fiber factor f takes the geometry and amount of fibers into account. 

 

far = 
l

d
     

Equation 6 - Fiber aspect ratio 

 

ff = far * Vf 

Equation 7 - Fiber factor 

 

 

Steel 

Fibers Lenght (mm) 

Diameter 

(mm) Aspect Ratio Producer 

Type 1 10 0,20 50 Bekaert 

Type 2 9 0,15 60 Bekaert 

 

Table 3 - Steel fibers used as a fiber reinforcement for the investigated HPFRCCs 

 

   

Figure 36 - Steel fibers 

 

High Performance Fiber Reinforced Concretes typically have a dense and fine granular 

matrix containing small and especially hard aggregates, low water/binder ratios and high 

amounts of silica fume and superplasticizer, leading to an extremely compact matrix. The 

strength of the mixes used in this thesis did not exceed 100 MPa and therefore the 

composite was classified as high-performance fiber reinforced concrete (HPFRC) [45]. 

The volume fraction of the fibers was calculated as the volume of the fibers divided by the 

total volume (Equation 3). The total volume is equal to the volume of the fibers plus the 

volume of the concrete matrix. Vfib was calculated as the mass of the fibers divided by the 

l = fiber length 

d = fiber diameter 

 
far = fiber aspect ratio  

Vf = fiber volume fraction (Vfib / Vtot) 
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density of the fibers (ρfib = 7850 kg/m3) as shown in Equation 4. The volume of the matrix 

Vm was calculated with Equation 5. 

 

Vf = 
V fib

V tot
 

Equation 8 - Fiber volume fraction 

 

Vfib = 
m fib

ρ fib 
 

Equation 9 - Fiber volume 

 

Vm = 
m tot

ρ tot 
− Vfib 

Equation 10 - Matrix volume 

 

 

3.1.5 Superplasticizer 

 

The superplasticizer used is MasterGlenium ACE 30, a polycarboxylate ether-based (PCE). 

This polymer is characterised through an anionic backbone and positively charged side 

chains (Figure 37). The negatively charged backbone sticks to the positively charged cement 

particles while the side chains reach into the solution. The positively charged side chains 

lead to a repulsion of the cement particles and an increased distance between them (Figure 

38). The latter strongly reduces the van der Waals forces and therefore increases the 

flowability of the concrete [46].   

 

Figure 37 - PCE-based polymer 

 

Even though the general mechanisms of action are the same for PCE based superplasticizers, 

the characteristics of the products still can vary strongly as there are several parameters, 

m fib = fiber mass 

ρ fib = fiber density 

 

V fib = fiber volume 

V tot = total volume (matrix + fibers) 

 

 

m tot = total mass (m fib + m matrix) 

ρ tot = total density (ρ fib + ρ matrix) 

V fib = fiber volume 
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which can be varied during manufacturing. This also brings the opportunity of finding well-

adapted superplasticizers for concrete with specific requirements. The most important 

parameters are: 

 

▪ The type of monomers used for the backbone and the amount of negative charges; 

▪ The length of the backbones; 

▪ The composition of the side chains; 

▪ The length of the side chains in respect to the backbones. 

 

 

Figure 68 - Adsorption of the polymers to cement particles 

 

3.1.6 3D printed formworks 

 

 

Figure 39 - FFF or FDM 3D printer 
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FFF (Fused Filament Fabrication) or FDM (Fused Deposition Modeling) 3D printing is a 

technology developed by S. Scott Crump in 1988 that uses a continuous filament of a 

thermoplastic material. Filament is fed from a large coil through a moving of a heated head 

printer extruder  and is deposited on the growing work. The print head is moved under 

computer control to define the printed shape. 

  

Figure 40 - Illustration of an extruder with the name of involved parts 

 

The 3D printed frameworks used for this master thesis were designed by the Chair for 

Digital Building Technology (DBT) at the Department of Architecture (D-ARCH) at ETH 

Zurich. The formworks were made with 0.4 mm thick layers of PLA bonded together 

through a calcium phosphate solution. The fused filament fabrication (FFF) printer works 

in the following way: 

A heated nozzle (1) ejects molten plastic, depositing it in thin layers (2), onto a print bed 

(3), forming the 3D printed part [47]. 

 

3.2 Methods 

3.2.1 Mixing procedure 

 

The mixtures were produced using a Hobart A200N 20 QT mixer. The formulation of the 

produced concrete mixes and the description of the mixing process can be found in Table 4. 

 

https://en.wikipedia.org/wiki/S._Scott_Crump
https://en.wikipedia.org/wiki/Thermoplastic
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Table 4 - Mixing procedure for the HPFRC 

 

3.2.2 Measurement methods and mix optimization 

 

Dry extract content of the superplasticizer 

 

An accurate description of the flow behaviour of the concrete as a function of the amount 

of used superplasticizer was desired. It is important for that point to consider the fact that 

the superplasticizer contain a part of water and a part of dry extract, which contains the 

active ingredient. Additionally, this dry extract fraction can vary from canister to canister. 

The dry extract is the driving force for increasing the workability, while the water content 

affects the W/C and W/B ratio. It had thus been decided that the amount of dry extract would 

be used as a parameter, and the added water content in the mix would be adapted as to have 

a fixed water-to-binder ratio. 

The superplasticizer content has been measured as follows using a KEN MRS 120-3 device: 

▪ Put quarz sand on a small plate; 

▪ Tar the plate in the machine; 

▪ Put a couple of grams of liquid on the sand; 

▪ Close the machine, run it at 105° until weight stabilizes (= no more water); 

▪ The dry extract content is then the ratio of the remaining mass to the original mass. 
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MG Ace 30 Drum A (29.10.2018) 

Solid Cont. [%] 29,06% 

 

Table 5 - Percentage of solid content in superplasticizer 

 

Preliminary mix design selection 

 

The choice of the optimal mix design was made on the basis of workability (measured by 

mini-slump flow diameter) and resistance to fiber segregation (evaluated as described 

below). The process of obtaining the slump flow diameter is as follows: 

 

▪ user the conical trunk on a glass plate; 

▪ fill the conical trunk right after the mixing, make sure that the surface of      

              the concrete is at the same height as the upper limit of the mold; 

▪ lift the mold slowly, keep it approximately 1 cm above the concrete surface for 10s 

to let most of the concrete contained in the mold leave it; 

▪ measure the circle diameter after 3 min unless the mix has stopped flowing (average 

of the diameter of two orthogonal directions). A target value of 260-262.5 mm was 

assumed as satisfactory. 

 

    

Figure 417 and 42 – On the left, slump flow test, 26.25 cm of diameter; on the right, Truncated cone for mini 

slum flow test         

 

The dimensions of the used test equipment can be found in the following table [48].  
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Table 6 - Dimensions of the mini slum flow mould [46] 

 

Afterwards with the mixes prepared, cylinders of 100 mm diameter and a height of 200 mm 

were obtained and were stored for a day in a climatic chamber at humidity of 90% and 

temperature of 20 °C. The following day they were submitted to the cut in order to evaluate 

the segregation of the fibers. 

        

Figure 43 - Segregation of half cylinder samples 

 

 

Table 7 - Mix design selected for workability and homogeneous concrete paste 
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Because problems were encountered, to make more homogeneous the concrete and to 

accentuate the "wall effect" phenomenon it was decided to introduce a fibers length of 9 

mm. To obtain an acceptable value of 26.25 cm of the diameter, it was decided to increase 

the content of 9 mm fibers in fiber-reinforced concrete by 20% . 

 

Table 8 - Change of length fibers from 10 to 9mm and increase of the fibers content in the final mix design 

 

Finally, the workability trend expressed by the mini slump flow test in diameter of 26.25 

mm is visible from the graphic below, as a function of water/binder ratio and percentage 

of superplasticizer  

 

  

Table 9 - Relationship between spread and percentage of superplasticizer with 0.300 W/B 
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Table 10 - Relationship between spread, percentage of superplasticizer and Water/Binder 

 

It is clearly visible that beyond 1% of superplasticizer content the spread in term of 

workability is acceptable because a plateau is reached, and it is also useless to put more of 

it because it reaches a saturation effect. In the initial part of the graph a linear behaviour 

occurs between spread and superplasticizer. Until 1%, the circle diameter measured by the 

mini-slump flow test increases as the amount of superplasticizer in the mixture increases. 

Finally, it is interesting to assert that an acceptable workability is reached with the values 

of 0.295 W/B and 0.95% of superplasticizer. 

 

 

Figure 44 - Best results of High-Performance Fiber Reinforced Concrete cylinder samples  
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Shuttering 

 

The molds, as previously mentioned, are obtained by 3D printing and have a parallelepiped 

shape with a lower notched base, so as to induce the orientation of the fibers during the 

casting. Inside them, will be cast the fiber reinforced concrete. The formworks are divided 

into 7 categories according to the number and size of the teeth. From the rectangular 

parallelepiped model of reference, the other formworks were created by keeping the total 

width (116 mm) and length (360 mm) identical and "inserting" different number of teeth, 

keeping the overall depth of the cross section always equal to 32 mm. Following the various 

forms of formwork: 

▪ Reference: REF; 

▪ Type 1: 6 teeth, ht =15mm; 

▪ Type 2: 9 teeth, ht =14mm; 

▪ Type 3: 12 teeth, ht =9mm; 

▪ Type 4: 18 teeth, ht =5mm; 

▪ Type 5: 24 teeth, ht =4mm; 

▪ Type 6: 36 teeth, ht =3mm. 

 

     
 

Figure 45 – On the left, cross-sections of three main framework typologies: 6, 12, 24 teeth and on the right, a 

rendering of a mold 
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Figure 46 - 3D printed mold, 6 teeth 

 

 

Figure 47 - 3D printed mold, 12 teeth 

 

 

Figure 48 - 3D printed mold, 24 teeth 

 

Starting from drawings on a tissue in the laboratory of the building materials department, 

it was possible to obtain the following formwork construction phases (figure 49). 
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Figure 498 - Sketching ideas of how to cast on a sheet of paper  

 

First of all, the upper side (red) is removed to accommodate the ramp. 

   

Figure 50  and 51 – On the left, Upper side to remove, view from the side; on the right,     upper side to remove, 

view from the top  

 

Then, to avoid breaking the formwork that is made of material with fragile transverse 

behaviour, it was decided to place it inside an additional wooden formwork of adequate 

size. 

 

 

Figure 52 - Wooden formworks, dim. 210 x 60 x 540 mm 
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Afterwards, an extension is made to overcome two problems: the "wall effect" on the 

initial and final area, and the orientation due to the gravity of the casting falling 

perpendicular to the formwork. 

 

 

Figure 53 - view of the formwork with double extensions and the piece of wood 

 

As a precaution was also placed a piece of wood to close and stiffen the plastic formwork 

fixing it with adhesive tape and was added a ramp to ease the casting of the concrete. The 

ramp was made with the same material employed for the formwork. 

 

 

Figure 54 - Ramp in PLA for the Fiber Reinforced Concrete casting 
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Casting  procedure 

 

Initially, there was doubt whether to pour the concrete on one side making it flow to the 

other side or from the center to the ends. The choice fell on the first option for ease of 

execution and interest for the behaviour of the fibers. On the contrary, a casting from the 

center would lead to negative mechanical results, because of the force of gravity which 

inevitably imposes to the fibers orientation a direction orthogonal to the flow. In this way, 

the phenomenon of "stitching" of the concrete that limits the cracks and increases the 

performance under load in the center line is not created. 

 

 

Figure 559 – Black and white snapshots of the flow of Fiber Reinforced concrete cast 

 

 

In parallel, using the determined mix design , two experiments in a "Y" formwork were 

carried out. In the first, the concrete was poured inside by gravity and at the same speed 

(same diameter tubes) from both branches. In the second, the formwork was filled with the 

concrete, poured at the same speed but with different casting time. First from a pipe and 

then once it reaches the middle, it was poured from the second one. The idea is to 

investigate the fibers orientation in the central part of the mock up where the concrete 

flows are joined.  

  

 

Figure 56 - Casting phases in the Y-shaped formwork 
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Three-point flexural test 

 

Initially, the idea was of using a smaller test machine with a specimen 40x40x160 mm, 

then it has been opted for a larger one capable of exerting a pressure of 100 kN. Hence the 

need to calculate the appropriate dimensions according to UNI EN 12390-1 (dimensional 

compliance for specimens and formworks) and UNI EN 12390-5 (bending strength on 

specimens).  

 

  
 

Figure 57 – Three point flexural test 

 

▪ s = stress speed (N/mm2s) (value between 0.04-0.06 N/mm2s); 

▪ l = distance between the support rollers (mm); 

▪ d1 and d2 = cross section dimensions (mm); 

▪ F = maximum breaking load (N). 

As the specimens had been obtained with equal widths but different heights (± 3 mm), the 

surface was grinded with a 12 cm diameter diamond disk. In this way it was possible not 

only to make uniform all the specimens, but also to smooth the surface, thus reducing 

depressions and making it flat for the bending test (avoiding differential surface pressures). 

 

Equation 7 – flexural strength fcf  (N/mm2) 

 

Equation 6 – loading speed V (N/s) 
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Figure 58 – Surface grinding of the specimens   

                

The three-point bending flexural test provides values for the modulus of elasticity in 

bending Ef and flexural stress σf. The main advantage of a three-point flexural test is the 

ease of the specimen preparation and testing[49]. However, this method has also some 

disadvantages: the results of the testing method are sensitive to specimen and loading 

geometry and strain rate. The bending test have been performed using a German Walter + 

Bai AG FTS, Form + Test Seider to measure the 28-day strength. 

 

                         

Figure 59 - Setup of the three-point bending test            Figure 60 - Cracking in the middle  

 

 

 

The three-point flexural test has been displacement controlled and the procedure was as 

follows: 
 

▪ the specimen is placed on the machine with the supports spaced 300mm, so that it is 

well balanced and centered with the load force operating point (previously a cross 

was drawn on the surface of the specimen along the center line); 
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▪ the various dimensions of the specimen are entered in the database: height, width 

and length as well as the weight; 

▪ using a manually operated wheel, the machine arm is lowered until it comes close 

to the point of contact with the specimen; 

▪ the test is started with a speed of 0.001 mm/s until the first cracking is reached, then 

the speed is increased to 0.01 mm/s and then to 0.02 mm/s up to deformations in the 

order of 5 mm, finally, the maximum speed is set at 0.08 mm/s until a deformation 

of 10 mm is reached; 

▪ once the test is complete, the machine arm is lifted, the specimen broken at the 

centerline is removed and another specimen is replaced. 

 

A drawback during the three-point flexural test was the difficulty in removing the lower part 

of the formwork in PLA. In specimens with many teeth its removal was avoided to prevent 

tooth breakage, this inevitably compromised the perfectly elastic-linear behaviour of the 

fiber reinforced concrete in the first part of the tests. 

 

      
Figure 61 – Specimen broken in the middle 

Following two sequences of images with the specimen bending rupture. 

 

 

Figure 62 – Bottom view of a sample breaking 
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Figure 63 – Side view of a sample breaking 

                         

3.2.3 X-ray Computed Tomography (XCT) 

 

After measuring the bending strength of the specimen, it was decided, in order to verify the 

influence of the orientation of the fibers on the flexural strength, to verify the orientation 

through tomographic analysis. Parallelepiped specimens should be prepared with a 

dimension compatible with the tomograph. For this reason, each specimen was cut in three 

parts along the short side (l1 = 38.7 mm) and in four parts on the long side (two of l’2 = 

80mm and two of l2 = 100mm).  This resulted into small parallelepipeds with a 4 x 4 cm2 

cross section and a 100 mm length ready to undergo X-ray analysis. A code was written to 

identify the position of each individual mini-sample with respect to the original sample, 

paying attention to mark the flow direction. Afterwards, x-ray tomography was performed 

on each sample. 

     

Figure 64 – From the left, transversal cut of the specimen, then parallelepiped 4x4x10 cm3 and finally10, 

pieces of specimens ready to be scanned at x-ray tomograph 
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Introduction 

 

X-ray computed tomography (CT) is a non-destructive technique started with clinical X-ray 

computed tomography (CT) in 1972 (Hounsfield 1973). Since then, CT technology has 

rapidly advanced and clinical CT became radiology’s powerhouse [48]. In CT a target 

material (usually a high-atomic-number metal such as tungsten) is bombarded with high-

energy electrons produced by a heated filament, as in a standard X-ray “tube”. A continuum 

of X-ray energies is produced due to manifold interactions of the incoming free electrons 

with bound electrons in the target material. The most dominant interaction produces so-

called bremsstrahlung radiation, in which incident electrons decelerate due to interactions 

with target nuclei (bremsstrahlung arises from the German word bremsen for brake). The 

energy of the resulting radiation depends on the amount of electron kinetic energy 

transferred by this interaction, and so the X-ray radiation emitted features a broad spectrum 

of energies up to the maximum energy of the incident electrons (i.e., it is poly-chromatic). 

The maximum energy is generated when an electron actually collides with the nucleus and 

all of its kinetic energy is converted to X-ray radiation [50]. 

The CT is generally used to visualize internal features within solid objects and to obtain 

digital information on their geometries and 3D properties. A CT image is usually called a 

slice, as it corresponds to what the scanned object would look like if it were sliced open 

along a plane. An even better analogy is a slice of a loaf, because just like a slice of bread 

has a thickness, a slice CT corresponds to a certain thickness of the object scanned. Thus, 

while a typical digital image is composed of pixels (image elements), an image of a CT 

section is composed of voxels (volume elements).  Taking the analogy further, just as a loaf 

of bread can be reconstituted by stacking all its slices, a complete volumetric representation 

of an object is obtained by acquiring a contiguous set of CT slices. The grey levels in an 

image of a CT slice correspond to the X-ray attenuation, which reflects the percentage of X 

rays dispersed or absorbed as they pass through each voxel. This is the reason why in a 

scanned image, objects with a higher CT number result in a grey scale less intense and 

tending to white color (case of fibers in the HPFRC) while the opposite happens when the 

attenuation level increases favouring a grey color more intense and tending to black (case 

of air pockets in the HPFRC). For the X-ray CT an important unit of measurement is 

represented by the Hounsfield Unit (HU) scale that is a linear transformation of the original 
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linear attenuation coefficient measurement into one in which the radiodensity of distilled 

water at standard pressure and temperature (STP) is defined as zero Hounsfield units (HU), 

while the radiodensity of air at STP is defined as -1000 HU. In a voxel with average linear 

attenuation coefficient μ the corresponding HU value is therefore given by [51]: 

 

 HU = 1000 * 
𝛍 − 𝛍 𝑤𝑎𝑡𝑒𝑟

𝛍 𝑤𝑎𝑡𝑒𝑟 −  𝛍 𝑎𝑖𝑟
 

 

Equation 8 – Hounsfield Unit 

 

Thus, a change of one Hounsfield unit (HU) represents a change of 0.1% of the attenuation 

coefficient of water since the attenuation coefficient of air is nearly zero. It is the definition 

for CT scanners that are calibrated with reference to water. X-ray attenuation is primarily a 

function of X-ray energy and the density and composition of the material being imaged. 

Tomographic imaging consists of directing X-rays onto an object from multiple orientations 

and measuring the intensity decrease along a series of linear paths. This decrease is 

characterized by Lambert-Beer's law, which describes the reduction in intensity as a 

function of the X-ray energy, the length of the path and the linear attenuation coefficient of 

the material.  

 

 

I = Io * exp (– μx) 

 

 

 

Equation 9 – Lambert-Beer’s law for homogeneous material 

 

Equation 9 only describes a homogenous material which, however, in natural samples is 

rarely encountered. If the object is composed of several different materials, the linear 

attenuation of each material (ui) as well as its linear extent (xi) must be accounted for, 

resulting in the more general equation. In the case of a monochromatic beam this equation 

is sufficient to describe the attenuation of the X-ray beam through a heterogeneous object. 

However, the more typical laboratory setup employs a polychromatic X-ray beam. Because 

the linear attenuation coefficient is a strong function of X-ray energy. 

µwater = the linear attenuation coefficients of water 

μair = the linear attenuation coefficients of air 

 

I = recorded X-ray intensity 

Io = initial X-ray intensity 

μ = linear attenuation coefficient of the 

material 

x = path length of the X-ray through the 

material 
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I = Io exp [Σ (– μi xi)]  

 

 

 

Equation 10 – Lambert-Beer’s law for heterogeneous material 

 

 

A specialized algorithm is then used to reconstruct the X-ray attenuation distribution in the 

volume being viewed. The elements of X-ray tomography are a source of X-rays, a series 

of detectors that measure the attenuation of the intensity of X-rays along multiple-ray paths 

and a rotational geometry with respect to the object being imaged. Several configurations 

of these components can be used to create CT scanners optimized for imaging objects of 

manifold sizes and compositions.  

The important characteristics (in which each of them influences the other) of the tube are: 

▪ the target material and the peak X-ray energy; 

▪ the X-ray spectrum that is generated; 

▪ the current; 

▪ the intensity of X-rays; 

▪ the focal point size; 

▪ the spatial resolution. 

In general, smaller detectors provide better image resolution, but reduce count rates because 

of their small area compared to larger ones. The only preparation necessary for CT scanning 

is to ensure that the object fits inside the field of view and that it does not move during the 

scan. Because the full scan field for CT is a cylinder (i.e., a stack of circular fields of view), 

the most efficient geometry to scan is also a cylinder [52].  

Strengths 

▪ Entirely non-destructive 3D imaging; 

▪ little or no sample preparation required; 

▪ Reconstruction is generally attenuation-conservative, allowing sub-voxel level 

details to be extracted. 

Weaknesses 

▪ Finite resolution causes some blurring of material boundaries; 

▪ Large geological specimens cannot be penetrated by low-energy X-rays, reducing 

resolving capability; 

I = recorded X-ray intensity 

Io = initial X-ray intensity 

μ = linear attenuation coefficient of the 

material 

x = path length of the X-ray through the 

material 
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▪ Not all features have sufficiently large attenuation contrasts for useful imaging; 

▪ Image artifacts (beam hardening) can complicate data acquisition and interpretation; 

▪ Large data volumes can require considerable computer resources for visualization 

and analysis. 

 

 XCT scan 

 

The strength and toughness prediction models for fiber-reinforced concrete (FRC) typically 

assume the spatial distribution of fibers is uniform. However, non-uniform dispersion can 

greatly affect the FRC’s mechanical properties.  For quantifying dispersion of synthetic 

fibers within concrete, a non-destructive technique using X-ray computed tomography (CT) 

combined with a post-processing image analysis is proposed [53]. Following the procedure 

used for the 3D image. 

 

 

 

Figure 65 - Procedure used for the 3D image 

 

The XCT scan provides the following steps. 

▪ Positioning of the specimen which must be analyzed on a support with a device that 

allows rotation during the scan. 

 



 
66 

 

    

Figure 66 - X-ray computed tomography at EMPA 

 

▪ Setting of all the parameters related to distance from the detector to the specimen 

and from the source to the specimen; 

▪ Correction of the field of view (the specimen during rotation must always remain 

visible); 

▪ Definition of voxelsize (in this case 32 micrometres), number of slices to cover the 

entire region of interest and power of 50 eV; 

▪ Other statistical values of volume height, diameter, generator H and V, imager H 

and V, rotation and zoom and estimated time required for the scan. 

The results are visible in the figure below, which also includes an expected preview of the 

sample. It is characterized by the fibers (darker) and the matrix (lighter) with bubbles of 

trapped air. 

 

        

Figure 67 - Preview of the sample with measurements 
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Artifacts 

 

The bremsstrahlung and characteristic X-ray radiation actually only represent a small 

fraction of energy deposited within the target material; the vast majority (> 99%) ofthe 

incident electron energy is released as heat (Hsieh, 2009). The total X-ray energy output 

from the target is characterized as the flux (photons/second), although the terms intensity 

and flux are often used interchangeably (and will be here). While an X-ray tube system is a 

relatively cost-effective way to generate X-ray radiation, the limited X-ray flux and 

polychromatic spectrum can lead to imaging artifacts.  

 

Streak artifact 
 

Streaks are often seen around materials that block most X-rays. Numerous factors contribute 

to these streaks: undersampling, photon starvation, motion and beam hardening. The streaks 

can be reduced using newer reconstruction techniques or approaches such as metal artifact 

reduction (MAR). MAR techniques include spectral imaging, where CT images are taken 

with photons of different energy levels, and then synthesized into monochromatic images 

with special software such as GSI (Gemstone Spectral Imaging).  

 

Partial volume effect 
 

This appears as "blurring" of edges. It is due to the scanner being unable to differentiate 

between a small amount of high-density material and a larger amount of lower density. The 

reconstruction assumes that the X-ray attenuation within each voxel is homogenous. This 

can be partially overcome by scanning using thinner slices. 

 

Ring artifact 
 

One or many "rings" appear within an image. They are usually caused by the variations in 

the response from individual elements in a two dimensional X-ray detector due to defect or 

miscalibration. Ring artefacts can largely be reduced by intensity normalization, also 

referred to as flat field correction.  

 

Noise 
 

This appears as grain on the image and is caused by a low signal to noise ratio. This occurs 

more commonly when a thin slice thickness is used. 
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Beam hardening 
 

It occurs because conventional sources, like X-ray tubes emit a polychromatic spectrum. 

Photons of higher photon energy levels are typically attenuated less. Because of this, the 

mean energy of the spectrum increases when passing the object, often described as getting 

"harder". This leads to an effect increasingly underestimating material thickness, if not 

corrected. Many algorithms exist to correct for this artifact.  

 

3.2.4 Fiber orientation analysis 

     

Samples and regions to analyze 

The 116x32x360mm3 parallelepiped sample has been divided into eight parts: an initial part 

(along the casting flow direction) and a final part measuring both 116x80x32 mm3 and six 

central ones measuring 39x32x100 mm3. The focus was on the six central samples, naming 

them A1, A2, A3, B1, B2 and B3. As regards the parallelepipeds A1 and A3, B1 and B3 a 

simplification has been carried out. Due to the symmetry an analogue behaviour has been 

hypothesized. Therefore, the samples considered are A1, A2, B1 and B2. For them, two 

scans each for a total of eight scans for type. 

 

Figure 68 – Division of the samples in subsample  

 

In turn A1, A2, B1 and B2 are named at their start and end parts: A1-A, A1-B, A2-A, A2-

B, B1-A, B1-B, B2-A and B2-B. However, since the behaviour of the A1-B / B1-A and A2-
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B / B2-A edges is the same, only the A1 samples have been tested (A1-A / A1-B) and A2 

(A2-A / A2-B). 

Subsequently the final parts B1-A and B2-A were excluded due to the proximity with 

respect to the parts A1-B and A2-B. B1-B and B2-B edge portions of the original sample 

were also excluded since it can be realistically hypothesized that they have the same fibre 

orientation of A1-B and A2-B. This last consideration is given by the fact that the fibers 

have the possibility to orient themselves up to the central section, beyond which they persist 

with their orientation [54].  

 

 

Figure 69 – Cutting machinery and concrete samples in smaller pieces 

 

Therefore, the volume to be analyzed (red part in the picture below) was about 4m3 with a 

satisfactory amount of fibers inside (four times the length of the fibers). To clarify the 

scanned parallelepipeds were A1 (A1-A, A1-B) and A2 (A2-A, A2-B). 

 

 

Figure 70 – Reference type with volumes analyzed in red 
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As regards the regions to be analyzed, it was decided to consider the region of interest (ROI). 

Depending on the size used, it was then possible to identify the regions concerned:  

▪ one above the tooth called TOP (red); 

▪ one in the center of the tooth called BOT (blue); 

▪ one near the side edge called LAT (yellow). 

All three areas taken into consideration besides being influenced by the choice of 

dimensional aspects (ROI) were also selected for an interest related to the orientation of the 

fibers within the mortar matrix, in particular for the “wall effect”. 

 

       

Figure 71 and 72 – Three main ROI in a cross section of simple’s type with six and twelve teeth 

 

Avizo 

Avizo is a software application that allows users to perform interactive visualization and 

calculation on 3D data sets. The Avizo interface is modeled on visual programming. Users 

manipulate form data and components, organized in an interactive graphical representation 

as a tree structure. The functions of Avizo are highlighted in red, the output files of the 

related functions are green, while the graphic representations of the output files are shown 

in yellow and orange. Data and modules can be interactively linked and controlled with 

different parameters, creating a visual processing network whose output is displayed in a 

3D viewer [55]. With Avizo is it possible to automate a model (cylinder correlation) to solve 

the trend of the fibers (trace correlation lines) inside a cement sample by implementing a 
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spatial graphic representation. To do this, it uses many algorithms and the user's ability is 

to optimize the Avizo procedure by using the appropriate input parameters. Thus, the Avizo 

workflow structure has the following steps: 

▪ Tomogram files; 

▪ Non-local means filter (file filtered); 

▪ Cylinder correlation (correlation, orientation, standard deviation); 

▪ Trace correlation lines; 

▪ Spatial graph statistics 

 

 

Figure 73 – Tree structure of Avizo interface 

 

Tomogram files 

The Avizo input file is a series of tomograms subjected to an adequate correction of the 

image. A tomogram is nothing more than two-dimensional image produced by tomography, 

representing a slice or section through a three-dimensional object. Once uploaded the file 

with the slices of the CT scan it is possible to connect the ortho-slice representation, very 

convenient to have a pack of the various slices visible in sequence one after the other. 
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Figure 74 – Ortho slice 

 

Non-local means filter 

All the tomograms were submitted to the non-local means filter. Non-local means is an 

algorithm in image processing for image denoising. Unlike "local media" filters, which take 

the average value of a group of pixels surrounding a target pixel to make the image uniform, 

the non-local filter means an average of all the pixels in the image, weighted by the 

similarity of these pixels with the destination pixel. This translates into greater post-filter 

clarity and less loss of detail in the image than the average local algorithms [56]. Compared 

to other well-known denoising techniques, non-local media add "method noise" (i.e. noise 

reduction process) that looks more like white noise, which is desirable because it is typically 

less disturbing in the noise product [57]. 

 

u (p) = 
1

C (p)
  ∫  v(q) f (p, q) dq

Ω
  

 

Equation 11 – Filtered value of the image at point p 

 

C (p) =  ∫  f (p, q) dq
Ω

 

 

Equation 12 – Normalizing factor 

 

The Gaussian weighting function sets up a normal distribution with a mean, μ = B (p) and 

variable standard deviation. 

 

Ω = area of an image 

p, q = two points within image 

u (p) = filtered value of the image at point p 

C (p) = normalizing factor 

 
f (p, q) = weighting function 

v (q) = unfiltered value of the image at point q 

 

 



 
73 

 

f (p, q) =   𝑒− |𝐵(𝑞)−𝐵(𝑝)|2

ℎ2  

 

 

Equation 13 – Weighting function 

 

Cylinder correlation  

 

A generic cylinder, whose length and diameter must be adapted to the imaging parameters, 

is used as a template. The cross-correlation involved in the template matching step provides 

not only a map of cross-correlation coefficients as a measure of the similarity between the 

template and the local density in the tomogram, but also a map representing the best local 

orientation of the cylindrical template. These two maps are then used to calculate a similarity 

function that allows to evaluate the likelihood that two neighboring voxels are connected by 

a filament.  The shape of the cylindrical model must adapt locally to steel fibers. The width 

of the cylinder is then set by the steel fiber diameter, which is about 15 µm. The length of 

the model is, however, more critical. Noise and incomplete information restrict the length.  

If the model is too short, it reacts to all fluctuations, resulting in arbitrary orientations. On 

the other hand, if the model is too long, it may be missing on a small-scale feature. The 

entire tomogram is crossed, and a cylinder of appropriate length and diameter is locally 

adapted to the data, thus determining for each voxel the orientation in which the cylinder is 

more similar to the image.  A formulation of this local cross-correlation function has been 

described that allows a fast calculation (Roseman, 2003) [58] and serves as a basis for the 

algorithm used. Voxels with high cross-correlation coefficients should appear as linked 

regions along the track of a filament. In practice, however, these regions are interrupted due 

to imaging imperfections, such as noise. Intuitively, it is assumed that the neighboring 

voxels belong to the same filament if both have a high cross-correlation and the coupled 

cylinders are similarly oriented [59]. 

 

h = filtering parameter 

B (p) = local mean value of the image point values surrounding p 
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Figure 75 – A) Automated segmentation workflow and C) Algorithm principle. B) Illustration of the algorithm 

used for microtubule centerline extension. Arrows d: orientations computed by template matching. β, ϒ: 

angles between potential line and orientations. h: length of search cone. x0: current last point on computed 

line. x: candidate voxel in the search cone 

 

Angular sampling is the angular frequency with which the semi-sphere is sampled (low is 

accurate). the other values regulate the mask to be associated as a model around the fibers 

(mask, outer, inner cylinder radius). A small consideration on the missing wedge correction 

that represents the impossibility of the projections to be acquired over full tilt angle range 

with HPFRC samples in electron microscopy [59]. CT image reconstruction can be 

considered an ill-posed problem because of this missing information. This results in 

artifacts, seen as the loss of three-dimensional (3D) resolution in the reconstructed images. 

Finally, the correlation and orientation field are respectively the normalized cross 

correlation for each voxel and the orientation of the model that precedes the maximum 

correlation. 

 

          

Figure 76 – Template setup of cylinder correlation function on Avizo 
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Trace correlation lines 

 

The second step of the segmentation process is a new tracing algorithm scanning all voxels 

for possible connection on the basis of the similarity function. The correspondence of the 

models produces a double consequence. On the one hand, the map of the highest local cross-

correlation, in which the negative values are set to zero and the positive values are 

interpreted as the probability that a filament passes through the voxel.  On the other hand, 

the orientation field is indicated, in which a vector is assigned to each voxel that indicates 

the orientation of the model for the highest cross-local correlation. Finally, starting from 

these two considerations a similarity function is calculated that evaluates the probability that 

two neighboring voxels belong to the same filament. The definition of this similarity 

function follows an idea by Fischer and Buhmann (2003). Assuming that the voxel in 

position x0 belongs to a filament, the probability for a voxel in x of being part of the same 

filament is defined as: 

 

S (x, xo) = CC (x) C (x, xo) L (x, xo) D (x, xo) 

Equation 14 – Similarity function 

 

CC (x) denotes the non-negative value of the local cross correlation coefficient, which is 

weighted by functions C, L and D, called as co-circularity, linearity, and distance, 

respectively: 

 

C (x, xo) = 𝑒− [𝛽(𝑥0) − 𝛶(𝑥)]2

𝜎𝑐
2  

Equation 15 – Co-circularity function 

 

L (x, xo) = 𝑒− [𝛽(𝑥0) + 𝛶(𝑥)]2

𝜎𝐿
2  

Equation 16 – Linearity function 

 

These functions are calculated from two angles β (x0) and ϒ (x), from the difference vector 

x - x0, and from three user-defined parameters σC, σL and σD. β (x0) and ϒ (x) denote the 

angles between the vector x - x0 and the orientation of the model at x0 and x. The angles are 

calculated from the orientation field. The co-circularity condition C evaluates the 

smoothness of the filament: a small deviation between two consecutive orientations 
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increases the probability, while a node reduces it. The user may prefer smoother lines by 

choosing a small σC parameter. Since equally β (x0) and ϒ (x) dimensions are a condition 

with a smooth but strongly bent line, a further condition is necessary that evaluates the 

deviation from a straight line. The linearity function L favours straight lines with small 

values of β (x0) and ϒ (x) and a small parameter σC. The distance function D limits the 

tracing process towards the voxels x close to the current base point x0, since a line extension 

is more likely in the close neighbourhood. The user can enforce this condition by selecting 

a small value for σD. The overall tracing process works as follows. The local cross 

correlation values are sorted in descending order and the voxel x0 with the highest 

correlation value is chosen. Then, the tracing process starts in the forward and backward 

direction given by the orientation map at position x0. The tracer continues the line at point 

x with the highest similarity value S (x, x0) in the search cone. This is repeated until no point 

is found for which S (x, x0) is above a pre-defined threshold t1. The parameter t1 restricts 

the voxels in the search cone that need to be considered. The size of the search cone and its 

opening angle by the inequalities D (x, x0) > t1 and L (x, x0) > t1. 

 

D (x, xo) = 𝑒− ||𝑥 − 𝑥0||2

𝜎𝐷
2  

Equation 17 – Distance function 

 

The cone height h is given by the maximum over all points x in the search cone, namely: 

 

h2 ≤ − σD
2 log (t1) 

Equation 18 – Cone height 

 

A similar calculation and setting β = 
𝛼

2
 ; ϒ = 0 in L (x, x0) yields the opening angle α: 

 

α2 ≤ − 4σL
2 log (t1) 

Equation 19 – Opening angle 

 

After the trace of a line is finished, a binary mask representing the tracked steel fibers 

volume is updated and the tracking process continues with the point in the correlation map 

that has the second highest correlation value, and so on. The general tracking procedure 

ends when the next initial voxel has a correlation value lower than a predefined threshold 

t2. During the trace correlation lines, the algorithm identifies false positives and false 

negatives for a tracing by establishing correspondences of points between the tracing and a 
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reference tracing [60].  For each point p in one line set, it is searched for points in the other 

line set that are close to p. It is called p matched, if it is found a point q in the other line set 

within a small radius of p. It has been defined the set of false positives (FP) as all points in 

the tracing that were not matched (red dots). The set of false negatives (FN) contains points 

in the reference that are unmatched (blue dots).  

 

 

Figure 77 – The upper line represents the case in which two fibers do not belong to the same direction, while 

the lower line is the case in which two fibers belonging to the same direction are divided.  

 

In the trace correlation lines template, many values are used in the cylinder correlation 

template. The minimum seed correlation function provides the sensitivity of the algorithm 

applied, using a high value causes more fibers to be obtained while a low value with less 

fibers. The minimum continuation quality function influences the length of the fiber, since 

it acts on false positive and false negative points (a high value makes fibers longer, while a 

low one produces shorter fibers). Finally, the direction coefficient function affects the shape 

of the fibers (a high value indicates the presence of very curved fibers, while a low value of 

straight fibers). 

 

  

Figure 78 – Trace correlation lines function 
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Spatial graph statistics 

 

An important thing to evaluate is the duration of the manifold processes. The cylinder 

correlation takes about 30 minutes because it uses the fastest processor, while the trace 

correlation lines takes 2h or more depending on the amount of data that the processor must 

calculate (using the other processor). The spatial graph statistics function, in addition to 

allowing a graphical representation (3D plot, spatial graph and 3D rendering) provides 

statistics on the fibers present in the dataset of the starting tomograms. Through two 

different tables (attributegraph and statistics) different information is provided on the 

number of nodes, points and segments or graph summary and statistics. 

 

  

Figure 79 – Attributegraph: nodes and points         

       

Figure 80 – Attributegraph: segments   

 

 
 

    

Figure 81 – Statistics: graph summary and node statistics   
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Figure 82 – Statistics: graph statistics and segments statistics   

 

A filament is comparable to a spatial graph. Within it there are more subgraphs consisting 

of a set of points (nodes) which together constitute in turn edges (segments). If two segments 

share a point, the latter is called an intermediate node; while if more than two segments have 

at least one node in common, this is called branching node. 

 

 
 

Figure 83 – Spatial graph representation, branching node  

 

 
 

Figure 84 – Spatial graph representation of subgraph with segments, nodes and points 
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Figure 85 – 3D orientation plot           Figure 86 – Spatial graph                  Figure 87 – 3D rendering 

 

Due to problems concerning the waiting time of the analysis in Avizo, it was decided to use 

shape tensor analysis function, based on using eigenvalues and eigenvectors associated to 

the stress matrix acting on the model of ellipsoid connected to the model fiber, so it could 

be possible to obtain the orientation of the fibers as spherical coordinates (theta and fi) and 

other useful data. Once again, the Avizo sw to provide satisfactory results took too long: 

whole days of analysis. 

 

ImageJ 

ImageJ is a Java-based image processing program with an open architecture that provides 

extensibility via Java plugins. It can display, edit, analyze, process, save, and print 8-bit 

color and greyscale, 16-bit integer, and 32-bit floating point images. It can read all the image 

file formats. ImageJ supports image stacks, a series of images that share a single window, 

and it is multithreaded, so time-consuming operations can be performed in parallel on multi-

CPU hardware [63]. 

With the use of ImageJ - Fiji it was possible to perform the following operations: 

▪ Create a mask around specimen region (plugin image calculator); 

▪ Create a crop region or rotate the specimen (fig 88); 

▪ Create a binary image sequence (fig 89); 

▪ ROI size analysis (crop plus create a sub-stacks); 

▪ Create a volume mask with outside region voxels set to zero (fig 90); 

▪ Disconnections fibers within specimen (fig 91); 

▪ Shape tensor analysis (BoneJ plugin then particle analyzer). 

Regarding the disconnection of particles, it was necessary to make a careful choice of the 

parameter that influences the algorithm used to separate the particles (fibers). When used 
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with high values there was the risk of separating the fibers too much in several points, while 

with low values some fibers were not separated. This function is very useful for 

distinguishing the fibers from each other in such a way as to associate an orientation after 

each one. Labeled image sequences are created. In the shape tensor analysis, instead, using 

the BoneJ plugin it was not possible to obtain satisfactory results, probably due to the 

complexity of fibers and density present inside the samples. Finally, in both the Avizo and 

ImageJ software, difficulties were found in time (too long to obtain acceptable results) and 

in information obtained insufficient for the thesis purpose. The direction to reach the goal 

of having the orientation of the fibers seemed to have run aground. Then came the idea to 

use a program of a researcher at EMPA, Beat Münch, written in Java and able to provide 

the long-hoped for information. Downsides of ImageJ are the incompatibility with Avizo, 

indeed the output obtained by ImageJ and introduced in Avizo was not recognized by the 

latter.  

 

        

Figure 88 – Cropped_ filtered image                      Figure 89 – Binary image      
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Figure 90 – Mask volume                                       Figure 91 – Labeled image with fiber division  

 

 

 

ROI analysis 

 

One of the functions performed on ImageJ - Fiji is the ROI size analysis. With this function 

it is possible to identify the ROI, Region of Interest, to be submitted to fiber orientation 

analysis. Subsequently, based on its size, it was possible to place the VIO (Volume of 

Interest) where it was necessary. In our case, the ROI was placed inside the tooth, above it 

and close to the side wall of the HPFRC sample for reasons already previously explained. 

Regarding the ROI size analysis, it was decided to start from the center of the sub-stack and 

the sequence of filtered tomograms and proceeded as follows: 

▪ Image rotation; 

▪ Cropping image; 

▪ Set voxel around specimen to zero (using the plugin segment phases 3D); 

▪ Segment the fibers (calculating the number of voxels of the fibers by means of a 

histogram function); 

▪ Percentage computation of the volume of fiber for full specimen with volume mask 

(calculating the number of voxels in the region entered by the sample boundary); 

▪ ROI size analysis. 
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Figure 92 – ROI inside the cross-section                 Figure 93 – ROI in the middle of specimen  

 

The ROI size analysis is given by the ratio between the number of voxels of the fibers in the 

ROI and the number of voxels of the volume mask. An analysis was also performed on the 

ratio between the number of voxels of the fibers in the ROI and the number of voxels of the 

matrix in the ROI. This type of analysis was performed on the four sequences of scanned 

tomograms (A1-A, A1-B, A2-A and A2-B) and for three types of specimens (type1: 6 teeth, 

type2: 12 teeth and type3: reference) from a ROI of 10 mm (313 x 313 x 313 voxels) up to 

a ROI of 32 mm (1000 x 1000 x 1000 voxels).  

 

          

Figure 94 – ROI from 10 mm to 32 mm            Figure 95 – Zones of interest along the flow              
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Table 11 – Tomogram A1-A_type 1. In this graph the plateau is reached over ROI of 30 mm. It was decided 

to take a ROI of 25mm to speed up the calculation of the program and to avoid excessive overlapping of the 

ROIs.  

  

From the trend of the graphs it has been noticed that the ratio between the voxel’s fiber ROI 

and the voxel total ROI or the ratio between the voxel fiber ROI and the voxel matrix ROI 

increases as the size of the ROI increases until a plateau is reached. In common to all three 

types of sample and areas of interest (start and sample center) is the ROI 25 mm (313 x 313 

x 313 voxels). It was decided to use this ROI as optimal to avoid considering a region that 

breaks the fibers and excessive overlapping of the ROIs. Another reason is the increase of 

speed with the calculation of the program. Finally, an aspect that should not be 

underestimated is the limit given by the size of interest (inside and above the tooth as well 

as on the side of the sample) and the timing that is required by the analysis. 

   

Table 12 – Tomogram A1-A_type 2. In this graph the plateau is reached over ROI of 28 mm. Between the ROI 

of 20 mm and 28 mm there is a drop in the percentage of fibers in the volume of the ROI due to the surface 

rising by an air trapped bubble  
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Figure 96 – Space without fibers generated by an air bubble         Figure 97 – ROI marked in red                                                                           

 

Sometimes it happens that because of the because of trapped air bubbles rising to the 

specimen free surface during the setting time, the result of the analysis is compromised 

(figures above and below). Once the ROI is increased, the problem is no longer visible. For 

the experiment it was tried to perform the analysis in the sub-stack of interest with ROI 25 

obtaining satisfactory results. For the fiber orientation analysis of the third type of as the 

cube one was used a ROI of the same volume (with same interval sub-stack and ratio 

between the two edges lower then 1.5).  An interesting discovery was that the Avizo sw 

sometimes identifies fibers placed outside of the sample volume due to artifacts. A way to 

avoid this is to identify a mask and make the voxels out of the volume boundary all the same 

and equal to 0, so that SW Avizo certainly does not identify any fiber in that region. 

Density analysis 

An analysis was carried out with AVIZO on the density of the fibers inside each sample. 

The procedure is simple: from a sequence of binary images and from a binary mask of the 

sample volume it was possible to obtain as output a sequence of images representing the 

cluster of fibers in the matrix for each slice. From this analysis a rendering vision of the 

entire sample was obtained with the variety of fibers inside it. Below there is a table 

summarizing the percentage of local fiber volume for each type of sample and divided by 

part of interest. Remember that from mix design the percentage of fiber volume within the 

mix was 3.80 %. 
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Table 13 – Percentage of local fiber volume for each type of sample 

 

 

  

Figure 98 – Avizo local density map on right and rendering result on left 

 

                           

Figure 99 – Local density map for 2nd type       Figure 100 – Local density map for reference type  
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For all three sample typologies, an almost homogenous fiber volume fraction was measured, 

with an average equal to 4.73%, (25% greater than the theoretical value). It is not a precise 

value but is closed to the percentage value of volume fraction of the fibers calculated during 

the mix design. Higher values were found near the specimen edges, even 20% higher than 

the reference volume fractions were found, due to the effects on the flow of the cementitious 

matrix of the non-planar mould bottom. 

Moment tensor analysis - Java class Beat’s program 

After a lot of time spent on Avizo, it has been realized that with the cylinder correlation and 

the trace correlation lines, the desired results were not achieved since the parameters 

included in the trace correlation lines must have a compromise of quality and risks. It was 

decided to use a program written by a researcher at EMPA Beat Münch in Java class 

[62][63][64], which is a process of programming through Java with which to obtain quickly and 

with acceptable reliability the required information. Moreover, once the analysis is finished, 

starting from binary images of disconnected particles inside a ROI of a cement sample, it is 

possible to obtain a statistic with a lot of information to be exported on MATLAB and thus 

obtaining graphs and explanatory diagrams. Then another colleague at EMPA Michele 

Griffa has perfected the new calculation system, which is based on Java programming and 

performs a shape tensor analysis of the labeled image of a tomogram. This provides as 

output data manifold particle statistics concerning inner radius, volume, stress matrix, mass 

centers and orientation according to spherical coordinates of longitude and latitude (θ e φ). 

 

 

Figure 101 – Processing with program in java class from binary images of disconnected particles to graphic 

representation in MATLAB R2018b 
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Moment of inertia 

The moment of inertia introduced by Euler in 1765 measures the inertia of the body as its 

angular velocity changes, a physical quantity useful for describing the dynamic behaviour 

of rotating bodies around an axis. This size is defined as the second moment of mass with 

respect to the position. The inertia tensor of an object can have different moments of inertia 

depending on the rotation axis (Ixx, Iyy, Izz). These components that are part of the moment 

of inertia tensor I are defined as [66]: 

 

Ii, j =  ∫ ρ(�̅�)[‖�̅� − 𝑥�̅�‖2 𝛿𝑖 𝑗 − (𝑥𝑖 − 𝑥𝑐,𝑖)(𝑥𝑗 − 𝑥𝑐,𝑗)] 𝑑�̅�
Ω

 

 

Equation 20 – Inertia tensor components 

 

𝑋𝐶 =  
1

𝑀
∫ ρ(�̅� ) �̅� 𝑑�̅�

Ω

                   𝑀 = ∫ ρ(�̅� )  𝑑�̅�
Ω

 

Equation 21 – Xc coordinated of mass vector center and mass in this case unitary mass 

 

𝑥𝑖  , ∀𝑖= 1,2,3.   𝑥1 = 𝑥; 𝑥2 = 𝑦; 𝑥3 = 𝑧 

In matrix form: 

 

𝐼 ̿ =  Г𝛺 (�̿�) 𝛿𝑖 𝑗  −  �̿�  

Equation 22 – Inertia tensor with G gyration tensor 

 

Equation 20 can also be written as follows: 

 

Ii, j =  ∫ 𝑚𝑙[(𝑥𝑙)𝑘(𝑥𝑙)𝑘𝛿𝑖 𝑗 − (𝑥𝑙)𝑖(𝑥𝑙)𝑗] 𝑑�̅�
Ω

 

Equation 23 – Inertia tensor components 

 

Where the index l denotes the ln component of the mass distribution and δ i j is the Kronecker 

delta. In matrix terms, the equation 23 is written as follow: 

 

𝐼 ̿ =  ∑ 𝑚𝑖

𝑁

𝑖=1

 [

(𝑦𝑖
2+ 𝑧𝑖

2) −𝑥𝑖𝑦𝑖 −𝑥𝑖𝑧𝑖

−𝑥𝑖𝑦𝑖 (𝑥𝑖
2+ 𝑧𝑖

2) −𝑦𝑖𝑧𝑖

−𝑥𝑖𝑧𝑖 −𝑦𝑖𝑧𝑖 (𝑥𝑖
2+ 𝑦𝑖

2)

] 

 

Equation 24 – Matrix of Inertia tensor 

 

For a system of n points with mass mi identified by cartesian coordinates (xi, yi, zi). In our 

case the mass is considered unitary. Since this tensor is a real symmetric matrix, for the 

spectral theorem it is possible to find a cartesian coordinate system (an orthonormal base) 

with respect to which the matrix is diagonal: 
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 𝐼 ̿ =   [

𝐼1 0 0
0 𝐼2 0
0 0 𝐼3

] 

Equation 25 – Matrix with principal inertia moment 

 

Where the axes (the matrix eigenvectors) are called axes principals and constants I1, I2 and 

I3 (eigenvalues) are called principal moments of inertia and are usually ordered in order 

increasing: I1 ≤ I2 ≤ I3.  Calling the unit vectors along the main axes (11
̅̅ ̅, 12

̅̅ ̅, 13
̅̅ ̅) as rows of 

the three-dimensional identity matrix, the rotation around that of the main axes of inertia for 

which the moment of inertia is neither maximum nor minimum, it is not stable.  For a 

homogeneous rotation solid, the axis of rotation is a main axis of inertia. The moment of 

inertia with respect to any axis passing through the center of mass can also be expressed as 

the distance from the center to which this axis intersects the surface of an ellipsoid whose 

axle shafts, oriented along the main axes, are long 
1

√𝐼1
 , 

1

√𝐼2
, 

1

√𝐼3
 . This ellipsoid is called 

ellipsoid of inertia. 

 

 

Figure 102 – Ellipsoid of inertia 

 

Fiber orientation 

 

To quantify the orientation of fibers a tensor description method, which is widely used in 

the fiber-reinforced concrete was applied. Following the orientation state of a single fiber. 

 

Figure 103 – Orientation state of a single fiber 
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The orientation state of a single fiber can be defined using in plane (Ф) and out of plane 

angles (θ), and represented by the following equation: 

 

 

Equation 26 – Components of the orientation tensor 

 

In the previous equation aij stands for the components of the orientation tensor. Parameters 

px, py, and pz give the orientation state of a single fiber in reference directions and are 

calculated as follows: 

 

px = sin θ cos φ ;    py = sin θ sin φ;     pz = cos θ 

 

In-plane (Ф) and out-of-plane (θ) angles for every fiber were measured using an image 

analysis program. Fn in equation 28 gives the weighing function which is used to account 

for the effect of fiber orientation on the probability of a fiber being intercepted by the cross 

section under consideration. The probability of being hit depends on the orientation angle. 

The probability of intercepting a fiber that is aligned vertical to the cutting plane is much 

higher when compared to a fiber aligned parallel to the section [66].  Therefore, the 

appearance function A depends on the orientation angle θ, and the fiber length L as is seen 

in equation 27. θc is the cut-off of the appearance function and it is calculated by using the 

diameter (d) and length (L) of the fibers. 

 

 

  

Equation 27 – Appearance functions Aθ, L and the cut-off of the appearance function θC 

 

 

To weight for the measurement data of a single fiber, the data is multiplied by the inverse 

of the appearance function and the weighting function, Fn was found as follows.  
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Equation 28 – Weighing functions Fn   

 

ParaView 

Once the Java class program was used and the necessary statistics were obtained (Figure 

104), we proceeded to verify whether the simplified model adopted, based on the inertial 

ellipsoid and on eigenvectors and values, is effective and reliable. To do this ParaView was 

used. ParaView is an open-source, multi-platform data analysis and visualization 

application used to build visualizations to analyze data using qualitative and quantitative 

techniques [69][70].  In this way it was possible to compare two images overlapping them. 

One obtained from MATLAB R2018b with an eigenvector of two particles with high 

volume that have an eccentric curvature, the other obtained from a binary image obtained 

with Avizo and transformed into rendering.  As can be seen in the following figure, the 

result is satisfactory. Position of the fibers and eigenvector coincide both in the center of 

mass and in the orientation of the fiber. This additional data obtained by ParaView further 

strengthens the validity of the program adopted in terms of reliable and realistic results. 

 

 

Figure 104 – Validity model adapted. Verification of two eigenvector overlapped two fibers with high 

curvature in ParaView 
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CHAPTER 4 – EXPERIMENT RESULTS 

A detail description concerning material and methods employed for the university thesis 

experience has been carried out. Then, was the turn of the formwork formation process using 

3D printing method, the casting methods, and x-ray computed tomography. Finally, a java 

program allowed fiber orientation analysis. 

In this section, java program output data and related results will be listed. This will be done 

both for fiber orientation analysis and for mechanical tests. Afterward, a report cause-effect 

to define the relationship between fiber orientation and concrete fiber reinforced 

performance will be outlined. 

 

4.1        Fiber orientation analysis 

4.1.1 Output data 

 

The data obtained from the Java program and graphically elaborated with MATLAB 

R2018b were the following: 

 

▪ shape flatness degree (F) vs shape anisotropy degree (A); 

▪ bivariate histogram of shape flatness degree (F) vs shape anisotropy degree (A); 

▪ particle’s volume histogram; 

▪ particle’s principal eigenvectors at the positions of the center of mass; 

▪ bivariate histogram of the spherical coordinates in cartesian coordinates 

representation; 

▪ scatter plot of spherical coordinates in cartesian coordinates representation; 

▪ semi-spherical coordinates representation. 
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Shape flatness degree (F) vs shape anisotropy degree (A) 

The first two results of the fiber orientation analysis led to a classification of the particles 

(fibers) according to the model used by the program in Java. For values of A (shape 

anisotropy degree) that tend to 0, the analogy is with a sphere, for values that tend to 1 is 

with a cylinder, while for values of A and F (shape flatness degree) that tend to 1, 

parallelepipeds are obtained. 

 

 

 

Figure 105 – Particles classification according to shape flatness degree (F) and shape anisotropy 

degree (A). λ1, λ2 and λ3 are respectively eigenvalues associated to the eigenvectors of the inertia 

matrix. 

 

As regards the first experience with the parallelepiped specimens and the second experience 

with the "Y" shaped specimens it was found that most of the fibers from the java model had 

a cylindrical shape. 
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Figure 106 – Shape flatness degree (F) and shape anisotropy degree (A) 

 

Bivariate histogram of shape flatness degree is a representation similar to the shape flatness 

degree but with additional information related to the number of particles (counts per bin). 

 

 

Figure 107 – Bivariate histogram of shape flatness degree (F) and shape anisotropy degree (A) 

Particle’s volume histogram  and principal eigenvectors at the position of the center 

mass 

From the java data output, a graphic representation of the fibers as eigenvectors was 

obtained (figure 108). The center of the eigenvector is the center of mass of the fiber.  
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Figure 108 – Particle’s principal eigenvectors at the positions of the center of mass. in this case 

the initial part of the sample was analyzed, as it can see the preferential orientation of the fibers is 

induced by the force of gravity (the view above is of the cross-section) 

 

Afterward, the volume of fibers was analyzed. The aim of this graphical representation was 

to investigate the reliability of the method adopted for the analysis of fiber orientation. The 

data outputs previously obtained represent an overview of each specimen analyzed. Of 

greater interest is the following analysis which will be dealt with in detail. 
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Figure 109 – Particle’s volume histogram. In red the real dimensions of the fiber 

 

Bivariate histogram and semi-spherical coordinates representation  

The most important result is a classification of the particles according to the orientation in 

spherical coordinates, angle φ (longitude) and angle θ (latitude). In this case, it was decided 

to permute (by double rotation) the values of angle θ between 0° and - 90° obtaining only 

positive values, with a semi-spherical representation. This choice was made for a more 

orderly graphic representation. 

 
 

Figure 110 – Scatter plot of spherical coordinates in cartesian coordinates representation. In this 

representation the cluster of points indicates a prevalent orientation according to the angle φ 

(longitude) on the y axis and angle θ (latitude) on the x axis. 

 

Following the bivariate histograms and of the fibers orientation in spherical coordinates 

for the three different typologies of samples analyzed. 

▪ T1_I_TOP. Type 1, top scan of initial part; 

▪ T1_I_BOT. Type 1, bottom scan of initial part; 

▪ T1_I_LAT. Type 1, lateral scan of initial part; 

▪ T1_C_TOP. Type 1, top scan of central part; 

▪ T1_C_BOT. Type 1, bottom scan of central part; 

▪ T1_C_LAT. Type 1, lateral scan of central part; 

▪ T2_I_TOP. Type 1, top scan of initial part; 

▪ T2_I_BOT. Type 1, bottom scan of initial part; 

▪ T2_I_LAT. Type 1, lateral scan of initial part; 

▪ T2_C_TOP. Type 1, top scan of central part; 

▪ T2_C_BOT. Type 1, bottom scan of central part; 
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▪ T2_C_LAT. Type 1, lateral scan of central part; 

▪ T_REF_I_TOP. Type reference, top scan of initial part; 

▪ T_REF_I_BOT. Type reference, bottom scan of initial part; 

▪ T_REF_I_LAT. Type reference, lateral scan of initial part; 

▪ T_REF_C_TOP. Type reference, top scan of central part; 

▪ T_REF_C_BOT. Type reference, bottom scan of central part; 

▪ T_REF_C_LAT. Type reference, lateral scan of central part; 

▪ T_Y_S-S. Type “Y” casted from the holes at the same time, central part; 

▪ T_Y_B-A. Type “Y” casted from the holes at different time, central part. 

 

T1_I_TOP 

 

      

Figure 111 – Navigator of the ROI analyzed. Type 1, top scan of the initial part 

      

Figure 112 and 113 – Bivariate histogram of the fibers orientation in spherical coordinates and 

Semi-spherical coordinate rapresentation. Type 1, top scan of the initial part 
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T1_I_BOT 

   

Figure 114 – Navigator of the ROI analyzed. Type 1, bottom scan of the initial part 

 

  

 

Figure 115 and 116 – Bivariate histogram of the fibers orientation in spherical coordinates and  

semi-spherical coordinate rapresentation. Type 1, bottom scan of the initial part 

T1_I_LAT 

   

Figure 117 – Navigator of the ROI analyzed. Type 1, lateral scan of the initial part 
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Figure 118 and 119 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 1, lateral scan of the initial part 

T1_C_TOP 

   

Figure 120 – Navigator of the ROI analyzed. Type 1, top scan of the central part 

  

Figure 121 and 122 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 1, top scan of the central part 
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T1_C_BOT 

   

Figure 123 – Navigator of the ROI analyzed. Type 1, bottom scan of the central part 

 

  

 

Figure 124 and 125 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 1, bottom scan of the central part 

T1_C_LAT 

   

Figure 126 – Navigator of the ROI analyzed. Type 1, lateral scan of the central part 
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Figure 127 and 128 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 1, lateral scan of the central part 

      

T2_I_TOP 

    

Figure 129 – Navigator of the ROI analyzed. Type 2, top scan of the initial part 

 

 

Figure 130 and 131 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 2, top scan of the initial part 
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T2_I_BOT 

   

Figure 132 – Navigator of the ROI analyzed. Type 2, bottom scan of the initial part 

 

 

Figure 133 and 134 – Bivariate histogram of the fibers orientation in spherical and semi-spherical 

coordinate rapresentation. Type 2, bottom scan of the initial part 

T2_I_LAT 

   

Figure 135 – Navigator of the ROI analyzed. Type 2, lateral scan of the initial part 
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Figure 136 and 137– Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 2, lateral scan of the initial part 

T2_C_TOP 

   

Figure 138 – Navigator of the ROI analyzed. Type 2, top scan of the central part 

 

 

Figure 139 and 140 – Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type 2, top scan of the central part 
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T2_C_BOT 

   

Figure 141 – Navigator of the ROI analyzed. Type 2, bottom scan of the central part 

 

 

 

Figure 142 and 143– Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type 2, bottom scan of the central part 

T2_C_LAT 

   

Figure 144 – Navigator of the ROI analyzed. Type 2, lateral scan of the central part 
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Figure 145 and 146 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type 2, lateral scan of the central part 

T_REF_I_TOP 

     

Figure 147 – Navigator of the ROI analyzed. Type reference, top scan of the initial part 

 

 

 

Figure 148 and 149 – Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type reference, top scan of the initial part 
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T_REF_I_BOT 

   

Figure 150 – Navigator of the ROI analyzed. Type reference, bottom scan of the initial part 

 

 

 

Figure 151 and 152– Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type reference, bottom scan of the initial part 

T_REF_I_LAT 

   

Figure 153 – Navigator of the ROI analyzed. Type reference, lateral scan of the initial part 
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Figure 154 and 155 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type reference, lateral scan of the initial part 

T_REF_C_TOP 

   

Figure 156 – Navigator of the ROI analyzed. Type reference, top scan of the central part 

 

 

Figure 157 and 158 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type reference, top scan of the central part 
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T_REF_C_BOT 

   

Figure 159 – Navigator of the ROI analyzed. Type reference, bottom scan of the central part 

 

 

Figure 160 and 161 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type reference, bottom scan of the central part 

T2_C_LAT 

   

Figure 162 – Navigator of the ROI analyzed. Type reference, lateral scan of the central part 
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Figure 163 and 164 – Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type reference, lateral scan of the central part 

T_Y_S-S 

   

Figure 165 – Navigator of the ROI analyzed. Type “Y” casted from the holes at the same time, 

scan of central part  

 

 

 

Figure 166 and 167 – Bivariate histogram of the fibers orientation in spherical coordinates and 

semi-spherical coordinate rapresentation. Type “Y” casted from the holes at the same time, scan 

of central part  
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T_Y_B-A 

 

Figure 168 and 169 – Bivariate histogram of the fibers orientation in spherical coordinatesand 

semi-spherical coordinate rapresentation. Type reference, lateral scan of the central part Type 

“Y” casted from the holes at different same time, scan of central part  

 

4.1.2 Results 

An accurate and detailed analysis of fiber orientation has been carried out. Starting from the 

parallelepiped specimens (types 1 and 2) up to the “Y” shaped specimens. A comparison 

with a reference specimen was performed. Before listing the various results obtained it is 

necessary to clarify the reference system associated with a single fiber immersed in the 

cement matrix. 
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Figure 170 – Above, a table with the representation of the fibers in their orientation of the 

spherical values inside specimen from different views. Below, the reference system of a single fiber 

 

The analysis on the orientation of the fibers gave the following results: 

▪ in all the specimens, from the lateral edge towards the inside the θ angle decreases; 

▪ in the reference specimen, from the side in which the casting is made towards the 

center (along the flow) the φ angle decreases; 

▪ the notched edges increase the φ angle; 

▪ from the side in which the casting is made towards the center (along the flow) the θ 

angle decreases. In the initial part, as expected, the fibers have an orientation 

influenced by the force of gravity. On the contrary, proceeding towards the center 

they are conditioned by the force of the flow (lower φ and lower θ); 

▪ the boundaries induce an orientation due to the "wall effect" increasing the fiber 

efficiency factor (φ angle) [55]; 

▪ an error in the number of the particles with unacceptable volume (higher than 

0.18mm3). Indeed, one fiber has a volume of 0.16 ± 0.2 mm3 (10% error of 

production). Despite the maximum volume value of 0.9 mm3, the calculation 

program has highlighted an average of fibers number acceptable.  

In relation to the number of fibers with a volume greater than the tolerable real (i.e. 

0.18 mm3) an error of 19% was found. This problem is due to the simplifications of 

the moment tensor analysis program in using the ellipsoid of inertia and using an 

image processing of false negative and false positive with the result of a smaller 

number of fibers with greater volume. This evidence has been already discussed in 

the previous chapter;  

▪ In the “Y” specimens, the wall effect can be observed in the intersection of the two 

pipes. This was created once the concrete came into contact with the walls of the 

formwork (figure 171); 
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▪ In the “Y” specimens, fibers with low θ angle and low φ angle were detected (visible 

in the previous histogram bivariate); 

▪ in the case of contemporary casting flows, the fibers have an orientation with high θ 

angle of 60° - 70° and high φ angle of 50° - 100°, while for the case with 

differentiated casting the fibers prefer θ angle of 60° - 70° and, a more pronounced, 

φ angle range of 150° - 180°. The φ angle has influenced a greater orientation in the 

experiment with differentiated flows; 

▪ Finally, in the case of contemporary casting flows the orientation of the fibers is 

more influenced by the force of gravity than in the other case where the returning 

back of the flow contrasts the concrete flowing from the top. 

 

  

Figure 171– Rendering detail of the fibers near the intersection 

 

4.2       Mechanical tests 

4.2.1 Output data 

The three-point flexural tests were performed and, as a result, the diagram of the applied 

load F vs. the deformation were produced. Deformation is expressed in terms of crack mouth 

opening displacement (CMOD) or mid-span deflection. The load-deformation curve 

consists of a first elastic behavior until reaching the first cracking, in most of the specimens 

it occurs at 2.5 mm of strain, then it proceeds to a plastic behavior [72][73]. The interest of the 

research is directed to the behavior before the first breaking. The load-peak value is taken 

into consideration and is correlated to a corresponding stress peak. 
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Figure 172 – Load-strain curve. On the y axis, the force applied in kN, on the x axis the strain (mm) 

 

The advantage of using fibers inside the concrete leads to a "seaming" behavior of the cracks 

that are created. Consequently, the bending strength increases. In the HPFRC there is a 

plastic behavior greater than the unreinforced concrete, but in any way this is not 

comparable with the behavior of the reinforced concrete. The three-point flexural test was 

performed on six types of sample, excluding the reference sample.  Due to the geometric 

shape of the cross-section, composed of a rectangular part and a triangular part, the inertia 

of the solid had to be calculated. Subsequently, starting from the maximum breaking load 

of the sample provided by the mechanical test it was possible to indirectly obtain the stress 

at the desired point. With the following equation: 

 

Equation 29 – Stress σz  

 

In which the moment is provided by the equation 30: 

 

Equation 30 – Moment Mmax 

 

 Afterward, the tables with the stress values calculated on the base and on the tip of the tooth. 
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Stress value on the base of the tooth 

     

 

Table 14 – Stress value calculated on the tooth base for the different typologies of samples 

 

Stress value on the tip of the tooth 

     

  

Table 15 – Stress value calculated on the tip of the tooth for the different typologies of samples 
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Stress value on the center line of the tooth 

 

The base and maximum stress on the tip of the tooth have been calculated. To obtain an 

adequate comparison with the reference sample, it was decided to calculate the stress on the 

tooth center line. Point where, during each mechanical test, the breaking of the sample 

occurred. 

 

 
 
Table 16 – Stress value calculated in the center line of the tooth for the different typologies of samples 

 

4.2.2 Results 

In the previous data output a comparison between the stress values at the base of the tooth 

tip for the various sample types has been outlined. In general, an improvement in flexural 

strength for all notched sample types was shown. A dependency between the tooth height 

of the sample and the stress value was not found. On the contrary, higher strength values in 

samples with small tooth heights. 
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Table 17 – Comparison between different application of the stress point for the different typologies of samples. 

In yellow, the stress values on the tooth tip; in blue, the stress values on the tooth base; and in green, the stress 

values on the center line of the tooth 

 

 
 
Table 18 – Comparison of stress values calculated at the base, at the tip and in the middle of the tooth, for the 

different tipologies of samples The red line is the reference stress value calculated in the centre of gravity 

 

Detailed comments of results obtained above are listed as follow: 

 

▪ the red line is the reference line of the parallelepiped sample. It has reached a flexural 

capacity of 37.29 Mpa; 

▪ the yellow line is the line of stress values calculated on the tip of the tooth. It provides 

the maximum stress values in case the breaking occurs in that position; 

▪ the blue line is the line of stress values calculated on the base of the tooth; 

▪ the green line is a good compromise.  In this case, the line of stress values calculated 

in the center line of the tooth shows a performance increase of the resistant capacity 

to bending;  
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▪ no relationship between the height of the fibers and the progress behavior of the 

stress values due to the fiber density phenomenon inside the matrix. Condensation 

of fibers at the base and in the center of the specimen was very high. 

▪ Particular attention should be paid to the sample with 24 teeth. For this, there is an 

increase in flexural resistance with respect to the reference sample even with slight 

bevels edges of the formwork. This further justifies the effectiveness of the induced 

orientation of the fibers from the “wall effect”; 

▪ The lowest value of stress increase is given by the sample with a lower tooth height. 

This is due to the fact that the “wall effect” is no longer effective beyond that tooth 

height limit. 

 

4.3 Fibers orientation for increment in the mechanical                                      

performance   

In this cause-effect report the relationship that links fiber orientation with mechanical 

performance has been highlighted.  Before starting, a series of considerations must be made 

before showing the link between peak stress and fiber orientation parameters. First of all, a 

different concentration of fibers predominantly accumulating on center line part of the 

specimen (fig. 183) and an orientation of the fibers parallel to the flow was evidenced. 

Furthermore, the fibers from the casting point characterized by a perpendicular orientation 

due to the force of gravity tend to a parabolic trajectory (fig. 184). Hence, the methods of 

casting the fresh state of the concrete are of considerable importance for the effects of the 

fibers. 

   
 

Figure 173 – Comparison of the local density of fibers in three typologies of specimen 
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Figure 174 – Side view of the specimen with parabolic trend of the fibers along the flow 

 

Another consideration is that the flow of the concrete, after having touched the base of the 

mold follows the speed of propagation of the matrix (fig. 185). In the central flow line, the 

fibers are oriented parallel to the flow direction. Therefore, in addition to the casting method 

also the geometric characteristics of the formwork influence the orientation of the fibers. 

 

 

Figure 175 – Orientation of the fibers according to the flow 

 

A case in which, the boundaries favor a precise fiber orientation is represented by the Y 

shaped specimens. In fact, near the connection of the two ends from which the cement is 

poured, an orientation of the fibers that follows the contour of the tubular geometric shape 

has been noted. As shown in the following figure, a practical example could be represented 

by a Y shaped fiber-reinforced beam in working condition subjected to loads. In this case, 

the link between fiber and matrix, the aspect ratio and the density of the fibers play a 

fundamental role because of the contribute to the resistant moment of the beam. 

 

 

Figure 176 – Forces that are created on a Y-beam under applied loads 
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The correlation between the orientation of the fibres, evaluated as above, and the mechanical 

properties of the composite was possible by calculating suitable ‘‘toughness indicators’’ as 

a function of the COD, coherently with the prescriptions of Italian guidelines on the design 

of SFRC structures [75].  

In the pre-peak regime, where multiple cracking has been observed in the central constant-

bending moment region of the specimens, the length-scale governing the measured load–

COD behaviour may be reliably assumed equal to the COD-measuring gauge length (COD 

= 300 mm). On the other hand, once the localization into a single crack has occurred, the 

fracture governing length scale can be assumed equal to the specimen depth h. Hence, has 

been possible to calculate the values of  f eq,1 and f eq,2, related to post-cracking behavior.  

It is by the way worth remarking that for the very thin structural elements herein dealt with, 

the second COD range may prove not adequate for a correct design-oriented identification 

of a tensile stress versus crack-opening law. This either because it is partially overlapping 

with the first one and may be not enough representative of the actual ductility and 

deformation capacity of the material. For this reason, post-cracking equivalent strengths 

corresponding to higher COD ranges, respectively, equal to 0.04 h ± 20% for f eq (0.04h) and 

0.10 h ± 20% for f eq (0.10h), have been herein calculated. Following the table with all values 

calculated. 

 

 

Table 19 – First cracking and post-cracking equivalent strengths at different COD calculated from load 

versis COD curves 

 

Finally, two separate analyzes were obtained starting from the stress values comparing them 

with fiber volume fraction and fiber density. 
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Table 20 – Peak stress vs fiber volume fraction 

 

 

Table 21 – Peak stress vs orientation density 

 

Analyzing the graphs obtained for three points in which the effort was calculated, we note 

a different mechanical performance of the sample examined according to the specific fiber 

orientation of an area. In the central-low zone of the sample, the density of the fibers, as 

previously seen, vertical to the fracture surface favors as an increase in stress peak increases. 

Moving towards the base of the tooth the fiber density decreases as the attached stress 

decreases. A similar but less evident speech concerns the orientation density of the fibers 
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approaching the end. In the graphs above, for the orientation density calculation the 

parameter px equal to sinθ cosΦ was used since the reference image plane is XY. The fiber 

analysis was performed through imagine analysis in the Amira-Avizo SW. 

 

 

Table 22 – normal stress vs fiber volume fraction for different types of stress 

 

 

Table 23 – normal stress vs orientation density, vertical to the fracture for different types of stress 

 

The orientation of the fibres significantly affects, as expectable, the mechanical 

performance of the fibre reinforced cementitious composites. This may be a discriminating 

factor to obtain a high mechanical performance of the material, such as for example 

deflection hardening or even reliable strain hardening behaviour, besides suitable selection 

of fibre type, fibre volume fraction, fibre–matrix bond and matrix characteristics. 
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This provides solid experimental evidence to the idea that the fresh state properties of the 

material and the casting process can be effectively tailored to orient the fibres along the 

direction of the tensile stresses.  Values of the orientation factors could hence be governed 

in order to achieve the required mechanical performance. In addition, the casting and 

manufacturing process could also be suitably designed to obtain the optimized orientation 

through the aid of computational fluid dynamics modelling of fresh concrete flow [74]. 
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CHAPTER 5 – CONCLUSIONS 

Governing the dispersion and the orientation of fibres in concrete through a suitably 

balanced set of fresh state properties and a carefully designed casting procedure, is a feasible 

and cost-effective way to achieve a superior mechanical performance of fibre reinforced 

cementitious composites, which may be required by the intended application, even keeping 

the fibre content at relatively low values. The purpose of this work is to investigate how the 

fibers orientation induced through the 3D modeling of the formwork allows an increase in 

flexural strength in high-performance fiber-reinforced concretes. To achieve this,  16 

toothed parallelepiped specimens, divided by tooth height category, with a total height of 

32mm, width of 116mm and length of 360mm were casted. Moreover, this work was 

intended to verify the casting methods and the geometry (which was designed to 

"reproduce" the peculiarities of 3D printed elements). An analysis was carried out with 

AVIZO on the density of the fibers inside each sample. Starting from a theoretically 

percentage of fiber volume within the mix, with a nominal fiber dosage equal to 3.80 % by 

volume, after density analysis, an almost homogenous fiber volume fraction was found with 

an average equal to 4.73%. Higher values were found near the specimen edges, even 20% 

higher than the reference volume fractions were found, due to the effects on the flow of the 

cementitious matrix of the non-planar mould bottom. Hence, fiber orientation analysis was 

performed with a program written in java. The accuracy of the program was assessed in 

considering the shape of the fibers as a cylinder was obtained a histogram shape flatness 

and shape anisotropy degree. Then, a representation of the eigen vector of the fibers and a 

graph with the orientation of the fibers according to the angles in spherical coordinates was 

achieved. Angle θ is the angle between single fiber and Z axis, coinciding with the length 

of the specimen along the flow direction, while angle Φ is the angle between the projection 



 
124 

 

of the fiber on the xy plane, cross-section of the samples, and the X axis corresponding to 

the width of the specimen. As results, in all samples from the lateral edge to the center the 

angle θ to  decreases, while along the flow towards the center the angle decreases. This is 

due to the "wall effect", more visible in the experience with the casting into Y shaped 

mold.  In the initial part of the parallelepiped sample, as expected, the fibers had an 

orientation influenced by the force of gravity. On the contrary, proceeding towards the 

center they were conditioned by the force of the flow. Afterward, three-point flexural tests 

were performed and, as a result, the diagrams of the applied load F vs. deformation were 

produced. Deformation is expressed in terms of crack mouth opening displacement 

(CMOD) or mid-span deflection. In general, an improvement in flexural strength for all 

“saw-toothed” sample types was shown. A dependency between the tooth height of the 

sample and the stress value was not found. On the contrary, values were higher in samples 

with small tooth heights. In particular, for the reference sample a peak stress of 37.29 MPa 

was achieved, while for the other samples an increase in the stress calculated at 35% of the 

tooth was found. This work has shown that the orientation of steel fibres within a SFRC 

structural element can be effectively governed through a well-balanced fresh state 

performance, as obtainable by virtue of an appropriate mix composition, and a suitably 

designed casting process. The orientation of the fibres significantly affects, as expectable, 

the mechanical performance of the fibre reinforced cementitious composites. This may be 

a discriminating factor to obtain a high mechanical performance of the material, such as for 

example deflection hardening or even reliable strain hardening behaviour, besides suitable 

selection of fibre type, fibre volume fraction, fibre–matrix bond and matrix characteristics. 

Values of the orientation factors could hence be governed in order to achieve the required 

mechanical performance. 
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