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Summary 

 
The use of fiber reinforced concrete (FRC) becomes a more popular solution in 

the world of construction. The industry is demanding FRC with high structural 

responsibilities with opportunity to become the only reinforcement and to substitute 

completely the traditional reinforcement.    

  

Despite the well-known advantages of FRC and studies made about the properties 

of this material during the past years, there are still questions regarding the performance 

of fibers at extreme climatic situations. Especially there is a luck of information about the 

mechanical performers of FRC at constantly freezing temperatures.     

 

This framework presents an experimental program for characterization of the 

mechanical properties of SFRC and PPFRC notched samples. The fiber dosages were 

chosen with respect to the standard norms for pavements reinforcement. Following the 

experimental program, specimens were subjected to a range of low temperatures. This 

approach helps to define the behavior of both steel and synthetic fibers in countries with 

constantly low temperatures, like Russia and Canada. In order to evaluate the 

performance of the matrix and the residual strength of the specimens at different CMODs, 

the samples at low temperatures were compared to the ones at environmental temperature. 

 

The result of this comparison confirmed the initial proposal, the mechanical 

performance of both SFRC and PPRFC increase as temperature decreases. The 

mechanical strength of both type of the macro-fibers remained unchanged at low 

temperatures.  The residual flexural strength increased more than a half for both type of 

fibers. Apart from that, the pull-out capacity tends to improve as well as the compressive 

strength of the FRC.    
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Resumen 

 

El uso de hormigón reforzado con fibra (HRF) hoy en dia se convierte en una 

solución mas habitual en el mundo de la construcción. La industria esta demandando HRC 

con creciente responsabilidad estructural para poder sustituir por completo al refuerzo 

tradicional.  

 

A pesar de las conocidas ventajas del HRF y de los estudios realizados sobre las 

propiedades de este material durante los últimos años, aun existen áreas no conocidas 

sobre el comportamiento de las fibras en situaciones climáticas extremas. Especialmente 

hay poca información sobre el comportamiento mecánico de HRF bajo temperaturas de 

congelación constante.  

 

Esta tesis presenta una campaña experimental para la caracterización de las 

propiedades mecánicas de las probetas entalladas de hormigón reforzado con fibras de 

polímeros y metálicas. Las dosificaciones de las fibras para el hormigón han sido elegidos 

según la norma estándar de HRF para pavimentos. Siguiendo el programa experimental, 

las probetas fueron sometidas a un rango de bajas temperaturas. Este enfoque ayuda a 

definir el comportamiento de las fibras de polímeros y metálicas en países con 

temperaturas constantemente bajas, como Rusia y Canadá. Con el fin de evaluar el 

desempeño de la matriz y la resistencia residual de las probetas a diferentes CMOD, se 

hizo una comparación con las probetas a temperatura ambiente.  

 

El resultado de esta comparación confirmo la propuesta inicial, el rendimiento 

mecánico tanto del hormigón reforzado con fibras metálicas como de polímeros aumenta 

a medida que desciende la temperatura. La resistencia mecánica de ambos tipos de macro-

fibras se mantuvo sin cambios a temperaturas bajas. La resistencia a flexotracción 

residual aumento mas de la mitad para ambos tipos de fibras. Aparte de esto, la capacidad 

de Pull-out tiende a mejorar, así como la resistencia a compresión del HRF.   
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Introduction   
 

 

 

 

 

 

1.1  Scope of the research 

 

Fiber reinforced concrete (FRC) is a concrete which contains discrete fibrous material 

that helps to resist tensile stresses and provides ductility to structure. The fibers itself 

could be short or long, made out of different materials: steel, glass, synthetic, asbestos, 

etc.; different shapes: straight, wavy, conformed, etc.; with different sections: circular, 

square, oval, etc. In normal cases, fibers to reinforce concrete are made of steel and 

synthetics.  

 

Fibers are incorporated into the mass of the concrete mixer like an extra component 

of concrete. So that inside the concrete the fibers are uniformly distributed and randomly 

oriented. Fibers are playing multifunctional role in concrete: improve flexural toughness, 

energy absorption, better behavior against fire and impact, reduction of cracks in early 

ages, shrinkage control, etc. Due to those advantages, the use of FRC is increasing in the 

world of construction, mostly applied for pavements, cladding and some precast elements 

including tunnel linings.   

 

As mentioned before, one of the main applications of FRC is for pavements. 

Pavements can be constructed for different purposes and loads (roads, airports, ports, 

industrial factories, parking lots, etc.). The reason to start applying FRC for pavements is 

that the roads of the future must be tougher, with higher durability, resistant to cracking, 

and, at the same time, being cost comparative with current methods and materials. 
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Nowadays, it’s very important to increase the service-life for highways, because their 

construction and maintenance budgets are underfunded. 

  

 The behavior of FRC for pavements has already been applied in real life. 

However, most of the experiences were evaluated under normal conditions and a few of 

them at elevated temperatures. So, there is still a big unknown area left, which is how 

FRC will act at freezing temperatures. In order to answer this question, the following 

thesis was carried out.  

     

1.2  Objectives   

 

1.2.1   General objectives  

 

The main objective of this thesis is to identify how freezing temperatures affect 

the flexural strength of concrete reinforced with synthetic and steel fiber (UNE-EN 14651 

beam test). To this end, an extensive experimental program was carried out. In total 72 

prismatic specimens and 72 cylindrical specimens were produced. The results of this 

experiment will help to obtain more knowledge about the use of concrete pavements 

reinforced with fibers in countries where temperature goes below zero. Which further 

could lead to a more extend use of FRC for pavements and industrial floors.   

 

1.2.2   Specific objectives  

  

The specific objectives outlined here will help to achieve the general objectives 

of this thesis. Regarding the analysis of the results, the following specific objectives are 

set in order to understand the behavior of the material under different temperatures: 

 

• Perform a research about the post-cracking behavior of FRC and main 

factors that may influence those.  

 

• Prepare an intensive experimental campaign that will be able to achieve 

the necessary results to understand the behavior of the material as the 

temperature decreases below zero degrees.  

 

• Produce the necessary number of specimens, with corresponding amount 

and type of fibers.  

 

• Evaluate the FRC behavior under flexural loading configuration as a 

function of fiber content and temperature.  

 

• Show, discuss and analyze the obtained results.   
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1.3 Outline of the thesis 

 

 The thesis is divided into 5 main chapters, as shown in Figure 1.1. Every chapter 

contains the necessary information to answer the objectives stated before. The chapters 

are placed in appropriate order, which helps to follow this thesis in a clear way. This order 

and a brief outline of each chapter are stated below:  

 

• Chapter 1 → is the introduction of the thesis. Describes the motivations of this 

research. Also, both general and specific objectives are outlined.  

 

• Chapter 2 → is called state of the art. This chapter starts with a brief description 

of FRC and how it applies in pavements. Based on the literature reviewed, the 

effect of freezing temperature on mechanical properties of the FRC is described. 

Also, the results of previous experiments on similar topic are presented.   

 

• Chapter 3 → describes the experimental program that was carried out in 

laboratory. This chapter represents the dosages and the materials implemented in 

the experiment together with the description of the specimens used for testing. In 

addition, it includes the description of the tests and the procedure for their 

evaluation, mentioning the equipment and standards used.  

 

• Chapter 4 → represents a complete analysis of the results derived from the 

experimental program. Based on the results obtained, relationships between the 

temperature and the mechanical properties are presented and evaluated. The 

characterization of the flexural behavior of steel and synthetic fibers at different 

temperatures is carried out.    

 

• Chapter 5 → represents the conclusions obtained after the experimental program 

together with the future perspective of research.  
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Figure 1.1 (1) Outline of the thesis 
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Chapter 2 

State of the Art  

 

 
 

 

 

 

 

 

 

 

 

2.1   Introduction  

 

This chapter reviews guidelines and previous research related with the use of fiber 

reinforced concrete in pavements, focusing on the test methods to characterize the 

material. Pavements should be designed to achieve high durability, long useful life, being 

resistant to cracking, as well as with capacity to load distribution (such as vehicle forces 

extended on the pavement). 

 

One of the main fields of application of FRC is in pavements, both at the 

superficial layer and at the entire thickness. Even though pavements are related to 

structure, most of the time its use is considered with lower responsibility. It happens 

because, the consequences of its breakage are usually smaller compared with other type 

of structures (Aguado et al., 2009).   

 

Nowadays, there are design codes which allow a complete substitution of the 

conventional reinforcement with fibers at normal conditions. However, there is a luck of 

information about the post-cracking behavior of fibers at low temperature. This is a big 
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inconvenience for countries with massive temperature variations. It is crucial to 

effectively predict the thermal behavior of building materials to properly design structures 

which will be capable of withstanding low temperatures.  In this line, the main goal of 

this state of the art is to identify and discuss the properties of steel and synthetic fiber 

reinforced concrete subjected to low temperatures. 

 

2.2 Application of fibers in pavements  

 

Fiber reinforcement technology for pavements has been in use for decades, with 

most of the early research and applications using steel macro-fibers to improve the fatigue 

life of newly constructed concrete pavements. Synthetic microfibers were introduced in 

the 1980s with the objective of minimizing the appearance of early-age plastic shrinkage 

cracks due to surface moisture loss in concrete. FRC for pavements develops three-

dimensional reinforcement, providing sewing action throughout the entire depth of the 

crack. The fibers are distributed throughout the concrete mass during mixing, acting as 

micro-reinforcement during setting and hardening, each one of them distributing over its 

entire length the stresses generated in its surroundings by the processes of volume loss 

(hydration, loss of water due to evaporation, etc.), which is typical for shrinkage or 

thermal actions (Aguado et al., 2009).  

 

The effectiveness of the fibers to face these actions depends, fundamentally, on 

the number of fibers per m3. This is due to the need to create a dense network that allows 

the stresses to be distributed throughout the crack, acting as a bridge mechanism for 

transmitting stresses between both crack surfaces. In this sense, if pavements are 

subjected to low-moderate actions, and the purpose of the reinforcement is to provide the 

element with sufficient capacity to cope with the actions of shrinkage and temperature 

induced stresses, then synthetic fibers can be used. These types of fiber respond well for 

loads at service stage and work more efficiently for these types of stresses due to their 

low modulus of elasticity compared to steel fibers (Aguado et al., 2009). 

 

On the other hand, if the reinforcement requirements are not limited to the 

rheological and/or thermal actions, but also the service and exploitation actions are 

generating high tensile stresses, conventional reinforcement can be replaced completely 

or partially by a certain amount of structural synthetic or steel fibers, or a combination of 

both. The choice depends on technical and economic aspects (Aguado et al., 2009).  

 

The presence of FRC in pavements increases the flexural resistance. Also, it 

increases ductility after the first cracks, which leads to a better warning against brittle 

failure and increases the stress redistribution capacity of the structure. This makes it 

possible to address the resistant design by means of plastic calculation used by the failure 

lines method (Johansen, 1962), taking advantage of the post-cracking resistance offered 

by FRC.  
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Moreover, FRC increases resistance to impact and spalling, which is beneficial in 

places with possible damage from falling of big objects. Under such situation, fibers sew 

the appeared crack and thus prevent the damaged concrete from complete spalling. Also, 

abrasion resistance, for pavements with elevated mechanical actions, gets improved. This 

helps to avoid erosion and water cavitation problems. Another important benefit of fibers 

in pavement is the possibility to reduce the depth of the section maintaining the same load 

capacity (Aguado et al., 2009). Moreover, FRC can help to reduce slab movement, slab 

misalignment, and plastic shrinkage cracking (Roesler et al., 2019).  

 

Additional studies and applications conducted on FRC in the past 15 years, FRC 

have reported that FRC has been successfully implemented in concrete overlays of 

roadways. Particularly, the use of FRC in bonded concrete overlays on asphalt or 

composite pavements has seen significant growth in the past 10 years, with overlay 

thickness ranging from 76,2 to 152,4 mm. The National Concrete Overlay Explorer lists 

89 FRC overlay projects constructed between 2000 and 2018 (Roesler et al., 2019).  

 

An Illinois study of FRC overlays reported better performance compared to 

similar plain concrete overlays (By et al., 2014). Moreover, multiple laboratory-scale slab 

tests of fiber reinforcement have shown that the flexural and ultimate load capacity of 

FRC slabs and the load transfer efficiency between FRC slabs are significantly greater 

than those of plain concrete slabs (Barman & Hansen, 2018). The magnitude of the 

increase is dependent on the fiber type and content. 

 

Nevertheless, the use of FRC is still not considered for some concrete pavement 

projects, sometimes because of the additional material costs, potential mix design 

modifications, and constructability questions associated with FRC, but primarily because 

pavement engineers lack experience with FRC (Roesler et al., 2019).  

 

Some examples of application of FCR for pavements are represented below in 

figure 2.1.  

Figure 2.1 (2) A. PCC overlay on US Highway 160 in Ulysses, KS, 2010. B. Spartech 

and Jaycee Drive Overlay in Arena Park in Cape Girardeau, MO, 2007 

 

A B 
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 Pictures A and B in figure 2.1 are taken from “The National Concrete Overlay 

Explorer” (The National Concrete Overlay Explorer, 2021).  2.1-A is a street in Ulysses, 

KS constructed in 2010. The thickness is 139,7 mm, polypropylene fiber with dosage 

0,3% was used as reinforcement. 2.1-B is a street in Cape Girardeau, MO constructed in 

2007. The thickness is 152,4 mm, fibrillated polypropylene fiber with dosage 1,78 kg/m3 

was used as reinforcement.   

 

2.3   Pavement Design for Concrete Overlays with FRC   

 

The design of pavements with FRC can be occasionally conducted with the use 

of abacuses. These tools are the result of extensive experience conducted at worksite, as 

well as recommendations and guidelines provided through previous calculations of fibers 

manufacturers (Aguado et al., 2009).   

 

FRC can be applied to bonded or unbonded concrete overlays. The most common 

design tools for bonded concrete overlays on asphalt are bonded concrete overlay of 

asphalt mechanistic-empirical (BCOA-ME) design, the American Concrete Pavement 

Association’s (ACPA’s) Pavement Designer, and the American Association of State and 

Highway Transportation Official’s (AASHTO’s) AASHTOWare Pavement ME. For 

unbonded concrete overlays, AASHTOWare Pavement ME and Optipave 2.0 can be used 

to design traditional-sized slabs and short slabs, respectively, with macro-fibers (Roesler 

et al., 2019).  

 

Several new M-E methods for designing unbonded overlays with traditional 

jointed and shorter slab systems are under development and will become available soon. 

The joint spacing of unbonded overlays may need to be reduced when macro-fibers are 

used to decrease the required slab thickness (Roesler et al., 2019). 

 

The specified residual strength value can vary depending on the traffic level, 

condition of the existing pavement, desired design life, slab geometry, slab thickness 

constraints, and requirements for crack width control. While the residual strength is 

specified for a particular project and overlay design, different fiber types require different 

dosage levels to achieve the same residual strength value. The fiber’s geometry, stiffness, 

surface texture, and other characteristics, along with the concrete strength, all affect the 

residual strength. 

 

Research has shown that macro-fibers can maintain the load transfer efficiency of 

contraction joints under repeated loading (Barman & Hansen, 2018), similarly to the 

mechanism of tie bars in contraction joints. However, FRC materials should not be 

substituted for tie bars in joints that require dowel bars to control faulting (Roesler et al., 

2019).  



State of the Art 

 

Igor Reynvart  

 

9 

2.3.1 Recommendations of FRC use according to the fib bulletin.  

 

 According to fib bulletin 51, the conventional reinforcement can be completely 

substituted by structural fibers when certain requirements are fulfilled. The matrix should 

fulfill three mechanical criteria based on the load-displacement curve, which is 

represented on figure 2.2 (a) (Liao, 2015).  

 

1. The ultimate load (Pu) > cracking load (Pcr), and (Pu) > the service load (Psls).  

2. The ultimate vertical displacement (𝛿𝑢) > service limit state vertical displacement 

(δsls) in linear elastic criterion.  

3. δsls should be at least 5 times lower than the vertical displacement (δpeak) estimated 

for the maximum load (Pmax). 

Figure 2.2 (3) a). P-𝛿 curve for FRC structure; b). M-χ diagram for different sectional 

responsesFigure 1.1 3 (Liao, 2015). 

 The figure 2.2 a) represents load-displacement curve with three characteristic 

points: ultimate load Pu with its corresponding ultimate vertical displacement δu, 

maximum load Pmax with the vertical displacement (δsls), and the service load Psls with the 

service limit state vertical displacement (δsls). The second and third, mentioned above, 

requirements intend to guarantee a minimum deformability for the most unfavorable 

cases for indeterminate structures (Liao, 2015). The first requirement, corresponds to the 

ultimate bending moment (Mu) and the cracking bending moment (in service stage) (Mcr), 

determines the minimum reinforcement (de la Fuente et al., 2015).  

 The figure 2.2 b) represents the moment-curvature M-χ diagram, which 

demonstrates different reinforcement configurations including infracritical, load-based, 

critical and supercritical. In order to determine the minimum required amount of fiber 

reinforcement, the ultimate bending moment (Mu) must be determined by using non-

linear sectional analysis (Hossein, 2020). At the same time, the calculation of the 

maximum bending moment (Mu) is carried out by using constitutive models of the fib MC 

2010. However, these constitutive models do not consider the effect of extremely low 

temperatures. They consider a temperature range from −20 ºC to 40 ºC mostly on 

experiences with steel fibers (Hossein, 2020).    
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2.4   Freezing  

 

This part of the chapter is set to evaluate the effect of freezing on bearing capacity 

of concrete in cold regions. This is of utmost important given the large fluctuations in 

temperature Worldwide. Moreover, in Russia, Greenland and Canada, the temperature 

varies massively over the four seasons. Cold countries where temperature goes below 0ºC 

are presented on figure 2.3 below in colors, each color corresponds to a specific  

Figure 2.3 (4) Cold regions with constantly freezing temperatures (reddit.com) 

As represented in figure 2.3, there are extensive areas that could be considered as 

cold regions. Apart from that, many countries with intermediate climate also experience 

low temperatures during part of the year. Infrastructures made of concrete including 

pavements, dams, bridges, etc., are at high risk of freezing, thus their behavior at low 

temperatures should be defined. 

Concrete may be severely damaged by freezing and thawing if the pore system of 

the concrete is filled with water to such an extent that the concrete reaches a critical degree 

of saturation. The mechanisms leading to such damage are not entirely clarified. 

However, it is generally accepted that because of the surface tension in the small 

capillaries and because of the reduction of the freezing temperature of water in the pore 

system of the hydrated cement paste by dissolved substances, the water in concrete 

freezes at temperatures below 0°C, and the amount of frozen water increases continuously 

as the temperature decreases. Hydrostatic pressure in the still unfrozen water caused by 

the volume increase of the ice which has already formed, osmotic pressures as well as a 

redistribution of water in the pore system lead to internal stresses which may severely 

damage the concrete, particularly as the number of freeze-thaw cycles increase (Setzer, 

1992) 

When concrete freezes ice formation occurs in its pore structure. The process 

develops from the surface towards the internal part of concrete. The water inside the pores 
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increases in volume up to 9%. First of all, it freezes inside pores that are on the surface, 

and when the volume increases the water that is not frozen yet flows inside the concrete. 

During this process a significant hydraulic pressure appears, which increases with the 

freezing velocity. This pressure could reach 10 to 15 MPa, which is quite higher of the 

capacity of concrete to resist traction force, which leads to appearance of cracks (Zotkin, 

2014).   

The temperature of water freezing inside concrete depends on the diameter of 

pores. Inside pores, where capillary water has properties of “free water”, freezing happens 

at temperatures close to 0ºC. When the size of pores is below 10-5 cm, freezing takes place 

at −10ºC to −20ºC. So, it is considered, that at temperatures below −20ºC all water inside 

the concrete should freeze.  

Due to freeze-thaw cycles, D-line cracking, also referred to as durability cracking, 

appears as a series of closely spaced, crescent-shaped cracks that occur along joints or 

pre-existing cracks in concrete flatwork, such as pavement or sidewalks. They are 

oriented approximately parallel to joints, both longitudinal and transverse (C.L. & M.M., 

2007).  

However, when looking at permanent freezing, temperatures below 0ºC brings 

positive effects on structural capacity of FRC. As water inside the pores freezes, it causes 

an increase in strength since capillary pores become filled with a solid material that has a 

significant load bearing capacity and that develops strong bonds with the hardened 

cementitious matrix. It is further probable that the frozen water increases the fracture 

toughness, and prevents stress corrosion, which also increases strength. The increase in 

strength at low temperatures would thus depend for the most part on the freezable water 

content (Pigeon & Cantin, 1998). Miura et. al., (1989) observed that the increase in 

strength at low temperatures varies almost linearly with the water content of the mixture 

(Kim et al., 2017).  

In relation to the fibers, at temperature below zero, polypropylene tends to become 

brittle. That property is a serious disadvantage and can become problematic, especially in 

certain applications when mechanical performance is concerned (Hall, 1989). Regardless 

that fact, synthetic fibers clearly have an improved performance at lower temperature 

(Richardson & Ovington, 2017) Alan Richardson and Rhys Ovington in their study came 

up with such conclusion when analyzed the pull-out test results for concrete with 

polypropylene fibers at −20ºC. Their results shown that as temperature decreases from 

60ºC to −20ºC, there is a 50% increase in force required to pull out the polypropylene 

fibers, (fig. 2.6). This could be due to the fact that as concrete is cooled, it shrinks around 

the fibers, causing an increase in bond strength between concrete and fibers themselves.  

Like most solid materials, steel and concrete contract when temperature 

decreases. This happens because of the reduction of the kinetic energy of the atoms, which 

induces a reduction of the thermal agitation. Because of the asymmetry of the curve 

representing the potential energy versus the inter atomic distance for a given material, the 
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average equilibrium distance between atoms is reduced, and this reduction continues until 

the temperature reaches −273ºC. This decrease of the distance between the atoms causes 

an increase in strength because the attractive forces between the atoms increase. The 

brittleness of the bond also increases with the attractive force. Steel and concrete are thus 

more resistant, but also more brittle, at low temperature (Pigeon & Cantin, 1998). 

2.5 Mechanical characteristics of concrete at freezing temperatures.  

The majority of the research found about freezing temperatures are focused on the 

effect of freeze-thaw cycles while the aim of this thesis is to study FRC behavior exposed 

to a permanent freezing situation. Accordingly, compressive, tensile, and flexural 

strengths of the concrete are discussed based on the found literature.  

2.5.1 Compressive strength (fc).  

The compressive strength (fc) of concrete increases linearly with the decrease of 

temperature (Richardson & Ovington, 2017). This increase is influenced by a number of 

parameters. One of them is that higher water-cement ratios gain more increase of fc at 

lower temperatures as found by Widemann and Einfluss in 1982. Moreover, higher 

moisture content leads to an increase of fc at low temperatures as stated by Bamforth and 

Browne in 1981 (Hossein, 2020). Xie and Yan (2017) experimentally studied the effect 

of freezing temperatures (−170ºC ≤ T ≤ 0ºC) on normal weight concrete by means of 

Scanning Electron Microscope (SEM). During their experiment different water cement 

ratios and different water content ratios (w/c) ranging from 0 to 6% were considered. The 

results of such experiment indicated the same tendency: fc increases at low temperatures 

(Xie & Yan, 2017). In continuation, the researchers proposed various equations to 

correlate the temperature T, w/c ratio and water content with fc.  

While, fib MC (2010) proposed a formula to relate the gain of fc, from 0ºC to 

cryogenic temperatures (−170ºC ≤ T ≤ 0ºC). The typical moisture content used for this 

formula is the following: 2% for general indoor, 4% for general outdoor and 6% for 

concrete exposed to rain. As indicated by the guideline the formula is valid for normal 

weight and lightweight concrete. However, the choice of the formula for the self-

compacting concrete or other types of concrete is to be made by the designer. The formula 

2.1 is represented below:  

 
∆𝑓𝑐𝑚 = 12𝑚 [1 − (

𝑇 + 170

170
)

2

] Eq. 2.1 

Where:  

fcm: the gain in compressive strength in MPa  

m: the moisture content in %  

T: the temperature in ºC  
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2.5.2 Tension  

Over previous years, different national codes have proposed constitutive models 

and test methods to characterize tensile behavior of FRC (Blanco Álvarez, 2013). 

However, the effect of low temperature on tensile post-crack behavior of the synthetic 

fibers was not mentioned in any of these studies. First of all, in this part the 

recommendations of fib MC (2010) and RILEM TC 162-TDF (Rilem, 2003) are 

represented, as these are the most reliable constitutive laws used by designers (Blanco 

Álvarez, 2013).  

RILEM TC 162-TDF-Design method  

When taking in consideration the flexural constitutive model, the main features of 

this model are the use of residual flexural strength (fR) and the inclusion of a size factor 

(kh) (Fig. 2.4) (Blanco Álvarez, 2013). The residual flexural tensile strength fR1, fR4 

respectively, are defined at the following crack mouth opening displacement (CMODi) or 

mid span deflection (δR,i) and can be determined by means of the following equation 2.2:  

 
𝑓𝑅,𝑖 =

3𝐹𝑅,𝑖𝐿

2𝑏ℎ𝑠𝑝
2

 [
𝑁

𝑚𝑚2
] Eq. 2.2 

Where:  

b: width of the specimen (mm) 

hsp: distance between tip of the notch and top of cross section (mm)  

L: span of the specimen (mm)  

fR,i: load recorded at CMODi 

The stress (𝜎) and strain (휀) relationship of the RILEM constitutive model is 

expressed by means of the following equation and figure 2.4 below. Where: 𝐸𝑐 =

9500√𝑓𝑐𝑚
3

 is the mean value of the concrete secant modulus of elasticity.  

 

 

 

𝜎(휀) = {

𝜎1 = 0.7𝑓𝑐𝑡𝑚,𝑓𝑙(1.6 − 𝑑); 휀1 =
𝜎1

𝐸𝑐

𝜎2 = 0.45𝑓𝑅1𝑘ℎ;  휀2 = 휀1 + 0.1%
𝜎3 = 0.37𝑓𝑅4𝑘ℎ; 휀3 = 2.5%

 Eq. 2.3 
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Figure 2.4 (5) a) Stress-Strain diagram b). Size factor diagram kh (Rilem, 2003). 

The stresses in the steel fiber reinforced concrete in tension as well as in 

compression are derived from the stress-strain diagram shown above in figure 2.4 (a).  

fib Model Code 2010 (fib MC 2010) 

The fib model code provides design for FRC by two different approaches: the 

plastic behavior and the linear-post cracking behavior (Blanco, 2013). These two 

approaches are represented on figure 2.5 below.  

The serviceability residual strength (fFts) represents the post-cracking strength for 

crack openings on service loads while the ultimate residual strength (fFtu) attributes the 

ultimate service and is associated with the maximum crack opening (wu) accepted in the 

structural design (Blanco Álvarez, 2013).The value of the maximum crack opening for 

the plastic approach is 2,5 mm while wu for the linear elastic is defined by an equation. 

An improvement of this model code is a recommendation of a factor (k) to consider the 

orientation of the fibers (Blanco Álvarez, 2013). The factor k = 1 states for an isotropic 

fiber distribution, although it and can take a lower or higher value for favorable and 

unfavorable effects (Blanco Álvarez, 2013).  
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Figure 2.5 (6) Simplified 𝜎 − 𝑤 diagram a) rigid-plastic b) linear post-cracking 

(Blanco Álvarez, 2013). 

Considering the above information, the flexural behavior of the FRC at low 

temperature carried out by different researchers is explained.  

Alan Richardson and Rhys Ovington et. al., (2017) studied the flexural strength 

of concrete reinforced with either steel or synthetic fibers at −20ºC, 0ºC, and 60ºC. From 

the obtained results of the flexural strength test, it was observed that beams stored at 

−20ºC had the ability to withstand much larger loads before failure occurred, leading to 

a significant increase in flexural strength with a subsequent decrease in temperature. The 

same result Mirzazadeh (Mirzazadeh et al., 2016) have observed when discussed the 

flexural behavior of FRC subjected to permanent freezing temperatures (−25ºC) 

considering the hybrid use of fibers and rebars. The results of such experiment indicated 

that there was an increase in strength and ductility at low temperatures. Moreover, the 

results had shown that the cracking load increases at low temperature while the number 

and depth of the cracks decreased. The researchers reported that low temperature delay 

initiation and propagation of both flexural and shear cracks. 

In addition, (Pigeon & Cantin, 1998) in their experiment investigated the 

mechanical properties of steel fiber-reinforced concrete at normal room temperature 

(20ºC), at −10ºC and at −30ºC. Apart from that the variables investigated were the type 

of cement, the water/cement ratio, the type of fiber, and the fiber dosage. The results 

obtained showed that the toughness of SFRC under flexural loading increases with a 

decrease in temperature. The increase at −10ºC was smaller than at −30ºC. This increase 

was related to the increase in the strength of the matrix at low temperatures, which 

therefore increases the energy required for fiber pull-out, the main mechanism of energy 

absorption. 

In relation to the pull-out force, for synthetic fibers an increase was observed at 

low temperature. This could happen due to the fact that as concrete is cooled, it shrinks 

around the fibers, causing an increase in bond strength between concrete and 

polypropylene fiber. On the contrary, for steel fibers the pull-out force was reduced at 

−20º (Richardson & Ovington, 2017). However, the decrease is only by 8,6% and could 

be negligible. This is shown in figure 2.6.  
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Figure 2.6 (7) Average pull-out force of each fiber type (Richardson & Ovington, 

2017). 

 The reason for such a small variation in pull out force within SFRC may be due 

to the fact that there is a natural affinity between steel and concrete, as their coefficient 

of thermal expansion is very similar. Due to that fact, both materials will tend to deform 

similarly after temperature change.  

  

2.5.3 Ductile to brittle transition temperature (DBTT)  

 

 In this section the effect of temperature on strength properties of the fibers are 

presented. As mentioned before, the polypropylene fibers can suffer from an 

embrittlement at low temperatures. In this regard, the polypropylene fibers transition 

depends on the type of polymer (homopolymer, random copolymer and copolymer), and 

every supplier provides the values associated to the produced material: 0ºC to −10ºC for 

homopolymer; −5ºC to −10ºC for random copolymer and −5ºC to −40ºC for impact 

copolymer (Olefins and Polymers USA, 2014) (Hossein, 2020).  

 

 In relation to SFRC, the temperature at which the steel fibers turn into a brittle 

material is identified as ductile-brittle transition temperature (DBTT) (Fig. 2.7). This 

temperature is highly dependent on the composition of the steel, percentage of carbon 

content and grain size (Roeser & Wensel, 1941).  

  

     

 

 

 

 

 

 

 

 

 

Figure 2.7 (8) Ductile to brittle transition temperature (DBTT) (Hossein, 2020). 

Type of Fiber 
Average Pull Out Force (N) 

−20C 60C 

Polypropylene 196,6 131,0 

Steel 768,9 841,4 



State of the Art 

 

Igor Reynvart  

 

17 

2.6 Concluding remarks  

 

 The first part of this chapter reviewed the application of fibers in pavements and 

industrial floors, naming the advantages and limitations of those. In continuation, the 

AASHTOWare and fib bulletin design recommendations were represented.  

 Once the motivations of this research were identified, the next part of the chapter 

covered information about the mechanical properties of concrete under freezing 

temperature. Based on previous studies and researches, some basic concepts of the 

behavior under compression and tension of SFRC and PPFRC were identified. Also, the 

variation in pull out force for both fibers were presented. It was concluded that, most of 

the information regarding port-cracking behavior of SFRC and PPFRC, for permanent 

freezing temperatures, remain unclear and have not been fully investigated. In order to 

clarify this topic an experimental program is going to be carried out and described in the 

following chapter 3.   
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3.1   Introduction  

 

Nowadays, the use of FRC is becoming a more popular solution. In some cases, 

the fibers are used together with traditional steel reinforcement bars. However, the main 

objective is to substitute the traditional reinforcement bars with fibers due to more 

commodity of its implementation, saving time and construction costs. To do so, a 

complete information about the fiber´s properties is needed. To extend the knowledge 

about fibers and, in particular, its behavior at freezing temperatures, this experiment was 

realized and described below.   

     

With the aim of identifying the mechanical responses of both steel fiber reinforced 

concrete (SFRC) and polypropylene fiber reinforced concrete (PPFRC) at different 

temperature, an extensive experimental program was carried out and described in this 

chapter. The experimental program took place between the months of September and 

November in 2020. A range of four different temperatures varying from environmental 

to – 30 ºC was considered.  

 

Two different types of commercial fibers were analyzed. Steel and synthetic, with 

corresponding amount of fibers: 30 kg/m3 for steel fiber, and 4 and 8 kg/m3 for synthetic 

fiber. For each dosage and temperature, a minimum of 6 prismatic 150×150×600 mm 

specimens, and 6 cylindrical ∅100×200 mm specimens, were produced, in order to obtain 

the mechanical properties of the FRC (flexural and compression strength).   
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This chapter describes the phases of the experimental program to study the 

behavior of PPFRC and SFRC subjected to low and environmental temperatures. First of 

all, the objectives of realization of this work in the laboratory are described. The 

planification of the tests, needed to analyze the behavior of fibers inside the concrete, and 

the methodology used are explained. Also, the materials and compositions used for the 

campaign, together with the total number of specimens are mentioned.     

 

3.2   Objectives 

 

The main objective of this chapter is to describe the tests that took place in the 

laboratory during the experimental program on FRCs subjected to several ranges of 

temperatures. The specimens are tested either at normal temperature or after being cooled 

in the refrigerator. The realization of these tests, on small scale specimens, will allow to 

determine the mechanical behavior of fibers for freezing temperatures. Also, it will help 

to discover which of the two most common used fibers, steel or synthetic, obtains better 

performance at freezing temperatures.    

 

The results of this experimental program are presented and analyzed in the 

following chapter 4.  

 

3.3    Plan of the experimental program    

 

Planning the experimental program is the previous step before starting the work 

in the laboratory. This phase is very important, because here the necessary tests are chosen 

as well as the number of specimens needed to obtain representative results. In the same 

way, the concrete dosages are determined at this stage. Also, the temperature ranges were 

established for this campaign.  

 

It was decided to test the specimens at 4 different temperatures: at environmental 

temperature (≈20 ºC), at 0 ºC, and at freezing temperatures (−10 ºC and −30 ºC). For each 

temperature, type and amount of fiber the minimum of 6 prismatic and 6 cylindrical 

specimens were produced and tested. So, in total 72 prismatic and 72 cylindrical 

specimens were involved in this campaign, as shown in the table 3.1 below.   

 

In order to evaluate the influence of low temperatures on the mechanical 

properties of SFRC and PPFRC, it was decided to do the flexural test. Beam test UNE-

EN 14651 standard. This test determines the residual tensile strength of the material. Due 

to the high dispersion of the beam test, CoV (coefficient of variation) about 20-30%, the 

fibers located in the cross section of the prismatic specimens will be counted manually. 

Finally, to prove that the compressive strength of the concrete is that which corresponds 

to the one indicated by the manufacturer, and to see how that changes at low temperatures, 

the cylindrical specimens will be tested. 
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In the table 3.1 the test plan of the experimental program is represented. The table 

illustrates the type and amount of fiber used, total number and type of specimens with 

corresponding dimensions, the temperatures at which those were tested, and the tests 

themselves.  

Table 3.1 (1) Plan of the experimental program 

3.4 Materials  

 

In the following section, each component of the concrete will be observed in more 

details. This part presents the description of the components and their function inside the 

concrete.  

 

Cement  

During this experimental program only one type of cement was used. The cement 

used in the concrete fabrication was CEM II/A-L 42,5R supplied by “Cementos Molins”. 

On the table 3.2 the technical specifications of this cement are presented.     

Table 3.2 (2) Technical specifications of the cement 

  

Type and 

amount of 

fiber 

Steel fiber (30kg/m3) 
Synthetic Fiber 

(4kg/m3) 

Synthetic Fiber 

(8kg/m3) 

Type of 

specimen 

Prismatic 

 

Cylindrical 

 

Prismatic 

 

Cylindrical 

 

Prismatic 

 

Cylindrical 

 

Environmental 

temperature 

(20ºC) 

6 6 6 6 6 6 

0ºC 6 6 6 6 6 6 

−10ºC 6 6 6 6 6 6 

−30ºC 6 6 6 6 6 6 

Total 24 24 24 24 24 24 

Test Flexural Compression Flexural Compression Flexural Compression 

Characteristics CEM II/A-L 42,5 R 

Compressive strength (MPa) 
≥  20 (2 days) 

≥ 42,5 (28 days) 

Setting time (min) ≥ 60 (initial) 

Expansion (mm) ≤ 10 

Sulfates (SO3) (%) ≤ 4,0 

Chlorides (CL-) (%) ≤ 0,10 

Clinker (%) ≥ 80 y ≤ 90 

Limestone (%) ≥ 10 y ≤ 20 

Others (%) ≤ 5,0 
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Additives 

 

Two types of additives were used for the concrete, plasticizer and superplasticizer. 

The characteristics of both additives are presented in the table 3.3.  

Table 3.3 (3) Properties of the additives 

Both of the additives are products of the company BASF Construction Chemicals 

Spain, S.L. The function of the plasticizer is to increase the fluidity of concrete without 

addition of extra water inside the mixture and increase the workability.  

The superplasticizer has similar functions, but the effect is stronger than with 

plasticizer. Both of them are used in order to optimize economically the additive content. 

First of all, the plasticizer is added, and afterwards, once the concrete is completely wet, 

the superplasticizer.  

Steel Fiber  

Table 3.4 (4) Essential characteristics of the steel fiber  

Properties Plasticizer Superplasticizer 

Main function 
Plasticizer/reduction of 

water 

Superplasticizer/reduction 

of water with high activity 

Secondary function 
Delays setting due to 

overdose 

Risk of disintegration at 

high doses 

Physical aspect Brown liquid Yellowish cloudy liquid 

pH, 20ºC 4,5 ± 1 6,7 ± 1 

Density, 20ºC 1,075 ± 0,02 g/cm3 1,040 ± 0,02 g/cm3 

Viscosity Brookfield 20ºC 

Sp00 / 100rpm 
< 15 cps. < 35 cps. 

Chloride content < 0,1% < 0,1% 

Essential characteristics Performance Image 

Material Steel 

 

Color Grey 

Density 7,8 g/cc 

Shape With end hooks 

Diameter 0,8 mm 

Length 50 mm 

Aspect ratio 62,5 

Tensile strength 1200 MPa 

Effect on consistence of concrete 
14 s with 20,0 

Kg/m3 

Effect on strength of concrete to obtain ≥1,50 

MPa at CMOD = 0,5 mm and ≥1,00 MPa at 

CMOD = 3,5 mm 

20,0 Kg/m3 

Release of dangerous substances 
No dangerous 

substances 

Durability NPD 
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The above table 3.4, presents the essential characteristics of the steel fiber, given 

by the manufacturer. The steel fiber used in this experimental campaign is a product of 

“Rimsa” company. This fiber is especially indicated for industrial pavements. It´s main 

function is to support shelves with high loads, machinery or vehicles of great tonnage, 

due to the fact that they increase the bearing capacity of the screed. 

 

 Synthetic fiber  

 

Table 3.5 (5) Essential characteristics of synthetic fiber 

The synthetic fiber used in this experimental campaign is a product of BASF 

Construction Chemicals Spain, S.L. The fiber is 100% from transparent polypropylene.  

 

It has a good tensile strength and high adherence to the matrix of the concrete. 

This type of fiber is used for pavements as a replacement for the distribution mesh 

providing control of shrinkage cracking. The essential characteristics of this fiber, given 

by the manufacturer, are presented on the table 3.5 above.  

 

Aggregate Characterization  
 

The aggregates used for this experimental program are: sand 0/4, gravel 4/10, and 

gravel 10/20 supplied by “Cementos Molins”. These were characterized in the laboratory 

of UPC university using sieving method. For this granulometry test was implemented, in 

order to determine the geometric properties of aggregates. The test was carried out 

according to normative UNE-EN 933-1.  

  

Essential characteristics Performance Image 

Material Transparent polypropylene  

Shape Monofilamented knurled. 

Diameter 0,85 mm 

Fiber frequency (units / kg) 41200 

Length 48 mm 

Slenderness 56,5 

Tensile strength >400 MPa 

Density 0,91g/cm3 

Modulus of elasticity >6,0 GPa 

Secant modulus > 4,7 GPa 

Distortion temperature 110ºC 

Decomposition temperature 249ºC 

Inflammability Not applicable 

Acid / alkali resistance Excellent 
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The tests consist of dividing and separating, by means of a series of sieves, a 

material in several granulometric fractions of decreasing size. The aperture sizes and the 

number of sieves is selected according to the nature of the sample and according to the 

required precession. The mass of the particles retained on the different sieves will be 

expressed as a percentage of the initial mass of the material. The accumulated percentages 

that pass through each sieve will be presented both in numerical form and in figure form. 

The minimum mass of each aggregate needed for the test was established with the use of 

“table 1” from normative UNE-EN 933-1.  

 

 The procedure starts with weighting the aggregate and then pouring the material 

into the sieve column. The column is made up of a number of sieves assembled and 

arranged, from top to bottom, in decreasing order of aperture sizes with bottom in the 

end. After, the column is shaken, manually or mechanically, and then the sieves are 

removed one by one, starting with the largest aperture size and each sieve is shaken 

manually ensuring that none of the material is lost. Then, the material retained in each 

sieve is weighted. With this value the withheld material (%) is obtained, from which, 

further, the passing (%) is calculated. 

 

The figure 3.1 represents the proses of aggregate characterization. 

Figure 3.1 (9) A) Weighting of sand 0-4. B) Pouring sand into the sieve column. C) 

Mechanical vibration of the column. D) Weighting of gravel 10-20. 

For a better precision of the results, each aggregate was sieved for 4 times and the 

average passing (%) line was obtained for sand 0-4, gravel 4-10, and gravel 10-20. These 

ones are represented in figure 3.2.   

A D C B 
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Figure 3.2 (10). Aggregate characterization. 

From the figure 3.2 it’s been evaluated that the curves are within the margins 

established by the normative EHE-08. This means that the aggregates used for the 

experimental campaign are valid. The data used for the figure 3.2 is represented in the 

Annex 1. 

 

3.4.1   Dosages used for the concrete mix  

 

 Concrete casting took place at the laboratory of Structural Technology and 

Materials “Luis Agullo” (LATEM) of UPC, Barcelona (Catalonia, Spain). For this 

experimental program it was decided to use a small concrete mixer “COLLOMATIC K2-

3”, which has the maximum volume capacity of 35 liters. Due to that fact, every batch of 

concrete consisted of only 32 liters, and the whole month of September was dedicated for 

producing the specimens. For each 32 liters of FRC concrete batch: 2 prismatic specimens 

(150×150×600 mm) and 2 cylindrical specimens (∅100×200 mm), were produced. Each 

working day in total 3 batch of concrete were carried out, which was converted into 6 

prismatic and 6 cylindrical specimens. 

 

The established proportions of the concrete were the same for the whole 

campaign, the only variables were the type and amount of fiber together with the amount 

of plasticizer and superplasticizer. This information is represented on the tables 3.6, 3.7, 

and 3.8.    
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Table 3.6 (6) Dosages of the concrete for SFRC-30 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.7 (7) Dosages of the concrete for PPFRC-4 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.8 (8) Dosages of the concrete for PPFRC-8  

Material 
Content 

Kg/m3 32 liters 

CEM II/A-L 42,5R 310 9,92 kg 

Send 0-4 1025 32,80 kg 

Gravel 4-10 125 4,00 kg 

Gravel 10-20 680 21,75 kg 

Water 180 5,76 kg 

Steel Fiber   30 0,96 kg 

Synthetic fiber - - 

Plasticizer 1,25 40,00 gr. 

Superplasticizer  2,50 80,00 gr. 

Material 
Content 

Kg/m3 32 liters 

CEM II/A-L 42,5R 310 9,92 kg 

Send 0-4 1025 32,80 kg 

Gravel 4-10 125 4,00 kg 

Gravel 10-20 680 21,75 kg 

Water 180 5,76 kg 

Steel Fiber   - - 

Synthetic fiber 4 128,00 gr. 

Plasticizer 1,25 40,00 gr. 

Superplasticizer  2,50 80,00 gr. 

Material 
Content 

Kg/m3 32 liters 

CEM II/A-L 42,5R 310 9,92 kg 

Send 0-4 1025 32,80 kg 

Gravel 4-10 125 4,00 kg 

Gravel 10-20 680 21,75 kg 

Water 180 5,76 kg 

Steel Fiber   - - 

Synthetic fiber 8 256,00 gr. 

Plasticizer 1,55 50,00 gr. 

Superplasticizer  3,10 100,00 gr. 
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All the above tables: 3.6, 3.7, and 3.8 represent the 3 dosages of the concrete 

manufactured for this experimental program. The proportions are shown in kg/m3 with 

its corresponding amount for 32 liters of the concrete batch. 

 

The table 3.6 presents the dosages of concrete for 30 kg/m3 of steel fiber. This 

amount of steel fiber content is commonly used for pavements. Next table 3.7 presents 

the dosages of concrete for 4 kg/m3 of synthetic fiber. Once again, this amount of 

synthetic fiber content is normally used for pavements. Both of these dosages of concrete 

have the same amount of plasticizer and superplasticizer added. However, when the 

amount of fiber is doubled, as represented in the table 3.8 (PPFRC-8), the amount of 

plasticizer and superplasticizer was increased to improve the concrete´s workability and 

fluidity. So, when the amount of fiber in concrete is increased, it is essential to rise the 

additives content to counteract the effect of the fibers. 

 

3.4.2 Preparation of the specimens  
 

 As mentioned previously, the casting of the concrete took place at the laboratory 

“LATEM” of UPC, Barcelona (Catalonia, Spain). To carry out every batch of concrete 

of the raw materials, the experimental devices listed below were used.  

 

Concrete mixer “COLLOMATIC K2-3” with maximum capacity of 30 – 35 liters, 

balance with capacity 150 kg and precision of 50 grams, balance with capacity 15 kg and 

precision of 0,5 grams, chronometer, devices for conducting the “Abrams” cone test, 

measuring tape, trowel, shovel, a big plastic bucket, 4 plastic carrycots, crowbar, two 

plastic caps, thermocouple, and a vibrating table. 

 

To normalize the process of casting of the concrete and keep the criteria of its 

manufacturing, the same casting procedure was used. For each 32 liters of concrete batch, 

the following working process was established.  

 

First of all, the components of the concrete (cement, additives, fiber, water, and arid), 

according to the proportions established, are weighted. These dosages are showed in 

tables: 3.6, 3.7, 3.8. The cement, gravel 10-20, gravel 4-10, and sand 0-4 are weighted 

individually in four separate plastic carrycots, using the balance with capacity of 150 kg. 

The water, additives and fibers are weighted using the balance with capacity of 15 kg.   
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Figure 3.3 (11) Weighted components of the concrete. A – Cement B – Gravel 10-20 C 

– Sand 0-4 D – Gravel 4-10. 

After that, all these four components, one by one, are located inside one big plastic 

bucket. It is necessary to wet the bucket first. This big plastic bucket gets located under 

concrete mixer “COLLOMATIC K2-3”, where the dry aggregates together with cement 

are mixed for a minimum of 2 minutes. 

Figure 3.4 (12) Dry mixture 

Next, inside the dry mixture, the previously weighted water is added. During the 

process of adding the water the concrete mixer is on, and the mixture continues for 3 – 4 

minutes. It’s important to leave small amount of water, from the total volume 

(approximately 5%), because this amount of water will be used to dilute the additives in 

the kneading process later on. 

Figure 3.5 (13) Aggregates mixed with water 

A B 

C D 
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After the 4 minutes are gone, and before adding the additives, it is essential to 

check that there are no glums on the bottom and on the walls of the plastic bucket. The 

glums are present because the blades of the mixer are not reaching the bottom of the 

bucket. To eliminate those glums, the bottom and the walls of the bucket are manually 

scratched with a crowbar. Only when the mixture is homogeneous it is allowed to move 

on.  

 

The next step is to add the additives (plasticizer and the superplasticizer). First the 

plasticizer is added, and only after 30 – 40 seconds of continuous mixture the 

superplasticizer is added. Both of the additives are weighted in small plastic caps, and to 

make sure that no additive is left inside the caps, the left water is implemented. After 

emptying the cap, the water is added inside, and this water is subsequently added inside 

the mixture. The kneading process continues for 3 minutes.  

 

Again, before addition of fiber, the mixture is checked for the absence of glums 

with a crowbar. 

 

The last missing element of the concrete is the fiber. It is added inside the mixture 

and the kneading process continues for 3 to 4 minutes. 

Figure 3.6 (14) Addition of synthetic fiber inside the mixture 

After all the components of the concrete are well mixed, the consistency and 

density in fresh state are determined. In order to determine the consistency, the Abrams 

cone test was carried out, according to UNE-EN 12350-2 standard. 

Figure 3.7 (15) Abrams cone test 
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 When the measurement is done, the concrete is returned inside the bucket. The 

density in fresh state was determined according to UNE-EN 12350-6 standard.  

Figure 3.8 (16) Process of determination of density in fresh state 

Further, the concrete from the mold is returned inside the bucket. The concrete is 

mixed for 1 to 2 minutes more, before being located inside the molds.    

Finally, the specimens are molded. Per batch: 2 prismatic 150×150×600 mm and 

2 cylindrical ∅100×200 mm. It is very important to vibrate the specimens, in order to 

minimize bubbles of air left inside, using a vibrating table.  

 

Inside one of the prismatic samples, that will be tested at low temperatures, 

thermocouple is located, as shown on figure 3.9. This is done, in order to control the 

temperature inside the samples, when those will freeze.  

Figure 3.9 (17) Molded specimens. One prismatic specimen with thermocouple. 

The specimens are demolded after 24 hours and are placed inside a humid 

chamber (conditions: 20ºC; 95% humidity). 
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Figure 3.10 (18) Specimens inside the humid chamber 

The molds should be cleaned and covered with oil before the next batch of 

concrete, as shown on figure 3.11.   

Figure 3.11 (19) Clean molds covered with oil 

This process is repeated until the necessary number of samples are produced.  

 

In total 36 batches of concrete were carried out.   

 

3.5     Description of the specimens 

 

3.5.1   Prismatic specimens  

 

 The geometry of the concrete prismatic specimens is 150×150×600 mm. These 

dimensions are appropriate to those required to carry out the flexural test. 

 

3.5.2   Cylindrical specimens  

 

The cylindrical specimens for the compression test have a diameter of 100 mm 

and height of 200 mm.  
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3.6   Test setup and testing procedure  

 

3.6.1 Compression test  

 
After 28 days of curing in a humid chamber, the specimens were ready to perform 

the tests. Cylindrical specimens were used for compressive test. Initially, the cylindrical 

specimens have to be polished, to eliminate roughness and to obtain a plain and smooth 

surface at both sides (bottom and top). This process is shown in figure 3.12 below.  

Figure 3.12 (20) Polishing the cylindrical specimens. A – Specimen inside the grinding 

machine. B – Grinding machine. C – Polished specimens. 

Afterwards, the length of each sample is measured three times (each 120º cross 

section). In the figure 3.12-C, the polished samples can be observed. The specimens that 

were tested at environmental temperature, were weighted and tested directly. In case of 

the samples that will be tested at low temperature, those were placed inside a freezer until 

reaching the target temperatures. Only after that, the samples were weighted and tested. 

The balance used to weight the cylindrical specimens has capacity of 15 kg and precision 

of 0,5 grams, figure 3.13 A. The compression test took place in the “IBERTEST” press, 

as shown in the figure 3.13.  

 

Figure 3.13 (21) Compression test. A – balance used to weight the cylindrical 

specimens. B – specimen during the test. C – specimens after the test. 

  

A B C 

A B C 
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3.6.2 The 3-Point Bending Test  

 

Execution of notches 

 

Prismatic samples were used for characterization of the post-cracking behavior of 

FRC. Initially, the prismatic samples were cut at mid span by means of a saw machine 

“HIDROSTRESS”. The details of this cut are illustrated in figure 3.14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 3.14 (22) Preparation of the specimens for the 3 – Point bending test. A – Cut at 

mid span by means of a saw machine. B – Prismatic specimens with the cut. C – 

Dimensions of the prismatic samples with the cut. 

This cut is done in the middle of every prismatic sample. In this way, the weakest 

section in the center of the span is obtained, where, in addition, the maximum bending 

moment will occur that will cause the cracking of the beam. This cut is done by a wet 

sawing method. For this, a cut with width equal or less to 5 millimeters must be done, and 

of a length such that the useful edge of the sample in the central section will be 125±1 

mm. 

Freezing  

 

Afterwards, in case of the specimens that will be tested at low temperature, those 

were placed inside a freezer until reaching the target temperatures, same as cylindrical 

specimens. The freezer capacity was limited to the maximum of 6 prismatic and 6 

cylindrical specimens, as represented in figure 3.15. 

A B 

C 
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Figure 3.15 (23) Freezer with samples inside 

As shown in figure 3.15, within the period that the samples were inside the freezer, 

the thermocouples were connected to a data logger.  With the help of the thermocouples, 

it was possible to register the temperature inside the prismatic sample, both while it was 

inside the freezer and during the 3-point bending test (3PB test). 

 

Preparations for the 3-point bending test 

 

After the cut was done, and specimens that will be tested at low temperature were 

frozen, it proceeds to the preparations of those for the realization of the 3-point bending 

test. These preparations consist of measuring the sections of the specimens, placing of 

two metal pieces (Fig. 3.16), collocation of a Linear Variable Displacement Transducer 

(LVDT), and placement of the specimens under the bending test setup.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 (24) Prismatic specimen with two metal pieces glued in the center 
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With the objective to measure the displacement of the edge of the crack during 

the test, the Linear Variable Displacement Transducer (LVDT) should be installed. The 

LVDT is placed between the two metal pieces glued in the center of the cut. In this way, 

as the test progresses and the width of the crack increases, the device will measure the 

Crack Mouth Opening Displacement (CMOD), in other words the amount of the crack 

opening. After the installation of the CMOD device, the specimen is located at the press, 

with the concreting side at the back. The figure 3.17 represents the prismatic specimen 

during the test.  

     

 

 

 

 

 

 

 

 

Figure 3.17 (25) Prismatic specimen under the three-point bending test setup. 

Test procedure  

 

The 3PB test setup was carried out according to normative UNE-EN 14651-2007. 

The objective of this test is to find out the flexural resistance of the FRC, basing the study 

on the residual resistance that occurs after the appearance of the first crack.  

 

The press system used for the test controls the amount of load applied by the 

velocity of growth of the CMOD. So that the press should work in the way, that the 

CMOD increases at a constant velocity of 0,05 mm/min. When the point at which CMOD 

= 0,1 mm is reached, the press increases the constant velocity up to CMOD = 0,2 mm/min.  

 

The lower support rollers are separated 500 mm from each other and the upper 

roller is located in the center of the prismatic sample, acting as a point load. Two of the 

three rollers, one lower and one upper, have the ability to rotate freely. In order to have 

all the rollers in contact with completely smooth sides of the sample, the concreting face 

is oriented at the back side. The moment diagram of a sample during the bending test is 

represented in the following figure 3.18.   

 

 

 

 

 

Figure 3.18 (26) Moment diagram of a beam in bending. 
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The test is finished when the CMOD measuring device – LVDT detects an 

opening equal to 4 mm or more. As a result, in the middle of the prismatic sample, where 

the cut was done, appears a crack, as on figure 3.17.  

 

3.7    Manual counting of fibers  

  

 The 3-point bending test presents a high dispersion in the results obtained, since 

the results depend directly on the number of fibers that sew the crack section. Due to that 

fact, the manual counting of fibers for the prismatic specimens was implemented.  

  

 This test is simple, but quite laborious. First of all, the prismatic specimens, after 

passing the 3PB test, was turned back under the hydraulic press. The position of the 

prismatic specimen should be exactly the same as it was described for the implementation 

of the 3PB test. Then, with the help of the upper roller, which was manually dropped 

down a bit by bit, a point load was applied, and the prismatic specimen was broken into 

two equal parts. Due to the fact, that the point load was applied at the exactly same place, 

as during the 3PB test, the specimen breaks where the previous crack was produced. After 

the specimen was broken, the upper roller rises up manually, and the two parts of the 

prismatic specimen are placed on a pallet. This process is repeated with all the prismatic 

specimens tested at all temperatures. Further, each part of the specimen is divided into 4 

sections. The first two sections are 50 mm long, and the last two sections are 25 mm long.  

 

The fourth section of 25 mm is where the cut was done. Fibers are not counted at 

this section, because those were not working during the 3PB test. The third section of 25 

mm is the most important one, as being the closest one to the cut, the fibers at this section 

experiment the highest tension. The bigger the number of fibers in the third section, the 

better are the 3PB test results. The rest two sections of 50 mm each contain normally most 

of the fibers. The amount of fiber in those two sections also influences on the 3PB test 

results. Finally, the fibers in each section are counted manually. The broken and divided 

into 4 sections prismatic specimens are illustrated in figure 3.19.     

 

 

 

 

 

 

 

 

Figure 3.19 (27) Manual counting of fibers. A - prismatic specimens broken into two 

parts, on a pallet. B - each part divided into 4 sections, with corresponding dimensions 

(mm). 

 

A B 
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4.1  Introduction  

 

 In the previous chapter the tests that were carried out during the experimental 

program were presented. By running out the tests lots of results and numbers were 

obtained, which will be used to evaluate the properties of both synthetic and steel fibers 

at different temperatures. The results should be evaluated in appropriate form, in order to 

obtain the right conclusions and reach the objectives established for this campaign.  

  

 The objective of this chapter is to present and analyze the results obtained during 

the experimental campaign, such as the 3PB test, compression test, and manual counting 

of fibers. In general, the manual counting of fibers test will be used as support to justify 

the dispersion of the results of the 3PB test.  
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4.2  Compression test  

 

 The objective of the compression test is to determine the compressive strength of 

the concrete after 28 days in the humid chamber. This test is carried out to check the 

quality of the concrete and to prove the resistance specified by the manufacturer of the 

cement. The specimens are compressed until breakage inside the “IBERTEST” machine 

according to normative EN 12390-4. The maximum load reached by the specimen is 

recorded and the compressive strength of the concrete is obtained. For each type and 

doses of fiber a total of 24 cylindrical samples were produced, 6 for each temperature 

range. The results of the compressive test are presented in the tables 4.2, 4.3, and 4.4.  

 

Dosage 

Average 

weight 

(g) 

Average 

h (mm) 

Average 

F (kN) 

Average 

fcm 

(MPa) 

Density 

(g/cm3) 

SteelF_30kg_T(env.) 3614,0 196,5 310,9 39,1 2,34 

SteelF_30kg_T(0ºC) 3464,4 196,6 263,1 33,5 2,24 

SteelF_30kg_T(−10ºC) 3553,7 196,6 339,1 43,6 2,30 

SteelF_30kg_T(−30ºC) 3559,1 196,5 476,9 60,7 2,31 

Table 4.2 (9) Compressive strength for SFRC-30. 

Dosage 
Average 

weight (g) 

Average h 

(mm) 

Average 

F (kN) 

Average 

fcm (MPa) 

Density 

(g/cm3) 

PPF_4kg_T(env.) 3607,9 196,5 295,4 37,6 2,34 

PPF_4kg_T(0ºC) 3515,8 196,4 314,1 40,0 2,28 

PPF_4kg_T(−10ºC) 3612,8 196,6 432,8 55,1 2,34 

PPF_4kg_T(−30ºC) 3594,8 196,4 551,0 70,0 2,33 

Table 4.3 (10) Compressive strength for PPFRC-4. 

 

Table 4.4 (11) Compressive strength for PPFRC-8. 

  

Dosage 
Average 

weight (g) 

Average h 

(mm) 

Average 

F (kN) 

Average 

fcm (MPa) 

Density 

(g/cm3) 

PPF_8kg_T(env.) 3602,6 196,4 301,0 38,3 2,34 

PPF_8kg_T(0ºC) 3584,8 196,5 361,9 46,1 2,32 

PPF_8kg_T(−10ºC) 3599,4 196,5 454,8 57,9 2,33 

PPF_8kg_T(−30ºC) 3596,8 196,4 587,0 74,7 2,33 
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The 3 above tables 4.2, 4.3, and 4.4 represent the average results of the density 

and compression strength at 28 days for all dosages chosen for the experimental 

campaign, with their corresponding temperature. Apart from that, the tables represent the 

average weight of the cylindrical specimens, measured just before the test, their average 

height (h), density (g/cm3), and the average maximum load F (kN) at break. More values 

for each specimen are represented in the Annex 1.  

  

 Looking at the results obtained the first observation that comes out is that the 

lower the temperature gets the higher is the compressive strength fc (MPa) of the 

specimens. The only exception comes from table 4.1 a), where the fc for environmental 

temperature is higher than the fc for 0ºC. In the rest of the cases the path is clear, after 

freezing concrete gains more fc. The lower the temperature, the higher is the fc. The 

compressive strength fc of the concrete at environmental temperature is almost twice 

lower compared to the one at −30ºC.  These results correspond to the ones that were 

expected before the experiment.  

 

When the concrete freezes, ice produces inside its pores. The process evaluates 

from the surface of the specimen towards its inside part. The water inside the pores 

expands, after freezing, up to 9% from its initial volume, which reduces the amount and 

size of the pores inside the concrete. Apart from that, freezing creates a significant 

hydraulic pressure, which increases with a decrease in capillaries and an increase in the 

freezing velocity. The necessary temperature to freeze the water inside the pores depends 

on the diameter of those. In pores, where capillary water is “free”, water freezes at 

temperature close to 0ºC. So, the lower the temperature is, the higher is the probability 

that all water inside the pores of the specimens is frozen. In conclusion, the more frozen 

specimens have less pores, which represents higher density and leads to an increase of 

their compressive strength fc, as demonstrated experimentally.    

 

The expected compressive strength of the concrete was designed to be 35 MPa 

after 28 days, at standard conditions. As could be observed from the tables 4.1 a), b), and 

c) at environmental temperature, the concrete reached fc = 39,1 MPa, 37,6 MPa, and 38,3 

MPa respectively. These values are all above the fc of the project, so the quality of the 

concrete is appropriate.  

 

The height and the weight of all the specimens presents small variations, which 

means that those were fabricated correctly. The presents and the amount of fibers in the 

concrete barely effects on the results of the compression test.  

 

4.3 Flexural strength: 3PB-test  

 

This is the most important test of the present thesis. Flexural or 3PB-test 

characterizes the residual strength of fiber reinforced concrete. In this test 6 prismatic 

beams for each type of fiber and temperature range were used, which means a total of 72 

samples, with size 150×150×600 mm. This method is applied to determine the bending 
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tensile strength of concrete with fibers on molded specimens. With this test the limit of 

proportionality (fLOP) and a set of values for the residual tensile strength in flexure are 

determined. The test was done according to normative UNE-14651, with maximum 

length of the fibers equal to 60 mm. The results of the test are represented in figures 4.1, 

4.2, and 4.3. Those figures show the relation between the mean values of the flexural 

strength (MPa) and the crack mouth opening displacement CMOD (mm) for PPFRC-4, 

SFRC-30, and PPFRC-8 respectively.  

 

Figure 4.1 (28) Mean flexural strength-CMOD for PPFRC-4. 

 

Figure 4.2 (29) Mean flexural strength-CMOD for SFRC-30. 
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Figure 4.3 (30) Mean flexural strength-CMOD for PPFRC-8. 

The above figures 4.1, 4.2, and 4.3 represent how flexural strength-CMOD curves 

change with variation of type and amount of fiber at four different temperatures.  

 

The flexural strength values (MPa) were calculated knowing the load 

corresponding to CMOD at fLOP, fR1, fR2, fR3, and fR4, together with dimensions of the 

prismatic specimens tested. The equation 4.1 used is from normative UNE-14651:  

 

 
𝑓𝑅,𝑗 =

3𝐹𝑅,𝑗𝐿

2𝑏ℎ𝑠𝑝
2

 Eq. 4.1 

 

Where:  

𝑓𝑅,𝑗– is the stress corresponding to CMOD, in MPa.  

𝐹𝑗 – is the load corresponding to CMOD, in newtons.  

𝐿 – is the span length, in mm.  

𝑏 – is the width of the specimen, in mm.  

ℎ𝑠𝑝- is the distance between the bottom of the notch and the top of the specimen, 

in mm.  

The flexural strength values corresponding to CMOD are calculated for each 

specimen, and each curve in the figures 4.1, 4.2, and 4.3 is the average of 6 curves of the 

same specimens, tested at the same temperature. The more detailed data for the above 

figures is represented in Annex 1, and in the tables 4.5 a), b), and c).   

 

By interpreting the figures 4.1, 4.2, and 4.3 it can be observed that all three of 

them have a similar shape. First of all, the figures start with a peak value of stress, caused 

by maximum load, fLOP, in the interval of 0,05 mm. After that peak load the prismatic 
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specimen cracks, the amount of stress reduces significantly, and this is where fiber starts 

to work. Then, the evaluation of the flexural strength is represented with dots on the 

figures at certain CMOD values, selected according to normative:  fR1, fR2, fR3, fR4.   

 

The first observations that can be made from the general results of the test is that 

concrete reinforced with steel fibers presents higher resistance values than with plastic 

fibers. However, the behavior prior to cracking, fLOP, is similar in all the cases. This 

confirms the previous theory that the fibers do not produce important changes in the 

elastic phase. While the variation of temperature is the variable that does produce changes 

in the prior to cracking phase.  

 

4.3.1 Influence of the temperature  

 

All the figures show a clear tendency: as the temperature of the specimen reduces, 

the fLOP value increases. This fact corelates with the observations made during the 

compression test.  

 

 Looking in details at figure 4.1, it is observed that the flop value increases from 

environmental temperature until reaching −10Cº. The fLOP value between −10Cº and 

−30ºC barely changes. After the crack occurs all four curves experience a significant 

decline in the amount of flexural strength. At CMOD 0,5 mm the flexural strength for all 

temperatures is very similar. Afterwards, the curve, that corresponds to specimens tested 

at environmental temperature, continues strait, without noticeable increase. While the rest 

of the curves experience a very similar to each other, but not significant, increase. There 

is a big difference between the fLOP and fR1 values. In conclusion, with dosage of 4 kg/m3 

of PPFRC, freezing the specimens barely improves the residual flexural strength of 

concrete.   

 

Looking at the next figure 4.2 the result seems more like the ones expected 

initially. The fLOP values show similar results as for 4 kg/m3. However, the residual tensile 

strength of the specimens experiences a 1,41 MPa increase in stress between 

environmental temperature and −30ºC at CMOD = 3,5 mm. Also, the difference between 

fLOP and f0,5 values, for all curves, is not that dramatic as it was for 4 kg/m3 of synthetic 

fiber. The behavior of steel fiber at environmental temperature and at 0ºC is the very 

similar. After, when the temperature gets lower, the residual flexural strength starts to 

increase. Observing the figure, in particular the grey curve, representing −10ºC, is 

between zero degrees (red curve) and −30ºC (yellow curve). The highest curve 

corresponds to specimens tested at −30ºC. Summarizing, the results presented on the 

graph 4.2 confirm that temperatures below zero leads to an increase of the residual 

flexural capacity of SFRC.  

 

The figure 4.3 represents the results of the 3-Point bending test for the specimens 

with the same synthetic fiber used in figure 4.1. However, now the amount of those per 

m3 is doubled. The results for 8 kg/m3 of synthetic fiber shows the best distribution of the 
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curves, compared to previous types and dosages of fiber. The improvement of the flexural 

capacity along the entire range of CMOD values analyzed is more significant compared 

to 4 kg/m3. Also, all 4 curves on the graph represent the expected tendency: as 

temperature decreases the flexural strength of the specimens increases.  

   

4.3.2 Influence of the type and amount of fiber  

 

When comparing figures 4.1 and 4.3, the first conclusion is that the specimens 

with double amount of fiber show a better residual flexural strength at all temperatures. 

At CMOD fR4, specimens with 8 kg/m3 have the stress values between 2 and 4 MPa, while 

specimens with 4 kg/m3 between 1 and 1,5 MPa. As mentioned before, specimens 

reinforced with steel fibers show the highest residual tensile strength for all temperatures, 

showing not such tremendous drop in stress after the first crack. The specimens reinforced 

with 8 kg/m3 of synthetic fiber show intermediate results, being closer to steel fiber, than 

to 4 kg/m3 of the same fiber.   

4.4 Dispersion of the flexural test results  

a) 

PPFRC-4 fLOP fR1 fR2 fR3 fR4 

T (env.) 
�̅� CoV(%) �̅� CoV(%) �̅� CoV(%) �̅� CoV(%) �̅� CoV(%) 

4,05 3,53 0,94 13,86 0,99 19,27 1,03 20,29 0,99 20,77 

T(0ºC) 4,69 6,89 1,21 18,81 1,34 19,81 1,40 19,98 1,38 20,13 

T(−10ºC) 6,79 4,63 1,28 25,82 1,45 21,76 1,49 19,78 1,43 17,15 

T(−30ºC) 6,84 5,56 1,22 45,30 1,41 16,28 1,53 17,29 1,51 18,42 

 

b) 

 

c)  

Tables 4.5 (12) Average strength �̅�(MPa) and coefficient of variation CoV (%) for: 

a).PPFRC-4, b).SFRC-30, c).PPFRC-8. 

SFRC-30 fLOP fR1 fR2 fR3 fR4 

T (env.) 
�̅� CoV(%) �̅� CoV(%) �̅� CoV(%) �̅� CoV(%) �̅� CoV(%) 

4,02 4,03 2,61 41,51 3,00 42,85 2,87 43,54 2,78 42,42 

T(0ºC) 5,16 11,06 2,47 24,90 3,04 25,25 3,00 22,50 2,79 23,28 

T(−10ºC) 6,67 4,28 3,21 35,75 3,88 37,41 3,93 38,19 3,65 36,10 

T(−30ºC) 7,00 5,27 4,05 27,23 4,89 28,51 4,83 25,97 4,19 25,31 

PPFRC-8 fLOP fR1 fR2 fR3 fR4 

T (env.) 
�̅� CoV(%) �̅�  CoV(%) �̅�  CoV(%) �̅�  CoV(%) �̅�  CoV(%) 

4,06 5,89 1,88 14,36 2,16 17,19 2,26 17,42 2,19 17,28 

T(0ºC) 5,97 11,18 2,40 16,55 2,88 17,95 3,02 19,00 2,94 19,20 

T(−10ºC) 6,76 3,49 2,89 11,32 3,63 14,39 3,87 15,19 3,78 15,40 

T(−30ºC) 7,03 5,45 2,62 18,49 3,49 16,20 3,75 15,90 3,61 15,05 
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Due to the fact, that the flexural test presents a big dispersion of the results, the 

coefficient of variation was calculated. The results of the CoV together with the average 

strength values in MPa, for all specimens tested, are represented in the above tables 4.5. 

The data used to calculate the results presented in table 4.5 is mentioned in Annex 1.  

 Normally the value of the coefficient of variation, for the 3-Point bending test, is 

between 20-25%. Knowing that fact, and looking at the results presented in the tables 4.5, 

the first conclusion that comes out is that the synthetic fibers were better distributed 

compared to steel fibers. The value of the CoV is normally given by the amount of fibers 

at the crack section and the distribution of those. So, the elevated values of CoV for steel 

fibers indicates that those were not very well distributed at the crack section. There could 

be two reasons of why it happened: first because the concrete mixer “COLLOMATIC 

K2-3”, due to its luck of capacity, it did not mixt well the steel fibers inside the butch of 

concrete. The mixture time was not enough. The second reason, is that steel fibers have 

a bigger weight that the synthetic fibers, and when compacting the specimens on the 

vibrating table, fibers were accumulating at the bottom of the molds. To verify those two 

reasons the manual counting of the amount of fibers, at the crack section, was realized.  

  

The other conclusions that come out from tables 4.5 is that for fLOP values the CoV 

is low. This happens because the fibers are not influencing much before the first crack 

appears, which directly leads to a smaller dispersion of the results. When comparing 

different amounts of the synthetic fibers, tables 4.5 a) and c), it was detected that with 

higher number of fibers the CoV is lower.  

 

 When comparing 4 kg/m3 of synthetic fiber with 30 kg/m3 of steel fiber, which is 

basically the same % of fiber, similar tendency is detected. The synthetic fibers present a 

way smaller CoV. The only exception are the specimens with 4 kg/m3 of synthetic fibers 

tested at −30 ºC. Their fR1 values represented elevated CoV, table 4.5 a). Synthetic fibers 

were generally well distributed inside the specimens due to the fact that those were 

initially in rolled packages. While the cover of the package was dissolving inside the 

concrete mixture, the fibers were distributing inside the mixture homogeneously.   

 

4.5 Comparison of fLOP with compressive strength (fc) values 

 

 The fLOP value of a specimen is normally 10% from its compressive strength. To 

verify this relation the average fLOP and compressive strength values were compared, and 

the results are represented on the following figures 4.4, 4.5, and 4.6. 
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Figure 4.4 (31) fLOPm – fcm. for PPFRC-4. 

 

Figure 4.5 (32) fLOPm – fcm. for PPFRC-8. 

 

Figure 4.6 (33) fLOPm – fcm for SFRC-30. 

 The data for the above figures is presented in tables 4.2, 4.3, 4.4, and 4.5. In order 

to determine the relation between fLOPm and fcm, a power trend line was used with its 

corresponding equation and R2. The R2 value should approximate to 1 to demonstrate the 

relation between fLOP and the compressive strength. As a result of this comparison, the 
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steel fibers, figure 4.6, again show the highest dispersion of the results, with R2 = 0,4603. 

This happened mainly because of the compressive strength results. Some of the 

cylindrical specimens with steel fiber resisted less than it was expected initially, 

especially at 0ºC. This is represented at table 4.2. The reason for that could be bad 

compaction of some of the specimens, and also the fact that it was difficult to know when 

the specimens were exactly at 0ºC. While the fLOP values for the specimens with steel 

fibers are very similar to the ones obtained with 4 kg/m3 of synthetic fibers, tables 4.5 a) 

and b).   

 

The most precise result is obtained with 4 kg/m3 of synthetic fibers, with R2 = 

0,8773, figure 4.4. Synthetic fibers with 8 kg/m3 also show a good result with R2 = 0,7778.  

 

4.6 Manual counting of fibers  

 

 The manual counting of fibers at the crack section was done in order to complete 

the analysis of the 3-PB test results. All data used for figures 4.7 - 4.9 and table 4.6 is 

presented in Annex 1.  

 

By interpreting the results of counting of the fibers at the crack section, the path 

was clear, those specimens with a smaller Nf present lower fR1, fR2, fR3, and fR4 results. For 

example, specimen with 4 kg/m3 of synthetic fiber, tested at environmental temperature, 

with average Nf = 28, has fR1 = 0,8 MPa. Another specimen at the same conditions, but 

with Nf = 63, has fR1 = 1,01 MPa. To demonstrate the relationship between fR1 results and 

Nf the following figures 4.7, 4.8, and 4.9 are presented.  

 

 

Figure 4.7 (34) Relationship fR1 – Nf for PPRFC-4. 
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Figure 4.8 (35) Relationship fR1 – Nf for PPFRC-8. 

 

Figure 4.9 (36) Relationship fR1 – Nf for SFRC-30. 

From the above figures 4.7, 4.8, and 4.9 it was observed that the linear relation 

between fR1 and Nf at the crack section does exists, even though the dispersion of the 

results is high. The R2 values for SFRC-30 and PPFRC-4 are similar, 0,397 and 0,354 

respectively, which was expected as those fiber dosages are equivalent. While for 

PPFRC-8 the R2 value is lower 0,273 and the concentration of the points on the graph is 

higher than for SFRC-30 and PPFRC-4. Only two points on figure 4.8 are clearly far from 

the rest, which mean that PPFRC-8 has the lowest dispersion. Also, the fact that the 

trendline of all of the above graphs does not pass through the origin, demonstrates that 

the concrete has some post-cracking strength without fibers. The following table 4.6 

completes the information presented in figures 4.7 – 4.9.  

Table 4.6 (13) Counting of fibers  
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PPFRC-8 59 101 87 13,9 
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 The table 4.6 presents the minimum and maximum Nf at the crack section for each 

type of concrete, together with the average Nf for all the specimens and the coefficient of 

variation. PPFRC-8 presents the lowest value of the CoV, 13,9%, in this way confirming 

the information obtained from the graphs 4.7 – 4.9.  

 

4.7 Comparison of fR1 with fLOP values  

 

 The fR1 and fLOP values are compared, in order to determine if the selected 

fiber dosage could be applied at the structural level. When fR1 is less than 40% of fLOP, 

the fiber dosage is not considered as structural reinforcement. This is indicated by the 

following equation 4.2:  

 

 𝑓𝑅1

𝑓𝐿𝑂𝑃
< 40% Eq. 4.2 

 

 

 

Figure 4.10 (37) fR1 – flop for PPFRC-4. 

 

 

Figure 4.11 (38) fR1 – flop for PPFRC-8.  

0.0

0.5

1.0

1.5

0.0 2.0 4.0 6.0 8.0

f R
1

(M
P

a)

fLOP (MPa) 

fR1 = 40%fLOP

0.0

1.0

2.0

3.0

4.0

0.0 2.0 4.0 6.0 8.0

f R
1

(M
P

a)

fLOP (MPa) 

fR1 = 40%fLOP



Chapter 4 

 

Mechanical characterization of fiber reinforced concretes subjected to freezing 

temperature 

 

48 

 

Figure 4.12 (39) fR1 – flop for SFRC-30. 

 The red line on all the above figures, 4.10, 4.11, and 4.12, represents equation fR1 

= 40%fLOP. Data for the above figures 4.10-4.12 is presented in annex 1. When the points 

on the figure are below this line, this dosage of fiber could not be applied as structural 

reinforcement. Following this rule, in figure 4.10, it is observed that all the points are 

below the red line. Which means that the selected synthetic fiber cannot be used with 

dosage 4 kg/m3 at structural level. Instead, the same synthetic fiber, with double amount 

of fiber, 8 kg/m3, figure 4.11, has only one point just below the red line, so this dosage is 

appropriate as structural reinforcement. The figure 4.12 shows that 30 kg/m3 of the steel 

fiber can be perfectly used at structural reinforcement level, as all the points are above 

the red line.   

 

4.8 Comparison of fR3 with fR1 values  

 

 

Figure 4.13 (40) fR3 – fR1 for PPFRC-4.   
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Figure 4.14 (41) fR3 – fR1 for PPFRC-8. 

 

 

Figure 4.15 (42) fR3 – fR1 for SFRC-30. 
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Chapter 5  

Conclusions and Future  

Perspectives 
 

 

 

 

 

5.1 General conclusions  

 

 The use of fiber reinforcement in construction world has experienced a big 

advance in the past years. However, several aspects still require further research. One of 

those is the mechanical response of fibers subjected to low temperatures. For that reason, 

a bachelor thesis was proposed with an intensive experimental program. The goal was to 

find out the post-cracking behavior of both PPFRC and SFRC at different low 

temperatures (0ºC, −10ºC, −30ºC) and compare the obtained results with specimens tested 

at room temperature (20ºC). To do so, the 3PB-test was implemented. Moreover, to check 

how compressive strength varies at low temperatures, compressive test over cylindrical 

samples was carried out.    

 

 The results obtained from the experimental program allow conforming that 

mechanical performance of both steel and polymeric macro-fibers reinforced concrete 

improves as temperature decreases (reference environmental temperature of 20ºC). This 

improvement is evident for the post-cracking flexural strength (fR1 and fR3 used for 

structural design). The main conclusions derived from the experimental program are the 

following:  

  



Conclusions and future perspectives 

 

Igor Reynvart  

 

51 

• The mechanical strength of both steel and polymeric macro-fibers remained 

unchanged when subjected to low temperatures.  

• The residual flexural strengths fR1 and fR3 increased up to 50% and 70%, 

respectively, for temperatures below 0ºC in case of 8 kg/m3 of polymeric fibers. 

For steel fibers the increase was similar, up to 55% and 68% for fR1 and fR3 

respectively. 

• Both types of fibers experienced an increase of the confinement pressure due to 

the shrinkage of the matrix. This increase leads to an improvement of the matrix-

fiber bond, which further improved the pull-out capacity of the fibers.  

• It was confirmed that when temperature decreases the compressive strength “fc” 

of concrete increases. For concrete reinforced with steel macro-fibers fc increased 

up to 55%, from environmental temperature to −30ºC. In case of polymeric 

macro-fibers, the enhancement was even greater, up to 86% and 95% for 4 kg/m3 

and 8 kg/m3 respectively.    

• Concrete reinforced with steel macro-fibers presents higher resistance values 

compared to polymeric macro-fibers.  

 

5.2 Specific conclusions  

 

• Low temperatures barely improved the residual flexural strength of polymeric 

macro-fibers at 4 kg/m3 dosage. Moreover, when compared fLOP and fR1 values, it 

was identified that 4 kg/m3 of polymeric macro-fibers is not enough to be 

considered as structural reinforcement. All the points on the graph were below 

fR1=40%fLOP line. 

• The fR3 value, for both type of macro-fibers, will tend to a higher increase than 

fR1. This means that with higher amount of macro-fibers in the dosage of concrete 

the fR3 value will continue to increase, while fR1 will have a smaller variation.  

• Steel macro-fibers showed the highest dispersion of the results when compared 

fLOPm with fcm. The R2 value from the power trend line, for SFRC specimens, was 

0,460, while for 4 and 8 kg/m3 of PPFRC the result was 0,877 and 0,778 

respectively. 

• The coefficients of variation of the residual flexural strength values for steel 

macro-fibers were above normal (>25%). Most concerning were specimens tested 

at environmental temperature and at −10ºC. At environmental temperature the 

CoV for fR1, fR2, fR3, and fR4 were 41,41%, 42,85%, 43,54%, and 42,42% 

respectively. At 10ºC below zero the CoV for fR1, fR2, fR3, and fR4 were 35,75%, 

37,41%, 38,19%, and 36,10% respectively. This means that some, or all, of the 

specimens tested at these temperatures had a bad distribution of macro-fibers at 

the crack section.    

  



Chapter 5 

 

Mechanical characterization of fiber reinforced concretes subjected to freezing 

temperature 

 

52 

5.3 Future perspectives  

 

Despite the contribution reported in the present thesis, further research about the 

contribution of low temperature on FRC is required. Consequently, several suggestions 

for the future experimental programs and researches are proposed below.  

 

Compressive strength  

 

This experimental program confirmed the results of the previous reports that the 

compressive strength increases at the freezing temperatures. It was noticed that the lower 

the temperature gets, the higher is the compressive strength. Knowing that, it would be 

interesting to identify until what temperature the compressive strength would continue to 

increase.  

 

Flexural strength (3-Point bending test) 

 

 The experimental program concerning the effect of temperature on pre- and post-

cracking strength of the notched prismatic specimens was limited in terms of type and 

amount of macro-fiber per m3, as well as the size of the samples. Hence, in order to 

recognize better the effect of low temperatures on FRC, wider variations of macro-fibers 

should be considered in the future experiments. For this experiment only one type of 

synthetic macro-fiber was used. It would be interesting to test more commercial synthetic 

fibers, knowing the fact that polymers produced by different manufacturers have distinct 

properties. Also, it would be useful to extend the experimental program by producing 

more specimens. This would help to reduce the coefficient of variation, which for steel 

fibers was above normal at some temperatures. In addition, the effect of low temperatures 

on shear behavior have not been investigated yet.  

 

 For SFRC it would be interesting to run un experimental campaign to define the 

ductile to brittle temperature (DBTT). This could be done via pullout tests at different 

temperatures.  
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ANNEX 1. 
 

 

A1. Aggregate characterization data  

The data presented in the following tables A1, A1.1, and A1.2 was used in chapter 3 (fig. 

3.2) 

 

Sand 0-4 

Sieve Size Withheld material (%) Average value (%) 
Accumulated that 

pass (%) 

31,5 0,0 0,0 0,0 0,0 0,0 100,0 

20 0,0 0,0 0,0 0,0 0,0 100,0 

16 0,0 0,0 0,0 0,0 0,0 100,0 

14 0,0 0,0 0,0 0,0 0,0 100,0 

12,5 0,0 0,0 0,0 0,0 0,0 100,0 

10 0,0 0,0 0,0 0,0 0,0 100,0 

8 0,0 0,0 0,0 0,0 0,0 100,0 

4 1,1 1,1 0,9 2,8 1,5 98,5 

2 24,3 19,6 21,4 31,6 24,2 74,3 

1 30,4 33,8 33,6 35,4 33,3 41,0 

0,5 20,8 20,9 20,8 14,9 19,4 21,7 

0,25 8,4 9,0 8,6 5,2 7,8 13,9 

0,125 10,3 10,9 10,0 6,3 9,4 4,5 

0,063 4,3 4,6 4,8 3,5 4,3 0,2 

Bottom 0,4 0,1 0,1 0,1 0,2 0,0 

Total 100,0 100,0 100,0 100,0 100,0 0,0 

 

Table A1. Characterization of sand 0-4 data  
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Gravel 4-10 

Sieve Size Withheld material (%) Average value (%) 
Accumulated that 

pass (%) 

31,5 0,0 0,0 0,0 0,0 0,0 100,0 

20 0,0 0,0 0,0 0,0 0,0 100,0 

16 0,0 0,0 0,0 0,0 0,0 100,0 

14 0,0 0,0 0,0 0,0 0,0 100,0 

12,5 0,0 0,0 0,0 0,0 0,0 100,0 

10 0,1 0,2 0,3 0,4 0,2 99,8 

8 11,4 10,5 16,5 17,2 13,9 85,9 

4 88,4 89,3 83,1 82,4 85,8 0,1 

2 0,0 0,0 0,0 0,0 0,0 0,0 

1 0,0 0,0 0,0 0,0 0,0 0,0 

0,5 0,0 0,0 0,0 0,0 0,0 0,0 

0,25 0,0 0,0 0,0 0,0 0,0 0,0 

0,125 0,0 0,0 0,0 0,0 0,0 0,0 

0,063 0,0 0,0 0,0 0,0 0,0 0,0 

Bottom 0,0 0,0 0,0 0,0 0,0 0,0 

Total 0 0 0 0 0 0,000 

 

Table A1.1 Characterization of gravel 4-10 

 

Gravel 10-20 

Sieve Size  Withheld material (%) Average value (%) 
Accumulated that pass 

(%) 

31,5 0,0 0,0 0,0 0,0 0,0 100,0 

20 2,005 2,212 2,324 0,992 1,883 98,117 

16 24,795 32,429 43,822 48,606 37,413 60,704 

14 21,751 21,623 16,251 11,080 17,676 43,028 

12,5 15,940 13,175 14,631 12,690 14,109 28,919 

10 25,536 19,217 14,684 16,156 18,898 10,021 

8 6,892 8,203 5,961 6,233 6,822 3,199 

4 2,684 2,890 2,174 3,648 2,849 0,349 

2 0,017 0,017 0,002 0,060 0,024 0,325 

1 0,037 0,015 0,002 0,067 0,031 0,294 

0,5 0,052 0,010 0,002 0,072 0,034 0,260 

0,25 0,055 0,012 0,002 0,052 0,031 0,230 

0,125 0,150 0,102 0,065 0,177 0,123 0,106 

0,063 0,082 0,092 0,077 0,164 0,104 0,002 

Bottom  0,002 0,002 0,000 0,002 0,002 0,000 

Total   100 100 100 100 100,0 0,000 

Table A1.2 Characterization of gravel 10-20 
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A2. Compression test  

 

The data presented in tables A2, A2.1, and A2.2 was used in chapter 4 in tables 4.2 – 4.4. 

 

SFRC_T(env.) 
Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(MPa) 

07-S A2-C1 3591,0 196,9 197,1 196,8 196,9 281,0 35,8 

08-S A1-C1 3647,0 196,4 196,4 196,4 196,4 318,2 40,5 

08-S A1-C2 3640,3 196,3 196,5 196,4 196,4 347,3 41,7 

08-S A2-C1 3561,0 196,5 196,5 196,4 196,5 296,0 37,7 

08-S A2-C2 3630,5 196,5 196,5 196,5 196,5 312,0 39,7 

Average  3614,0       196,5 310,9 39,1 
        

SFRC_T(0ºC) 
Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

15-S A1-C1 3582,0 196,4 196,5 196,7 196,5 311,4 39,6 

15-S A1-C2 3570,5 196,7 196,7 196,7 196,7 304,2 38,7 

15-S A2-C1 3403,0 196,5 196,7 196,8 196,7 243,3 31,0 

15-S A2-C2 3314,5 196,4 196,5 196,4 196,4 227,1 28,9 

15-S A3-C1 3440,0 196,4 196,5 196,4 196,4 238,8 30,4 

15-S A3-C2 3476,5 196,5 196,7 196,5 196,6 254,2 32,4 

Average  3464,4       196,6 263,1 33,5 
        

SFRC_T(−10ºC) 
Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

14-S A1-C1 3516,0 196,7 196,2 196,4 196,4 331,9 42,3 

14-S A1-C2 3583,0 196,7 196,6 196,6 196,6 347,8 44,3 

14-S A2-C1 3547,5 196,5 196,7 196,8 196,7 339,7 43,3 

14-S A2-C2 3554,5 196,7 196,8 196,6 196,7 335,2 45,2 

14-S A3-C1 3597,5 196,5 196,7 196,7 196,6 358,0 45,6 

14-S A3-C2 3523,5 196,7 196,5 196,6 196,6 322,2 41,0 

Average  3553,7       196,6 339,1 43,6 
        

SFRC_T(−30ºC) 
Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

09-S A1-C1 3584,5 196,2 196,5 196,6 196,4 459,3 58,5 

09-S A1-C2 3532,0 196,5 196,2 196,4 196,4 469,0 59,7 

09-S A2-C1 3531,5 196,4 196,5 196,5 196,5 468,9 59,7 

09-S A2-C2 3553,0 197,4 196,6 196,6 196,9 470,5 59,9 

09-S A3-C1 3574,5 196,5 196,3 196,5 196,4 490,6 62,5 

09-S A3-C2 3579,0 196,5 196,3 196,5 196,4 503,3 64,1 

Average  3559,1       196,5 476,9 60,7 

 

Table A2. Compression test results for SFRC-30 
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Table A2.1 Compression test results for PPFRC-4 

  

PPFRC-

4_T(env.) 

Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

16-S A1-C1 3596,0 196,6 196,6 196,4 196,5 303,8 38,7 

16-S A1-C2 3587,5 196,4 196,4 196,3 196,4 303,6 38,7 

16-S A2-C1 3637,0 196,4 196,6 196,5 196,5 302,0 38,4 

16-S A2-C2 3642,0 196,6 196,7 196,5 196,6 299,2 38,1 

16-S A3-C1 3603,5 196,2 196,7 196,1 196,3 264,4 33,7 

16-S A3-C2 3581,5 196,4 196,4 196,5 196,4 299,3 38,1 

Average 3607,9    196,5 295,4 37,6 
        

PPFRC-

4_T(0ºC) 

Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

22-S A1-C1 3520,5 196,4 196,4 196,4 196,4 304,1 38,7 

22-S A1-C2 3525,5 196,2 196,1 196,1 196,1 311,1 39,6 

22-S A2-C1 3510,5 196,4 196,4 196,6 196,5 314,5 40,0 

22-S A2-C2 3501,0 196,5 196,2 196,4 196,4 316,1 40,2 

22-S A3-C1 3508,0 196,6 196,5 196,4 196,5 312,8 39,8 

22-S A3-C2 3529,5 196,4 196,4 196,4 196,4 325,8 41,5 

Average 3515,8    196,4 314,1 40,0 
        

PPFRC-

4_T(−10ºC) 

Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

17-S A1-C1 3603,5 196,6 196,5 196,6 196,6 468,9 59,7 

17-S A1-C2 3664,0 196,5 196,6 196,5 196,5 453,5 57,7 

17-S A2-C1 3588,0 196,4 196,5 196,6 196,5 431,9 55,0 

17-S A2-C2 3628,5 196,7 196,4 196,5 196,5 439,0 55,9 

17-S A3-C1 3577,0 196,5 196,5 196,6 196,5 406,8 51,8 

17-S A3-C2 3615,5 196,5 196,7 196,7 196,6 396,8 50,5 

Average 3612,8    196,6 432,8 55,1 
        

PPFRC-

4_T(−30ºC) 

Weight 

(g) 
h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

21-S A1-C1 3574,0 196,0 196,2 196,2 196,1 524,2 66,7 

21-S A1-C2 3613,0 196,4 196,4 196,5 196,4 565,5 72,0 

21-S A2-C1 3571,5 196,6 196,4 196,4 196,5 552,9 69,5 

21-S A2-C2 3573,0 196,5 196,3 196,3 196,4 554,7 70,6 

21-S A3-C1 3623,0 196,3 196,4 196,4 196,4 566,9 72,2 

21-S A3-C2 3614,5 196,5 196,3 196,4 196,4 541,6 69,0 

Average 3594,8    196,4 551,0 70,0 
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PPFRC-

8_T(env.) 
Weight (g) h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

28-S A1-C1 3587,5 196,6 196,5 196,4 196,5 320,3 40,8 

28-S A1-C2 3660,0 196,4 196,3 196,4 196,4 238,9 30,4 

28-S A2-C1 3577,0 196,4 196,3 196,5 196,4 302,8 38,6 

28-S A2-C2 3623,0 196,3 196,4 196,3 196,3 318,8 40,6 

28-S A3-C1 3600,0 196,4 196,3 196,3 196,3 313,9 40,0 

28-S A3-C2 3568,0 196,7 196,2 196,2 196,4 311,4 39,6 

Average 3602,6    196,4 301,0 38,3 
        

PPFRC-

8_T(−30ºC) 
Weight (g) h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

29-S A1-C1 3562,0 196,6 196,5 196,1 196,4 569,0 72,4 

29-S A1-C2 3597,0 196,5 196,4 196,4 196,4 575,7 73,3 

29-S A2-C1 3586,0 196,6 196,9 196,7 196,7 586,8 74,7 

29-S A2-C2 3594,0 196,3 196,4 196,3 196,3 600,8 76,5 

29-S A3-C1 3619,0 196,1 196,1 196,1 196,1 582,5 74,2 

29-S A3-C2 3623,0 196,3 196,4 196,6 196,4 607,0 77,3 

Average 3596,8    196,4 587,0 74,7 
        

PPFRC-

8_T(−10ºC) 
Weight (g) h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

30-S A1-C1 3623,0 196,4 196,6 196,6 196,5 448,5 57,1 

30-S A1-C2 3603,0 196,5 196,5 196,5 196,5 464,4 59,1 

30-S A2-C1 3606,5 196,9 196,8 196,5 196,7 448,0 57,0 

30-S A2-C2 3589,0 196,5 196,5 196,5 196,5 464,2 59,1 

30-S A3-C1 3556,5 196,5 196,4 196,4 196,4 442,2 56,3 

30-S A3-C2 3618,5 196,4 196,5 196,4 196,4 461,3 58,7 

Average 3599,4    196,5 454,8 57,9 
        

PPFRC-

8_T(0ºC) 
Weight (g) h1(mm) h2(mm) h3(mm) 

h average 

(mm) 
F(kN) 

fc 

(Mpa) 

01-O A1-C1 3585,0 196,4 196,4 196,9 196,6 365,0 46,5 

01-O A1-C2 3575,0 196,5 196,6 196,5 196,5 378,8 48,2 

01-O A2-C1 3625,5 196,7 196,5 196,4 196,5 378,5 48,2 

01-O A2-C2 3612,5 196,5 196,5 196,4 196,5 378,2 48,2 

01-O A3-C1 3519,5 196,6 196,5 196,8 196,6 340,1 43,3 

01-O A3-C2 3591,0 196,4 196,4 196,6 196,5 331,2 42,2 

Average 3584,8    196,5 361,9 46,1 

Table A2.2 Compression test results for PPFRC-8 
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A3. 3-Point Bending test  

The data presented in tables A3, A3.1, and A3.2 was used in chapter 4 in figures 4.1 – 

4.3. 

PPFRC-4 

CMOD 

Mean flexural 

strength at env. 

(MPa) 

Mean flexural 

strength at 

0ºC (MPa) 

Mean flexural 

strength at 

−10ºC. (MPa) 

Mean flexural 

strength at 

−30ºC. (MPa) 

0,5 0,936 1,205 1,149 1,022 

1,5 0,993 1,336 1,444 1,401 

2,5 1,026 1,404 1,493 1,525 

3,5 0,990 1,376 1,434 1,512 

Table A3. Points for the mean flexural strength – CMOD for figure 4.1  

SFRC-30 

CMOD 

Mean flexural 

strength at env. 

(MPa) 

Mean 

flexural 

strength at 

0ºC (MPa) 

Mean 

flexural 

strength at 

−10ºC. (MPa) 

Mean 

flexural 

strength at 

−30ºC. (MPa) 

0,5 2,609 2,472 3,215 4,049 

1,5 3,000 3,040 3,871 4,886 

2,5 2,867 3,037 3,926 4,832 

3,5 2,716 2,792 3,643 4,189 

Table A3.1 Points for the mean flexural strength – CMOD for figure 4.2  

PPFRC-8  

CMOD 

Mean flexural 

strength at env. 

(MPa) 

Mean 

flexural 

strength at 

0ºC (MPa) 

Mean flexural 

strength at 

−10ºC. (MPa) 

Mean flexural 

strength at 

−30ºC. (MPa) 

0,5 1,876 2,405 2,889 3,031 

1,5 2,162 2,882 3,631 3,905 

2,5 2,256 3,021 3,872 4,160 

3,5 2,183 2,941 3,779 4,016 

Table A3.2 Points for the mean flexural strength – CMOD for figure 4.3  
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T (env.) 
PPFRC-4 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 4,09 4,16 3,97 4,20 3,81 4,08 4,05 0,14 3,5% 

fR1 0,5 0,88 1,16 0,88 0,88 1,01 0,80 0,94 0,13 14,0% 

fR2 1,5 0,98 1,30 0,91 0,90 1,10 0,75 0,99 0,19 19,0% 

fR3 2,5 0,97 1,39 0,95 0,96 1,13 0,77 1,03 0,21 20,3% 

fR4 3,5 0,96 1,35 0,91 0,95 1,08 0,73 1,00 0,21 20,8% 

Table A3.3 Strength, average strength, and coefficient of variation for PPFRC-4 at 

environmental temperature.    

T (0ºC) 
PPFRC-4 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 4,59 4,91 5,22 4,57 4,54 4,31 4,69 0,32 6,9% 

fR1 0,5 1,56 1,14 1,27 1,03 1,31 0,91 1,20 0,23 18,8% 

fR2 1,5 1,74 1,26 1,38 1,14 1,48 1,00 1,34 0,26 19,7% 

fR3 2,5 1,81 1,36 1,46 1,17 1,57 1,04 1,40 0,28 19,8% 

fR4 3,5 1,78 1,36 1,47 1,13 1,50 1,01 1,38 0,28 20,2% 

Table A3.4 Strength, average strength, and coefficient of variation for PPFRC-4 at 0ºC. 

Table A3.5 Strength, average strength, and coefficient of variation for PPFRC-4 at 

−10ºC.  

 Table A3.6 Strength, average strength, and coefficient of variation for PPFRC-4 at 

−30ºC.  

  

T (−10ºC) 
PPFRC-4  

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 6,83 6,29 6,73 7,13 6,67 7,12 6,79 0,31 4,6% 

fR1 0,5 1,65 1,08 - - 1,01 1,18 1,23 0,29 23,4% 

fR2 1,5 1,87 - - 1,34 1,12 1,44 1,44 0,31 21,7% 

fR3 2,5 1,88 - - 1,38 1,17 1,54 1,49 0,30 19,9% 

fR4 3,5 1,73 - - 1,33 1,16 1,51 1,43 0,25 17,2% 

T (−30ºC) 
PPFRC-4 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 6,14 6,97 6,80 6,78 7,16 7,18 6,84 0,38 5,6% 

fR1 0,5 1,31 1,16 - 1,28 1,10 - 1,22 0,10 8,0% 

fR2 1,5 1,68 1,41 1,37 1,58 1,37 0,97 1,40 0,24 17,4% 

fR3 2,5 1,84 1,52 1,54 1,72 1,48 1,05 1,52 0,27 17,7% 

fR4 3,5 1,80 1,54 1,50 1,73 1,45 1,05 1,51 0,26 17,5% 
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Table A3.7 Strength, average strength, and coefficient of variation for PPFRC-8 at 

environmental temperature. 

Table A3.8 Strength, average strength, and coefficient of variation for PPFRC-8 at 0ºC.  

 

  

T (env.) 

PPFRC-8  

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 4,04 4,41 3,85 3,77 4,01 4,24 4,06 0,23 5,9% 

fR1 0,5 2,02 2,01 1,95 1,38 2,11 1,75 1,88 0,26 14,3% 

fR2 1,5 2,14 2,37 2,34 1,51 2,58 2,00 2,16 0,37 17,3% 

fR3 2,5 2,14 2,52 2,41 1,57 2,71 2,16 2,26 0,39 17,6% 

fR4 3,5 2,05 2,49 2,32 1,55 2,61 2,07 2,19 0,38 17,5% 

T(0ºC) 

PPFRC-8 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 5,67 6,61 6,68 6,36 5,42 5,10 5,97 0,67 11,2% 

fR1 0,5 2,19 2,50 2,79 2,69 2,56 1,70 2,40 0,40 16,7% 

fR2 1,5 2,70 3,06 3,43 3,15 3,01 1,94 2,88 0,52 18,0% 

fR3 2,5 2,91 3,31 3,63 3,24 3,07 1,96 3,02 0,57 19,0% 

fR4 3,5 2,88 3,32 3,51 3,09 2,95 1,89 2,94 0,56 19,2% 
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T(−10ºC) 

PPFRC-8  

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 6,95 7,14 6,60 6,68 6,60 6,56 6,76 0,24 3,5% 

fR1 0,5 3,39 2,79 2,91 2,87 3,01 2,37 2,89 0,33 11,5% 

fR2 1,5 4,43 3,41 3,58 3,65 3,87 2,84 3,63 0,52 14,4% 

fR3 2,5 4,75 3,61 3,79 3,88 4,23 2,98 3,87 0,59 15,3% 

fR4 3,5 4,56 3,54 3,64 3,75 4,28 2,90 3,78 0,58 15,4% 

Table A3.9 Strength, average strength, and coefficient of variation for PPFRC-8 at 

−10ºC. 

T(−30ºC) 

PPFRC-8  

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 7,22 6,33 7,00 7,12 7,48 7,05 7,03 0,38 5,4% 

fR1 0,5 2,20 3,11 2,63 3,29 2,18 2,29 2,62 0,48 18,5% 

fR2 1,5 3,10 4,04 3,48 4,31 3,10 2,93 3,49 0,57 16,2% 

fR3 2,5 3,42 4,26 3,69 4,66 3,35 3,12 3,75 0,59 15,8% 

fR4 3,5 3,39 3,94 3,52 4,51 3,20 3,05 3,60 0,54 15,0% 

Table A3.10 Strength, average strength, and coefficient of variation for PPFRC-8 at 

−30ºC. 
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T (env.) 

SFRC-30 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 3,90 4,05 4,27 3,80 4,11 4,00 4,02 0,16 4,0 

fR1 0,5 2,15 3,32 4,26 2,88 1,40 1,67 2,61 1,08 41,5 

fR2 1,5 2,43 2,82 5,27 3,60 1,68 2,21 3,00 1,29 42,8 

fR3 2,5 2,49 2,56 5,17 3,25 1,64 2,09 2,87 1,25 43,5 

fR4 3,5 2,42 - 4,65 3,14 1,63 2,06 2,78 1,18 42,4 

Table A3.11 Strength, average strength, and coefficient of variation for SFRC-30 at 

environmental temperature. 

T (0ºC) 

SFRC-30 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 6,14 4,79 4,91 4,79 4,74 5,57 5,16 0,57 11,1 

fR1 0,5 2,35 2,70 3,13 3,10 1,63 1,93 2,47 0,62 24,9 

fR2 1,5 2,73 3,73 3,51 3,83 1,93 2,50 3,04 0,77 25,2 

fR3 2,5 2,80 3,25 3,45 3,94 2,12 2,44 3,00 0,67 22,5 

fR4 3,5 2,28 2,90 3,23 3,82 2,16 2,36 2,79 0,65 23,3 

Table A3.12 Strength, average strength, and coefficient of variation for SFRC-30 at 

0ºC. 
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T (−10ºC) 

SFRC-30 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 6,29 6,71 6,57 7,01 6,97 6,46 6,67 0,29 4,3 

fR1 0,5 1,99 3,81 2,36 4,21 4,67 2,25 3,21 1,15 35,7 

fR2 1,5 2,24 4,74 2,88 5,42 5,36 2,64 3,88 1,45 37,4 

fR3 2,5 2,16 4,53 3,06 5,67 5,47 2,66 3,93 1,50 38,2 

fR4 3,5 2,02 4,135 3,02 5,01 5,15 2,52 3,65 1,32 36,1 

Table A3.13 Strength, average strength, and coefficient of variation for SFRC-30 at 

−10ºC.  

T (−30ºC) 

SFRC-30 

S1 S2 S3 S4 S5 S6 �̅� (MPa) DESVEST CoV(%) 

fLOP 0 7,54 7,24 6,48 6,98 6,77 6,95 7,00 0,37 5,3 

fR1 0,5 3,77 5,75 2,82 3,56 3,38 5,01 4,05 1,10 27,2 

fR2 1,5 4,59 7,37 3,31 4,43 4,20 5,43 4,89 1,39 28,5 

fR3 2,5 4,57 7,14 3,43 4,51 4,24 5,10 4,83 1,25 26,0 

fR4 3,5 3,79 5,956 2,78 3,79 4,17 4,64 4,19 1,06 25,3 

Table A3.14 Strength, average strength, and coefficient of variation for SFRC-30 at 

−30ºC.  

The data from tables A3.3 – A3.14 was used to complete tables 4.5 in chapter 4.  
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A4. Manual counting of fiber  

The data presented in the following tables A4, A4.1, and A4.2 was used in chapter 4 in 

figures 4.7 – 4.9.  

Specimen fR1 Piece 1) 2) 3) TOTAL 

PPFRC-4 – T(Env) 

- P1 
0,88 

a 19 20 4 43 

43 

b 25 25 9 59 

PPFRC-4 – T(Env) 

- P2 
1,16 

a 14 21 10 45 

45 

b 16 34 14 64 

PPFRC-4 – T(Env) 

- P3 
0,88 

a 10 14 8 32 

32 

b 12 17 9 38 

PPFRC-4 – T(Env) 

- P4 
0,88 

a 23 14 6 43 

43 

b 20 14 4 38 

PPFRC-4 – T(Env) 

- P5 
1,01 

a 20 25 18 63 

63 

b 19 23 4 46 

PPFRC-4 – T(Env) 

- P6 
0,80 

a 12 12 4 28 

28 

b 10 18 4 32 

PPFRC-4 - T0 - P1 1,56 

a 28 29 7 64 

64 

b 27 36 7 70 

PPFRC-4 - T0 - P2 1,14 

a 24 19 6 49 

49 

b 15 23 9 47 

PPFRC-4 - T0 - P3 1,27 

a 17 27 6 50 

50 

b 20 17 4 41 
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PPFRC-4 - T0 - P4 1,03 

a 23 15 11 49 

49 

b 28 19 7 54 

PPFRC-4 - T0 - P5 1,31 

a 17 16 11 44 

44 

b 24 23 14 61 

PPFRC-4 - T0 - P6 0,91 

a 22 21 4 47 

47 

b 19 17 8 44 

PPFRC-4 - T-10 - 

P1 
1,65 

a 34 14 12 60 

60 

b 36 19 17 72 

PPFRC-4 - T-10 - 

P2 
1,08 

a 16 15 10 41 

41 

b 25 14 16 55 

PPFRC-4 - T-10 - 

P3 
 

a 12 11 9 32 

32 

b 9 20 12 41 

PPFRC-4 - T-10 - 

P4 
 

a 25 22 9 56 

56 

b 24 15 10 49 

PPFRC-4 - T-10 - 

P5 
1,01 

a 11 17 8 36 

36 

b 28 15 5 48 

PPFRC-4 - T-10 - 

P6 
1,18 

a 11 16 6 33 

33 

b 21 17 8 46 

PPFRC-4 - T-30 - 

P1 
1,31 

a 13 20 11 44 

44 

b 10 21 5 36 

1,16 a 15 19 6 40 40 
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PPFRC-4 - T-30 - 

P2 
b 35 11 12 58 

PPFRC-4 - T-30 - 

P3 
 

a 21 15 11 47 

47 

b 13 13 8 34 

PPFRC-4 - T-30 - 

P4 
1,28 

a 20 22 5 47 

47 

b 16 22 7 45 

PPFRC-4 - T-30 - 

P5 
1,10 

a 15 23 8 46 

46 

b 12 13 7 32 

PPFRC-4 - T-30 - 

P6 
 

a 18 16 6 40 

40 

b 15 17 3 35 

Table A4. Number of fibers for PPFRC-4.  

Specimen Piece 1) 2) 3) TOTAL fR1 

PPFRC-8 – T(Env) - 

P1 

a 29 44 23 96 
96 2,03 

b 29 39 15 83 

PPFRC-8 – T(Env) - 

P2 

a 32 30 22 84 
84 2,02 

b 30 30 19 79 

PPFRC-8 – T(Env) - 

P3 

a 24 36 17 77 
77 1,95 

b 25 28 22 75 

PPFRC-8 – T(Env) - 

P4 

a 21 25 13 59 
59 1,39 

b 32 28 13 73 

PPFRC-8 – T(Env) - 

P5 

a 22 36 31 89 
89 2,12 

b 30 30 18 78 

PPFRC-8 – T(Env) - 

P6 

a 42 34 19 95 
95 1,75 

b 44 24 19 87 

PPFRC-8 - T0 - P1 
a 23 33 21 77 

77 2,19 
b 18 32 19 69 

PPFRC-8 - T0 - P2 
a 48 34 10 92 

92 2,50 
b 45 43 18 106 

PPFRC-8 - T0 - P3 
a 26 32 21 79 

79 2,79 
b 35 36 17 88 

PPFRC-8 - T0 - P4 
a 25 38 18 81 

81 2,69 
b 28 43 21 92 
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PPFRC-8 - T0 - P5 
a 39 50 10 99 

99 2,56 
b 44 42 23 109 

PPFRC-8 - T0 - P6 
a 24 21 16 61 

61 1,70 
b 40 22 15 77 

PPFRC-8 - T-10 - P1 
a 27 46 27 100 

100 3,39 
b 26 32 24 82 

PPFRC-8 - T-10 - P2 
a 35 40 23 98 

98 2,79 
b 49 48 20 117 

PPFRC-8 - T-10 - P3 
a 27 28 27 82 

82 2,91 
b 29 53 21 103 

PPFRC-8 - T-10 - P4 
a 37 33 24 94 

94 2,87 
b 31 27 24 82 

PPFRC-8 - T-10 - P5 
a 42 35 20 97 

97 3,01 
b 47 39 21 107 

PPFRC-8 - T-10 - P6 
a 39 22 21 82 

82 2,37 
b 35 31 21 87 

PPFRC-8 - T-30 - P1 
a 43 35 16 94 

94 2,20 
b 38 27 11 76 

PPFRC-8 - T-30 - P2 
a 31 18 26 75 

75 3,11 
b 35 25 33 93 

PPFRC-8 - T-30 - P3 
a 41 37 18 96 

96 2,63 
b 32 33 16 81 

PPFRC-8 - T-30 - P4 
a 41 34 26 101 

101 3,29 
b 43 32 26 101 

PPFRC-8 - T-30 - P5 
a 28 34 26 88 

88 2,18 
b 36 31 12 79 

PPFRC-8 - T-30 - P6 
a 43 24 18 85 

85 2,29 
b 42 17 24 83 

Figure A4.1 Number of fibers for PPFRC-8.   

  

Specimen Piece 1) 2) 3) TOTAL fR1 

SFRC-30 – T(Env) - 

P1 

a 18 11 4 33 
33 2,14 

b 8 14 8 30 

SFRC-30 – T(Env) - 

P2 

a 17 18 21 56 
56 3,31 

b 14 16 7 37 

SFRC-30 – T(Env) - 

P3 

a 25 19 13 57 
57 4,26 

b 15 15 19 49 

SFRC-30 – T(Env) - 

P4 

a 13 23 9 45 
45 2,87 

b 10 25 5 40 

SFRC-30 – T(Env) - 

P5 

a 7 7 3 17 
17 1,40 

b 7 6 3 16 
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SFRC-30 – T(Env) - 

P6 

a 9 2 3 14 
14 1,67 

b 13 8 3 24 

SFRC-30 - T0 - P1 
a 11 11 6 28 

28 2,35 
b 11 7 7 25 

SFRC-30 - T0 - P2 
a 26 15 7 48 

48 2,69 
b 18 17 7 42 

SFRC-30 - T0 - P3 
a 14 15 12 41 

41 3,13 
b 14 22 7 43 

SFRC-30 - T0 - P4 
a 18 16 11 45 

45 3,10 
b 15 19 7 41 

SFRC-30 - T0 - P5 
a 15 20 1 36 

36 1,63 
b 22 10 5 37 

SFRC-30 - T0 - P6 
a 7 16 5 28 

28 1,93 
b 10 11 5 26 

SFRC-30 - T-10 - P1 
a 15 7 4 26 

26 1,99 
b 9 6 3 18 

SFRC-30 - T-10 - P2 
a 12 22 10 44 

44 3,81 
b 16 15 5 36 

SFRC-30 - T-10 - P3 
a 26 14 2 42 

42 2,36 
b 28 13 8 49 

SFRC-30 - T-10 - P4 
a     

 4,21 
b     

SFRC-30 - T-10 - P5 
a     

 4,67 
b     

SFRC-30 - T-10 - P6 
a 19 16 6 41 

41 2,25 
b 17 9 5 31 

SFRC-30 - T-30 - P1 
a     

 3,76 
b     

SFRC-30 - T-30 - P2 
a 11 15 18 44 

44 5,75 
b 19 15 14 48 

SFRC-30 - T-30 - P3 
a 12 10 10 32 

32  
b 7 8 8 23 

SFRC-30 - T-30 - P4 
a 13 11 10 34 

34 3,57 
b 9 16 9 34 

SFRC-30 - T-30 - P5 
a 13 15 6 34 

34 3,38 
b 18 21 4 43 

SFRC-30 - T-30 - P6 
a     

  
b         

Figure A4.2 Number of fibers for SFRC-30.   
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A5. fR1 – fLOP  

 

 

PPFRC-4 

Specimens fLOP fR1 fR1/ fLOP 

T (Env.) 4,05 0,94 0,23 

T (0) 4,69 1,21 0,26 

T (−10) 6,79 1,28 0,19 

T (−30) 6,84 1,22 0,18 

 

Figure A5. Data for figure 4.10 in chapter 4. 

 

  

PPFRC-8 

Specimens fLOP fR1 fR1/ fLOP 

T (Env.) 4,06 1,88 0,46 

T (0) 5,97 2,40 0,40 

T (−10) 6,76 2,89 0,43 

T (−30) 7,03 2,62 0,37 

Figure A5.1 Data for figure 4.11 in chapter 4. 

  

SFRC-30 

Specimens fLOP fR1 fR1/ fLOP 

T (Env.) 4,02 2,61 0,65 

T (0) 5,16 2,47 0,48 

T (−10) 6,67 3,21 0,48 

T (−30) 7,00 4,05 0,58 

Figure A5.2 Data for figure 4.12 in chapter 4.
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Publications 

 
 The article developed during the thesis research period is presented below:  

 

de la Fuente, A., Reynvart, I., & Mena, F. (2021). MECHANICAL PROPERTIES OF 

FIBRE REINFORCED CONCRETE AT LOW TEMPERATURES. 
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