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Abstract

Pervious concrete, with a permeability ranging from 0.1 to 2 cm/s, is a material that quickly drains water from the surface to the soil through a connected network of intergranular pores. Intergranular connected porosity is achieved by using single-sized aggregates and limiting the use of fine aggregates. This material is a tool to mitigate the adverse effects of soil sealing, such as runoff and urban heat islands. Even if pervious concrete presents valuable advantages, it is subject to various durability challenges such as freeze-thaw and clogging. In fact, in cold regions, pervious concrete structures are subjected to freeze-thaw cycles, which deteriorate the material, especially in saturated conditions and the presence of deicing salts.

In this Ph.D., we aim to improve the freeze-thaw durability of pervious concrete and model its behavior in cold areas in saturated conditions and the presence of deicing salt. We attempt to accomplish this objective through an experimental campaign complemented with a modeling and numerical approach.

In the beginning, we undertake a review of state-of-the-art to capitalize on already existing knowledge. Then, we assess the freeze-thaw performance of pervious concrete in field conditions. We implement pervious concrete slabs of five different mix designs in a cold region and monitor their damage during three winters. We consider both drained and saturated slabs.

All slabs are spread with deicing salt when freezing occurs. We also monitor the temperature to obtain the number of freeze-thaw cycles the slabs undertake over the three winters. We find that the slabs in drained conditions withstand more freeze-thaw cycles than in saturated conditions. Low water-to-cement ratio positively impacts the durability of pervious concrete to freeze-thaw cycles in the presence of deicing salt. We also correlate the freeze-thaw durability of slabs in field conditions with the durability of decimetric cubic pervious concrete samples tested in the laboratory.

Since field experiments are heavy and time-consuming, we undertake a comprehensive laboratory experimental campaign to test pervious concrete mixtures. We monitor mass, dynamic modulus, and splitting strength of thirty-seven different mixtures over freeze-thaw cycles. With this campaign, we can thus assess the efficiency of various admixtures and mix designs v to enhance freeze-thaw durability. We find that one of the main levers to enhance the freeze-thaw durability of pervious concrete is to decrease the water-to-binder ratio. Other levers are to use silica fume and metakaolin.

In contrast, air entrainment, hydrophobic agents, and latex do not improve the freeze-thaw durability of pervious concrete.

Experiments allow us to understand better the damage mechanisms in pervious concrete induced by freeze-thaw in saturated conditions and the presence of deicing salt. We adopt two approaches: 1) a qualitative one based on observations, and 2) a quantitative one based on a characterization of the freeze-thaw durability of the elementary constituents of pervious concrete (i.e., cement paste, aggregates, and paste/aggregate interface). Through a combination of visual observations, X-ray microtomography, and scanning electron microscopy, we show that the main mechanisms of degradation are: 1) degradation of the paste/aggregate interface and 2) cracking of the aggregates. X-ray microtomography shows an accumulation of cement paste scales in the intergranular porosity of damaged pervious concrete. Scanning electron microscopy shows that silica fumes allow the paste/aggregate interface not to crack during freeze-thaw. Experiments on cement pastes allow us to confront the durability of pervious concrete with the durability of the cement paste which constitutes the concrete. We show that cement pastes with good durability can produce pervious concrete with low durability concrete, highlighting the importance of the paste/interface resistance and mix design parameters such as the paste volume in the pervious concrete. We also show that raw aggregates get damaged by freeze-thaw cycles in the presence of salt, while cubic polished aggregates do not. Finally, the freeze-thaw durability of individual aggregates coated with cement paste correlates well with the freeze-thaw durability of pervious concrete. From this correlation, we propose to use the mass loss over freeze-thaw cycles of individual aggregates coated with cement paste as an indicator of the freeze-thaw durability of pervious concrete.

In the last part, we use poromechanical modeling to enrich the understanding of pervious concrete damage due to freeze-thaw cycles in the presence of salt. We perform numerical simulations using a poroelastic model on geometries representing pervious concrete at the scale of one or two coated aggregates: 1) one aggregate coated with cement paste, 2) one aggregate coated with a cracked layer of cement paste, and 3) two aggregates coated vi and bonded with cement paste. The numerical simulations indicate that the damage is more likely to occur at the contact between aggregates. We observe significant shear stress at the vicinity of the paste/aggregate interface during freezing.

The insights gained in this study can provide guidelines to design pervious concretes with enhanced freeze-thaw durability.

Keywords: pervious concrete, freeze-thaw durability, poromechanics.
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Résumé

Le béton drainant est un matériau qui draine rapidement l'eau de la surface vers le sol grâce à un réseau connecté de pores intergranulaires. Sa perméabilité varie de 0,1 à 2 cm/s. La porosité connectée intergranulaire est obtenue en utilisant des granulats de taille unique et en limitant l'utilisation de granulats fins. Ce matériau est un outil permettant d'atténuer les effets néfastes de l'imperméabilisation des sols, tels que les inondations et les îlots de chaleur urbains. Même si le béton drainant présente de précieux avantages, il est soumis à divers problèmes de durabilité, comme le gel-dégel et le colmatage. En effet, dans les régions froides, les structures en béton perméable sont soumises à des cycles de gel-dégel qui détériorent le matériau, surtout dans des conditions de saturation et en présence de sels de deverglaçage.

Dans ce travail, nous visons à améliorer la durabilité des bétons drainants au gel-dégel et à modéliser son comportement dans les régions froides en conditions saturées et en présence de sels de deverglaçage. Nous cherchons à atteindre cet objectif à travers une campagne expérimentale complétée par une approche de modélisation numérique.

Dans un premier temps, nous entreprenons une revue de l'état de l'art afin de capitaliser les connaissances déjà existantes. Ensuite, nous évaluons la performance du béton perméable en conditions réelles de gel-dégel.

Nous mettons en oeuvre des dalles de béton perméable de cinq mélanges différents dans une région froide et surveillons leurs dommages pendant trois hivers. Nous considérons à la fois les dalles drainées et saturées. Toutes les dalles sont recouvertes de sel de déverglaçage en cas de gel. Nous surveillons également la température pour obtenir le nombre de cycles de gel-dégel que les dalles subissent au cours des trois hivers. Nous constatons que les dalles drainées résistent à un plus grand nombre de cycles de gel-dégel que les dalles saturées. Un faible rapport eau/ciment a un impact positif sur la durabilité du béton perméable aux cycles de gel-dégel en présence de sel de déverglaçage. Nous établissons également une corrélation entre la durabilité au gel-dégel des dalles dans des conditions de terrain et la durabilité d'échantillons de béton perméable cubiques décimétriques testés en laboratoire.

ix Vu que les expériences terrain sont lourdes et prennent beaucoup de temps, nous entreprenons une campagne expérimentale complète en laboratoire pour tester différentes formules de béton drainant. Nous suivons la masse, le module dynamique et la résistance au fendage de trente-sept mélanges différents au cours des cycles de gel-dégel. Grâce à cette campagne, nous pouvons ainsi évaluer l'efficacité de divers additives et leviers de formulation pour améliorer la durabilité au gel-dégel. Nous constatons que l'un des principaux leviers pour améliorer la durabilité au gel-dégel du béton drainant est de diminuer le ratio eau/liant. D'autres leviers sont l'utilisation de fumée de silice et de métakaolin. En revanche, l'entraînement d'air, les agents hydrophobes et le latex n'améliorent pas la durabilité du béton drainant au gel-dégel.

Les expériences nous permettent de mieux comprendre les mécanismes d'endommagement du béton drainant induits par le gel-dégel en conditions saturées et en présence de sel de déverglaçage. Nous adoptons deux approches : 1) une approche qualitative basée sur des observations, et 2) une approche quantitative basée sur une caractérisation de la durabilité au gel-dégel des constituants élémentaires du béton drainant (i.e., pâte de ciment, granulats, et interface pâte/granulats). Grâce à une combinaison d'observations visuelles, de microtomographie aux rayons X et de microscopie électronique à balayage, nous montrons que les principaux mécanismes de dégradation sont les suivants : 1) la dégradation de l'interface pâte/agrégat et 2) la fissuration des agrégats. La microtomographie à rayons X montre une accumulation d'écailles de pâte de ciment dans la porosité intergranulaire du béton drainant endommagé. La microscopie électronique à balayage montre que la fumée de silice permet à l'interface pâte/granulat de ne pas se fissurer lors du gel-dégel. Des expériences sur des pâtes de ciment nous permettent de confronter la durabilité du béton drainant à celle de la pâte de ciment qui constitue le béton. Nous montrons que des pâtes de ciment ayant une bonne durabilité peuvent produire un béton drainant à faible durabilité, ce qui met en évidence l'importance de la résistance de la pâte/interface et des paramètres de formulation tels que le volume de pâte dans le béton drainant. Nous montrons également que les granulats bruts sont endommagés par les cycles de gel-dégel en présence de sel, alors que les granulats polis cubiques ne le sont pas. Enfin, la durabilité au gel-dégel des granulats individuels enrobés de pâte de ciment est en bonne corrélation x avec la durabilité au gel-dégel des bétons drainants correspondants. À partir de cette corrélation, nous proposons d'utiliser la perte de masse au cours des cycles de gel-dégel des granulats individuels enrobés de pâte de ciment comme indicateur de la durabilité au gel-dégel du béton drainant.

Dans la dernière partie, nous utilisons la modélisation poromécanique pour enrichir la compréhension de l'endommagement des bétons drainants dû aux cycles de gel-dégel en présence de sel. Nous effectuons des simulations numériques en utilisant un modèle poroélastique sur des géométries représentant le béton drainant à l'échelle d'un ou deux agrégats enrobés par une pâte de ciment : 1) un agrégat enrobé de pâte de ciment, 2) un agrégat enrobé d'une couche fissurée de pâte de ciment, et 3) deux agrégats enrobés et liés par du ciment.

Les connaissances acquises dans cette étude peuvent fournir des lignes directrices pour concevoir des bétons perméables avec une meilleure durabilité au gel et au dégel. Verbeck and Klieger [1957] show that maximum salt scaling damage occurs at a pessimum of salt concentration: the four figures display the salt scaling as function of solution concentration for various deicing salts. . . . . . . . . This Chapter introduces the context of pervious concretes use and the durability challenges they face. We present an overview of soil sealing and the importance of pervious concrete to mitigate its adverse effects. Further, we explain the durability challenges of pervious concrete and our research objectives. Finally, we present the layout of the thesis.
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Overview

Soil sealing is the action of building impermeable artificial surfaces on an area of land [Tobias et al., 2018]. Urbanisation is the leading cause of soil sealing. Figure 1.1 presents the degree of soil sealing of the Paris agglomeration. The Roadmap to a Resource Efficient Europe states that, to achieve no net land take in the EU by 2050, reducing the land take to an average of 800 km 2 per year is needed [START_REF] Eea | Guidelines on best practice to limit, mitigate or compensate soil sealing[END_REF] 1 . In the 2000-2012 period, the land take for the EU was 926 800 km 2 [EEA, 2012].

Soil sealing has several adverse effects on the water cycle, temperatures, and biodiversity. Soil sealing augments the risk of flooding and dimin- [START_REF] Qin | A review on the development of cool pavements to mitigate urban heat island effect[END_REF]. Conventional impervious pavements are regarded as the leading cause of urban heat islands [START_REF] Qin | A review on the development of cool pavements to mitigate urban heat island effect[END_REF]. Pervious concrete is regarded as a solution to reduce the impact of this problem [EPA, 2011[START_REF] Bibliography Santamouris | Using cool pavements as a mitigation strategy to fight urban heat island-A review of the actual developments[END_REF]. Soil sealing also impacts biodiversity by reducing the soil capacity as a habitat for various species [START_REF] Louwagie | Impact of land take and soil sealing on biodiversity[END_REF], Tobias et al., 2018]. To mitigate the effects of soil sealing, the European Commission and U.S. Environmental Protection Agency (EPA) recommend using permeable materials and surfaces to help conserve some soil properties and manage the stormwater runoff [EPA, 2011]. A permeable surface allows rainwater to infiltrate the soil, increasing the groundwater table's recharge [START_REF] Scholz | Review of permeable pavement systems[END_REF]. Figure 1.2 shows the difference between pervious concrete parking and classical impervious parking [START_REF] Bomanite | Photos gallery[END_REF]. Moreover, pervious pave- 

Problem statement

Even if pervious concrete appears like an excellent candidate to mitigate the flood risks, urban heat islands, and the limitation of soil sealing, concerns about its strength, efficiency, acceptancy, and durability rise. In this section, we focus on freeze-thaw durability issues of pervious concrete.

In cold regions like Canada, the USA, Russia, Scandinavia, the frost durability of materials is a significant concern for infrastructure designers [START_REF] Gagné | La durabilité des bétons en ambiance hivernale rigoreuse: La durabilité des bétons[END_REF]. Conventional concrete faces frost durability problems such as internal damage and salt scaling [START_REF] Gagné | La durabilité des bétons en ambiance hivernale rigoreuse: La durabilité des bétons[END_REF]Linger, 2008, Pigeon et al., 1996]. Moreover, pervious concrete is also subject to rapid frost damage in saturated conditions compared to conventional concrete due to the small cement paste volume. In saturated conditions, only a few cycles are necessary to damage pervious concrete, especially in the presence of deicing salts: the damage manifests itself as the detachment of aggregates and the cracking of cement paste. The detached aggregates lead pervious concrete to lose its aesthetic aspect and strength. Consequently, reparation or reconstruction is necessary to restore the functions of the pavement, lead-CHAPTER 1. INTRODUCTION ing to more spendings due to the reconstruction works and a higher carbon footprint due to the use of more resources, cement in particular. Therefore, new solutions need to emerge to enhance the durability of pervious concrete to frost attacks to implement it in a cold region. Maintenance can be necessary to restore the permeability of the pavement. Plus, surface repairs need to be conducted in case of light damage [START_REF] Kevern | Maintenance and repair options for pervious concrete[END_REF].

Air entrainment is among the best and widely used solutions to frost attacks in conventional concrete [Pigeon et al., 1996, Powers, 1954]. Moreover, various studies use air entrainment in pervious concrete to mitigate the effect of frost attacks, but their efficiency is not proven and contrasted.

Other attempts to enhance the freeze-thaw durability are based on using additives, changing the aggregates, or lowering the porosity. Nevertheless, Holcim is still exploring better mix designs that can sustain a sufficient number of freeze-thaw cycles to ensure that the customers in cold regions will not face issues.

The most severe freezing conditions occur in the case of total saturation, which can be possible due to the clogging of the pervious concrete pavement. Adding salt in the cold period for deicing is found to accelerate the degradation of pervious pavements. Figure 1.3 shows the extent of damage of pervious concrete samples submitted to freeze-thaw cycles in the presence of salt and saturated conditions.

Research objectives

In this Ph.D., we aim to enhance the freeze-thaw durability of pervious concrete and model its behavior in cold regions in saturated conditions and the presence of salt. We strive to attain this objective through an experimental campaign complemented with a modeling and numerical approach.

The objectives of this research are:

• Design pervious concrete mixture with good freeze-thaw durability.

We search and test new levers, additives, and change materials properties to find solutions to enhance the durability of pervious concrete.

Moreover, we aim to link the durability of pervious concrete pavements in field conditions to the one assessed in laboratory experiments.

• Contribute to understanding the damage mechanisms of pervious con- 

Layout of thesis

We organize the manuscript into a succession of 4 chapters in addition to the introduction, conclusions, and perspectives. Chapter 2 presents the stateof-the-art on frost durability of pervious concrete. Chapter 3 aims to assess the freeze-thaw performance of pervious concrete in field conditions. Various pervious concrete pavements are installed in a meteorological station during 3 winters. We also compare the field results with laboratory results.

The aim of Chapter 4 is to improve the freeze-thaw resistance of pervious concrete by finding new additives and levers. The first step consists of the CHAPTER 1. INTRODUCTION design and the preparation of the different mixtures to test. Every mix design will contain an additive that potentially enhances the resistance to freeze-thaw. We characterize the mix designs by measuring the porosity, permeability, and initial splitting strength. We submit several samples to freeze-thaw cycles in the presence of a salt solution in saturated conditions.

We measure the dynamic modulus, mass loss, and splitting strength over the freeze-thaw cycles to establish the decay of these properties and observe the degradation mechanisms. A parametric analysis is performed to optimize a promising additive's quantitative use. Chapter 5 aims to perform experiments on pervious concrete elementary parts to understand the freeze-thaw resistance at smaller scales than the macroscopic one. The elementary parts of interest are aggregates, cement paste, paste/aggregates interface, and aggregates coated with cement paste. Moreover, we present scanning electron microscopy and tomography observations to observe the damage. Chapter 6 aims to understand why pervious concrete gets damaged when subject to freeze-thaw cycles by modeling the relevant physical processes involved.

We simulate the effect of freeze-thaw cycles on model systems surrounded by the salt solution. We model one aggregate coated with cement paste and two aggregates coated and bonded with cement paste. Through simulation, we examine the processes involved in the degradation of pervious concrete and the impact of physical properties (e.g., the permeability of cement paste, porosity, coefficient of thermal expansion) on these processes.

Finally, we give the main conclusions of this thesis and the perspectives for future investigations. 

PERVIOUS CONCRETE

This Chapter contains an introduction to pervious concrete and a state of the art of the resistance of pervious concrete vis-a-vis freeze-thaw attacks.

Pervious concrete

Pervious concrete is a special type of concrete characterized by a high volume of intergranular pores (i.e., pores of millimetric size). Pervious concrete porosity varies between 11% to 35% [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF]. Single-sized aggregates and the use of a small amount of cement paste allow the formation of intergranular porosity. Figure 2.1 displays a saw-cut cross section of a pervious concrete made with aggregates of size ranging from 6-10 mm with paste thickness varying from 0.2 to 1 mm. Pervious concrete is also refered to by no fines concretes (e.g., Tittarelli et al. [2014]), porous concretes (e.g., [START_REF] Arifi | Effect of fly ash on the strength of porous concrete using recycled coarse aggregate to replace low-quality natural coarse aggregate[END_REF], [START_REF] Agar-Ozbek | Investigating porous concrete with improved strength: Testing at different scales[END_REF], [START_REF] Lian | The relationship between porosity and strength for porous concrete[END_REF])

and permeable concretes (e.g., [START_REF] Kia | Clogging in permeable concrete: A review[END_REF], [START_REF] Lian | Optimum mix design of enhanced permeable concrete -An experimental investigation[END_REF]) in the literature.

Benefits of pervious concrete

The rapid growth of impermeable zones in urban areas urges us to solve problems such as noise pollution, water pollution, and urban heat islands [Xie et al., 2019]. Pervious concrete pavements have hydraulic, acoustic, and thermal comfort benefits. Pervious concrete allows stormwater and water quality control. Pervious concrete is characterized by high permeability ranging from 0.1 to 2 cm/s [START_REF] Chandrappa | Pervious concrete as a sustainable pavement material -Research findings and future prospects: A state-of-the-art review[END_REF], allowing water to drain from the surface to the underground, thus reducing stormwater run-off [START_REF] Chandrappa | Pervious concrete as a sustainable pavement material -Research findings and future prospects: A state-of-the-art review[END_REF] and enabling the recharge of the groundwater aquifers [START_REF] Nemirovsky | Evaporation from a pervious concrete stormwater control measure: Parameterization, quantifying, and evaluation[END_REF]. Pervious pavement can decrease the peak flows by 91% and stormwater outflow volumes by 43% and capture most rainfalls that are less than 7 mm in depth [START_REF] Drake | Hydrologic performance of three partial-infiltration permeable pavements in a cold climate over low permeability soil[END_REF].

Pervious concrete have also noise reduction capabilities [START_REF] Bérengier | Porous road pavements: Acoustical characterization and propagation effects[END_REF], Olek et al., 2003]. Olek et al. [2003] study the noise reduction of pervious concrete. The authors show that pervious concrete has acoustic absorption capabilities. They find that the intergranular porosity and pore size play an important role in the acoustic absorption of pervious concrete. [START_REF] Bérengier | Porous road pavements: Acoustical characterization and propagation effects[END_REF] measure a reduction of 3-5 dB in sound levels when using pervious concrete compared to a dense structure. [START_REF] Chu | Laboratory evaluation of sound absorption characteristics of pervious concrete pavement materials[END_REF] study DURABILITY OF PERVIOUS CONCRETE EPA, 2014]. Various studies show that pervious concrete can be utilized as a solution to reduce the heat island problem [START_REF] Li | The use of reflective and permeable pavements as a potential practice for heat island mitigation and stormwater management[END_REF][START_REF] Qin | A review on the development of cool pavements to mitigate urban heat island effect[END_REF][START_REF] Bibliography Santamouris | Using cool pavements as a mitigation strategy to fight urban heat island-A review of the actual developments[END_REF]. [START_REF] Li | The use of reflective and permeable pavements as a potential practice for heat island mitigation and stormwater management[END_REF] show that in wet conditions, permeable pavement show lower surface temperatures compared to impermeable pavements.

Pervious concrete also has physical, chemical, and biological water pu-

PERVIOUS CONCRETE

rification capabilities [START_REF] Chandrappa | Pervious concrete as a sustainable pavement material -Research findings and future prospects: A state-of-the-art review[END_REF].

Mix design and fabrication

Various mix design methods exist for pervious concrete [ACI Committee 522, 2010[START_REF] Nguyen | A modified method for the design of pervious concrete mix[END_REF][START_REF] Zouaghi | Technological problems of multi-performance porous concrete[END_REF]. Adding more paste to the mix enhances the strength and durability but decreases the permeability. The challenge for these materials is to balance the mechanical and durability

properties with the permeability. The design porosity and permeability depend on the application and hydrological characteristics of the region.

ACI Committee 522 [2010] method takes as inputs the physical properties of aggregates, the dry-rodded volume of coarse aggregates in a unit volume, and the design porosity. The outputs of this method are the cement paste volume and the aggregates content. According to a review by [START_REF] Nguyen | A modified method for the design of pervious concrete mix[END_REF], this method does not provide any indication of the water-to-cement ratio and does not take into account the effect of compaction. Further, the method proposed by [START_REF] Zheng | Mix design method for permeable base of porous concrete[END_REF] takes as inputs the physical properties of aggregates and the target compressive strength and permeability. The output of this method is the content of cement and water quantity. [START_REF] Nguyen | A modified method for the design of pervious concrete mix[END_REF] proposed a method based on the quantification of the cement paste necessary to coat the aggregates and considering that the cement acts only as a coating. The method takes into account the properties of coarse aggregates and the desired porosity. The outputs of this method are the volume of cement paste, the mass of cement, and the water amount. [START_REF] Deo | Compressive response of pervious concretes proportioned for desired porosities[END_REF] calculate the required paste volume fraction to obtain the design porosity based on the aggregate void volume fraction.

Compaction is necessary for pervious concrete due to the low slump values at fresh state. The compaction helps rearrange the aggregates and enhances the contact and bond between aggregates. The compaction in the laboratory can be conducted by rodding, surface vibrator, Proctor Hammer blows, or by a pneumatic press [START_REF] Mahboub | Pervious concrete: Compaction and aggregate gradation[END_REF]. Further, excessive compaction leads to the collapse of the intergranular voids, which reduces the porosity [Offenberg, 2005]. Methods of compaction used to prepare pervious concrete have a substantial influence on mechanical and hydrological properties of pervious concrete [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF]. [START_REF] Bonicelli | Experimental study on the effects of fine sand addition on differentially compacted pervious concrete[END_REF] investigate the effect of compaction energy on pervious concrete. Curing is primordial to pervious concrete. In construction sites, plastic sheets are widely in use to conserve the moisture in the pavement for curing [Offenberg, 2005]. The curing period recommended by Offenberg [2005] is 7 days in any weather condition.

Pore system

Figure 2.2 displays the different types of porosities that we encounter in pervious concrete. The pore system of pervious concrete combines three types of porosity: intergranular pores, cement paste porosity systems (e.g., capillary pores), and pores in aggregates. The pore system is essential to pervious concretes due to its primordial role in determining these materials' mechanical and hydraulic properties. Some of the intergranular pores are interconnected, allowing water to flow, but other pores are isolated. In other words, not all voids contribute to the flow of water through the material.

Two porosities are necessary to characterize the pore system in pervious concrete: effective and total porosities [START_REF] Zhong | Linking pore system characteristics to the compressive behavior of pervious concrete[END_REF]. Effective porosity is the ratio of the volume of interconnected pores to the total volume of the material. Effective porosity directly correlates to permeability:

high effective porosity provides a pervious concrete with high permeability [START_REF] Liu | Strength, permeability, and freeze-thaw durability of pervious concrete with different aggregate sizes, porosities, and water-binder ratios[END_REF]. We define intergranular porosity as the ratio of the total volume of pores to the total volume of the material. The intergranular porosity considers connected and non-connected pores. Further, the porosity of the cement matrix is the ratio of the volume of pores in a cement matrix to the volume of the paste matrix. The porosity of the cement paste is composed of air bubbles, capillary pores, gel pores, and interlayer spaces [START_REF] Abdolhosseini Qomi | Advances in atomistic modeling and understanding of drying shrinkage in cementitious materials[END_REF].

Different measurement techniques are available to characterize pervious concrete porosity. The assessment of the effective porosity is based on measuring the amount of water displaced by a pervious concrete sample or using image analysis methods [START_REF] Sandoval | Correlation between permeability and porosity for pervious concrete (PC)[END_REF]. The techniques to measure porosity, such as mercury intrusion porosimetry for ordinary concrete, are difficult to apply to pervious concrete due to the size of its large intergranular pores. The widely used method to measure the effective porosity consists in filling all pervious concrete intergranular pores with water, then calculating the porosity from the total water volume [START_REF] Sandoval | Correlation between permeability and porosity for pervious concrete (PC)[END_REF]. Further, the standard ASTM C1754/C1754M- 12 [2012] provides a standardized method to measure pervious concrete porosity. Also, image analysis-based methods are proved to be efficient to characterize the pore features of pervious concrete [START_REF] Chandrappa | Pore structure characterization of pervious concrete using X-Ray microcomputed tomography[END_REF]. Three-dimensional X-ray tomography is used to provide images with a resolution down to 50 nm [START_REF] Brisard | Multiscale X-ray tomography of cementitious materials: A review[END_REF]. These images can then be analyzed to obtain the effective and the total intergranular porosity. These techniques are used also to assess other essential parameters such as paste thickness, pore size distribution, porosity gradient, or tortuosity [Ćosić et al., 2015, Grubeša et al., 2018[START_REF] Liu | Strength enhancement of recycled aggregate pervious concrete using a cement paste redistribution method[END_REF], Wang et al., 2020[START_REF] Zhang | Numerical study on seepage flow in pervious concrete based on 3D CT imaging[END_REF].

Hydraulic properties

Pervious concrete permeability is related to the ease with which water can flow through the material. Pervious concrete permeability ranges from 0.1 and 2 cm/s [START_REF] Chandrappa | Pervious concrete as a sustainable pavement material -Research findings and future prospects: A state-of-the-art review[END_REF]. A higher permeability allows higher drainage of pervious pavements. [START_REF] Sandoval | Correlation between permeability and porosity for pervious concrete (PC)[END_REF] find that the higher the effective porosity, the higher the permeability of pervious concrete. Two methods are usually in use to measure the permeability of pervious concrete: the falling head method and the constant head method CHAPTER 2. STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE [START_REF] Qin | Water Permeability of Pervious Concrete Is Dependent on the Applied Pressure and Testing Methods[END_REF]. Research shows that the permeability of pervious concrete obtained by falling head permeability is higher than that obtained by the constant head method [START_REF] Zhang | Comparative laboratory measurement of pervious concrete permeability using constant-head and falling-head permeameter methods[END_REF]. Studies also determine the permeability of pervious concrete combining three-dimensional X-ray tomography and computational methods such as computational fluid dynamics (CFD) [START_REF] Zhang | Numerical study on seepage flow in pervious concrete based on 3D CT imaging[END_REF].

Mechanical properties

The compressive strength of pervious concrete varies from 5 to 50 MPa.

Many attempts to increase the compressive strength were conducted following different strategies such as the addition of silica fume, fly ash, and a combination of silica fume and fine sand [START_REF] Lian | The relationship between porosity and strength for porous concrete[END_REF]. Due to its higher porosity, pervious concrete presents lower resistance compared to conventional concrete. Crouch et al. [2007] show that mechanical strength is more sensitive to the aggregate-to-cement ratio than to the water-to-cement ratio. Moreover, according to Deo and Neithalath [2010], a reduction of 50% of compressive strength is observed with a 10% rise in effective porosity.

However, Zhong and Wille [2016a] suggest that the total porosity is what controls the compressive strength, not the effective porosity.

Drawbacks and durability issues

Even though pervious concrete has substantial benefits, it is subject to durability issues such as freeze-thaw cycles, abrasion, and clogging. Pervious concrete clogging is the obstruction of interconnected pores by snow compaction, sand, clay, and other pollutants [Deo et al., 2010[START_REF] Kia | Clogging in permeable concrete: A review[END_REF]. Permeability reduction caused by clogging requires maintenance to restore the ability of the pervious concrete to drain water efficiently from the surface to the underground [START_REF] Kia | Clogging in permeable concrete: A review[END_REF]. Aspiration, surface cleaning, pressurized water are techniques recommended by various authors to restore the permeability of pervious pavement [Vancura et al., 2012, Winston et al., 2016]. The frequency of maintenance depends on the location of pervious concrete pavement [Vancura et al., 2012].

In cold regions, pervious concrete is subject to freeze-thaw cycles, which deteriorate the material. The deterioration consists of losing aggregates and cement paste from the material, leading to loss of strength and aesthetic 

Phenomenology of freeze-thaw durability of conventional and pervious concrete

This section presents the phenomenology of conventional and pervious concrete freeze-thaw damage and the impact of various pervious concrete parameters on its freeze-thaw durability.

Phenomenology of freeze-thaw damage of conventional concrete

Concrete in cold climates suffers from internal frost damage and salt scaling. Figure 2.3 shows internal damage and salt scaling. The following two paragraphs present their phenomenology.

Internal frost damage Internal frost damage refers to the occurrence of internal cracking due to freeze-thaw cycles [START_REF] Gagné | La durabilité des bétons en ambiance hivernale rigoreuse: La durabilité des bétons[END_REF]. The freezing of water in the pores of concrete induces internal damage due to various mechanisms. This damage is likely to occur in parts of concrete where the water saturation degree is larger than a critical value called critical saturation [START_REF] Fagerlund | Significance of Critical Degrees of Saturation at Freezing of Porous and Brittle Materials[END_REF]. The value of the critical saturation for concrete and mortars is ≈ 85% [Smith, 2019]. Internal frost damage causes the degradation of the integrity of the concrete structure by lowering the mechanical properties such as tensile strength, compressive strength, and elastic modulus [START_REF] Gagné | La durabilité des bétons en ambiance hivernale rigoreuse: La durabilité des bétons[END_REF]. Internal frost damage can also negatively affect the bond between the reinforcement and the concrete [START_REF] Ji | Effect of freeze-thaw cycles on bond strength between steel bars and concrete[END_REF][START_REF] Shih | Effect of freezing cycles on bond strength of concrete[END_REF]. Internal frost damage of concrete is influenced by concrete composition parameters such as the water-to-cement ratio, the porosity, the aggregates, the air bubbles, the sorptivity, and environmental conditions such as the minimum temperature, the rate of freezing. Duration of the freezing period also plays an important role. Indeed, air entrainment is a well established solution to enhance conventional concrete frost durability [Pigeon et al., 1996, Powers, 1945[START_REF] Powers | The air requirement of frost resistant concrete[END_REF]. The effectiveness of air-entrained concrete is given by the specific surface, voids frequency, and spacing factor L, which characterizes the spacing between air bubbles in the concrete. The spacing factor must be inferior to a critical spacing factor L crit to avoid damage. [START_REF] Powers | The air requirement of frost resistant concrete[END_REF] find that the critical spacing factor L crit , which depends on the concrete composition and the freeze-thaw cycle, must be inferior to 250 µm for good protection against frost attacks. ASTM C457M [1991] adopts the critical spacing factor approach with a critical value of 200 µm for moderate exposure. [START_REF] Mayercsik | A probabilistic technique for entrained air void analysis in hardened concrete[END_REF][START_REF] Mayercsik | Assessing the efficiency of entrained air voids for freeze-thaw durability through modeling[END_REF] propose a novel spacing factor that takes into account the size distribution of air voids. Pigeon et al. [1985] show that the critical spacing factor L crit decreases when the rate of freezing is increased. The experiment shows that freeze-thaw cycles with a low freezing rate (of 2 °C/h) induce less damage than high-rate (of 8-10 °C/h) freeze-thaw cycles. Stark [1989] shows that the intensity of internal frost damage rises with longer freezing periods.

PHENOMENOLOGY OF FREEZE-THAW DURABILITY OF CONVENTIONAL AND PERVIOUS CONCRETE

Sorptivity characterizes the saturation rate of concrete. Sorptivity is the slope of the curve linking the volume of absorbed water and the square root of time [START_REF] Castro | Effect of sample conditioning on the water absorption of concrete[END_REF], Smith, 2019]. Todak et al. [2015] show that the higher the sorptivity, the faster we reach the critical saturation when the material is in direct contact with water. Poor air distribution yields a concrete with high sorptivity. In contrast, good air distribution yields a concrete with low sorptivity.

A low water-to-cement ratio is essential to obtain concrete with good freeze-thaw durability even in the presence of air bubbles [START_REF] Gagné | La durabilité des bétons en ambiance hivernale rigoreuse: La durabilité des bétons[END_REF]. Lowering the w/c ratio decreases the amount of freezable water and increases the mechanical resistance, thus, increases concretes resistance to internal frost damage. Further, a high water-to-cement ratio increases the porosity of cement paste and the permeability, which yields high-sorptivity concrete [START_REF] Castro | Effect of sample conditioning on the water absorption of concrete[END_REF], Todak et al., 2015].

The main characteristics of internal frost damage are:

• Air entrainment enhances the resistance to internal frost damage 

Frost damage of pervious concrete: phenomenology and impact of environmental factors

In cold regions, pervious concrete undertakes severe degradation when subjected to freeze-thaw cycles in saturated conditions. This section presents qualitative observations and the impact of environmental factors on pervious concrete damage due to frost attacks.

According to [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF], the failure mechanisms of pervious concrete submitted to freeze-thaw cycles based on ASTM C666 (A) are either the damage of the aggregates or cement paste matrix failure. We present the details of ASTM C666 (A) in Section 2. According to the authors, before freeze-thaw cycles, the samples had a robust paste/aggregate interface that allowed the load to be transmitted through the aggregates until failure.

To assess the impact of saturation, Cutler et al. [2010] carried a salt scaling experiment on pervious concrete in saturated and drained conditions.

The saturated condition consists in freezing the samples while submerged in the solution. The drained condition consists in submerging the samples in the solution, but draining them before freezing. The experiment shows that the saturated method caused more damage in terms of mass loss than the drained method. [START_REF] Yang | Influence of moisture conditions on freeze and thaw durability of Portland cement pervious concrete[END_REF] study the effect of moisture conditions on the freeze-thaw damage of pervious concrete. The authors conclude that partially saturated pervious concrete shows high durability when frozen and thawed in air.

To assess the impact of salt concentration, Anderson and Dewoolkar [2015] tion 2.2.1). Further, Anderson et al. [2015] showed that pervious concrete shows minimal degradation (<2% of mass loss after daily cycles during 100 days) when submitted to freeze-thaw cycles with pure water. In contrast, specimens tested with 8% salt solution show considerable damage.

To assess the impact of the duration of the freeze-thaw cycle, Tsang et al.

[2016] study various freeze-thaw cycle total durations: 12 h (freezing for 7 hours, thawing for 5 hours), 16 h (freezing for 7 hours, thawing for 9 hours), and 24 h (freezing for 12 hours, thawing for 12 hours) hours cycles. The freeze-thaw test was conducted on 100 mm diameter and 150 mm height cylinders in partially saturated conditions. The minimal temperature of the cycles is -18 °C kept for 4 hours. The authors conclude that a 24 hours cycle is sufficient to bring the temperature of the solution to -18 °C and causes The authors conduct the tests on prisms of size 75 mm x 75 mm x 375 mm. The experiment shows that, at identical number of cycles, pervious concrete samples tested under a rapid rate of freezing and thawing show a faster damage rate (as the samples lost 40-50% of their initial dynamic modulus after 45 cycles) than at the slow rate of freezing (as the samples lost 5% of their initial dynamic modulus after 45 cycles). Further, [START_REF] Yang | Freezing-and-thawing durability of pervious concrete under simulated field conditions[END_REF] compares slow freezing and thawing (i.e., one freeze-thaw cycle per day) with rapid freezing and thawing (i.e., 2 cycles per day). The authors find that pervious concrete samples submitted to slow freezing underwent a higher number of cycles than those submitted to two cycles per day. To conclude, the deterioration of pervious concrete is accelerated by rapid freezing, which agrees with the observations on conventional concrete. However, samples tested with ASTM C666 (which only considers rapid freezing, i.e., 6 cycles per day) show slower deterioration than samples tested using slow freezing and thawing.

To assess the impact of deicing agent type on pervious concrete, Cutler et al.

[2010] study the influence of sodium chloride NaCl, calcium chloride CaCl 

Influence of pervious concrete composition and properties on freeze-thaw durability

This section aims to present the links between pervious concrete composition and properties to the freeze-thaw response. First, we explore the role of aggregates and cement paste. Second, we explore the role of porosity, waterto-cement ratio, mechanical resistance, and compaction.

Aggregates Like concrete and paste, aggregates contain pores in which water can be stored. This feature entails that the aggregates might be subject to the same internal frost attacks as cement paste or concrete in general. For aggregates, we cannot control the porosity or entrain air artificially.

Therefore, the aggregates must be chosen based on various parameters such as porosity, absorption, and freeze-thaw durability.

Aggregates play a critical role in the resistance of pervious concrete.

The relation between the freeze-thaw durability of pervious concrete and aggregates is investigated thoroughly in [START_REF] Kevern | Effect of coarse aggregate on the freeze-thaw durability of pervious concrete[END_REF]. In this study, the authors prepare pervious concrete samples using different aggregates such as granite, limestone, river gravel, conglomerate, quartzite, sechelt. The best freeze-thaw durability is found for samples prepared with granite. The worst freeze-thaw durability occurred in samples prepared with river gravel. This study also shows that aggregate absorption and abrasion resistance have the most impact on the freeze-thaw resistance of concrete compared to pervious concrete properties such as strength, porosity, permeability, and other aggregates properties such as specific gravity. The authors report that none of the pervious concrete properties correlated with the freeze-thaw durability in their study. According to them, to obtain pervious concrete with a high freeze-thaw durability, aggregate absorption must be lower than 2.5% and the aggregates relative density higher than 2.5.

CHAPTER 2. STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE

Pervious concrete with smaller aggregates shows better freeze-thaw durability without and in the presence of deicing salts than pervious concrete with bigger aggregates [START_REF] Zhong | Influence of matrix and pore system characteristics on the durability of pervious concrete[END_REF]. Moreover, [START_REF] Liu | Strength, permeability, and freeze-thaw durability of pervious concrete with different aggregate sizes, porosities, and water-binder ratios[END_REF] claim that the aggregate size is the main factor affecting pervious concrete freeze-thaw durability. This experiment shows that the higher the aggregates' size, the worse the durability of the resulting pervious concrete.

Cement paste Increasing paste thickness results in a decrease in the effective porosity and permeability of pervious concrete. Further, the 28-days compressive and splitting strengths increase with increasing paste thickness [Torres et al., 2015]. The paste thickness increases when we increase the volume of paste in the mix design. [START_REF] Zhong | Material design and characterization of high performance pervious concrete[END_REF] report that the use of an optimized ultra-high performance matrix combined with optimized aggregate-to-binder ratio and proper aggregates size could lead to high-performance pervious concrete without sacrificing its permeability. The authors explain that high-performance pervious concrete has a higher elastic modulus and a higher energy absorption capacity under compressive loads than standard pervious concrete. Moreover, pervious concrete with ultrahigh performance cement matrices has better freeze-thaw durability than conventional pervious concrete. They attribute this enhanced freeze-thaw behavior to a denser matrix microstructure and less freezable water in the matrix.

Porosity Wu et al. [2016] assess the durability of pervious concrete using the standard GB/T 50082-2009 (see Section 2.4 for more details on the standard). The authors show that mixtures with lower effective porosity generally provide better freeze-thaw durability. In another study, Liu et al.

[2018] showed that pervious concrete with higher porosity has lower freezethaw durability than lower porosity pervious concrete.

Water-to-cement ratio (w/c) [START_REF] Zhong | Material design and characterization of high performance pervious concrete[END_REF] report that enhanced freeze-thaw performance could be attributed to the use of a low water-to-cement ratio due to less freezable water in the material. [START_REF] Yang | Freezing-and-thawing durability of pervious concrete under simulated field conditions[END_REF] studies the effect of the w/c ratio on the freeze-thaw durability of pervious concrete. The authors find that increasing the w/c ratio from 0.25 to 0.35 enhances the durability of both water and air-cured pervious the same trends: the mixture with a higher water-to-cement ratio of 0.4 had better freeze-thaw durability (when freezing occurred in pure water) than the mixture with a lower w/c of 0.3. According to our findings, there is no consensus on the impact of the w/c ratio on the freeze-thaw durability of pervious concrete.

Mechanical resistance

According to Wu et al. [2016], the freeze-thaw durability of pervious concrete is strongly linked to their mechanical strength.

Higher-strength mixtures showed better freeze-thaw resistance than lowerstrength mixtures. Furthermore, the study shows that tensile strength has more impact on freeze-thaw behavior than compressive strength.

Compaction [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF] study the impact of compaction on freeze-thaw durability. To prepare pervious concrete samples, the authors use two compaction energies: low and regular. Regular compaction energy is performed with a vibration table with an amplitude of 0.127 mm, while low compaction energy is performed with a vibration table with an amplitude of 0.086 mm. The mode of failure due to freeze-thaw cycles is different for samples prepared with each of the two methods of compaction. The study shows that three of the five mixes fabricated using low compaction energy failed by fractures through the aggregates and paste before reaching 15% of mass loss when submitted to freeze-thaw cycles. In contrast, the samples prepared at regular compaction energy failed only through the aggregates.

The samples prepared with higher compaction energy sustain more freezethaw cycles than those with less compaction energy. The authors of the study suggest further investigations.

Impact of admixtures on freeze-thaw durability of pervious concrete

Various admixtures were studied to improve the properties and the freezethaw durability of pervious concrete. This section presents the impact of these admixtures on the properties of pervious concrete, especially regarding its freeze-thaw durability. [2016] show that ethylene-vinyl acetate (EVA latex) improves the compressive and splitting strength, and the freeze-thaw durability of pervious concrete. [START_REF] Bilal | Influence of silica fume, metakaolin & SBR latex on strength and durability performance of pervious concrete[END_REF] show that latex improves the compressive, splitting, and flexural strength but not the freeze-thaw durability. [START_REF] Shu | Performance comparison of laboratory and field produced pervious concrete mixtures[END_REF] test the freeze-thaw durability of three mixtures with latex according to the standard ASTM C 666 (A). The experiment shows that a mixture with only latex as an additive has bad durability, but a mixture combining latex and air entrainment has good durability. In short, there is no consensus on the efficiency of latex to improve the freeze-thaw durability of pervious concrete.

Silica fume

In [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF], silica fume is admixed at 5% replacement of cement by mass in two mixtures containing river gravels and limestone. The authors observe that for two mix designs modified with silica fume, the 7day compressive strength decreases (by 24% and 44%) while the void ratio increases (by 4.2% and 8.2%). This decrease in strength is due to the rise in effective porosity caused by silica fume. No further investigation was carried on the two mixtures because of the decay of mechanical strength.

Yang [2011] shows that incorporating silica fume in pervious concrete helps to enhance the frost durability in the presence of salt (2% NaCl) when the samples are water-cured (i.e., after 7 days in plastic bags, the samples are cured in lime-saturated water at a temperature of 22 °C). Still, the authors did not observe a significant improvement for air-cured samples (i.e., after 7 days in plastic bags, samples are cured in an environmental chamber with a temperature of 22 °C and relative humidity of 60%). We found no study on the impact of silica fume on pervious concrete freeze-thaw durability in the presence of deicing salts.

Sand

Fine aggregates are not usually included in the mix of pervious concrete to ensure maintaining good hydrological properties. However, including a small quantity of sand has been used to enhance strength and freeze-thaw durability. According to [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF], replacing 7% by weight of coarse aggregate with sand enhances the compressive strength of pervious concrete. These experiments show that the mix with 7% sand provides the best freeze-thaw resistance in fully saturated conditions without salt (2% mass loss after 300 cycles). In these same conditions, [START_REF] Lund | Mix design for improved strength and freeze-thaw durability of pervious concrete fill in Pearl-Chain Bridges[END_REF] show that the freeze-thaw durability is improved by the addition of lightweight sand (expanded shale with fineness modulus of 3.1) compared to other mix

designs. An experimental study by Anderson et al. [2015] shows that replacing 10% of coarse aggregates by sand improved freeze-thaw durability assessed by mass loss in the presence of 8% (by weight of water)sodium chloride solution. Nevertheless, the addition of 5% and 10% did not show any improvement. Also, all mixtures tested in this work have higher strength than the control mix design at 28 days. Furthermore, mixtures that contain prewetted lightweight fine aggregates have improved freeze-thaw durability

(assessed with the standard ASTM C666 (A)) in comparison to the control mix. [START_REF] Lund | Mix design for improved strength and freeze-thaw durability of pervious concrete fill in Pearl-Chain Bridges[END_REF] examine the freeze-thaw durability of pervious concrete with air-entrainment agent (AEA) by using the standard ASTM C666 (A).

Air-entrainment agents

According to the authors, using an air-entrainment agent dosage of 0.125% of the cement mass does not improve the freeze-thaw durability; they recommend using a higher dosage. [START_REF] Lund | Evaluation of freeze-thaw durability of pervious concrete 223 BIBLIOGRAPHY by use of operational modal analysis[END_REF] suggest that the airentrainment agent decreases the effective porosity by increasing the workability of the concrete. Therefore, the compressive strength is increased with increasing air-entrainment agent fraction. The authors conclude that AEA's contribution to compressive strength is negligible compared to the influence of the effective porosity. A well-designed amount of AEA potentially increases the compatibility and homogeneity of pervious concrete, which can improve the freeze-thaw resistance to a certain degree, according to Wu et al.

[2016]. Moreover, [START_REF] Yang | Freezing-and-thawing durability of pervious concrete under simulated field conditions[END_REF] finds that air entrainment had no significant CHAPTER 2. STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE influence on the durability assessed using slow freezing and thawing test of pervious concrete. [START_REF] Kevern | Effects of macrosynthetic fibers on pervious concrete properties[END_REF] investigate the effects of macro synthetic fibers on pervious concrete. The authors prepared concrete batches with different dosages for two lengths (namely 38 mm and 56 mm) of macro synthetic fibers. The long fibers show freeze-thaw durability improvement for all the dosages, while only a high dosage improves the freeze-thaw durability for the short fibers. Plus, the authors find that the permeability decreases with increasing dosages and fibers size. [START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF] report that the use of fibers enhances both splitting and compressive strength without lowering the void ratio and the permeability. Moreover, [START_REF] Yang | Freezing-and-thawing durability of pervious concrete under simulated field conditions[END_REF] finds that polypropylene fibers have a negligible effect on freeze-thaw durability of water-cured pervious concrete in the presence of salt. In contrast, in the absence of salt, a water-cured mixture with polypropylene fibers shows enhanced durability compared to the mixture without these fibers.

Fibers

Water repellents

Preventing water from entering the paste pore system can improve the durability of concrete-especially durability vis-à-vis of carbonation, freeze-thaw, and corrosion. Water repellents can be used as a coating (i.e., added to the concrete after setting) or admixed directly in concrete to achieve hydrophobicity of cement mortars by using silane-based additives [Karthick et al., 2018, Ren and[START_REF] Ren | Pre-sealing Concrete Blocks and Pavers Using Silicone Nanotechnology[END_REF]. Both methods present benefits and drawbacks.

The admixed method is easy to apply but changes the microstructure of the concrete. In contrast, the coating method is challenging to apply in largescale projects, but it does not alter the microstructure of concrete since the water repellent is added after hydration. Some of the most used hydrophobic agents are calcium stearate, zinc stearate, sodium oleate, silanes, vegetable oils, nano-SiO 2 , nano-TiO 2 .

Liu et al. [2019b] used silane polymer emulsion to treat aggregates surfaces to promote recycled aggregates' pervious concrete strength. The results showed that silane treatment improves the mechanical strength of pervious concrete made with recycled aggregates while maintaining acceptable 2.4. CRITERIA TO ASSESS FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE permeability. The authors show using X-ray microtomography that more cement paste gathered around bonding regions between recycled aggregates.

Moreover, Tittarelli et al. [2014] showed that admixing a hydrophobic agent decreases the mechanical strength of pervious concrete slightly but improves the durability performance (as it decreases carbonation), by reducing the capillary water absorption. We find no assessment of freeze-thaw durability of pervious concrete containing hydrophobic agents. Liu et al. [2019a] show that the addition of fly ash in an amount corresponding to 3, 6, 9, 12 % of the weight of cement significantly reduced the freeze-thaw durability of pervious concrete. The loss of compressive strength of fly-ash-modified mixtures over freeze-thaw cycles (with Chinese national standard CJJ/T 135-2009) is higher than that of the control mix design.

Fly ash

Fly ash addition decreases compressive strength and flexural strength. The permeability of the mixtures with different fly ash additions did not change compared to the control mixture. Anderson and Dewoolkar [2015] investigate the freeze-thaw durability of fly ash pervious concrete. The samples are submitted to one freeze-thaw cycle per day in drained conditions in the presence of sodium chloride. The authors show that 10% and 20% fly ash replacement improve the freeze-thaw durability. In contrast, the mixture with 30% replacement shows more damage than the control mixture (i.e., with no fly ash).

Criteria to assess freeze-thaw durability of pervious concrete

Generally, durability assessment of conventional concrete is prescribed by various norms and guidelines depending on the country of implementation.

These guidelines prescribe the nature, size, and geometry of the samples and the test protocol. For example, to assess the freeze-thaw durability of conventional concrete to internal frost damage, many methods exist, such as ASTM C666 [2015] in the United States, NF P18-424 [2008] and NF P18-424 [2008] in France, and GB/T 50082-2009 [2009] in China. Also, standards such as ASTM C672 in the United States, NF P18-420 in France, DURABILITY OF PERVIOUS CONCRETE and NQ 2621-900 in Canada are used to assess the durability of conventional concrete to salt scaling. These methods define the sample preparation, the sample cure, the characteristics of the freeze-thaw cycle, the saturation conditions, the characteristics of the solution, and the criteria to conclude if the concrete durability is acceptable or not.

In the United States, the standard ASTM C666 "Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing" is widely used to assess the frost durability of conventional concrete. This standard contains two methods: method (A) and method (B). ASTM C666 (A) consists in submitting fully immersed samples in water to 6-7 freeze-thaw cycles per day until reaching 300 cycles. The mass loss after 300 cycles must be lower than 15% to pass the test. ASTM C666 (B) consists in freezing the samples in the air and thawing them in water.

In China, the standard GB/T 50082-2009 [2009] "The test method of long-term and durability on ordinary concrete" is widely used to assess the freeze-thaw durability of conventional concrete and, in some studies, of pervious concrete. The freeze-thaw cycle duration is 4 hours. The cycle consists in lowering the temperature in the center of the sample from 5 ± 2 °C to -18 ± 2 °C, then rising the temperature to 5 ± 2 °C. The thawing phase is less than a quarter of the total duration of the test. The samples are immersed in tap water during freezing.

In the case of pervious concrete, a standard test method exists only in Germany, the standard DIN CEN/TS 21390-9. In Germany, the instruction document for permeable traffic areas FGSV Then, the temperature is kept at +20 °C for 1 hour. For the sample to pass the German standard, the scaled particles' dry mass after 28 cycles should be less than 1.5 kg.m -2 . We present in more detail the German standard in Section 4.9. In the absence of any standard but the German one, various authors introduced their own criteria to determine whether a pervious concrete sample has failed or not after a given number of freeze-thaw cycles. Schaefer et al.

[2006] consider that the pervious concrete sample failed once it lost 15% of its mass. In another study, Tsang et al. [2016] define a 3%-5% mass loss as the failure criterion for a cylindrical sample. Moreover, [START_REF] Lund | Mix design for improved strength and freeze-thaw durability of pervious concrete fill in Pearl-Chain Bridges[END_REF] measure both the decrease in relative dynamic modulus and mass loss for pervious concrete samples submitted to rapid (7 cycles per day) freeze-thaw cycles in fully saturated conditions according to ASTM C666 (A): they conclude that the decrease in relative dynamic modulus is faster than the mass loss. [START_REF] Liu | Strength, permeability, and freeze-thaw durability of pervious concrete with different aggregate sizes, porosities, and water-binder ratios[END_REF] recommend not to use the mass loss to define a failure CHAPTER 2. STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE criterion for pervious concrete since the damage pattern of this material is different from ordinary concrete.

Theories proposed to explain freeze-thaw damage

This section aims to present the various theories to explain conventional concrete damage under frost attacks. To our knowledge, there are no freezethaw damage theories specific to pervious concrete.

Hydraulic pressure theory

In 1945, Powers [1945] occurs. Using Darcy's law, Powers [1954], [START_REF] Powers | The air requirement of frost resistant concrete[END_REF] calculated the maximal distance L max that water can travel before the stress from hydraulic pressure surpasses the tensile strength of the cement paste. If the distance that water should travel is higher than L max , then the hydraulic pressure surpasses the tensile strength of the paste, i.e., the paste cracks.

Even if Powers [1975] presented another mechanism, called ice lens growth, where unfrozen water travels to the freezing zone, the use of the spacing factor is still widely used to evaluate the frost durability of concrete. Hasholt

[2014] finds that the total surface area of air voids is a better criterion than the spacing factor. [START_REF] Mayercsik | A probabilistic technique for entrained air void analysis in hardened concrete[END_REF][START_REF] Mayercsik | Assessing the efficiency of entrained air voids for freeze-thaw durability through modeling[END_REF] propose a new 3D spacing factor M as an improvement for the classical spacing factor. The hydraulic pressure theory explains the role of air voids in reducing the hydraulic pressure as unfrozen water can travel to them. This theory does not explain the existence of a pessimum in salt concentration, the impact on the freeze-thaw durability of a layer of the salt solution above the concrete, of the concrete sorptivity, or of the hydrophobicity of the pore walls. 

Osmotic pressure theory

The osmotic pressure theory aims to explain the internal frost damage in the presence of salt. This theory was proposed by Powers [1956]. When the ice starts to form in a porous medium from a saline solution, the salt concentration of the still unfrozen solution increases. The difference in concentration between this zone and other surrounding saturated zones will result in the diffusion of water from zones with low salt concentration to zones of high salt concentration. Therefore, the fluid pressure will rise in the zone of high salt concentration. This mechanism supposes the existence of a semi-permeable membrane allowing water (solvent) to diffuse but not the salt molecules. Figure 2.9 displays a schematic of the osmotic pressure theory. The variation ∆Π of osmotic pressure is defined as follows according

to Valenza and Scherer [2007b]:

∆Π = Π(x) -Π(x ∞ ) = RT V L ln x x ∞ (2.1)
where Π is the osmotic pressure, x is the mole fraction of solute at the crystal/liquid interface, x ∞ is the mole fraction of solute in the pore liquid far from the ice, R is the ideal gas constant, T is the temperature, and

V L is the partial molar volume of water. The hoop stress induced in the pore wall from this osmotic pressure is σ θ = ∆Π/2. This stress surpasses concrete tensile strength only if the difference in salt concentration reaches approximately 14%. Therefore, osmotic pressure will never reach damaging Moreover, this theory does not explain the effect of sorptivity nor the impact of the surface hydrophobicity. 

Glue spall theory

The glue spall theory aims to explain the scaling damage when freezing concrete in saline solution [Valenza and Scherer, 2006]. According to this theory, as the freezing occurs, ice at the surface of the material and concrete contract at different rates: ice contracts five times more than concrete. The ice cracks at brine pockets to form ice islands. When the solution has a low salt concentration, the formed ice is strong enough not to crack. In contrast, the formed ice is too weak to propagate cracking into concrete when the salt concentration is high. Figure 2.10 displays a schematic of the glue spall theory.

THEORIES PROPOSED TO EXPLAIN FREEZE-THAW DAMAGE

According to this mechanism, the pessimum of salt concentration is explained. Valenza and Scherer [2007a] claim that when the concrete has good air entrainment, compression of the porous skeleton is observed due to the imposed suction of pore fluid by air voids. Moreover, having a hydrophobic surface will result in a weak adhesion between ice and concrete, which will result in no scaling. This theory does not explain the impact of sorptivity.

But it explains the impact of air voids, of the salt concentration (with the existence of a pessimum), the thickness of the salt solution layer, and the surface hydrophobicity. 

Other mechanisms

In this section, we present other mechanisms of frost damage in concrete.

Thermal shock [START_REF] Rösli | Improving the durability of concrete to freezing and deicing salts. Durability of Building Materials and Components[END_REF] argue that the temperature gradient at the surface of concrete resulting from transforming ice at the surface to water by deicing salt can explain the damage. Also, Harnik et al. [1980] state that the application of deicer on a thick ice sheet causes the temperature to drop at the surface, which can induce tensile stresses susceptible to surpassing the tensile strength of the material. Also, according to the authors, thermal shock occurs when the deicers are applied to the already formed pure ice layer. However, salt scaling damage is also observed when freezing concrete in a salt solution. Moreover, this mechanism entails that damage would increase with increasing salt concentration while a salt pessimum is observed (see Section 2.2).

Salt precipitation

Salt precipitation during freezing can cause concrete damage according to [START_REF] Rösli | Improving the durability of concrete to freezing and deicing salts. Durability of Building Materials and Components[END_REF]. However, for NaCl to precipitate from a brine, a tem- 

Knowledge gap and relation with the research objectives

In light of this state of the art, in the following Chapters, we will use the knowledge presented here to better design pervious concrete mixture to sustain freeze-thaw cycles in laboratory and field conditions. In our review, we did not find a consensus on the use of additives to enhance the durability of pervious concrete to frost attacks in the presence of deicing salt. For instance, we find conflicting conclusions on the use of latex and air-entrainment 

Introduction

Pervious concrete frost durability gained much interest over the last few years. However, only few studies focused really on the field performance of these materials [START_REF] Delatte | Field and laboratory evaluation of pervious concrete pavements[END_REF][START_REF] Shu | Performance comparison of laboratory and field produced pervious concrete mixtures[END_REF], Vancura et al., 2011].

The purpose of this Chapter is to study the behavior of pervious concrete slabs in the field (i.e., in a meteorological station) in cold weather conditions.

In the perspective of comparing various mixtures, the study considers various additives and compositions. We also design the investigation to compare saturated conditions and partially saturated conditions. Moreover, to stay close to real-life conditions, deicing salt is applied on the various slabs in case of snowfall. Finally, we test in the laboratory decimetric samples made of the same mixtures as the ones used for the slabs tested in the field. The aim is to explore the correlation between the freeze-thaw durability of pervious concrete slabs in the field and of corresponding decimetric samples in the lab.

In Sections 3.2 and 3.3, we detail the mix designs of the various slabs, the method of preparation of these slabs, the meteorological conditions of exposure, the temperature measurements (required to determine the freeze-thaw patterns), and the laboratory testing of corresponding decimetric samples.

In Section 3.4 we present the results and discussion. In Section 3.4.1, we define a criterion to determine whether a freeze-thaw cycle occurred in the field or not. Then, we analyze the temperature profiles measured in the field to determine the number of freeze-thaw cycles to which each slab was submitted. In Sections 3. 4.2, 3.4.3, and 3.4.4, we discuss the durability of the pervious concrete slabs and the corresponding laboratory decimetric cubic samples.

Materials

This section provides the fabrication method and the details of mix designs of pervious concrete slabs dedicated to field testing and decimetric samples dedicated to laboratory testing.

Holcim Innovation Center manufactured a total of ten slabs using five mix designs (i.e., two slabs per mix design). We prepared all the mixtures with Portland cement of class CEM I 52.5 N and limestone aggregates of 6-10 mm size. We provide more details on these materials in Chapter 4.

After placing the pervious concrete in 1 m × 1 m × 15 cm molds, we use a vibrating plate to compact the material. The slabs are covered with a plastic sheet for seven days, then kept for two months indoor at a temperature of 20 °C. The slabs were manufactured at the end of August 2018 and the exposition on site started in November 2018.

We test five mixes: two mixtures with the same volume of paste ( 160L/m 3 ) and the same amount of aggregates but with 0.34 and 0.29 as the water-to-cement ratio (w/c). We test these two mixtures to determine the influence of the w/c ratio on pervious concrete durability in field conditions.

To evaluate the impact of additives, we test two mixtures with latex and silica fume (SF). For the mix with silica fume, we used a water-to-binder ratio of 0.28. We use Acronal 5044 as the latex admixture. Finally, to determine paste volume's impact, we also test two latex mixtures with 140 L/m 3 and 160 L/m 3 of cement paste per cubic meter of concrete. We report the details of all five mixtures in Table 3.1.

In the laboratory, we test decimetric cubic pervious concrete samples of the following mixtures: Ref_w/c=0.34_160L, Latex_w/c=0.34_140L, SF_w/c=0.31_160L, and Ref_w/c=0.29_160L. The laboratory samples are prepared using the same method as for the slab, but casted in 10×10×10 cm 3 cubic molds and compacted manually using a rod. We present the results in Section 3.4.3 to compare them to the results of field exposure. 

Test conditions

We expose each mix design to two different draining conditions. First, five slabs are put in metallic containers and filled with water before each freezing period to ensure a saturated state. In addition, five other slabs are installed on two 5-cm-thick metallic beams to avoid contact with soil to ensure the complete drainage of the slabs in case of rain.

To reproduce real-life conditions in the case of snow, A MétéoFrance technician proceeds to the snow removal manually using a shovel and the application of approximately 30 g/m 2 of deicing salt before and during the freezing period if the slab surface remains frozen. The damage is assessed visually. We display the general aspect of the various slabs under the two drainage conditions in Figure 3.1. Sensors We install on each of the 10 slabs a temperature sensor to record the temperature at the slab surface for both conditions. We perform this measurement using Ibuttons, a device that measures and stores the temperature data. The meteorological station provided the air temperature for the periods of interest.

METHODS

Figure 3.2 presents the measured temperatures using the Ibuttons and the temperatures in the air provided by the meteorological station. We notice that the minimum temperature reached differs between the temperatures measured in various conditions. On some dates, the temperature in the air is lower than on the drained and saturated surfaces. But, in other periods, the minimum temperature is observed for the saturated and drained surface. The thermal inertia can explain these differences in the slabs. We also note that there is missing data for the measurements of Ibuttons for 2018/2019 and 2020/2021 winters due to technical problems. Therefore, the analysis of cycles on these periods is not complete for the saturated and drained surfaces temperatures. Nevertheless, the temperature in the air has no missing data over the period of interest. 

Methods for laboratory testing of decimetric cubic samples

We assess the freeze-thaw durability in the laboratory on decimetric cubic samples to compare the results with field experiments on the slabs. We use the protocol detailed in Section 4.3.3 to conduct the freeze-thaw experiments. The freeze-thaw cycle consists of a freezing rate of -5 °C/h, a minimum temperature of -20 °C held for 4 hours, and a thawing rate of +7.5 °C/h. The test consists in freezing cubic pervious concrete samples of size 10 × 10 × 10 × cm 3 while immersed in a 3% NaCl solution. To assess the damage, we measure the mass of the samples after each freeze-thaw cycle.

Results and discussion

Analysis of freeze-thaw cycles in the field

Baker and Ruschy [1995] define a freeze-thaw cycle as a variation of temperature between a daily maximum temperature threshold superior to 0 °C and a minimum temperature threshold inferior to 0 °C. For their study, the authors considered that the minimal and maximal threshold values are -3.5 °C and 6.3 °C, respectively. According to Ho and Gough [2006], a freezethaw cycle occurs if the daily minimum temperature is lower than -1 °C and the daily maximum temperature is higher than 0 °C. The authors chose the -1 °C threshold to be sure that freezing had occurred. Our investigation adopts the same approach as Ho and Gough [2006] with the same minimal and maximal threshold temperatures values to determine the freeze-thaw cycles. Thus, we determine whether a freeze-thaw cycle has occurred by using the following threshold temperatures: 1) a minimal temperature T min smaller than -1 °C; 2) a thawing temperature T thawing larger than 0 °C. We apply this approach to our temperature data to obtain the freeze-thaw cycles for all the slabs in saturated and drained conditions. We also apply this approach to the air temperature measurements. In the analysis, we only 

Durability of slabs in field conditions

This section aims to present the durability of slabs in field conditions by displaying and analyzing the evolution of the visual damage through the winters. throughout the exposure period in saturated and drained conditions. We observe that the degradation in saturated conditions is progressive through the winters. The manifestation of damage is the detachment of aggregates or chunks of aggregates coated with cement paste. In contrast, the slab's degradation in the drained conditions occurs in a more dramatic manner, resulting in a clear fracturing of the slabs accompanied by a localized detachment of aggregates. However, it is possible that fracturing is not observed in the saturated conditions because of the mechanical support of the slab, which lies in its mold. The damage starts in slabs in saturated conditions before the slabs in drained conditions. The slab with mixture Ref_w/c=0.34_160L is destroyed in the middle of the first winter for saturated conditions and after only three winters in drained conditions. The results on that sample show that when the mixture has weak freeze-thaw durability, the slab might be destroyed even in drained conditions after a few cold years.

Saturated

Durability of samples in laboratory

This section aims to present the durability results of 4 of the slab mixtures in the laboratory. Holcim Innovation Center performed experiments on concrete blocks of various mix designs as a preliminary test to choose the mixtures exposed in field conditions. Four of these mixtures were chosen to be implemented in field conditions. Figure 3.11 presents the mass loss of those four mixtures over the freeze-thaw cycles. The cycle duration is 24h, and the minimum temperature of the laboratory freeze-thaw cycle is -20 °C.

We detail the protocol in Section 4.3.3.

We observe that for the mixture Ref_w/c=0.34_160L, mass loss is higher than 4% of its initial mass after only seven cycles. In contrast, mixtures SF_10%_w/c=0.28_160L, Latex_10%_w/c=0.34_140L, and Ref_w/c=0.29_160L lost less than 0.5% of their initial mass after seven cycles. Ref_w/c=0.29_160L lost 4% of its initial mass after approximately 15 cycles, which is 2 times more than for mixture Ref_w/c=0.34_160L. According to these laboratory tests, the mix with silica fume SF_10%_w/c=0.28_160L has the best durability to freeze-thaw cycles in these conditions since the mixture loses 4% of the initial mass after approximately 23 freeze-thaw cycles. The second best mixture is the mixture Ref_w/c=0.29_160L with the lower w/c ratio and no additive. This result indicates that the w/c ratio plays an essential role in the durability of pervious concrete. The mixture La-tex_10%_w/c=0.34_140L shows enhanced durability when compared with the mixture Ref_w/c=0.34_160L with the same water-to-cement ratio but no latex. But, this mixture has lesser durability compared to mixtures Ref_w/c=0.29_160L and SF_10%_w/c=0.28_160L.

The classification of the mixtures from the most to the least durable is: 1) SF_10%_w/c=0.28_160L, 2) Ref_w/c=0.29_160L, 3) Latex_10%_w/c=0.34_140L, and 4) Ref_w/c=0.34_160L. 

Correlation between durability of slabs in the field and durability of decimetric samples in the lab

This section aims to link the durability of slabs in field conditions with the durability of decimetric samples in the lab. The worst durability mixture in laboratory testing is the mixture Ref_w/c=0.34_160L. Similarly, field experiments show that this same mixture gets damaged before all other mixtures. Therefore, laboratory durability experiments conclusions agree with field exposure results on this mixture at this point. Laboratory testing makes it possible to rank the remaining four mixtures in terms of their freeze-thaw durability. However, in field conditions at this stage, we can not The damage is faster in laboratory conditions than in field conditions. This is probably due to lower minimum temperature in the field than in laboratory experiments. Also, in the laboratory, the salt concentration is constantly at the pessimum salt concentration (i.e., 3% in weight of water).

In contrast, in field conditions, we apply salt at each snowfall, and there is no reason for the salt concentration at the slab surface to be equal to the salt concentration pessimum. 

Conclusions

This Chapter investigates the durability in field conditions of pervious concrete slabs for different mixtures. The exposure in cold weather conditions is carried in drained and saturated conditions in the presence of deicing salt.

Regarding the durability of slabs, we demonstrate that for pervious concrete with a high w/c ratio (i.e., w/c=0.34) without any admixture, the degradation occurs first for the saturated conditions then drained conditions. The slab in drained conditions withstands more freeze-thaw cycles than in saturated conditions. Furthermore, we observe that the slab's destruction occurs in a dramatic manner (i.e., leads to a full fracturing of the slab) in drained conditions. A low w/c ratio mixture with no additive is still holding at this point of exposure in both drained and saturated conditions, which led us to conclude that the w/c ratio has a substantial impact on the durability of pervious concrete to freeze-thaw cycles with the presence of deicing salt.

Moreover, mixtures with latex and silica fume did not show any signs of degradations in both drained and saturated conditions. Finally, laboratory testing agrees with field testing to assess whether the freeze-thaw durability of a given pervious concrete is low.

Mix design plays a vital role in the durability of pervious concrete. 

INTRODUCTION

Introduction

Pervious concrete weak freeze-thaw durability limits its implementation in cold regions. To overcome this limitation, many researchers try to improve the durability of pervious concrete by modifying various parameters such as the composition of the binder, the water-to-cement ratio w/c, or the type and size of the aggregate [Cutler et al., 2010[START_REF] Kevern | Effect of coarse aggregate on the freeze-thaw durability of pervious concrete[END_REF][START_REF] Schaefer | Mix design development for pervious concrete in cold weather climates[END_REF][START_REF] Zhong | Influence of matrix and pore system characteristics on the durability of pervious concrete[END_REF]. This Chapter aims to continue exploring potential composition and levers to enhance the freezethaw durability of pervious concrete, understand the damage mechanism, and quantify the importance of the various compositional parameters.

This Chapter presents the experimental assessment of freeze-thaw resistance of various formulations of decimetric samples of pervious concrete. We devote the first and the second sections to materials and methods. We also present the results of characterizations of our mixtures at the initial state.

We discuss the mechanisms of degradation observed visually and the correlations between mass variation, dynamic modulus variation, and splitting strength variation through the freeze-thaw cycles. Indeed, one specificity of our experimental program is that we perform an extensive characterization of the pervious concrete samples over the freeze-thaw cycles: after a variety of number of freeze-thaw cycles, we measure not only the samples' mass but also their elastic modulus and their strength. After, we present the freezethaw durability of the various mixtures. Finally, we discuss the efficiency of the various additives and mixing levers, such as the water-to-binder ratio w/b, paste volume, and percentage of substitution.

Materials

Composition

We prepare all the mixtures with Portland cement of class CEM I 52.5. Holcim factory from Saint-Pierre-la-Cour supplies the cement. The density of the cement is 3.13 g/cm 3 , and the Blaine fineness is 3660 cm 2 .g -1 . Table 4 We use for the majority of mixtures a crushed limestone aggregate from Cassis quarry. The aggregates size ranges between 6.5 and 11 mm. The aggregates have a density of 2.66 g/cm 3 , a water absorption after 24 hours imbibition W 24 of 0.9 %, and a Los Angeles abrasion coefficient of 20%.

We manufacture one mixture using a crushed granite aggregate from the Kerguillou quarry with a size distribution between 6.3 mm and 11 mm.

The aggregate's density is 2.65 g/cm 3 , its water absorption after 24 hours imbibition W 24 is 0.71 %, and its Los Angeles abrasion coefficient is 17.3%.

The standard NF EN 12620+A1 [2008] considers that aggregates with a water absorption after 24 hours of imbibition W 24 inferior to 1% are frostresistant ("non-gélif"). Consequently, both aggregates used in this study are considered frost-resistant. Figure 4.1 presents the gradation curves for both aggregates.

Mix designs: methods and rationale

Pervious concrete mix design can be a challenging task for rheological, mechanical, and hydraulic reasons. While preparing the mix design, we carefully consider the amount of cement, size of the aggregates, the water con- We use a metakaolin with the commercial name METASTAR supplied by Imerys. We test various mixtures with metakaolin, with various w/b ratios, paste volumes, and percentages of substitution. We also test a mixture with calcined clay (noted CC) composed of 40% metakaolin and 60% of clay calcined internally.

We also prepare mixtures with normalized sand [CEN EN 196-1, 2006] to determine their impact on the freeze-thaw durability of the reference mixture.

We use an ultrafine slag with the commercial name Alccofine 1203 supplied by Alccofine Micro Materials.

To manufacture the mixture with microfibers (noted Ref_µfib), we add 0.9 kg.m -3 of microfiber to the reference mixture (noted Ref). We use synthetic microfibers with the commercial name ChrysoFibre Syntec 12 provided by Chryso. The length and diameter of the microfibers are 12 mm and 28 µm, respectively.

Air voids in the cement paste Air voids in ordinary concrete enhance salt scaling durability and freeze-thaw durability [Pigeon et al., 1996]. For this purpose, we act on air voids in the cement paste of the pervious concrete Volume of cement paste in a m 3 of concrete In pervious concrete, the cement paste acts as the glue that links the aggregates. To assess the impact of cement quantity on freeze-thaw durability, we manufacture mixtures with various cement paste volumes.

Strength of the interface

To enhance the interface between the aggregates and cement paste, we opt to use silica fume [START_REF] Nežerka | Impact of silica fume, fly ash, and metakaolin on the thickness and strength of the ITZ in concrete[END_REF][START_REF] Scrivener | The interfacial transition zone (ITZ) between cement paste and aggregate in concrete[END_REF], metakaolin, and diminish the w/b ratio.

Aggregate type

Aggregates are known to play an essential role in the freeze-thaw durability of pervious concrete [START_REF] Kevern | Maintenance and repair options for pervious concrete[END_REF]Schaefer, 2010, Liu et al., 2018]. For this reason, we prepare a mixture with the same proportions as the reference mix design but with a granite aggregate. This path is not explored in depth for several reasons. In preparing a project, generally, engineers do not have the liberty of choice of aggregates type. Commonly, transport and availability considerations prescribe the selection of aggregates. Furthermore, since cement paste is the element with which engineers have multiple choices in composing, we decide to work primarily with one aggregate type and various compositions of cement paste in this study.

Combinations

We act on both the aggregates size distribution and the addition of microfibers to manufacture the mixture noted 3_18_w/c=0.24.

The specificity of this mixture is that it contains microfibers, limestone aggregates with a size between 3 mm and 18 mm, and a viscosity-modifying agent (namely MapeiDrain).

In addition, to explore the synergy between silica fume and hydrophobic agents, we prepare a mixture noted SF_4%_Dow1_0.5%_w/b=0.28 by combining silica fume (substituting 4% of the cement) and DOWSIL IE 6692 (substitutin 0.5% of the cement).

We also explore the combination of metakaolin (substituting 12% of the cement) with limestone filler (substituting 5% of the cement) by using the mixture noted MK_12%_CF_5%_w/b=0.35.

We manufacture a total of 37 pervious concretes for the experimental study that we present in this Chapter. We display the identity of each mixture using the following denomination, which considers the main composition parameters:

Binder_%_w/b_V p where:

• Binder stands for the type of additive we substitute the cement with.

One exception to this rule is for the mixture with the granite aggregate. We use the following abbreviations: CS for calcium stearate, SF for grey silica fume, SF2 for RW Fuller's silica fume, Dow1 for DOWSIL IE 6692, Dow2 for DOWSIL IE 6686, CC for calcined clay, CF for limestone filler, MK for metakaolin, AEA for air entrainement agent, and SAE for solid air entrainement with AER solid. We use the abbreviation Ref when no additive is used.

• % is the mass percentage of cement that we substitute with the additive.

• w/c is the water-to-cement mass ratio, and w/b is the water-to-binder mass ratio. We will mostly give the w/b ratio. For simplification, if a mixture denomination contains no information regarding the w/b ratio, it will mean that w/b=0.29 for this mixture. • V p is the design cement paste volume. We manufacture the reference mixture using 150 L/m 3 as for the majority of the other mixtures. For simplification, if a mixture denomination contains no information regarding the design cement paste volume, it will mean that this volume is 150 L/m 3 .

We display the composition of all pervious concrete mixtures that we manufacture for this work in Table 4.3.

Pervious concrete samples preparation

Procedure To manufacture the pervious concrete samples, we adopt the internal procedure at Holcim Innovation center. We use a rotating drum • After preparing the necessary quantities, we pour the aggregates into the mixer.

• We add 30 % of batching water to the aggregates to saturate and partially wet them. We use tap water at a laboratory temperature of 20 °C as batching water. The batching water takes into account the amount of water absorbed by the aggregates.

• We add the cement with the given additive if this latter is in a powder state. If the additive is liquid, we add it to the batch water.

• We let the mixer rotate for one minute.

• We stop the machine for 4 min to allow the aggregates to absorb the water.

• We add the remaining water after mixing it with the superplasticizer and potential admixture over 1 min.

• We blend the whole formula for 2.5 min.

• When casting samples, we mix the concrete every 3 min to re-homogenize the mixture.

We prepare preliminary batches to calibrate the superplasticizer's content for each mix design. We repeat the process until having satisfactory samples. We consider a batch satisfactory when we do not observe sedimentation of cement paste in the lower part of the molds upon demolding.

We display in Figure 4.2 the aspect of pervious concrete at various stages. Casting We cast the pervious concrete in 10 × 10 × 10 cm 3 molds for the mechanical and the freeze-thaw tests and cylindrical molds with a diameter of 11 cm and a height of 22 cm for measuring the porosity and the permeability. We cast the concrete over three layers for both types of samples.

Each layer is rodded eleven times as a compaction method.

Curing We cure the samples in sealed plastic bags for 24 h at a laboratory temperature of 20 °C. This sealing helps prevent the evaporation of water necessary to the hydration process. We demold the pervious concrete at the end of 24 h. We then put all the samples in a 100% relative humidity chamber at 20 °C. In this study, we cure the samples for more than 28 days.

The curing ages vary between 40 and 60 days. 

Methods

In this section, we present all experimental methods that we use to characterize pervious concrete. First, we introduce methods for characterization.

Then, we introduce methods for assessment of freeze-thaw durability. One specificity of our experimental program is that we perform an extensive characterization of the pervious concrete samples over the freeze-thaw cycles. Indeed, after a variety of numbers of freeze-thaw cycles, we measure not only the samples' mass but also their elastic modulus and their strength. A typical characterization over the freeze-thaw cycles is displayed in Figure 4.3.

Effective porosity and dry density

The effective porosity is the quantity of water required to fill the connected intergranular space of pervious concrete. We perform the measurements on three cylindrical samples with a diameter of 11 cm and a height of 22 cm. We measure the mass of the samples after 24 hours of drying at 105 °C. Then we We determine the volume of the samples by measuring the exact radius and height of the cylinders. Then, to calculate the connected intergranular porosity, we use the following formula:

ϕ ef f = 1 - m 2 -m 1 ρV (4.1)
where m 2 is the mass of the sample underwater, m 1 is the mass of the sample after 24 h drying at 105 °C, ρ is the water density, and V is the sample volume. This test is based on the standard ASTM C1754 "Standard test method for density and void content of hardened pervious concrete"

[ASTM C1754/C1754M -12, 2012].

For mixtures with latex, calcium stearate, and Ref_160L, the method to measure the effective intergranular porosity consists of putting a sample in a vacuum chamber, applying the vacuum for 15 min, and then adding a certain amount of water without releasing the vacuum, then apply the vacuum for 30 min. We calculate the effective porosity using the following equation:

ϕ ef f = (m ws -m s )ρ -V 0 + V app V app (4.2)
where m ws is the mass of the system (water+sample), m s is the mass of the sample, V 0 is the volume of added water, and V app is the apparent volume of the sample.

The dry density is the ratio between the dry mass of the sample m 1 measured after 24 h drying in 105 °C and the volume V of the sample.

This parameter is measured on the samples that we use for measuring the effective porosity.

Permeability

Permeability is related to the amount of water that flows through the sample in a specific time. Two main methods exist to measure the permeability of pervious concrete samples: the constant head permeability test and the falling head permeability test. In this study, we use the constant head permeability, which is based on the standard NF EN 12697-19+A1 [2007].

We calculate the permeability using the following equation:

k = 4L πhD 2 • M t (4.3)
where k is the vertical permeability coefficient, M is the mass of water that flows through the sample in time t, L is the height of the sample, h is the constant height of water head, and D is the sample diameter.

Freeze-thaw protocol

In this work, we evaluate the freeze-thaw durability using a method developed internally at Holcim Innovation Center to test pervious concrete formulations vis-à-vis freeze-thaw cycles in saturated conditions and the presence 4.3. METHODS of salt [HIC, 2015]. This method allows characterizing the freeze-thaw durability of pervious concrete discriminantly and rapidly due to the complete saturation condition, which is severe. The samples are frozen and thawed in saturated conditions in an automated way. We place the samples in metal containers. Each container can take up to four samples. The samples undertake two days of imbibition underwater before starting the freeze-thaw cycles.

To perform the freeze-thaw tests, we use a temperature regulator machine SECASI, provided by SECASI Technologies. We determine the relative splitting strength variation using the following equation:

∆R s = R n s -R s R s (4.4)
where R s is the initial splitting strength, and R n s is the splitting strength after n freeze-thaw cycles.

The strength of all samples has not been measured after an identical number of cycles. But, to compare mixtures with each other, we need to compare them after a given number of freeze-thaw cycles. We choose to compare them after 22 freeze-thaw cycles. If the strength of the sample was not measured after 22 cycles, we estimate this strength R 22 s by extrapolation of the last two strength measurements. Based on this extrapolated value R 22 s , we define a rescaled splitting strength variation ∆ R s as:

∆ R s = R s -R 22 s R s (4.5)
where R 22 s is measured for some mixtures and extrapolated for other ones.

Mass loss

We record the mass of the specimens after every 2 to 3 freeze-thaw cycles.

We perform the weighing during thawing using the following steps. First, we remove the samples from the container and wash them in a 3% NaCl solution for a few seconds to remove the detached cement flakes and loose aggregates.

Also, we brush them to detach the remaining scales and aggregates. Then, we let the samples rest for 15 minutes to evacuate the water in the samples' intergranular porosity.

METHODS

We determine the relative mass variation ∆m using the following equation:

∆m = m n -m 0 m 0 (4.6)
where m 0 is the initial mean mass of the three samples, m n is the mean mass of the three samples after n freeze-thaw cycles.

Ultrasonic pulse measurement of dynamic modulus

We measure the dynamic modulus by ultrasonic pulse velocity after every 2 to 3 freeze-thaw cycles to establish the mixtures' decay and quantify the degradations. We use the BP device from Ultratest to measure the time flight of the wave in the samples. This time is converted to the velocity of the wave, considering the length of the path. The device frequency is 30 MHz. The diameter of the transducers is 3 cm. We consider that the concrete samples have a Poisson's ratio of 0.2. Šešlija et al. [2019] show that researchers could exploit ultrasound techniques to assess pervious concrete mechanical properties even at higher porosity. We can calculate the dynamic modulus using the following formula [ASTM C597, 2016]:

E = ρV 2 (1 + ν)(1 -2ν) 1 -ν (4.7)
with V = L/t is the wave velocity, L is the length of the samples, t is the time of flight, E is the dynamic Young's modulus, ρ the density of the sample, and ν the dynamic Poisson's ratio.

We measure the flight time on the same three samples as the ones used for mass loss directly after measuring these samples' mass. The measurement consists of putting the transmitter and the receptor on opposite surfaces of the concrete cube. Special attention should be given to the connection of these two transducers with the ultrasound apparatus since inversing them provides an erroneous measure. We put a gel on transducers before undertaking each measurement. We undertake this measure in two lateral directions of the samples that we denote x-x and y-y. For repeatability purposes, we repeat the measurement for each direction four times due to the difficulty of measuring a stable value of passing time. We determine the dynamic modulus variation ∆E d using the following equation:

∆E d = E n d -E 0 d E 0 d (4.8)
where E 0 d is the initial mean dynamic modulus of the three samples and E n d is the mean dynamic modulus of the three samples after n freeze-thaw cycles.

Grading system

To assess the freeze-thaw durability of each pervious concrete, we calculate the number of cycles a mixture can sustain based on a threshold imposed on splitting strength loss, mass loss, or dynamic modulus loss. We calculate the number of cycles employing a linear interpolation function between cycles at which we measured those parameters. The thresholds that we consider to determine the number of cycles that the sample can sustain are 20% for splitting strength, 25% for dynamic modulus loss, and 1% for mass loss. 

Properties of samples at initial state

In this section, we present the following properties of the various pervious concrete mixtures at the initial state: splitting strength, porosity, and permeability. Then, we discuss the impact of the mix design on these various properties.

Dry density, effective porosity, and permeability

We summarize the dry density and effective porosity of the various pervious concretes in Table 4.4. We calculate the absolute standard deviation on three samples. The porosity varies from 23% to 32%. The dry density varies from 1815 kg.m -3 to 1958.7 kg.m -3 . The mixture Ref_210L exhibits the lowest intergranular porosity of all other mixtures due to the high cement paste volume. Mixture MK_20%_w/b=0.29 has the highest porosity.

The measurement of permeability is not done for all the pervious concrete mixtures since there is a strong correlation with the effective porosity [START_REF] Sandoval | Correlation between permeability and porosity for pervious concrete (PC)[END_REF]. We display the permeability of various mixtures in Table 4.5. We observe an increase in permeability with respect to the reference mixture Ref for mixtures with latex, sand, silica fume, calcium stearate, and 0.2% of AEA. Latex-containing mix design permeability is higher than that of other mix designs because it contains less paste (i.e., 141 L/m 3 ) than other mix designs. Both mixtures containing Dow1 (i.e., Dow1_0.5% and SF_4%_Dow1_0.5%_w/b=0.28) have a lower permeability than the reference mix design Ref. All mix designs have high permeability with respect to the permeability specifications of Holcim for pervious concrete, which is 

Splitting strength

This section investigates the effect of using different additives on the initial splitting strength of pervious concrete. Table 4.4 presents the average splitting strength and the standard deviation for the various pervious concretes. 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Splitting strength s , MPa The cement paste that coats the aggregates is gradually removed at a RESISTANCE OF PERVIOUS CONCRETE different rate from one mix design to another through the freeze-thaw cycles.

Qualitative observation of damage

After 21 freeze-thaw cycles, concrete samples with latex, calcium stearate, and no additives begin to fracture into pieces through the interfaces between the aggregates and the cement paste. The pattern of failure during the splitting strength characterization depended on the number of freeze-thaw cycles after which the splitting strength was measured. At the initial state, splitting strength samples were split in half with a plane fracture (i.e., which goes through the aggregates and paste), as presented in Figure 4.12. After an intermediate number of freezethaw cycles, the samples showed a different behavior, splitting through the paste/aggregates interface and the aggregates. After advanced damage, the samples broke into small fragments.

Correlations between evolutions of mass, dynamic modulus, and splitting strength

This section presents the correlations between the evolution of the various parameters we use to characterize pervious concrete freeze-thaw durability.

The aim is to point out the correlations between those parameters. Figure 4.13 displays the evolution of strength as a function of the evolution of mass and of dynamic modulus, and the evolution of dynamic modulus as RESISTANCE OF PERVIOUS CONCRETE a function of the evolution of mass. We observe that only a tiny amount of mass loss translates into a large splitting strength loss. Moreover, the variation of splitting strength as a function of dynamic modulus is more linear than the variation of splitting strength or dynamic modulus as a function of mass loss. The intercept of a trend curve for the splitting strength as a function of dynamic modulus is at 0, which means that these two parameters start decreasing simultaneously. In contrast, the intercept of the trend curve for splitting strength and dynamic modulus as a function of mass is at -40% and -20%, respectively. Therefore, there is a noticeable mass variation only after losing 40% of the initial strength and 20% of the initial modulus. Furthermore, we observe small or no mass loss for various mixtures after losing 30% to 50% of the initial splitting strength. The evolution of dynamic modulus correlates well with the evolution of strength. The work of [START_REF] Shu | Performance comparison of laboratory and field produced pervious concrete mixtures[END_REF] supports this last observation. Their study found that the mass loss seems to decrease later than the dynamic modulus for pervious concrete mixtures submitted to freeze-thaw cycles (submitted to the standard ASTM C666, procedure A). Mass loss is faster than modulus loss, according to the authors.

Impact of additives and mix design on freezethaw durability of pervious concrete

Latex and calcium stearate

This section presents the durability results concerning three mixtures: Ref_160L, Latex_9%_141L, and CS_0.5%. We choose to present the results of this campaign separately due to slight differences in the freeze-thaw protocol as mentioned in Section 4.3.3. Moreover, we opt for mass loss, dynamic modulus loss, and strength loss to characterize these mixtures' behavior through the freeze-thaw cycles. We display the evolution of these parameters in contrast, after 18 cycles, the mixture Latex_9%_141L lost more than 8% of its mass, and the mixture with calcium stearate lost more than 7% of its mass, which indicates that the Latex_9%_141L and CS_0.5% samples were highly damaged. In contrast, the mixture Ref_160L lost only 2% of its mass at this time of exposure. After 20 freeze-thaw cycles, the mix design Ref_160L lost 4% of its initial mass. of flight and the lower the dynamic modulus. After 18 cycles, the latex and calcium stearate mixtures lost more than 80% and 70% of their initial dynamic modulus, respectively. Whereas the dynamic modulus of the mix design Ref_160L only lost only 30% after 18 cycles. Furthermore, at cycle 20, that of the mixture Ref_160L only lost 50% of its initial value. We also observe that the evolution of this parameter is more linear with respect to the number of freeze-thaw cycles than the evolution of mass. For the mixture with latex, 16 cycles were sufficient to lose more than 80% of its initial strength. As we display in Figure 4. 14(d), the mean splitting observe that the mixture with latex lost more than 50% of its initial strength while the mixture Ref_160L only lost 20%. At this stage, the samples only lost a similar amount of cement paste due to scaling, but dynamic modulus and splitting strength progressed in different ways for the various samples, probably because of internal damage not visible on the surface. Moreover, up to 15 cycles, the mass loss is the same for the three mixtures, while their strength decay is relatively different. We conclude that the process of degradation starts long before the start of significant mass loss. Plus, the beginning of debonding of chunks of aggregates, which is a rapid loss of mass, is translated into an advance in the damage state of the samples. In terms of dynamic modulus, we notice that we can capture the different behavior to freeze-thaw solicitations of the three mixtures even at the beginning of freeze-thaw cycles. The dynamic modulus and splitting strength variations are more discriminant in the early cycles than the mass variation.

Silica fume

In this section, we display the freeze-thaw durability results of mixtures containing silica fume. We recall the details of the mixtures in Table 4.6.

Mass of the samples decreases over the cycles, regardless of the mixture, as we display in In Figure 4.15(b), we present the evolution of dynamic modulus. The same conclusions are drawn from these measurements. For instance, after 19 cycles, the reference mix lost on average 33% of its initial modulus while all mixtures with silica fume lost less than 20% of their initial value. 4.15(c) shows the decay of splitting strength of the silica fume mixtures over freeze-thaw cycles. The samples with 10% silica fume, with w/b=0.26 and w/b=0.29, had no loss of splitting strength after nine freezethaw cycles. For both these mixtures, we observe an augmentation of splitting strength compared with the initial state. This latter observation can be due to a late pozzolanic reaction. While the reference mix design lost 70% of its initial strength after 22 cycles, the mixture SF_10%_w/b=0.29 lost only 40% after 22 cycles. In contrast, mixtures with 4% of silica fume had a strength loss of 18% after 9 cycles, which is comparable to the strength loss of the reference mix. However, the mixture SF_4%_w/b=0.28 sustains more cycles than the reference mixture. After 22 cycles, the mixture SF_4%_w/b=0.28 lost 40% of its initial splitting strength, while the reference mixture lost 55% after 19 cycles. Thus, after 22 cycles, only mixtures containing silica fume lost less than 40% of splitting strength.

Furthermore, mixtures SF_10%_w/b=0.34 and SF_10%_w/b=0.34_200L durability is worse than that of the reference mix design according to all three durability parameters. Furthermore, mixtures SF_10%_w/b=0.34 and SF_10%_w/b=0.34_200L durability is worse than that of the silicafume-containing mixtures with lower w/b ratios (i.e., SF_10%_w/b=0.26 and SF_10%_w/b=0.29) according to all three durability parameters. It proves that the w/b ratio is important for the resistance of pervious concrete to frost attacks. Figure 4.16(a) presents the rescaled relative strength loss as a function of the water-to-binder ratio for mixtures with silica fume with the same paste volume and the same percentage of substitution. This figure

shows that a higher w/b ratio results in higher splitting strength loss. 

Metakaolin

In this section, we study the influence of various parameters on the freezethaw response of metakaolin-based mixtures. To assess the impact of paste volume, we test 3 paste volumes: 150 L/m 3 , 170 L/m 3 and 190 L/m 3 . The w/b ratio of these mixtures is 0.29. To assess the impact of w/b ratio, we test 4 w/b ratios: 0.21, 0.26, 0.29 and 0.34. Further, to assess the impact of the percentage of substitution, we test 3 percentages: 5%, 10% and 20%.

We recall the details of the mixtures in Table 4.7. We display the durability test of these samples in Figure 4.17.

Figure 4.17(a) displays the decrease of mass over freeze-thaw cycles.

After seven cycles, we observe that the mass loss is limited and similar between the various mixtures. After nine cycles, we observe that the mixture with w/b=0.34 (i.e., mixture MK_10%_w/b=0.34) mass loss is accelerated compared to other mixtures. Indeed, we observe that this mixture lost 1% of its mass after only 12 cycles. In contrast, except for the reference mixture

Ref and mixture with 20% metakaolin (i.e., mixture MK_20%_w/b=0.29), all the other mixtures displayed in this section have a mass loss smaller than 1% after 22 freeze-thaw cycles. Concerning dynamic modulus, the two mixtures with w/b=0.34 lost more than 40% after 16 cycles.

In Figure 4.17, we observe that augmenting the volume of cement paste tends to enhance freeze-thaw durability. The splitting strength of mixture MK_10%_190L lost only 34% of its initial value after 22 cycles while mixture MK_10%_w/b=0.29 lost 59%. We also observe enhanced durability for mixture MK_10%_170L.

In Figure 4.17, we observe that the lower the w/b ratio, the more resistant the mixture is to freeze-thaw cycles. These two mixtures show slight enhancement of freeze-thaw durability compared to the mixture with 0% substitution. 4.18(a) shows a linear relationship between the water-to-binder ratio and the rescaled relative strength loss. Moreover, the higher the w/b, the higher the loss. This loss varies significantly with the water-to-binder ratio, from 9% for w/b=0.21 to 80% for w/b=0.34. Figure 4.18(b) shows that 5% and 10% substitution have similar rescaled relative strength loss, and 20% substitution results in a slightly higher loss. Finally, Figure 4.18(c) shows that augmenting the paste volume lowers the rescaled relative strength loss from 60% to 35% for MK_10%_170L and MK_10%_190L.

We conclude that metakaolin slightly improves durability when the w/b ratio is higher than 0.26. 

IMPACT OF ADDITIVES AND MIX DESIGN ON FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE

Freeze-thaw durability of other types of pervious concrete

This section presents the durability results of various other pervious concretes containing air-entraining agents, sand, hydrophobic agents, ultrafine slag, and changing compositional parameters such as paste volume and water-to-cement ratio. We display the splitting strength of the two mixtures containing hydrophobic agents (i.e., mixtures Dow1_0.5% and Dow2_0.5%)

in Figure 4.19(d). Both mixtures show rapid degradations. The mixture with Dow2 (DOWSIL IE 6686) lost in mass more than 3.7% after 14 cycles, RESISTANCE OF PERVIOUS CONCRETE corresponding to 65% in dynamic modulus and 68% in splitting strength loss. The mixture with Dow1 (DOWSIL IE 6692) lost 1.8% of its initial mass after 14 cycles, corresponding to a loss of dynamic modulus of 68%.

Even though these two mixtures contain the same amount of cement and have a low w/b ratio of 0.29, they show the worst durability regarding all the mixtures that we present in this section.

Now we focus on the effect of paste volume on mixtures without additives. As a reminder, the reference mix design contains 150 L/m 3 (see Section 4.2.2). To study the impact of paste volume on freeze-thaw durability, we test a mixture with 210 L/m 3 volume of cement paste (i.e., mixture Ref_210L). We display the splitting strength of these two mixtures in Figure 4.19(b). The mixture with 210 L/m 3 of cement paste has more cement coating the aggregates than the reference mix design, leading to lower porosity.

After nine cycles, mixture Ref_210L lost 13% of its initial strength. After 22 cycles, this mixture lost 55% of the initial strength, whereas the reference mixture lost 59% of the initial strength. We consider that the percentage of strength loss is comparable between these two mixtures. The noticeable difference is that mixture Ref_210 initial splitting strength is higher than that of the reference mix design, thanks to its high cement paste content.

Here we present the effect of the w/c ratio, here equal to the w/b ratio, on mixtures with no additives. As a reminder, the reference mix design w/c ratio is 0.29. To study the impact of the w/c ratio on freeze-thaw durability, we test a mixture with the same paste volume and aggregates quantity but with a w/c of 0.26 (i.e., mixture Ref_w/c=0.26). In Figure 4.19(b), we display the evolution of splitting strength. Ref_w/c=0.26 lost only 27% of its initial splitting strength, while we observe a loss of 59% for the reference mixture after 19 cycles. We show that the durability of Ref_0.26 is better than that of the Ref mixture. Likewise, mixtures containing metakaolin with low w/c ratios show better durability than those with higher w/c ratios.

To study the effect of granite aggregates on durability to freeze-thaw, we test a mixture with granite aggregates with a similar size distribution as the mixtures with limestone aggregates (i.e., mixture Ref_granite). The mixture with granite aggregate lost only 16% of its initial strength after 22 cycles. Further, the mixture has a mass loss of only 16% over 22 cycles.

We also test two types of air entrainment agents (see Section 4. the reference mix design. This mixture lost only 51% of its initial splitting strength, while the reference mixture lost 58% after 19 cycles. In terms of dynamic modulus, this mixture lost 32% of the initial dynamic modulus after 22 cycles, while the reference mix design lost 33% after 19 cycles.

To study the effect of sand, we test various mixtures with various sand percentages (7%, 10%, and 15%). We display the splitting strength of these three mixtures in Figure 4.20(b). The mixture containing 10% sand had its freeze-thaw durability slightly better compared to the reference. This mixture lost 1.2% of its initial mass, while the reference mix design lost 2.5% after 19 cycles.

Efficiency of additives and impact of mix design

This section summarizes the results and discusses the additives and levers efficiency in freeze-thaw cycles in the presence of salt and immersed conditions.

We tested silica fume with various dosages and w/b ratios (see Section 4.7.2 for details). We can safely conclude that silica fume is efficient regarding freeze-thaw behavior in the presence of salt and saturated conditions.

This result is valid for pervious concrete with good hydration time. The silica fume possibly works well because it enhances the interface and enhances the strength of cement paste. Silica fume is known to enhance the ITZ mechanical strength and reduce paste porosity. Therefore, it is likely that the durability of pervious concrete is enhanced because of the better paste/aggregate interface or the better mechanical strength of the cement paste. [START_REF] Bilal | Influence of silica fume, metakaolin & SBR latex on strength and durability performance of pervious concrete[END_REF] studied the freeze-thaw durability of pervious concrete using the standard GB/T50082-2009. Their study shows that silica fume can improve freeze-thaw durability.

We tested various mixtures with metakaolin (see Section [START_REF] Bilal | Influence of silica fume, metakaolin & SBR latex on strength and durability performance of pervious concrete[END_REF] show that 5% metakaolin-based mixture had better durability than 5% silica-fume-based mixture but less than their control mixture.

Figure 4.21 displays the splitting strength loss after 22 cycles for various families of pervious concrete mixture. The water-to-binder ratio has a substantial impact on freeze-thaw durability. Moreover, lowering the w/b ratio does not reduce the effective porosity of the material, which is a crucial parameter for pervious concrete. Nevertheless, a low w/b ratio results in a pervious concrete of low workability and more prone to drying. We conclude that metakaolin slightly improves durability when the w/b ratio is higher than 0.26. We show that silica fume improves durability when w/b ratio is higher than 0.26. When w/b ratio is equal to 0.26, silica fume does not modify durability.

The paste volume has an impact on freeze-thaw durability, as can be seen in Figure 4.22. This impact is limited compared to the impact of the waterto-binder ratio. Rising the paste volume will result in pervious concrete with slightly enhanced durability but probably accompanied by porosity loss. Nevertheless, for the concrete with w/b=0.34, we observe no impact of the paste volume on the freeze-thaw durability. We conducted two experiments with air entrainment agents (see Section 4.7.4 for details). According to the providers, the two agents are efficient vis-à-vis frost attacks for ordinary concrete. We show that classical air entrainment agents do not enhance the response of pervious concrete to the frost conditions of this study. The air entrainment inefficiency can be due to various factors. Since the cement paste thickness is small (i.e., 300 µm to 1 mm), the air bubble might not hold in the cement paste. To verify this hypothesis, we observe a sample from the AEA_0.2% mixture with scanning electron microscopy technique. We display the details of the method and results of these observations in Chapter 5. The SEM figures do not show the presence of air bubbles in the cement paste of the AEA_0.2% mixture.

Moreover, we immerse the samples underwater for two days before starting the freeze-thaw cycles. Therefore, we risk saturating the bubbles even before the start of the freeze-thaw cycles, which would make them inefficient. The mixture with solid air entrainment shows a slight enhancement compared to the reference mix design. We tested four mixtures with hydrophobic 4.8. EFFICIENCY OF ADDITIVES AND IMPACT OF MIX DESIGN agents (see Section 4.7.4 for details). Overall, we conclude that hydrophobic agents harm the freeze-thaw durability of the reference mix design. The test conditions are very harsh due to the saturation underwater of samples before starting freeze-thaw cycles. These additives might have an impact if there is no prolonged saturation before the freeze-thaw process. Nevertheless, we

show that hydrophobic agents are not efficient in extreme weather areas. This section aims to study the behavior of some pervious concrete mixtures with the German standards (introduced in Section 2.4). The German standard is the only known to date standard to test freeze-thaw durability of pervious concrete in Europe. We also compare the results of the German standard with the results of the Holcim protocol on a number of representative pervious concretes. What we call the Holcim protocol is the protocol that we used throughout this Chapter, described in Section 4.3.3, and which consists in characterizing the mass, elastic modulus, and strength of a sample in saturated conditions and in the presence of deicing salt.

Materials and methods

In Germany, the instruction document for permeable traffic areas [START_REF] Fgsv | Number 947 in FGSV R2. Forschungsgesellschaft für Straßen-und Verkehrswesen e[END_REF] prescribes the use of DIN The cumulative mass loss per unit of surface is the cumulative mass of scaled material per unit area after n cycles calculated using:

S n = m s,n A (4.9)
where m s,n is the cumulative mass of dried scaled material after n freezethaw cycles and A is the surface of the four specimens in contact with the solution. The cumulative mass loss per unit of the surface after 28 cycles should be less than 1.5 kg.m -2 to pass the German standard.

In this section, we test the following mixtures, both with the German 

Results

We display the results of the German standard in Figure 4.26. Only one of the six mixtures passes the German standard. The mixture is: 3_18_w/c=0.24_210L.

The Ref mixture failed the German standard. All mixtures containing silica fume, metakaolin, and calcined clay failed the test. It can be due to the standard's limited hydration duration and the mixtures high water-to-binder ratio. In Table 4.9, we present the comparison between the Holcim protocol and the German standard. We observe that the mixture that passes the German standard has good durability on the three parameters of the Holcim protocol. Holcim protocol mass loss and dynamic modulus do not correlate well with results from the German standard. The mixture with silica fume 4.10. CONCLUSIONS

2) the cracking of the aggregates. Those observations suggest that enhancing the paste/aggregate interface could enhance the freeze-thaw durability of pervious concrete.

To assess the durability of pervious concrete, we tested various additives and levers. Table 4.8 displays the grading of the various pervious concretes based on the evolutions of the splitting strength, mass, and dynamic modulus over the freeze-thaw cycles. We found that a low w/b ratio enhances the freeze-thaw durability of pervious concrete. Further, increasing paste volume slightly enhances the freeze-thaw durability due to more cement paste in the concrete. Nevertheless, w/b ratio has more impact than paste volume on freeze-thaw durability of pervious concrete. Moreover, lowering the w/b ratio has a limited effect on the effective porosity of the concrete, while raising the cement volume reduces the porosity and permeability of pervious concrete. In terms of admixtures, we showed that metakaolin slightly improves durability when the w/b ratio is higher than 0.26. We also showed that silica fume improves durability when the w/b ratio is higher than 0.26.

When the w/b ratio is equal to 0.26, silica fume does not modify durability of pervious concrete to freeze-thaw. Classic air entrainment does not increase the durability of pervious concrete. In contrast, solid air entrainment seems to increase the durability of pervious concrete slightly. Finally, the experiments show that using granite as aggregate for pervious concrete enhances the freeze-thaw durability, which points toward the role of the aggregates.

We observe that only a tiny mass loss of 1-4% translates to a significant splitting strength and dynamic modulus loss. We also observe that the dynamic modulus loss correlates well to the splitting strength loss of pervious concrete. Based on the results we present in this study, there is a weak correlation between the results of the Holcim protocol and the German standard.

To understand the degradation mechanisms, further investigation of the role of each constitutive element of pervious concrete (i.e., the aggregates, the cement paste, and the paste/aggregate interface) is important. In the next Chapter, we will investigate the role of aggregates by conducting freezethaw experiments on bulk aggregates. Furthermore, to understand cement paste's role in the degradations, we will perform a series of experiments to characterize paste's freeze-thaw durability, porosity, mechanical strength.

Experiments to characterize the behavior of the paste/aggregate interface 

INTRODUCTION

Introduction

As we illustrated in Chapter 4, few freeze-thaw cycles in saturated conditions and the presence of salt induce advanced damage to pervious concrete. The degradations are the scaling of cement paste coating the aggregates and the cracking of the aggregates (see Section 4.5). We dedicate this Chapter to understanding the physical origins of freeze-thaw damage of pervious concrete. To do so, we observe the damaged samples (in two dimensions with SEM and three dimensions with X-ray tomography) and then study the freeze-thaw damage of each elementary part of the pervious concrete.

In more detail, in Sections 5.2 and 5.3, we explore the response of pervious concrete to freeze-thaw cycles with X-ray and SEM microscopy, respectively.

Sections 5.4 to 5.6 are dedicated to the study of the freeze-thaw damage of the elementary part of pervious concrete: cement paste (Section 5.4), aggregates (Section 5.5), and paste/aggregate interface (Section 5.6).

X-RAYS TOMOGRAPHY STUDY OF PERVIOUS CONCRETE

stage with a vertical rotation axis, allowing the acquisition of radiographs of the sample for many rotation angles. The output of the acquisition is a stack of radiographs at various angles. Mathematic methods implemented in specific softwares enable the reconstruction of the 3D image of the sample.

We perform X-ray microtomography observations of 1 concrete cube of dimensions 10 × 10 × 10 cm 3 of the reference mix design Ref (see its composition in Table 4.3) before we submit it to freeze-thaw and after we submit it to 10 freeze-thaw cycles. Initially, we perform a global tomography of the whole sample. After submitting the concrete cube to 10 freeze-thaw cycles, we perform a global tomography of the whole sample. Due to the freeze-thaw apparatus problem, the minimum temperature of all cycles is -10 °C for this experiment. The minimum temperature is the only difference with the freeze-thaw cycles that we presented in Chapter 4, for which the minimum temperature was -20 °C.

We perform the X-ray microtomography using an UltraTom microtomograph (RX-Solutions) at Laboratoire Navier. To obtain good contrast images, we choose an accelerating voltage of 150 kV and an electron beam intensity of 149 µA. Further, we install a copper filter of 0.5 mm thickness on the source to obtain a homogeneous X-ray beam [START_REF] Brisard | Multiscale X-ray tomography of cementitious materials: A review[END_REF]. The sample rotates around itself since we want to scan the totality of the sample.

The number of projections is 2336, and the voxel size is 0.031 × 0.031 × 0.031 mm 3 . We present in Figure 5.1 the setup that we use to perform the X-ray tomography scans. DAMAGE IN PERVIOUS CONCRETE Figure 5.1: X-ray tomography scanning setup

Results: Qualitative analysis

This Section presents a qualitative analysis of the resulting observations and the damage the pervious concrete sustained during the freeze-thaw cycles. trend also on other slices. Therefore, the damage is not homogeneous in the pervious concrete sample: it is more pronounced close to the surface of the sample than in its core.

In Figure 5.6, we present a horizontal slice at the mid-height of the sample before and after the cycles. We observe an accumulation of scales in some intergranular pores. The figure shows that the detachment of flakes of cement paste occurs inside the intergranular porosity. Moreover, the mass loss of the sample that we measure experimentally does not consider the mass of all the cement paste detached from the aggregates. Therefore, the experimental mass loss is only apparent and does not represent the actual mass loss. Furthermore, this slice exhibits no advanced damage, neither close to the sample's edges nor far from them, which means that the scales probably come from an upper zone with relatively advanced damage. 

Scanning Electron Microscopy (SEM) study of freeze-thaw damage

Scanning Electron Microscopy (SEM) is a microscopic characterization tool that allows the observations of the surface of materials at different scales [START_REF] Balendran | Use of scanning electron microscopy in concrete studies[END_REF]. We perform SEM observations on samples before and after freeze-thaw damage to observe the mechanisms of degradations at the level of paste, aggregate, and interface microstructure.

Methods

The SEM observations are made on 6 different mixtures, which are: Ref, La-tex_9%_141L, CS_0.5%, SF_10%_w/b=0.26, Sand_10%, and AEA_0.2%.

The composition of those mix designs can be found in Table 4.3. We observe these mixtures before and after freeze-thaw cycles.

Concerning the concrete cubes at their initial state, we extract chunks from the concrete cubes by breaking the samples into pieces using a pavement cutter. For pervious concrete cubes that undergo 21 freeze-thaw cycles, since the damage is significant, we extract the samples with a characteristic size of 1 cm from the cubes by hand. We use the following steps to prepare the samples: we store them in alcohol to stop their hydration after extrac- We observe the samples using an MEB-FEG FEI Quanta 400. We carry out the SEM observation using the following magnifications: x10, x100, x500, x1500. We use a backscattered electron detector with an acceleration voltage of 15.0 kV for all observations. We display the aspect of the polished sections in Figure 5.7.

Results and discussion

We display in Figures 5.8 and 5.9 the SEM observations of samples from pervious concrete Ref, Latex_9%_141L, CS_0.5%, SF_10%_w/b=0.26, Sand_10%, and AEA_0.2% before and after freeze-thaw cycles. We present more SEM images in Appendix A. All SEM images show microcracks in the cement paste initially. These cracks might develop during the preparation process. Nevertheless, our observation indicates that the aggregates, cement paste, and interface show minor millimetric cracks before freeze-thaw cycles. Moreover, unhydrated cement grains are present in all pastes even after the freeze-thaw cycles due to the substoichiometric water-to-binder ratio. In all the observations, there is no penetration of cement into the aggregates' porosity, probably due to the low porosity of the limestone ag- Figure 5.9 presents the SEM images of samples from pervious concrete SF_10%_w/b=0.26, Sand_10%, and AEA_0.2%. For these samples, we are interested in the impact on freeze-thaw durability of each admixture, which are silica fume, sand, and entraining air agent. We aim to understand:

1) why silica fume enhances the freeze-thaw durability of pervious concrete,

2) the impact of sand on the cement paste, and 3) why pervious concrete with air entrainment does not have better durability with respect to the reference sample Ref.

Figures 5.9(a) and 5.9(b) display SEM images for mixture SF_10%_w/b=0.26 before and after freeze-thaw cycles. All the cracks we observe after freezethaw cycles are present in the aggregates and the cement paste. We do not observe any cracks in the paste/aggregate interface, probably thanks to the densifying of the ITZ induced by silica fume. Silica fume improves the quality of the interface and its freeze-thaw durability.

Figures 5.9(c) and 5.9(d) display SEM images for mixture Sand_10% before and after freeze-thaw cycles. We can easily detect the presence of sand grains in the cement paste at the contact of the aggregates. We observe that after freeze-thaw cycles, cracks appear in aggregates, cement paste, and in the interface between the sand grains and the cement paste. All the cracks in this sample are connected to the intergranular porosity. This observation leads us to think that the cracks initiate from the intergranular porosity, not from the microporosity of the aggregates and the cement paste.

Zhong and Wille [2018] argue that the cracks in the ITZ of pervious concrete under freeze-thaw attacks may initiate from the micropores in the matrix or initiate from the intergranular porosity and propagate to the interface. 1991] even if all of these mixtures were designed with air-entraining admixture. Vancura et al. [2011] suspect that the low water-to-cement ratio, which is around 0.27 for the studied pervious concretes, is insufficient for both hydration and air bubble stabilization. Furthermore, the small thickness of cement paste may be insufficient to contain the entrained air voids.

In fact, due to compaction, the entrained air voids may escape the thin layer of cement paste.

Figure 5.8 shows clearly that after 21 freeze-thaw cycles, cracks tend to propagate at the vicinity of the interface between the cement paste and the aggregate for the three mix designs. The interface is the weakest zone in those pervious concrete samples. This damage pattern is consistent with the observations of Sáez del Bosque et al. [2020], who also observe damage of the interface due to freeze-thaw using SEM. We observe thin fractures at the aggregates and the cement paste for the various samples before and after freeze-thaw cycles. The observed damage at the interface indicates that: 1) a high stress is generated at the vicinity of cement paste/aggregate interface upon freezing, or 2) the interface resistance is low. The tensile or shear stresses at the interface must overcome the resistance of the paste/aggregate interface. 

Freeze-thaw durability of cement paste

In this Section, we present the characterization and durability of three various cement pastes: Ref, Latex_9%_141L, and CS_0.5%. The aim is to determine whether the freeze-thaw durability of a pervious concrete correlates with the freeze-thaw durability of the cement paste of which it is made.

Materials and methods

This Section presents the materials and the methods we use to characterize the cement pastes of interest. We choose to focus on only three cement pastes from pervious concrete: Ref (whose water-to-binder ratio is w/b=0.29), La-tex_9%_141L (which contains 10% latex and whose water-to-binder ratio is w/b=0.29), CS_0.5% (which contains 0.5% calcium stearate and whose water-to-binder ratio is w/b=0.29). The composition of the cement pastes corresponds to the mixture of the pervious concrete. We display the compositions in Table 4.3. Moreover, we showed in 4.7.1 that Latex_9%_141L

shows lower durability than the reference pervious concrete Ref.

To prepare the paste, we use a rotation mortar mixer. The mixing procedure is as follows: we mix the water and superplasticizer with the appropriate amount of cement powder and additive for 2 min with a slow speed (140 rpm). After the paste is remixed manually for 1 min using a metal spatula, we mix for 30 s with fast speed (285 rpm). We lightly grease the molds to be able to de-mold easily. We then pour the cement paste into molds of different sizes: 1) 16 and4) cylinders of 10 cm height and 3 mm diameter. We use a vibrating machine for 60 s to evacuate the air bubbles trapped in the cement paste.

× 4 × 4 cm 3 , 2) 15 × 15 × 2 cm 3 , 10 × 2 × 2 cm 3 ,
We put the molds in a climatic chamber with relative humidity superior to 90%. After 24 h, we remove the samples from the molds then put them in the climatic chamber for more than 40 days of curing. We conduct the mechanical and freeze-thaw tests on samples of cement paste of size 10×2×2 cm 3 . First, we perform the flexural test on the sample; after breaking the sample into two parts, we perform the compressive test on the two parts.

We perform the permeability test on samples of size 15 × 15 × 2 cm 3 . We conduct the capillary water absorption on vertical samples of size 16 × 4 × 4 cm 3 . We conduct the sorption isotherm on paste discs of 2 mm thickness 5.4. FREEZE-THAW DURABILITY OF CEMENT PASTE cut from paste cylinders of 10 cm height 3 mm diameter. We conduct the following characterizations on the cement pastes:

• Pore structure: we measure each mix design's porosity and pore distribution by mercury intrusion porosimetry (MIP) using a porosimeter AutoPore IV. We carry out the MIP tests on small chunks extracted from cement paste manufactured initially.

• Air permeability: we measure each formulation's cement paste air permeability using the Torrent test method. The details of the method can be found in Torrent [1992].

• Mechanical resistance: we carry out the mechanical tests to characterize the cement paste for the different mix designs through the freezethaw cycles. We measure the 3-points flexural strength and compressive strength. The goal is to determine whether the loss of resistance of pervious concrete samples correlates with the loss of resistance of the paste.

• Sorption isotherms: paste discs of 2 mm thickness were cut from a cement paste cylinder using a wet-saw before being confined at different relative humilities. We control the humidity using saturated salt solutions [Tang and Cui, 2007]. We use the following relative humidities: 3% (using silica gel), 35% (using MgCl 2 ), 55% (using Mg(NO 3 ) 2 ), 75% (using NaCl), 86% (using KCl), 94% (using KNO 3 ) and 100% (using pure water). We record the mass of the samples until reaching an equilibrium of mass at a given relative humidity. At equilibrium, the mass variation of the samples is less than 0.2% per week. The samples reach equilibrium after approximately 3 months (86 days for Ref, 70 days for cement paste Latex_9%_141L and CS_0.5% ).

• Capillary water absorption: this test consists in immersing 5 mm of a paste specimen of size 16 × 4 × 4 cm 3 in water to assess the mass intake over time. Before the test, we use a Devcon Epoxy sealer to coat the lateral surfaces only. We dry the sample at 50 °C until reaching a mass variation under 0.5% per week. At regular time steps, we take out the sample, wipe the water on the surface, then measure the mass of the sample using a scale with precision ± 0.01g. DAMAGE IN PERVIOUS CONCRETE

• Absorption by immersion: we immerse the 16 × 4 × 4 cm 3 samples in water; at regular time steps, we remove the sample from the water, wipe the water from the surface, then record the mass using a scale with precision ±0.01g. For this test, we do not dry the samples.

• We assess the freeze-thaw durability of cement pastes by measuring the mass and the dynamic modulus through the freeze-thaw cycles using the same protocol as the one presented in Section 4.3.3.

Results and discussion

In this Section, we present the characterizations and freeze-thaw durability of the three cement pastes. In Figure 5.10, we present the adsorption isotherms, the mercury intrusion porosimetry, and the capillary absorption tests. We observe in Table 5.1 that adding calcium stearate and latex increases the porosity of cement pastes with respect to the Ref mix design. A characteristic pore size for cement paste with latex is ±0.07 µm smaller than a characteristic pore size for cement pastes Ref and CS_0.5%, as shown in Figure 5.10(b). Moreover, Table 5.1 shows that cement paste with latex has higher porosity and lower air permeability than the other cement pastes.

The air permeability does not seems to correlate with the porosity of cement paste well. For the test absorption by immersion, samples with latex absorb more water, at a given time, than the Ref cement paste (see Figure 5.10(d)). We observe the contrary for the capillary absorption test (see Fig- 11, 5.12, and 5.13 the visual damage that we observe on cement paste samples after a number of freeze-thaw cycles. In pastes. We also observe that the compressive strength of cement paste Ref and CS_0.5% after six cycles is higher than in the initial state, i.e., before the freeze-thaw cycles. We can attribute the increase to two parameters.

First, the immersion of the cement pastes in the solution could accelerate the hydration. Second, internal frost damage could be limited at this stage.

We conclude from the evolution of 3-point flexural strength and compressive strength through freeze-thaw cycles that surface scaling does not deteriorate the material's internal structure after 30 freeze-thaw cycles for the CS_0.5% Therefore, a good durability cement paste does not ensure a good durability pervious concrete. Three reasons can explain this: 1) weak paste/aggregate interface 2) low paste volume of the pervious concrete mixture, which is 141L for Latex_9%_141L, 3) weak initial strength of the cement paste.

Indeed, in Section 5.3, we found that after several freeze-thaw cycles, pervious concrete cracks through the paste/aggregate interface. Moreover, in Section 4.7.4, we showed that the higher the paste volume, the higher the freeze-thaw durability of pervious concrete. 

Freeze-thaw durability of aggregates

This Section aims at understanding the contribution of aggregates to the damage of pervious concrete under freeze-thaw cycles. To this end, we perform experiments on two types of individual aggregates: cubic ones prepared on purpose (Section 5.5.2) and raw ones, i.e., aggregates identical to the ones used in the concrete, coated with cement paste (Section 5.5.3) or not (Section 5.5.2).

Materials and methods

Here we present the materials and methods to test: the evolution of compressive strength of cubic aggregates through the freeze-thaw cycles, the DAMAGE IN PERVIOUS CONCRETE durability of raw aggregates, and the durability of raw aggregates coated with cement paste.

To prepare the cubic aggregates, we use crushed limestone aggregates from the Cassis quarry of 20 mm to manufacture 40 cubic limestone aggregates. We use a polishing machine to prepare cubic aggregates with a 10 mm side length. We display the cubic aggregates in Figure 5. 15(a). We presented the details of the limestone characteristics in Section 4.2.1. We submit the cubic aggregates to freeze-thaw cycles according to the method presented in Section 4.3.3. At each cycle of interest, we perform compressive strength tests on 5 samples to obtain the evolution of the cubic aggregates strength over freeze-thaw cycles. To do so, we use a 100 kN Instron press. We submit raw limestone and granite aggregates to freeze-thaw cycles to qualitatively observe their damage mechanisms. We report the details of the limestone and granite characteristics in Section 4.2.1. We use the same freeze-thaw protocol as the one used for pervious concrete in Section 4.3.3: immersion of the aggregates in a 3% NaCl solution with the temperature cycle that we presented in Section 4.3.3.

Freeze-thaw durability of raw and cubic aggregates

While testing pervious concrete, we observed that through the freeze-thaw cycles, aggregates also get damaged (see Section 4.5). Moreover, SEM and tomography observations showed that aggregates are also susceptible to crack under frost attacks (see Sections 5.2 and 5.3). Figure 5.17 presents the aspect of the raw limestone and granite aggregates after 22 freeze-thaw cycles. When we submit the raw aggregates to freeze-thaw cycles in the same conditions (immersion of the samples in a 3% NaCl solution with the freeze-thaw cycles that we present in Section 4.3.3) as pervious concrete, millimeter-sized pieces get detached from the aggregates. The raw aggregates present ascending levels of degradations with the number of freezethaw cycles. To quantify the potential loss of strength of raw aggregates, we prepare cubic aggregates, submit them to freeze-thaw cycles, and quantify the decay of their compressive strength. We observe in Figure 5.18 that none of the cubic aggregates exhibit damage after 27 freeze-thaw cycles. This observation can be explained by the fact that the surface of the cubic aggregates is very smooth due to polishing.

The ice at the exterior of the sample can not adhere to the smooth surfaces of the sample. The conclusions from this experiment are in agreement with the glue spall theory (see Section 2.5.3). Moreover, we observe in Figure 5.19 that there is no loss of compressive strength for the cubic aggregates.

Therefore, the samples do not sustain any internal damage. 

Freeze-thaw durability of aggregates coated with cement paste

In this Section, we study the response of individual aggregates coated with cement paste to freeze-thaw cycles.

Figure 5.20 shows the appearance of damage on coated aggregates before and after 22 freeze-thaw cycles for the mix design Sand_15 (with 15 % sand) and the mix design SF2_10%_w/b=0.29 (with 10% silica fume). We observe two types of degradation mechanisms. For mix design with 15 % sand, we observe that through the freeze-thaw cycles, the coating of the aggregates is gradually removed from the surface. For mix design with 10% silica fume, we observe that aggregates are still coated with the cement paste, and that are the aggregates that break. This observation suggests that silica fume enhances the adhesion of cement paste to the aggregates.

Plus, we observed in Section 5.3 that the cement paste in pervious concrete with silica fume does not detach from the aggregate. This enhancement is apparently sufficient for the freeze-thaw durability of the interface to become 5.5. FREEZE-THAW DURABILITY OF AGGREGATES tial mass. Before and after freeze-thaw cycles, mechanical tests on concrete specimens showed enhanced durability for mix design with silica fume compared to the reference mix design (see Section 4.7.2). The gradual loss of macroscopic strength in pervious concrete can be attributed to the appearance of fractures at the level of the paste/aggregate interface (i.e., loss of resistance of the interface), the fracture of the aggregates, and the loss of the cement paste coating the aggregates by surface scaling (see Section 4.5).

In Figure 5.22, we display the variation of mass of coated aggregates as a function of the variation of mass and the variation of splitting strength of corresponding pervious concrete cubes. We observe a good correlation between the mass loss of individually coated aggregates and the mass loss Aggregates mass loss after 16 cycles (%) 

Materials and methods

We manufacture silicone molds to cast the cement/aggregates samples. With every mold, we can manufacture five cement/aggregate samples. First, we prepare various samples of parallelipedic aggregates that fit in the silicone mold visible in Figure 5.23(a). Their size is 1 cm × 1 cm × 5 cm. We hire a professional to cut the aggregates parallelepipeds from rock blocks with about 20 cm of side length. For this campaign, we use Cassis limestone and a granite aggregate from the Barny quarry. We soak the aggregates in water before manufacturing the samples. To manufacture these samples, we install the aggregates in the half of the mold, then pour cement paste prepared according to the protocol described in Section 5.4.1 in another half of the mold while vibrating mildly to remove the air bubbles in the cement paste. We cover the molds with glass plates to avoid evaporation for three days while keeping the samples in a humidity room with a relative humidity higher than 90%. After three days, the samples are de-molded gently to avoid soliciting or breaking the contact at the INTERFACE

σ f = 3F l 2bh 2 (5.2)
where F is the failure force, l is the distance between the supports and b and h are the samples' width and height, respectively. 

Results and discussion

In this Section, we present results related to the freeze-thaw durability of the paste-aggregate paralellepipedic samples. Figure 5.27 displays the vari-ation of 3-points flexural strength of the interface for various mixtures for limestone and granite aggregates. We observe that silica fume enhanced the durability of the interface compared to the reference mix designs for both limestone and granite aggregates. the strength of interface with silica fume is considerably higher than the reference mixture. For limestone aggregates, mixtures with metakaolin and microfiber do not show a significant enhancement initially compared to the reference mixtures. After five freeze-thaw cycles, mixtures with metakaolin had higher strength than the reference mixture. For granite aggregates, both silica fume and metakaolin show enhanced strength and durability after five freeze-thaw cycles with respect to the reference cement paste. we observe that the strength of the interface with granite aggregate is higher than that of limestone aggregates. The experiment shows that silica fume considerably enhances the resistance of the paste/aggregate interface, which is consistent with the positive impact of silica fume on pervious concrete (see Section 4.7.2) and with the SEM observation that shows that the interface of pervious concrete made with silica fume is not damaged after freeze-thaw cycles (see Section 5.3).

Further, the experiments on the paste-aggregates systems highlight the im-5.7. CONCLUSIONS portance of the nature of the aggregates. Indeed, in Section 4.7.4, we showed the importance of the aggregates on the durability of pervious concrete. Finally, the evolutions of paste/aggregate interface strength over the freezethaw cycles are faster than the evolutions of pervious concrete strength. The flatness of the contact between the cement paste and the aggregate could be responsible for this rapid evolution. This rapid evolution makes it difficult to use this experiment to obtain convincing conclusions regarding the impact of aggregate type and cement paste on the durability of pervious concrete.

Conclusions

This Chapter aimed to understand better the physical origin of damage of pervious concrete submitted to freeze-thaw cycles in saturated conditions and the presence of salt. We adopted two approaches: 1) qualitative based on observations, 2) quantitative based on the measurement of the freezethaw durability of the elementary parts of pervious concrete: cement paste, aggregates, and paste/aggregate interface.

Qualitative analysis of X-ray tomography images shows cracks at the aggregates and the paste/aggregate interface and the accumulation of scales in the intergranular porosity of pervious concrete, which means that, when we measure mass loss of a pervious concrete sample, we only measure mass loss of its surface. Further, SEM images show recurrent cracks in the interface between the paste and the aggregates for all mixtures except the mixture with silica fume. SEM images of pervious concrete with an air-entrainment agent show no air voids in the cement paste. Even with high-quality aggregate, we observe that aggregates are prone to get damaged by freeze-thaw cycles in the presence of salt. Experiments on cubic aggregates could highlight the role of glue spalling to explain salt scaling, as smooth aggregates do not get damaged, while rough ones do.

Further, experiments on cement pastes allow us to compare the durability of both a pervious concrete and the cement paste of which it is made.

We show that good durability latex paste produces low durability concrete, highlighting the role of parameters such as the paste-interface resistance and the paste volume of pervious concrete. Plus, the durability of aggregate coated with cement strongly correlates with the durability of pervious concrete, which can be used to run small experimental campaigns (on individual DAMAGE IN PERVIOUS CONCRETE coated aggregates) to assess pervious concrete response to freeze-thaw solicitations. Raw aggregates get damaged by freeze-thaw cycles in the presence of salt, but the compressive strength of cubic aggregates does not evolve over freeze-thaw cycles.

Silica fume enhances the freeze-thaw durability of pervious concrete.

SEM images show that the mixture with silica fume has no cracks in the paste/aggregate interface. The coated aggregates test shows that the cement paste with silica fume does not detach even after 22 freeze-thaw cycles for aggregates coated with a paste containing silica fume. Moreover, the paste/aggregate interface is more resistant when the paste contains silica fume than not. All observations on the use of silica fume are consistent with each other.

Mass loss as a criterion to assess freeze-thaw durability of pervious concrete can be misleading. Through X-ray tomography, we show that the damage is not homogeneous in the pervious concrete sample. Some of the lost mass stays inside the intergranular porosity. Furthermore, we develop two simple tests on the elementary constituents of pervious concrete: 1) a test on individual coated aggregates, 2) a test on the paste/aggregate interface. The durability of coated aggregates provides an interesting correlation with the durability of pervious concrete. In contrast, the durability of the paste/aggregate interface is difficult to link to the durability of pervious concrete because the damage of the paste/aggregate interface is rapid compared to that of the pervious concrete, even under milder freezing conditions.

The purpose of the next Chapter is to identify the damage mechanisms in pervious concrete at the scale of the aggregates coated with a thin cement paste in saturated conditions and in the presence of salt, using a poromechanical approach. We focus on this scale because we showed in this Chapter that there is a good correlation between the durability of coated aggregates and that of the corresponding pervious concrete. The poromechanical model allows the quantitative calculation of the strain and the stress under specific freezing conditions. The numerical simulations using the poromechanical model can provide interesting insights on the durability of pervious concrete, namely where damage might occur. Further, numerical simulation is also a way to better understand the experimental observations.

Introduction

In this Chapter, we investigate the behavior of pervious concrete under freeze-thaw solicitations. We showed in the previous Chapter that the durability of pervious concrete correlates with the durability of aggregates coated with paste cement. Therefore, we can deduce the mechanisms of damage of pervious concrete if we understand the damage mechanisms of an elementary system consisting in cement paste coating an aggregate. The experimental study showed that the bad durability of a pervious concrete is likely due to its weak paste/aggregate interface. Our goal in the present Chapter is to simulate the impact of freeze-thaw cycles on an aggregate coated with cement paste and two aggregates coated and bonded with cement paste.

Further, explore the degradation mechanisms to see if the simulations are consistent with the experimental study, in particular regarding the role of the paste/aggregate interface.

We utilize numerical simulations based on a poromechanical model, which considers relevant processes related to the freezing of porous materials.

These processes are hydraulic pressure, cryosuccion, salt diffusion, and brine pockets at the material's exterior. The combined equations describing the complex phenomena in a porous material are solved using the finite element method in 3 dimensions. The following Section 6.2 presents the necessary equations to derive the poromechanical model for freeze-thaw in porous materials. We also present the adopted geometry, the details of the simulations, the initial conditions, boundary conditions, and the properties used for the simulations. Section 6.3 presents the results for an individual aggregate coated with cement paste, the effect of salt, the effect of time and freeze-thaw cycles, the effect of boundary conditions, the effect of materials properties, and the influence of a crack in the cement paste. Finally, we present the results of simulations on a system made of two aggregates coated and bonded with cement paste and identify the most likely zones of damage.

Various studies use the poroelastic approach to solve frost attack problems applied to cement-based materials [Coussy, 2005[START_REF] Rahman | A poromechanical model of freezing concrete to elucidate damage mechanisms associated with substandard aggregates[END_REF][START_REF] Zeng | A study of freezing behavior of cementitious materials by poromechanical approach[END_REF]. According to Coussy [2005], the following mechanisms can explain the deformation of a material under freezing: 1) density change when ice forms result in a rise of pore pressure, 2) pressure associ-6.2. MODEL ated with interfacial energy between the various constituents, 3) pressure associated to the transfer of water due to ice crystallization, 4) the cryosuction process, and finally, 5) the thermomechanical coupling between the various constituents (solid matrix and the pressurized pores). Various conditions such as full or partial saturation, air voids, and salt can impact the freezing behavior. [START_REF] Eriksson | Freezing of partially saturated air-entrained concrete: A multiphase description of the hygro-thermo-mechanical behaviour[END_REF] developed a model of freezing behavior of partially saturated air-entrained concrete. However, this model does not take into account the presence of salt in the solution. To overcome this limitation, the model developed by [START_REF] Eriksson | Hygro-thermomechanical modeling of partially saturated air-entrained concrete contain-BIBLIOGRAPHY ing dissolved salt and exposed to freeze-thaw cycles[END_REF] considers the presence of salt in the solution, as well as the freeze-thaw hysteresis in a partially saturated air-entrained concrete. In the paper by Rhardane et al.

[2021], the developed model takes into account the presence of salt, degree of saturation, and the osmotic pressure to assess the freeze-thaw damage mechanisms of cementitious materials at the microscale of cement paste. Finally, at the scale of aggregates coated with cement paste, [START_REF] Rahman | A poromechanical model of freezing concrete to elucidate damage mechanisms associated with substandard aggregates[END_REF] developed a model to investigate the impact of freeze-thaw cycles in saturated conditions on one aggregate coated with cement paste.

Model

The goal of the model is to numerically simulate the effect of freeze-thaw cycles on pervious concrete at the scale of one or a few aggregates covered by cement paste. Studying a unique aggregate coated with cement paste allows us to quantify the interactions between aggregate and cement paste in pervious concrete. In particular, we also aim to study the impact of a crack in the cement layer. Studying a system of two aggregates coated and bonded with cement paste allows us to quantify what happens at the junction between two aggregates.

The simulations are performed for various boundary and initial conditions to gain insights on the extent of the influence of these entry conditions, which are difficult to quantify experimentally. We also investigate the influence of cement paste and aggregate properties on the response to freeze-thaw cycles.

Section 6.2.1 describes the main equations of the model used to simulate freeze-thaw cycles of aggregates surrounded with cement paste and immersed in a salt solution. The rest of Section 6.2 provides the necessary inputs to conduct the simulations of frost attacks: geometry of the simulated systems (Section 6.2.2), initial and boundary conditions (Section 6.2.3), and material properties (Section 6.2.4).

Poroelastic model

We can use the poromechanical approach to describe the phenomena that occur in cement-based materials. This approach gives access to saturation and stresses during the process of freezing in concrete, for instance. Two phases coexist when freezing saturated porous solids: liquid water (which contains dissolved salt) and ice crystals. We define the Lagrangian porosity ϕ J associated to phase J (where J = L for liquid, and C for ice crystals) as the ratio between the actual volume of phase J and the volume of the porous solid in the reference state. The total Lagrangian porosity ϕ is the sum of the partial Lagrangian porosities ϕ L and ϕ C . The partial Lagrangian porosity ϕ J can be expressed as [Coussy, 2006]:

ϕ J = ϕ 0 S J + φ J (6.1)
where ϕ 0 is the initial porosity, S J is the Lagrangian saturation of the phase J. Thus, ϕ 0 S J is the volume fraction of the porosity occupied by phase J in the undeformed configuration. The term φ J represents the variation of Lagrangian porosity ϕ J due to deformation.

During the freezing of a saturated cement-based material, the saturation of each phase is the fraction of pore volume occupied by the various phases.

In this work, we consider that the material is saturated with water initially.

At any time during the freezing process, the saturation verifies the following equation:

S L + S C = 1 (6.2)
In any representative elementary volume, mass change of water is due to liquid water transport between pores. The total water mass is the mass of water in liquid and solid states. We express the conservation of total mass by [Coussy, 2004]:

∂m total ∂t = -∇ • w L (6.3) 6.2. MODEL
where m total = (ρ L S L + ρ C S C )ϕ is the total mass content, ρ L and ρ C are respectively liquid water and ice density, and w L is the total mass flow vector.

We express the conservation of salt mass by [Coussy, 2004]:

∂m salt ∂t = -∇ • w salt (6.4)
where m salt = ρ salt S L ϕ is the mass of salt, ρ salt is the mass salt concentration in the pore solution, and w salt is the mass flow vector of salt.

The liquid transport through the porous medium due to a pressure gradient can be modeled with Darcy's law [Coussy, 2011]:

w L = -ρ L k rl k int µ L ∇p L (6.5)
where k rl = k rl (S L ) is the relative permeability, k int is the intrinsic permeability, µ L = µ L (T ) is the viscosity of the liquid phase, here considered to depend on temperature T only and p L the liquid pore pressure.

The mass flow vector w salt of salt is:

w salt = M salt c s ρ L w L + j salt (6.6)
where M salt is the molar mass of salt, ρ salt = M salt c s is the mass salt concentration in the pore solution, c s is the molar salt concentration, and j salt is the diffusive salt flux. The salt transport through the porous media can be modeled with Fick's law [Coussy, 2011]:

j salt = -M salt ϕS L τ D salt ∇(c s ) (6.7)
where τ = τ (ϕ 0 , S L ) is the tortuosity coefficient, D salt is the molecular diffusion coefficient of salt in water.

The densities ρ L for liquid water and ρ C for ice depend on the pressure p J and temperature T . They are given by [Coussy, 2005]: where ρ 0 J is the density of phase J in the reference state (namely at atmospheric pressure p m = 101.325 kPa and at melting temperature T m = 0 °C at atmospheric pressure), α J its coefficient of thermal expansion, K J its bulk modulus, and Ṽsalt is the relative partial specific volume of salt (in m 3 .kg -1 ).

ρ C = ρ 0 C 1 -α C (T -T m ) + p C -p m K C (6.8) ρ L = ρ 0 L 1 -α L (T -T m ) + p L -p m K L -ρ salt Ṽsalt (6.
We summarize the value of liquid water and ice crystals parameters in Table 6.1.

The relative partial specific volume Ṽsalt of salt is calculated using the following equation:

Ṽsalt = V NaCl M NaCl - V H 2 O M H 2 O (6.10)
where V NaCl and V H 2 O are the partial molar volumes of salt and liquid water, respectively, and where M NaCl and M H 2 O are their molar mass, respectively.

The conservation of heat in a porous material under freezing can be modeled by the following equation reported in [START_REF] Zeng | A study of freezing behavior of cementitious materials by poromechanical approach[END_REF]:

∂s ∂t = -∇ • s L w L - 1 T ∇ • q (6.11) where s = s sol + (ρ L s L S L + ρ C s C S C
)ϕ 0 is the total entropy, and s sol is the entropy of the solid skeleton.

The specific entropy s J of each phase depends on its pressure p J , its heat capacity C J , its thermal expansion coefficient α J , and the temperature T [Coussy, 2005]:

s J = s 0 J + C J ln T T m - α J ρ 0 J (p J -p m ) (6.12)
Fourier's law governs heat conduction. This law relates the rate of heat 6.2. MODEL transfer to the gradient of temperature in the material [Coussy, 2004]:

q = -λ∇T (6.13)
where q is the heat flow vector, λ = λ(λ sol , λ L , λ C , S L , ϕ 0 ) is the thermal conductivity of the porous material, which takes into account the thermal conductivity of the various phases: λ sol for the solid phase, λ C for the ice crystals, and λ L for the liquid water.

Hashin and Shtrikman [1962] proposed a model to estimate the thermal conductivity of isotropic composite materials:

λ = λ s + ϕ 0 1 -ϕ 0 3λ s + 1 S L λ L + (1 -S L ) λ C -λ s (6.14)
The equation of mechanical equilibrium in absence of body forces is [Coussy, 2004]:

∇ • σ = 0 (6.15)
The constitutive equations for a linear isotropic thermoporoelastic material with a porosity filled by liquid water and ice can be expressed as [Coussy, 2004]:

σ = K - 2 3 G ϵI + 2Gϵ -[b C p C + b L p L + 3αK (T -T m )] I (6.16)
where I is the second-order identity tensor, b L and b C denote the liquid and ice Biot coefficients, respectively, ϵ is the strain tensor, ϵ = tr(ϵ) is the volume strain, σ is the stress tensor, α is the coefficient of thermal expansion of the dry porous solid, K is the drained bulk modulus of the porous solid.

The local thermodynamic equilibrium of liquid water and ice (i.e., the equality of their chemical potentials) yields the Thomson equation:

p C = p m + 1 V C [V H 2 O (p L -p m ) -s m (T -T m ) + R g T ln(a w (c s , T ))] (6.17)
where p C is the ice pressure, V C is the ice molar volume, R g is the ideal gas constant, s m is the entropy of fusion of ice, c s is the salt concentration, PERVIOUS CONCRETE AT THE SCALE OF A FEW AGGREGATES and a w (c s , T ) is the water activity. The water activity is calculated as function of temperature and salt concentration using the model developed by Lin andLee [2003, 2005].

To link the macroscopic poroelastic properties to the elastic properties of the skeleton and saturation, we use the following equations [Coussy, 2006]:

b = b L + b C (6.18) b J = bS J (6.19)
The Van Genuchten model provides a retention curve that relates the liquid saturation S L with the capillary pressure (p C -p L ) [ van Genuchten, 1980]:

S L = 1 + p C -p L n 1 1-m -m (6.20)
where n and m are constants related to the pore structure of the porous solid.

Upon freezing, blockage of the pore by ice reduces the permeability of the material. We relate the permeability to the retention curve with the Mualem model [START_REF] Mualem | A new model for predicting the hydraulic conductivity of unsaturated porous media[END_REF]:

k rl = S L 1 -1 -S 1/m L m 2 (6.21)
The combination of the previous equations is solved using the 3D finite elements method (FEM) in the numerical solver BIL [Dangla, 2018].

We generate the geometry and mesh with the meshing software GMSH [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF].

Geometry

For our numerical simulations, we consider three model systems: 1) a spherical aggregate of diameter 8 mm coated with a cement paste of thickness 300 µm, 2) a spherical aggregate of diameter 8 mm coated with a cement paste of thickness 300 µm in the presence of a crack, 3) two spherical aggregates of diameter 8 mm coated and bonded with a cement paste of thickness 300 µm. 6.2. MODEL Figure 6.1 presents the geometries and the mesh considered for this study.

Due to the symmetry of the problems, we model the individual aggregate coated with intact cement paste as a one-dimensional system. For the aggregate coated with a cracked layer of cement paste, we model only half a sphere and perform two-dimensional axisymmetric simulations (see Figure 6.1(a)). For the two bonded aggregates, we model a quarter of the geometry, again performing two-dimensional axisymmetric simulations (see Figure 6.1(b)).

We use a Cartesian system of coordinates. Axes Ox and Oy are in the simulated plane, with Oy aligned with the axis of symmetry. The origin of the coordinate system is at the center of the aggregate. We will refer to the x-direction and the y-direction as horizontal and vertical directions, respectively.

MODEL

the lower the temperature, the higher the concentration of salt in the brine pockets (i.e., on the boundaries of the system). This hypothesis also entails that no ice forms in the pores in the vicinity of the samples' surface because of the rise in salt concentration which lowers the melting temperature of the brine pocket.

In Section 6.3.1, we will assess the impact of this boundary condition by considering that the brine pockets are disconnected and that their pressure may differ from the atmospheric pressure.

Properties of aggregates, cement paste, and their interface

In the simulations, we focus on modeling a standard cement paste and a standard limestone aggregate. For cement paste, Young's modulus varies from 30 MPa for a water-to-cement ratio w/c of 0.35 to 15 GPa for a waterto-cement ratio of 0.6 [Pichler and Hellmich, 2011]. The Poisson ratio is assumed equal to 0.2. The coefficient of thermal dilatation α s of the solid skeleton varies from 13 • 10 -6 K -1 to 20 • 10 -6 K -1 [START_REF] Grasley | Thermal dilation and internal relative humidity of hardened cement paste[END_REF][START_REF] Meyers | Thermal coefficient of expansion of Portland cement-Long time tests[END_REF][START_REF] Meyers | Thermal expansion characteristics of hardened cement paste and of concrete[END_REF]. The permeability of cement highly depends on its water-to-cement ratio and age. 

A = 6c cos(θ) √ 3(3 ± sin(θ)) (6.26) B = 2 sin(θ) √ 3(3 ± sin(θ)) (6.27)
For limestone rocks, the friction angle is reported to vary between 34.5 °and 45 °. The cohesion is reported to be 23.5 MPa [START_REF] Al-Shayea | Effects of testing methods and conditions on the elastic properties of limestone rock[END_REF].

For the cement paste, the friction angle is reported to vary between 25 °to 65 ° [Yang et al., 2018]. For the interface, Gu et al. [2013] showed that the friction angle does not depend on the aggregate roughness. The friction angle found in this study is 35 °, which is similar to values reported in Taylor and Broms [1964]. The cohesion of the interface varies from 0.81 MPa to 7.31 MPa, according to this study. These values depend on the nature of the aggregate and its surface roughness. In this study, we consider that the friction angle for both the aggregate and the cement paste is equal to 35 °.

We use the properties summarized in Table 6.2 for the cement paste and Table 6.3 for the aggregate for our simulations.

Results and discussion

Individual coated aggregate

This section first presents the effect of 1 freeze-thaw cycle on an aggregate coated with cement paste. Later in the manuscript, in Section 6.3.1, we discuss the impact of the number of freeze-thaw cycles. We also study the effect of various inputs and situations related to the initial and boundary conditions.

Simulations show that temperature varies almost homogeneously in the system: indeed, at all times, the temperature everywhere differs at maximum by 0.01 °C from the temperature imposed on the edges. At the boundary, the brine pockets with an increasing salt concentration lower the freezing point. Thus, there is no formation of ice in the pores at the vicinity of the outer surface. Figure 6.4 presents the variation of liquid pressure, liquid saturation, salt concentration, and ice pressure at the center of the aggregate (i.e., r = 0.05 mm), at a position r = 2 mm from the center of the aggregate, at the interface in both the cement paste and the aggregate, and at the outer boundary (i.e., r = 4.3 mm). Note that when the ice saturation is equal to zero (liquid saturation equal to 1) the ice pressure, resulting from Eq. (6.17), is fictitious and therefore not physical. This case is that of the negative values in Figs. 6.3(d) and 6.4(d).

We observe the minimal ice saturation in the cement paste, while the ice saturation is larger at the center of the aggregates than closer to the outer 

Effect of time and of number of freeze-thaw cycles

Through the freeze-thaw cycles, we observe (Figure 6.6) that there is an accumulation of salt in pores. Upon freezing, salt penetrates the system, but not all salt flows back outside upon thawing. Therefore, the melting temperature decreases in the zone with larger salt content, implying lesser ice. This mechanism repeats itself, freeze-thaw cycle after freeze-thaw cycle, resulting in less ice formation in zones with high salt concentrations.

Therefore, more salt in the pores after a larger number of freeze-thaw cycles helps lower the ice saturation in the pores. Furthermore, Figure 6.6 shows that the maximal Von Mises stress decreases with an increasing number of freeze-thaw cycles. This decrease is because less ice crystallizes in regions with higher salt concentrations.

In actual materials, once the damage initiates, we know that some material properties differ from the initial ones. For example, initiation of cracks in the cement matrix will result in a more permeable material with less mechanical resistance [Wei et al., 2020]. Thus, lower stresses can still result in a progression of damage over the cycles after damage initiation. With our present poroelastic model, we do not capture such damage. Damage laws should be incorporated into the modeling approach to better model the effect of repeated cycles on the evolution of stress distributions. , 2002]. Upon an increase of salt concentration, less ice crystallizes in the pores, and therefore the pore pressures applied to the solid skeleton decrease.

Said otherwise, the maximal magnitude of stresses in the cement paste and the aggregate decreases with an increasing salt concentration. Thus, the present poroelastic model predicts that the presence of salt in the pore fluid has a protecting effect against internal damage.

Figure 6.7 presents the Von Mises stress for three initial salt concentrations. The Von Mises stress in this configuration decreases with increasing initial salt concentration. One beneficial aspect of using deicing salt is that it lowers the ice melting temperature. Yuan [START_REF] Jie | Mechanisms on the salt-frost scaling of concrete[END_REF] report that the volume variation during freezing of sodium chloride solution decreases with increasing salt concentrations. However, salt also presents negative effects, such as increasing the degree of saturation due to the concentration differences, potential osmotic pressures due to salt concentration gradient, and salt crystallization in the material's pores.

Experimentally, the presence of salt solution causes maximal damage for an intermediate salt concentration. This pessimum is at a salt con- [START_REF] Lindmark | Mechanisms of Salt Frost Scaling of Portland Cement-Bound Materials: Studies and Hypothesis[END_REF][START_REF] Macinnis | The frost resistance of concrete subjected to a deicing agent[END_REF][START_REF] Sellevold | Frost/Salt-Testing of Concrete: Effect of Test Parameters and Concrete Moisture History[END_REF], Verbeck and Klieger, 1957]. According to Yuan [START_REF] Jie | Mechanisms on the salt-frost scaling of concrete[END_REF], the pessimum concentration is due to the competition between positive and negative aspects of NaCl on the freezing behavior, while Valenza and Scherer [2006], with the glue-spall theory, rather attribute this pessimum to the impact of salt on the mechanical properties of the ice formed at the surface of the porous solid. In any case, the proposed model does not capture this pessimum, which shows that properly modeling this pessimum requires more physical ingredients (e.g., partial saturation or glue-spall) than those present in the model.

Effect of boundary conditions on modeling

In the previous sections, we considered that the brine pockets at the boundary are connected so that the salt concentration increases when the temperature decreases (see Figure 6.2). In other words, since the liquid pressure at the boundary is at atmospheric pressure, the process of cryosuction is not active at the boundary due to the connectivity of the brine pockets. [START_REF] Eriksson | Hygro-thermomechanical modeling of partially saturated air-entrained concrete contain-BIBLIOGRAPHY ing dissolved salt and exposed to freeze-thaw cycles[END_REF] considered two extreme cases: an open boundary to simulate fully connected brine pockets and a closed boundary to simulate fully isolated brine pockets. A novelty of our study is that we model and study various connectivity levels. In the present section, to activate the cryosuction at the boundary, we consider that the brine pockets are isolated and relax the hypothesis that the liquid phase is at atmospheric pressure.

We note p lowbound L the liquid pressure obtained at the system boundary when assuming that ice around the brine pockets is at atmospheric pressure and that Thomson equation (6.17) is verified. p lowbound L is, therefore, the liquid pressure when the cryosuction is maximum. In such a case, the depression of the liquid at the boundary is equal to p lowbound L -p atm . In the present section, we consider that only a fraction X of this depression applies, and therefore that the liquid pressure p L at the boundary verifies:

p L -p atm = X p lowbound L -p atm (6.28)
The non-connectivity of the brine pockets increases with the magnitude of X. We consider three different fractions. Each fraction is related to the degree of connectivity of the brine pockets at the system boundary. 
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System of two cemented aggregates

This section aims to study a more complex geometry consisting of two aggregates coated and bonded with cement paste. This geometry aims at modeling the behavior of pervious concrete at the level of its constituents by considering the mechanical interaction between the aggregates and the cement that binds and coats them. In this section, we limit the study to the case of connected brine pockets (see Section 6.3.1 for the impact on boundary conditions). We summarize the value of materials parameters in Table 6.2. Figure 6.1(b) displays the simulated geometry.

Qualitative description of the response to 1 freeze-thaw cycle

Simulations show that temperature varies almost homogeneously in the system: indeed, at all times, the temperature everywhere differs at maximum 186 We focus on the mechanical response of this system to the freeze-thaw solicitation. Figure 6.12 shows the liquid pressure, liquid saturation, and salt concentration at t = 6 h. Figure 6.13 shows the Von Mises stress in the system at various times. Around t = 10 h, at which time the temperature reached its minimal value T = -20 °C, the Von Mises stress is maximal at the level of the contact between the two aggregates. The fact that the aggregates block the cement paste deformation due to their different coefficients of thermal expansion could explain the high shear stress in this contact region. Moreover, we also observe significant shear stresses at the interface between aggregates and cement paste, but those shear stresses remain small compared to the stresses developed in the contact region. with a cement paste layer. The combined effect of the Von Mises stress and mean effective stress will be discussed later in the paper by using the Drucker-Prager criterion.

Influence of coefficients of thermal expansion on response to freezethaw cycle

In this section, we study the impact of the coefficients of thermal expansion on the behavior of the two aggregates coated and bonded with cement paste. Figure 6.15 shows that the larger the difference between the coefficient of thermal expansion of aggregates and cement paste, the larger the stress developed in the contact region between the two aggregates and at the paste/aggregate interface. The stress is maximal for the simulations with the largest mismatch of coefficients of thermal expansion. In Figure 6.15(b) we present the stress for a system with equal coefficient of thermal expansion for the cement paste and the aggregates. We notice that the shear stresses are much lower than in the case of mismatch, with maximal shear stresses in the contact region and the aggregate. The trends observed on the system made of two aggregates concerning thermal mismatch are consistent with those observed on the system made of one aggregate and discussed in Section 6. 

Identification of regions where damage is most likely

This section introduces failure criteria to predict whether, upon freezing, the materials are susceptible to get damaged. This approach allows us also to identify the regions where damage is most likely. We consider a Mohr-Coulomb criterion for the interface and a Drucker-Prager criterion for cement paste and the aggregates, as already mentioned in Section 6.2.4. The parameters for the two criteria are in Table 6.2. Using a poromechanical model, [START_REF] Rahman | A poromechanical model of freezing concrete to elucidate damage mechanisms associated with substandard aggregates[END_REF] showed that high tensile stresses develop at the ITZ because of the mismatch of coefficient of thermal expansion between the aggregate and the matrix. Callan [1952] obtained similar results. Cwirzen and Penttala [2005] showed experimentally that the ITZ properties govern the damage process under salt-frost attacks of non-air-entrained high-performance concretes. Therefore, enhancing the cement paste durability without enhancing the paste/aggregate interface durability may be insufficient to enhance concrete durability since the interface plays a significant role.

Interface

Aggregate and cement paste

We now study damage in the aggregate and the cement paste by considering a Druker-Prager failure model for those two phases. Figure 6.17 presents the value of the quantity Bσ ef f m + σ V M , which is homogeneous to a stress, in the aggregates and the coating cement paste, for the system made of two aggregates coated and bonded with cement paste. Failure could occur if this quantity is larger than the considered Drucker-Prager material parameter A, which is related to the cohesion of the material. In other words, to avoid damage in the cement paste, we need to ensure that A > Bσ ef f m +σ V M . From Figure 6.17, we conclude that, in the cement paste and the aggregates, failure is the most likely to occur in the contact region between the aggregates.

Adequacy of the numerical results with the experimental observations

In our experimental results (see Chapter 4 and Chapter 5), we showed that the mix design with silica fume enhances the durability of pervious concrete and the aggregates coated with cement paste. The enhanced durability can be explained by the fact that silica fume improves the mechanical performance of the ITZ and enhances the strength of the interface. Having a weak paste/aggregate cohesion will result in failure at the level of the interface.

The simulations results show that a large tensile stress is developed at the paste/aggregate interface and at the level of the paste/aggregate interface during freezing. Moreover, using a poromechanical model, [START_REF] Rahman | A poromechanical model of freezing concrete to elucidate damage mechanisms associated with substandard aggregates[END_REF] showed that a high tensile stress at the ITZ is developed due to the mismatch of coefficient of thermal expansion between the aggregate and the matrix. Similar results were provided by [START_REF] Callan | Thermal expansion of aggregates and concrete durablity[END_REF]. Cwirzen and Penttala [2005] showed experimentally that the ITZ properties govern the damage process under salt-frost attacks of non-air-entrained high performance concretes. Therefore, enhancing the cement paste durability is not sufficient to enhance concrete durability since the interface controls the durability. 

Conclusions

We developed a poromechanical model to simulate the freezing of porous solids in saturated conditions and in the presence of dissolved salt. We used this poromechanical approach to gain insight into the damage of pervious concrete at the level of a few aggregates coated and bonded with cement paste. We used the model to calculate the stresses and ice saturation distributions in various systems with various boundary conditions, upon freeze-thaw cycles, in the presence of deicing salts. Based on the various simulations presented earlier in this Chapter, the most important conclusions are:

• Significant tensile effective stresses prevail in the center of the aggregates upon freezing because of the crystallization of significant volume fractions of ice.

• Significant shear stresses develop within the cement paste upon freezing. They reach a maximum value at the paste/aggregate interface and in the contact zone between aggregates.

• These stresses could exceed the strength of cement paste and the aggregates, inducing damage during the repeated freeze-thaw cycles. Such damage is the most likely to occur at the paste/aggregate interface or in the contact zone between two aggregates.

• Salt accumulates in the material over repeated freeze-thaw cycles and therefore makes the shear stresses in the cement paste layer decrease with the number of cycles. We cannot retrieve a salt pessimum with the physical ingredients implemented in the model, although several observed this pessimum experimentally. This inability shows that we must find the physical reason for this salt pessimum elsewhere.

• The shear stresses within the cement paste layer depend significantly on the mismatch between the coefficients of thermal expansion of the cement paste and the aggregate. The magnitude of those stresses can double when those coefficients for cement paste and aggregates span a realistic range. For the pervious concretes here modeled and the conditions considered, thermomechanical effects are more significant than poromechanical effects. Therefore, designing pervious concrete PERVIOUS CONCRETE AT THE SCALE OF A FEW AGGREGATES mixtures with a minimized mismatch of coefficient of thermal expansion could prove an efficient way to improve the freeze-thaw durability of pervious concrete.

• The shear stresses within the cement paste layer depend significantly on the cement paste permeability also. Those stresses can increase by a factor of 1.5 when the cement paste permeability decreases from 1 • 10 -21 m 2 to 1 • 10 -22 m 2 .

• The porosity of the cement paste has a much smaller impact on the magnitude of stresses generated during freeze-thaw than the coefficient of thermal expansion or the permeability.

• The ice brine mixture, formed at the surface of the cement paste upon freezing, is composed of ice and brine pockets more or less interconnected. The degree of connectivity of such brine pockets significantly impacts the stresses generated in the cement paste. Larger connectivity generates lower stresses than those obtained with a lower degree of connectivity.

• If the layer of cement paste has cracked, significant stresses are generated at the crack during freezing because of the contraction of the two cement lips in opposite directions.

• Enhancing the cement paste durability without enhancing the durability of the paste/aggregate interface may not be sufficient to improve the concrete durability, as the impact of the paste/aggregate interface on the concrete durability is significant.

The model developed in the present work makes it possible to calculate the stresses in cement-based materials, particularly pervious concrete, under frost attacks. This model can help quantify the stress states under various conditions. It can also orient reflections on materials properties to design concretes that resist better frost attacks in the presence of deicing salt. However, we should improve the model by considering partially saturated conditions or incorporating glue-spall to explain the experimentally observed salt pessimum. Also, to quantitatively assess the impact of repeated freeze-thaw cycles, it would be necessary to implement a damage model that considers the decay of the resistance of the aggregates, the cement paste, and their 6.4. CONCLUSIONS interface. Moreover, including the interfacial transition zone (ITZ) in the simulations could be interesting to assess its impact on the system properties and damage patterns. Finally, one can employ the model to simulate more realistic geometries in three dimensions to consider more complex geometries involving more than two aggregates. 

Conclusions

The weak freeze-thaw durability of pervious concrete compromises their use in cold regions such as the United States and Canada. In this work, we investigated the freeze-thaw durability of pervious concrete using different approaches: 1) testing various mix designs in the field, 2) testing various mix designs in the lab, 3) performing experiments to understand the physical origin of the damage, 4) modeling the frost attacks. On a more fundamental level, we identified levers to improve frost durability and proposed various pervious concrete mixtures with enhanced freeze-thaw durability. On a theoretical level, we conducted experiments to understand the origins of damage. Further, we modeled the behavior of pervious concrete in freezing conditions in the presence of salt, from which we drew conclusions on the impact of the materials parameters.

Performance of various pervious concretes in the field

In Chapter 3, we started by investigating the durability in field conditions of pervious concrete slabs for different mixtures. The exposure in cold weather conditions was carried in drained and saturated conditions in the presence of deicing salt. Regarding the durability of slabs, we demonstrated that for pervious concrete with a high w/c ratio (w/c=0.34) without any admixture, the degradation occurs first for the saturated conditions then drained conditions. The slab in drained conditions withstands more freeze-thaw cycles than in saturated conditions. Furthermore, we observed that the slab's destruction occurs in a more dramatic manner in drained conditions. A low w/c ratio mixture with no additive is still holding at this point of exposure in both conditions, which led us to conclude that the w/c ratio has a substantial impact on the durability of pervious concrete to freeze-thaw cycles with the presence of deicing salt. Moreover, mixtures with latex and silica fume did not show any signs of degradations in both conditions. Finally, at this stage of the study, laboratory experiments are in accordance with field experiments in their ability to assess the freeze-thaw durability of various mix designs.

Damage mechanisms and efficiency of admixtures

Mix design plays a vital role in the durability of pervious concrete. Therefore, in Chapter 4, we tested various pervious concrete mix designs' durability to freeze-thaw in saturated conditions and the presence of deicing salt in the lab. We drew several conclusions on the mechanisms of degradations, the levers and admixtures to enhance the frost durability of pervious concrete, and the correlation between the materials properties and the durability and the evolutions of various properties through the freeze-thaw cycles.

Visual observations of pervious concrete after damage showed various types of damage mechanisms. These mechanisms are: 1) degradation of the paste/aggregate interface and 2) cracking of the aggregates.

To assess the durability of pervious concrete, we tested various additives and levers. Table 4.8 displays the grading of the various pervious concretes 200 7.1. CONCLUSIONS based on the evolution of their splitting strength, mass, and dynamic modulus over the freeze-thaw cycles. We found that a low w/b ratio enhances the freeze-thaw durability of pervious concrete. Further, increasing paste volume slightly enhances the freeze-thaw durability. Nevertheless, the w/b ratio has more impact than paste volume on freeze-thaw durability of pervious concrete. Moreover, lowering the w/b has a limited effect on the effective porosity of the concrete, while raising the cement paste volume reduces the porosity and permeability of pervious concrete. In terms of admixtures, we showed that metakaolin improves durability when: a) the w/b ratio is kept low increased (i.e., w/b≤0.29), and b) when using a high paste volume. We also showed that silica fume improves durability when the w/b ratio is kept low (i.e., w/b≤0.29). In terms of admixtures, we showed that metakaolin slightly improves durability when the w/b ratio is higher than 0.26. We also showed that silica fume improves durability when the w/b ratio is higher than 0.26. When the w/b ratio is equal to 0.26, silica fume does not modify durability of pervious concrete to freeze-thaw. Classic air entrainment does not increase the durability of pervious concrete. In contrast, solid air entrainment seems to increase the durability of pervious concrete slightly.

Finally, the experiments show that using granite as aggregate for pervious concrete enhances the freeze-thaw durability, which points toward the role of the aggregates.

Correlations

We observed that, for pervious concrete, a slight mass loss of only 1-4% translates to a significant splitting strength and dynamic modulus loss. We also observed that the dynamic modulus loss correlates well to the splitting strength loss of pervious concrete. Moreover, we found that the w/b ratio is highly correlated to the freeze-thaw durability of pervious concrete. Based on the results presented in this study, there is a weak correlation between the results obtained with the Holcim protocol and those obtained with the German standard.

Origins of freeze-thaw damage

Chapter 5 aimed to understand better the physical origin of damage of pervious concrete submitted to freeze-thaw cycles in saturated conditions 201 CHAPTER 7. CONCLUSIONS AND PERSPECTIVES and the presence of salt. We adopted two approaches: 1) qualitative based on observations, 2) quantitative based on the measurement of the freezethaw durability of the elementary parts of pervious concrete: cement paste, aggregates, and paste/aggregate interface.

Qualitative analysis of X-ray tomography images showed cracks at the aggregates and the paste/aggregate interface and the accumulation of scales in the intergranular porosity of pervious concrete, which means that, when we measure mass loss of a pervious concrete sample, we only measure mass loss of the surface of the sample. Further, SEM images showed cracks in the interface between the paste and the aggregates for all mixtures except the mixture with silica fume. SEM images of pervious concrete with an airentrainment agent showed no bubbles in the cement paste. Even with highquality aggregate, we observed that aggregates are prone to get damaged by freeze-thaw cycles in the presence of salt. Experiments on cubic aggregates highlight the role of glue spalling to explain aggregates damage, as smooth aggregates do not get damaged, while rough ones do.

Further, experiments on cement pastes allow us to compare the durability of pervious concrete with that of the cement paste of which it is made. We showed that good durability latex paste produced low durability concrete, highlighting the role of parameters such as the paste-interface resistance and the paste volume of pervious concrete. Plus, the durability of aggregate coated with cement is strongly correlated to the durability of pervious concrete. From this correlation, we propose the following easy-to-run experiment as an indicator of the durability of pervious concrete: assess the freeze-thaw durability of individual cement-coated aggregates by measuring their mass loss over cycles. Raw aggregates get damaged by freeze-thaw cycles in the presence of salt, while cubic polished ones do not. This difference highlights the role of the aggregates surface and the relevance of the glue spalling theory.

Silica fume enhances the freeze-thaw durability of pervious concrete.

SEM images showed that there are no cracks in the paste/aggregate interface of the mixture with silica fume. When applying freeze-thaw cycles to individual aggregates coated with cement paste, the cement paste does not detach even after 22 freeze-thaw cycles when the cement paste contains silica fume. Moreover, the paste/aggregate interface is more resistant when the cement paste contains silica fume than when it does not. All observations 202 7.1. CONCLUSIONS on the use of silica fume are consistent with each other.

Mass loss as a criterion to assess freeze-thaw durability of pervious concrete can be misleading. Through X-ray tomography, we showed that the damage is not homogeneous in the pervious concrete sample, with the edges being more damaged than the core. Also, some of the lost mass stays inside the intergranular porosity. Furthermore, the durability of coated aggregates provides an interesting correlation with the durability of pervious concrete. In contrast, the durability of the paste/aggregate interface is difficult to link to the durability of pervious concrete because the damage of the paste/aggregate interface is rapid compared to that of the pervious concrete damage, even under milder freezing conditions.

Numerical simulation of frost attacks on pervious concrete

We developed a poromechanical model to simulate the freezing of porous solids in saturated conditions and the presence of dissolved salts. We used this poromechanical approach to gain insight into the damage of pervious concrete at the level of a few aggregates coated and bonded with cement paste. We used the model to calculate the stresses and ice saturation distributions in various systems with various boundary conditions, upon freezethaw cycles, in the presence of deicing salts.

We found that significant tensile effective stresses prevail in the center of the aggregates upon freezing because of the crystallization of significant volume fractions of ice. Plus, considerable shear stresses develop within the cement paste upon freezing. They reach a maximum value at the paste/aggregate interface and in the contact zone between aggregates.

These stresses could exceed the strength of cement paste and the aggregates, inducing damage during the repeated freeze-thaw cycles. Such damage is the most likely to occur at the paste/aggregate interface or in the contact zone between two aggregates. Further, if the layer of cement paste has cracked, significant stresses are generated at the crack during freezing because of the contraction of the two cement lips in opposite directions.

Salt accumulates in the material over repeated freeze-thaw cycles and therefore makes the shear stresses in the cement paste layer decrease with the number of cycles. We cannot retrieve a salt pessimum with the physical ingredients implemented in the model, although several observed this pes-203 CHAPTER 7. CONCLUSIONS AND PERSPECTIVES simum experimentally. This inability shows that we must find the physical reason for this salt pessimum elsewhere.

The shear stresses within the cement paste layer depend significantly on the cement paste permeability also. Those stresses can increase by a factor of 1.5 when the cement paste permeability decreases from 1 • 10 -21 m 2 to 1•10 -22 m 2 . The porosity of the cement paste has a much smaller impact on the magnitude of stresses generated during freeze-thaw than the coefficient of thermal expansion or permeability.

The ice brine mixture, formed at the surface of the cement paste upon freezing, is composed of ice and brine pockets more or less interconnected.

The degree of connectivity of such brine pockets significantly impacts the stresses generated in the cement paste. More significant connectivity causes lower stresses than those obtained with a lower degree of connectivity. We need to characterize the brine pockets connectivity in pervious concrete samples to input a realistic connectivity into the model.

The shear stresses within the cement paste layer depend significantly on the mismatch between the coefficients of thermal expansion of the cement paste and the aggregate. The magnitude of those stresses can double when those coefficients for cement paste and aggregates span a realistic range. For the pervious concretes here modeled and the conditions considered, thermomechanical effects are more significant than poromechanical effects. Therefore, designing pervious concrete mixtures with a minimized mismatch of coefficient of thermal expansion could prove an efficient way to improve the freeze-thaw durability of pervious concrete. Practically, enhancing the cement paste durability without improving the durability of the paste/aggregate interface may not be sufficient to improve the concrete durability, as the impact of the paste/aggregate interface on the concrete durability is significant.

Perspectives

In this section, we summarize some ideas, which can help understand and enhance the durability of pervious concrete, but were not explored in this study and could be interesting for future research on the topic.

Some mixtures show good potential to enhance the durability of pervious concrete, such as solid air entrainment. In future works, this solution needs 7.2. PERSPECTIVES to be studied thoroughly by conducting a parametric study on the impact of the percentage use.

Further, the pervious concrete mixture with enhanced durability must be tested under various temperatures and field conditions.

The experiment consisting in measuring the mass loss of individually coated aggregates is easy to run. We showed that the durability assessment obtained with this experiment correlates well with experiments on pervious concrete samples. Therefore, this former experiment could be used to screen the effect of many variables such as cement paste composition, aggregates type, aggregates size, aggregates rugosity, salt type, salt concentration, and saturation conditions. Moreover, with this test, we could test many coated aggregates mixtures in laboratory and field conditions.

The tomography provides compelling qualitative observation on the damage mechanism of pervious concrete. However, in our work, we did not consider the evolution of damage through the freeze-thaw cycles. Indeed, a quantitative study of the evolution of damage through freeze-thaw cycles using tomography could clarify the initiation of damage and the number of fractures as a function of cycles. Tomography on coated aggregates could also be explored and linked to numerical modeling. We could scan a sample while freezing to gain more insight into the action of ice on pervious concrete and the role of brine pockets. In the same spirit, SEM observation in simultaneous freezing conditions, using an environmental SEM, could help understand the mechanism of degradations of the paste/aggregate interface.

The model developed in the present work makes it possible to calculate the stresses in cement-based materials, particularly pervious concrete, under frost attacks. This model can help quantify the stress states under various conditions. It can also orient reflections on materials properties to design concretes that resist better frost attacks in the presence of deicing salt.

However, we should improve the model by considering partially saturated conditions or incorporating glue-spall to explain the experimentally observed salt pessimum. Also, to quantitatively assess the impact of repeated freezethaw cycles, it is necessary to implement a damage model that considers the decay of the resistance of the aggregates, the cement paste, and their interface. Moreover, including the interfacial transition zone (ITZ) in the simulations could be interesting to assess its impact on the system properties and damage patterns. Finally, one can employ the model to simulate more 205 CHAPTER 7. CONCLUSIONS AND PERSPECTIVES realistic geometries in three dimensions to consider more complex geometries involving more than two aggregates. 
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 11 Figure 1.1: Paris soil sealing degree in 2011 [EEA, 2017].
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 2 PROBLEM STATEMENT ments can help to decrease the investments in retention ponds and other stormwater management structures. Permeable surfaces also allow the evaporation of water which acts as an urban cooling system.
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 12 Figure 1.2: Parking show case with a permeable pavement and a classical impermeable pavement (from Bomanite [2021])
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 4 Figure 1.3: Pervious concrete damaged due to freeze-thaw cycles

Figure 2 .

 2 Figure 2.1: Saw-cut cross section of pervious concrete
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 22 Figure 2.2: Pore structure of pervious concrete

Figure 2 .

 2 Figure 2.3: Concrete damage in cold climates: a) internal damage (sample after 200 freeze-thaw cycles from Wardeh et al. [2011]), b) salt scaling (sample after 28 cycles in presence of 3% NaCl from Bouteille [2013])

•

  Lowering the water-to-cement ratio improves the durability to internal frost damage • High-sorptivity concrete reaches the critical saturation more rapidly than low-sorptivity concrete when in direct contact with water • Concrete shows good freeze-thaw durability when L is inferior to 250 µm • Intensity of internal frost damage rises with longer freezing periods • Freezing at high rate causes more damage than freezing at low rate Salt scaling Salt scaling consists of debonding small flakes at the surface of cementitious materials upon freezing a saline solution on the surface. The maximum damage occurs with a concentration of solute of about 3 wt% [Verbeck and Klieger, 1957]. The pessimum is independent of the nature of solute, as shown in Figure 2.4. Like for internal frost damage, entraining air in cementitious materials improves the resistance to salt scaling [Valenza and Scherer, 2007b] as shown in Figure 2.4. Salt scaling is very different from internal frost damage for conventional cementitious materials CHAPTER 2. STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE since this type of damage is reported not to harm the mechanical resistance of conventional concrete. Nevertheless, it accelerates the penetration of aggressive agents such as water and chlorides, which may affect the strength of the material (e.g., because of the effect of chloride on reinforcing steel bars).
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 24 Figure 2.4: Results from Verbeck and Klieger [1957] show that maximum salt scaling damage occurs at a pessimum of salt concentration: the four figures display the salt scaling as function of solution concentration for various deicing salts.

Figure 2 . 5 :

 25 Figure 2.5: Section of centimetric samples from pervious concrete retrieved from the field: a) cracks through the aggregate and paste, b) cracks through the ITZ, and c) cracks through the paste and around the ITZ. Figures taken from Vancura et al. [2011].

Figure 2 .

 2 Figure 2.6: Fractured section of a pervious concrete sample a) damaged by freeze-thaw cycles, or b) sound and loaded in 3-points flexural test. Figures taken from Yang et al. [2006].

2. 3 .

 3 IMPACT OF ADMIXTURES ON FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE concrete. Low w/c ratio entails potential drying and slowing of hydration reaction, which can explain the observed trend. Taheri et al. [2020] observe

CHAPTER 2 .

 2 STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE2.3.1 LatexCutler et al. [2010] study the freeze-thaw behavior of two concrete mix designs (without and with latex) in saturated and partially saturated conditions while applying three different deicing agents (calcium chloride, calcium chloride, and calcium magnesium acetate). The mix with latex shows more damage based on mass loss for the different deicing agents and saturation states than the mix without latex. In contrast, using the standard GB/T50082-2009 [2009], Wu et al.

  [2013] 1 prescribes to use the method "Capillary suction of Deicing solution and Freeze-thaw test" (CF/CDF) of the standard DIN 2 CEN/TS 12390-9:2016 [2016] with only one modification which is that the lateral surfaces of the samples are not sealed. The size of the specimens is 70 mm × 140 mm x 150 mm. The test method for pervious concrete consists in freezing five samples in 10 mm of a 3% sodium chloride solution without sealing the lateral surfaces of the samples. We present in Figure 2.7 the test set-up for freeze-thaw. The duration of one cycle is 12 hours, starting at 20 °C. Over 4 hours, the temperature is lowered with a freezing rate of 10 °C/h until reaching -20 °C. The plateau is 2.4. CRITERIA TO ASSESS FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE kept for 3 hours, then a constant thawing rate equal to +10 °C/h is applied.

Figure 2 . 7 :

 27 Figure 2.7: The test set-up used for the freeze-thaw test for the German standard [CEN/TS12390-9:2016, 2016] 

  introduced the hydraulic pressure theory to explain the internal frost damage of concrete. When liquid water turns to ice, its volume increases by 9%. According to Powers, the unfrozen liquid water is expelled from big capillary pores where freezing begins. This liquid flow causes pressurization of water in the smaller pores, as we illustrate in Figure 2.8. According to this theory, the hydraulic pressure that drives the flux away from pressurized zones is the cause of damage from internal frost. If the tensile strength of the paste is inferior to the hydraulic pressure, damage

  Figure 2.8: Hydraulic pressure theory

CHAPTER 2 .

 2 STATE OF THE ART OF FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE levels for concrete since the rising pressure is quickly dissipated by fluid flow [Valenza and Scherer, 2006]. This theory explains the role of air voids and takes into account the presence of salt. This theory does not explain the salt pessimum concentration since the osmotic stress increases with increasing concentration. It does not explain either the impact of the thickness of the salt solution layer since the theory only considers the saturating solution.
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 29 Figure 2.9: Osmotic pressure theory (figure adapted from Gagné and Linger [2008]). Ice crystals are in black. Arrows indicate water flow induced by salt concentration gradients.
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 210 Figure 2.10: Glue spall theory

Figure 2 . 11 :

 211 Figure 2.11: Brine rejection from ice layer theory (schematic from Yener [2015])

  agents as a solution to the problem at hand. In Chapter 4, we explore new levers and additives to enhance the pervious concrete durability. Moreover, field frost durability experiments are rare in the literature. Therefore, in Chapter 3, we conduct field experiments to investigate the damage mechanisms and obtain results with which to compare results obtained in the laboratory. The damage mechanisms of pervious concrete in cold regions are not fully understood. Therefore, in Chapter 5, we study the damage origins for pervious concrete by conducting tests on elementary parts of the pervious concrete and using imaging techniques to observe damage inside the sample. Also, numerical simulations and modeling of frost attacks on pervious concrete are very rare. In Chapter 6, we develop a poromechanical model aiming to capture the main mechanisms of freeze-thaw damage in pervious concrete. We use the model to conduct numerical simulations of frost attacks on pervious concrete. for field testing of slabs . . . . . . . . . . 3.3.2 Methods for laboratory testing of decimetric cubic samples . . . . . . . . . . . . . . . . . . . . . . . . of freeze-thaw cycles in the field . . . . . 3.4.2 Durability of slabs in field conditions . . . . . . . . 3.4.3 Durability of samples in laboratory . . . . . . . . .3.4.4 Correlation between durability of slabs in the field and durability of decimetric samples in the lab . .

Figure 3

 3 Figure 3.1: General aspect of the slabs at Mont Aigoual. Left slabs are in saturated conditions; right slabs are in drained conditions. From close to far, the slabs are: Ref_w/c=0.34_160L, Latex_w/c=0.34_160L, La-tex_w/c=0.34_140L, SF_w/c=0.31_160L, Ref_w/c=0.29_160L

Figure 3 . 2 :

 32 Figure 3.2: Example of measured temperatures in air and at the surface of a slab in saturated and drained conditions for: a) winter of 2018/2019 b) winter of 2019/2020, c) winter of 2020/2021

Figure 3 . 4 :

 34 Figure 3.3: Cycles determination based on the temperature at the surface of the slab of mixture Ref_w/c=0.29_160L in saturated conditions 47

Figure 3

 3 Figure 3.6: Number of freeze-thaw cycles based on temperatures measured: a) in air, b) at the surface of slabs in drained conditions, and c) at the surface of slabs in saturated conditions

Figure 3

 3 Figure 3.7: Number of freeze-thaw cycles for: a) winter 2018/2019, b) winter 2019/2020, and c) winter 2020/2021

  Figures 3.9 and 3.10 show the extent of damage of mixture Ref_w/c=0.34_160L

Figure 3

 3 Figure 3.8: The picture shows all slabs in February 2021. Left slabs are in saturated conditions; right slabs are in drained conditions. From close to far, the slabs are: Ref_w/c=0.34_160L, Latex_w/c=0.34_160L, La-tex_w/c=0.34_140L, SF_w/c=0.31_160L, Ref_w/c=0.29_160L. Damage of the two slabs with mixture Ref_w/c=0.34_160L is clearly visible.

Figure 3 . 9 :

 39 Figure 3.9: Visual damage for the slab Ref_w/c=0.34_160L in saturated conditions: a) at the start of exposition on 14/11/2018 b) at the middle of the first winter (picture taken in February 2019), c) after advanced damage (picture taken 02 May 2019, i.e., after the first winter), and d) after two winters (picture taken on 20 January 2021)

Figure 3

 3 Figure 3.10: The pictures present the visual damage in slabs (Ref_w/c=0.34_160L) in drained conditions in: a) (picture taken 02 May 2019, i.e., after the first winter) b) after two winters (picture taken on 29 January 2021

Figure 3 . 11 :

 311 Figure 3.11: Laboratory testing of pervious concrete mixtures from an internal study by Holcim Innovation Center

Figure 4 . 1 :

 41 Figure 4.1: Gradation of aggregates used to prepare the pervious concrete samples

4. 2 .

 2 MATERIALSby admixing two types of air entrainment agents. We use Air D and AER solid, two products provided by CHRYSO and SIKA, respectively. The manufacturers designed these additives to enhance concrete durability to freeze-thaw and salt scaling. The Air D product is a classical chemical air-entraining agent. In contrast, the AER solid consists of white hollow spherical beads. The dosage of these two additives is the one prescribed by the manufacturers.Hydrophobicity of the cement pasteWe use three different hydrophobic agents to reduce the water ingress in the cement paste coating the aggregates. We use a water-based silane emulsion DOWSIL IE 6692, a silicone resin microencapsulation with the commercial name DOWSIL IE 6686, and a stearic agent, namely calcium stearate. DOW Chemicals supplied the DOWSIL products. For the three mixtures, we use the dosages prescribed by the suppliers.

Figure 4 .

 4 Figure 4.2(a) presents the concrete at a fresh state, Figure 4.2(b) shows the concrete after demolding, and Figure 4.2(c) presents the interior of a sample after a cut.

Figure 4 . 2 :

 42 Figure 4.2: General aspect of pervious concrete: a) fresh state; b) hardened state; c) interior cut

Figure 4 . 3 :

 43 Figure 4.3: Typical evolutions measured over freeze-thaw cycles for three different mix designs (i.e., Ref_160L, Latex_9%_141L, and CS_0.5%). Evolutions of: a) mass; b) dynamic modulus; c) relative splitting strength, and (d) absolute splitting strength

Figure 4 .Figure 4 . 4 :

 444 Figure 4.4: Freeze-thaw cycle and the effective temperatures measured in the surface, the bottom, and the center of a sample immersed in NaCl solution

Figure 4

 4 Figure 4.5: Freeze-thaw cycles testing apparatus

  Figure 4.6(b) shows the experimental device to measure the splitting strength.

  Figure 4.6(a) presents the experimental setup to measure the time of flight.

Figure 4 . 6 :

 46 Figure 4.6: Characterization tools: a) ultrasound device, b) splitting strength setup

4. 4 .• 9 ≤

 49 PROPERTIES OF SAMPLES AT INITIAL STATE We use the following criteria to grade the freeze-thaw durability of pervious concrete with respect to each of the three parameters considered: • Number of cycles before reaching the threshold > 18: ++ • 11 ≤ Number of cycles before reaching the threshold ≤ 18: + Number of cycles before reaching the threshold < 11: = • 5 ≤ Number of cycles before reaching the threshold < 9: -• Number of cycles before reaching the threshold < 5: --

Figure

  Figure 4.7 presents the splitting strength sorted from highest to lowest. The

Figure 4 . 7 :

 47 Figure 4.7: Splitting strength at the initial state

  Figure 4.8(a) 4.5. QUALITATIVE OBSERVATION OF DAMAGE shows that the higher the dry density, the lower the effective porosity of pervious concrete. Figures 4.8(b) and 4.8(c) show no clear tendency, which can be due to the use of additives that modify the splitting strength without modifying the porosity.

Figure 4 . 8 :

 48 Figure 4.8: Correlations between effective porosity, splitting strength, and dry density: a) effective porosity as a function of dry density, b) splitting strength as a function of dry density, and c) splitting strength as a function of effective porosity.

Figure 4 .

 4 Figure 4.10 displays the visual aspect of two samples after 21 freeze-thaw cycles. These visual observations show different modes of degradation: scaling, paste detachment from aggregates, and aggregates fracturing. These different damage patterns depend on the mix design composition.

Figure 4 .

 4 10(a) shows a calcium stearate sample after 21 freeze-thaw cycles. This figure shows the degradation at the level of paste/aggregate interfaces. Pulling manually on the sample at this level of damage splits the sample in two parts: the first part shows the faces of the aggregates, and the second part shows the coating cement paste. For this sample, we conclude that the preferred breaking zone is the interface.

Figure 4 .

 4 10(b) shows the visual degradation of the reference mix design sample. We observe that the apparent damage at the sample's surface is the scaling of the cement paste at the surface of the aggregates and the breakage of aggregates. Furthermore, after 22 cycles, we observe inFigures 4.11(d) and 4.11(f) that the SF_10%_w/b=0.26 samples had mainly fractured aggregates at the surface of samples with very low scaling.

Figure 4 . 9 :

 49 Figure 4.9: Visual appearance after 21 freeze-thaw cycles of: a) a CS_0.5% sample; b) a Ref_160L sample

Figure 4 . 11 :Figure 4 . 12 :

 411412 Figure 4.11: Visual appearance of Ref_160L sample after: a) 0 cycle c) 16 cycles e) 19 cycles; Visual appearance of SF_10%_w/b=0.26 sample after b) 0 cycle d) 16 cycles f) 22 cycles 86

Figure 4 . 14 .Figure 4 .

 4144 Figure 4.14.Mass of the samples decreases over the cycles, regardless of the mixture, as we see inFigure 4.14(a). The decrease in mass is due to the detachment of cement paste for the first few cycles and the detachment of aggregates in advanced degradation. It is significant for the mixture Latex_9%_141L and CS_0.5% after 15 cycles. Their mass loss after 15 cycles is 2%. In

Figure 4 .Figure 4 . 14 :

 4414 Figure4.14(b) displays the decrease of dynamic modulus through freezethaw cycles. The decrease of dynamic modulus is probably due to the appearance of cracks inside the material. We remind that the dynamic modulus is calculated from the flight time of an ultrasound wave traveling through the material. The more the material contains cracks, the higher the time

Figure 4 .

 4 Figure4.14(c) displays the evolution of splitting strength over freezethaw cycles. After only six cycles, samples Latex_9%_141L, CS_0.5%, and Ref_160L lost respectively, 45%, 35%, and 20% of their initial strength.

Figure 4 .

 4 15(a). After 12 freeze-thaw cycles, the mass loss is similar between all the mixtures present in this section. After the freezethaw cycle 12, we observe that the mass loss of mixtures with silica fume with w/b ratios equal to 0.29 continues to progress slowly contrary to the reference mix and mixtures with silica fume with w/b ratio of 0.34. To 91 CHAPTER 4. LABORATORY ASSESSMENT OF FREEZE-THAW RESISTANCE OF PERVIOUS CONCRETE illustrate this idea, we compare the mass loss at cycle 12 and cycle 19. At cycle 12, all mixtures lost almost 0.4% of their initial mass, but at cycle 19, the reference mix lost 2.5% of its initial mass, while the mixture with 10% silica fume only lost 0.5% of the initial mass. The samples of the reference mixture show advanced degradations after 19 cycles.

Figure

  Figure 4.15(c) shows the decay of splitting strength of the silica fume

Figure 4 .Figure 4 .

 44 Figure 4.16(b) shows that for a fixed w/c, silica fume enhances the durability of pervious concrete. Moreover, Ref_w/b=0.26 shows a loss of 27%

Figure 4 .

 4 Figure 4.18 displays the rescaled relative strength loss as a function of the water-to-binder ratio, percentage of substitution, and paste volume.Figure

Figure

  

Figure 4 .

 4 Figure 4.18: Impact on the rescaled relative strength loss for metakaolincontaining mixtures of: a) the water-to-binder ratio on mixtures with a percentage of substitution of 10% and 150 L/m 3 paste volume; b) the percentage of metakaolin substitution on mixtures with a w/b ratio of 0.29 and a paste volume of 150 L/m 3 ; and c) the volume of paste on mixtures with a w/b ratio of 0.29 and a percentage of substitution of 10%

  2.2): a) a chemical agent (i.e., the Air D product) that produces classical air 4.7. IMPACT OF ADDITIVES AND MIX DESIGN ON FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE 0

Figure 4 .

 4 Figure 4.19: Evolution over freeze-thaw cycles of splitting strength of various mixtures: a, b) Ref mixtures; c, d) mixtures with hydrophobic agents e, f) mixtures with air-entraining agents. a) and c) display absolute splitting strength. b) and d) display relative splitting strength variation.

Figure 4 .

 4 Figure 4.20: Evolution over freeze-thaw cycles of splitting strength of various mixtures: a, b) mixtures with sand; c, d) mixtures with slag

Figure 4 .Figure 4 .

 44 Figure 4.21: Impact of water-to-binder ratio on freeze-thaw durability of pervious concrete

Figure 4 .

 4 Figure 4.23 displays the number of cycles necessary to reach a splitting strength loss of 20% for each mixture.Figure 4.24 displays the number of

Figure 4 .

 4 24 displays the number of cycles necessary to reach a dynamic modulus loss of 25% for each mixture.

Figure 4 .

 4 Figure 4.25 displays the number of cycles necessary to reach a mass loss of 1% for each mixture. To get a global overview of the freeze-thaw durability of all mixtures tested in this Chapter, we present in Table4.8 the grades of each pervious concrete according to the grading system introduced in Section 4.3.7.

Figure 4 .

 4 Figure 4.23: Number of freeze-thaw cycles before reaching a splitting strength loss of 20%

  1 CEN/TS 12390-9:2016 [2016] (CDF test method) with only one modification which is that the lateral surfaces of the samples are not sealed. For our tests, we use a modified version of the standard. The modifications, due to practical constraints, concern the size of the samples, the testing machine, and the number of samples tested.Nevertheless, our tests respect exactly the curing, the pre-conditioning, and the temperature cycle of the standard. The modified Capillary suction of Deicing solution and Freeze-thaw test (CDF) test method consists of the following steps: First, after 24 hours of casting, the samples of size 10 × 10 × 10 cm 3 (different from the standard, which recommends a size of 70 mm × 140 mm × 150 mm) are stored for six days in tap water at 20 °C, then the samples are stored in a chamber at a 65% relative humidity until an age of 28 days. Second, for each mixture, four specimens are placed in a test container (2 specimens per container) to begin the pre-saturation of the samples (the standard demands 5 samples). We pour a 3% solution to a height of 10 mm without wetting the top of the specimens. The capillary suction period is seven days. The mass is measured after to assess the weight gain. Before starting the freeze-thaw cycles, we remove the loosely adhering particles. Third, we launch the freeze-thaw cycles. The duration of one cycle 1 DIN: Deutsches Institut für Normung 110 4.9. FREEZE-THAW DURABILITY ACCORDING TO THE GERMAN STANDARD is 12 hours, starting at 20 °C. Over 4 hours, the temperature is lowered with a freezing rate of 10 °C/h until reaching -20 °C. The plateau is kept for 3 hours, then a constant thawing rate equal to +10 °C/h is applied. Then, the temperature is kept at +20 °C for 1 hour.

  standard and the Holcim internal protocol: Ref_w/c=0.29_150L (reference mix design), MK_10%_w/b=0.34_200L (mixture with metakaolin with w/b ratio of 0.34 and a paste volume of 200L), SF_10%_w/b=0.34_150L (mixture containing silica fume with a w/b ratio ratio of 0.34 and a paste volume of 150 L/m 3 ), SF_10%_w/b=0.34_200L (mixture containing silica fume with a w/b ratio of 0.34 and a paste volume of 200 L/m 3 ), CC_10%_w/b=0.34_200L (mixture containing calcined clay with a w/b ratio of 0.34 and a paste volume of 200 L/m 3 ), and 3_18_w/b=0.24_173L (mixture with an aggregate size distribution ranging from 3 mm to 8 mm, with a w/b of 0.24, and a paste volume of 173 L/m 3 ).
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Figure 5 . 2

 52 Figure 5.2 displays a typical slice of the scanned concrete, the histogram of grey levels calculated on 200 slices, and the grey levels on the yellow line. In this Figure, we can easily differentiate the intergranular pores from the cement paste and the aggregates. In contrast, the cement paste and the aggregates' grey levels are almost the same. The histogram shows only two main mean grey values.InFigures 5.3, 5.4, and 5.5, we display 3 slices before and after freezethaw cycles. These figures show the degradations in the sample. We observe two types of degradations: 1) cracks in the aggregates and 2) cracks at the paste/aggregate interface. Moreover, some parts of the sample in the upperright part of the slice detach and fall due to fracturing (see Figure5.3). We observe the same for Figure5.5. We observe that the cracks are close to

Figure 5

 5 Figure 5.3: Comparison between the global X-ray tomography horizontal slice at mid-height (the upper and right borders correspond to the outer surfaces of the sample) before and after freeze-thaw cycles: cracks appear in the aggregates and at the paste/aggregate interface

123CHAPTER 5 .

 5 Figure 5.6: Comparison between the exact global X-ray tomography horizontal slice at mid-height before and after freeze-thaw cycles: scales appear in the intergranular porosity

  gregates.Ćosić et al. [2015] performed a SEM analysis to examine the ITZ with dolomite and slag aggregates in pervious concrete. They observed that 125 CHAPTER 5. STUDY OF PHYSICAL ORIGIN OF FREEZE-THAW DAMAGE IN PERVIOUS CONCRETE the interlocking of cement matrix occurs in the open porosity on the boundary of the slag grains. The authors did not observe any interlocking of cement with dolomite. In Figure 5.8, we observe that the pervious concrete samples Ref, La-tex_9%_141L, and CS_0.5% show similar degradation patterns. After freeze-thaw cycles (Figures 5.8(b), 5.8(d), and 5.8(f)), the samples exhibit apparent cracks passing through the paste/aggregate interface.

Figures 5. 9 (

 9 Figures 5.9(e) and 5.9(f) display SEM images for the mixture AEA_0.2% before and after freeze-thaw cycles. The sample contains an air-entrainment agent. This SEM observation aims to detect the distribution of the entrained air voids network in the cement paste of this pervious concrete mixture. In-

Figure 5 Figure 5 . 9 :

 559 Figure 5.8: SEM observations of samples (a)-(b) Ref, (c)-(d) La-tex_9%_141L, (e)-(f) CS_0.5%. The observations are performed (a)-(c)-(e) before and (b)-(d)-(f) after submitting the sample to 21 freeze-thaw cycles. 128

Figure 5 . 10 :

 510 Figure 5.10: Properties of cement pastes: a) sorption isotherm, b) mercury intrusion porosimetry, c) capillary water absorption, and d) absorption by immersion

Figure 5 .

 5 Figure 5.11(a), we observe that the Ref cement paste starts losing mass by the detachment of pieces at the surface of the samples after 14 freeze-thaw cycles. After 21 cycles, the process of losing flakes at the surface continues, as shown in 5.11(b). We observe in Figure 5.12 a damage behavior of cement paste CS_0.5% similar to that of Ref. The damage mechanism is consistent with salt scaling (see Section 2.2.1). Further, Figure 5.13 shows the state of damage of two cement pastes with latex after 25 freeze-thaw cycles. The cement paste with latex does not show any damage even after 25 freeze-thaw cycles. We display in Figure 5.14 the response of the three cement pastes to freeze-thaw cycles. The Ref cement paste lost 2% of its initial mass after 20 cycles, whereas Latex_9%_141L and CS_0.5% gained mass due to water absorption. Concerning dynamic modulus, the cement pastes with latex and calcium stearate show similar durability, which is better than the durability of the Ref cement paste. Moreover, we observe that the freeze-thaw cycles do not impact the 3-point flexural strength of the Ref and CS_0.5% cement

  cement paste and after 21 freeze-thaw cycles for the Ref cement paste. Moreover, Latex_9%_141L has weaker bending and compressive strength compared to the Ref and CS_0.5% cement pastes. Considering mass loss, we conclude that the cement paste with latex has better durability than the Ref and CS_0.5% cement pastes. Further, looking at the evolutions of the same properties, the CS_0.5% cement paste displays better durability than the Ref cement paste. Paradoxically, we saw in Section 4.7.1, Figure 4.14, and Table4.8 that the pervious concrete with Latex_9%_141L displays the worst durability compared to the Ref and CS_0.5% pervious concretes. In contrast, the cement 5.4. FREEZE-THAW DURABILITY OF CEMENT PASTE paste with latex has higher durability than these two other cement pastes.
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 511 Figure 5.11: Visual degradations of cement paste Ref after: a) 14 freezethaw cycles, b) 21 freeze-thaw cycles

FigureFigure 5 . 14 :

 514 Figure 5.13: Visual degradations of two Latex_9%_141L cement paste samples after 25 freeze-thaw cycles

Figure 5 .

 5 Figure 5.15(b) shows the experimental setup to measure the cubic aggregates compressive strength.

Figure 5

 5 Figure 5.15: a) Cubic aggregates, b) Instron press to perform compressive strength on cubic aggregates.

Figure 5

 5 Figure 5.17: Evidence of damage over freeze-thaw cycles of raw aggregates: a) limestone; b) granite

FigureFigure 5

 5 Figure 5.18: Visual appearance of cubic aggregates after 27 freeze-thaw cycles

  Figure 5.21(b) shows that coated aggregates with a w/b ratio of 0.34 (MK_10%_w/b=0.34) have the worst durability when compared to the other coated aggregates. In contrast, aggregates coated with a cement paste with a w/c ratio of 0.26 have the best durability since those samples lost less than 10% of their mass after 22 freeze-thaw cycles.

Figure 5 .

 5 Figure 5.21: Variation of mass of individual coated aggregates of corresponding pervious concrete. The two subfigures correspond to two different ways of measuring the aggregates mass loss (see Section 5.5.1 for the detail of the two methods).

(

  see Figures 5.22(a) and 5.22(b)), dynamic modulus loss (see Figure 5.22(c)), and (see Figure 5.22(d)) of the corresponding pervious concrete. We observe a good correlation between the durability of individually coated aggregates and that of the corresponding pervious concretes. This test on individual coated aggregates could provide the possibility DAMAGE IN PERVIOUS CONCRETE to characterize the freeze-thaw durability of pervious concrete efficiently.Assessing the durability of coated aggregates could save materials and time, making it possible to avoid a heavy experimental campaign on concrete samples. It could allow the rapid screening of weak durability pervious concretes. We need to conduct more tests to confirm the results of this new experimental test. In any case, we conclude that damage of pervious concrete due to freeze-thaw cycles is due essentially to damage at the scale of the aggregate coated with the cement paste.

Figure 5 .

 5 Figure 5.22: Correlations between the variation of mass of coated aggregates and the variation of a)-b) mass, c) dynamic modulus, and d) splitting strength of corresponding pervious concrete

Figure 5 .

 5 Figure 5.23: Interface: a) mold; b) samples after demolding; c) 3-points bending experiment

Figure 5 .Figure 5

 55 Figure 5.25: Cracking of the paste/aggregate interface after 1-2 freeze-thaw cycles in saturated conditions and the presence of 3% NaCl solution

Figure 5

 5 Figure 5.27: 3-points flexural strength evolution using a) limestone aggregates, and b) granite aggregate

Figure 5 .

 5 Figure 5.28 displays the variation of flexural strength for each aggregate type as a function of the number of freeze-thaw cycles for: a) the Ref cement paste and b) the MK_10%_w/b=0.29 cement paste. We observe that the type of aggregate for the reference mix design does not impact the interface's durability and initial strength. In contrast, in the mixture with metakaolin,

Figure 5

 5 Figure 5.28: 3-points flexural strength evolution for limestone and granite aggregates for a) Ref cement paste, and b) MK10_w/b=0.29_150L cement paste

Figure 6 . 3 :

 63 Figure 6.3: Spacial distribution of (a) liquid pressure, (b) liquid saturation, (c) salt concentration, and (d) ice pressure at various temperatures for an individual aggregate coated with cement paste.

Figure 6 . 4 :Figure 6

 646 Figure 6.4: Evolution over time for various points of (a) liquid pressure, (b) liquid saturation, (c) salt concentration, and (d) ice pressure in the individual aggregate coated with cement paste.

Figure 6 . 6 :

 66 Figure 6.6: Evolution over 10 freeze-thaw cycles of (a) liquid pressure, (b) liquid saturation, (c) salt concentration and (d) Von Mises stress for the individual aggregate coated with cement paste.

Figure 6

 6 Figure 6.7: (a) Liquid pressure, (b) liquid saturation, (c) salt concentration, (d) ice pressure, (e) Von Mises stress, and (f) effective mean stress for various initial conditions at t = 6 h corresponding to the beginning of the -20 °C plateau for individual aggregate coated with cement paste.

Figure 6 .

 6 Figure6.11 shows the mean effective stress and the Von Mises stress at the vicinity of the crack. In the aggregate and the cement paste, both stresses are maximal close to the crack tip. We can attribute this high stress to the noticeable difference between the aggregate and cement paste coefficient of thermal expansion. Upon freezing, the crack opens because the edges of the two cement lips move in opposite directions due to their contraction, as shown in Figure6.11. The stresses in the aggregate and cement paste far from the crack are the same as in the intact system.

Figure 6 . 11 :

 611 Figure 6.11: (a) Displacement, (b) effective mean stress and (c) Von Mises stress at -20 °C at 6 h for individual aggregate coated with fractured cement paste.

Figure 6 .Figure 6 . 12 :Figure 6 Figure 6 . 14 :

 66126614 Figure 6.14 displays the effective mean stress σ ef f m = σ m + S L p L + S C p C in the system at various times in the freezing process. The figure shows that significant tensile stresses prevail at the aggregate center. The fact that the drainage length in the cement paste is larger for water in the contact region than outside the contact region could explain the tensile stresses prevailing in the contact region. The stresses start decreasing after they have reached a maximum value, between 8 h to 10 h after the beginning of the cycle, when the temperature has reached -20 °C. The decrease is due to water flowing to the outside boundary, as we observed for one aggregate coated

Figure 6 . 15 :

 615 Figure 6.15: Von Mises stress for two aggregates coated and bonded with cement paste at -20 °C (6 h) for various coefficients of thermal expansion. (a) Case 1: α agg = 2.2 • 10 -6 K -1 and α paste = 17 • 10 -6 K -1 . (b) Case 2: α agg = 10•10 -6 K -1 and α paste = 10•10 -6 K -1 . (c) Case 3: α agg = 2.2•10 -6 K -1 and α paste = 23 • 10 -6 K -1 .

Figure 6 .

 6 Figure 6.16 displays the quantity |τ | -(σ rr + S L p L + S C p C ) tan(θ), which is homogeneous to a stress, at the interface. If this quantity is larger than the cohesion of the interface, failure should occur. The zone where damage is likely is the interface close to the contact region between the two aggregates. The interface must have a cohesion larger than 9 MPa to avoid failure for the chosen materials and freezing conditions. This value is very large for paste/aggregate interfaces. Indeed, Jebli et al. [2018] report a cohesion of 3 MPa for the paste/aggregate interface.

Figure 6

 6 Figure 6.16: Quantity |τ | -σ rr tan(θ) at -20 °C at (a) 6 h, (b) 8 h, and (c) 10 h for two aggregates coated and bonded with cement paste.

Figure 6

 6 Figure 6.17: Quantity Bσ ef f m + σ V M at -20 °C at (a) 6 h, (b) 8 h, and (c) 10 h for two aggregates coated and bonded with cement paste.
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 24 Figure A.2: SEM observations of Latex_10%_140L samples performed: (a)-(b)-(c) before and (d)-(e)-(f) after submitting the sample to 21 freeze-thaw cycles. 209

Figure

  Figure A.6: SEM observations of Sand_10% samples performed: (a)-(b)-(c) before and (d)-(e)-(f) after submitting the sample to 21 freeze-thaw cycles.
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3 Methods 3.3.1 Methods for field testing of slabs

  This section presents the meteorological conditions of exposure and the method of measuring the temperature. The temperature is measured at the surface of the slabs and in the air. The exposure started in autumn 2018 and will terminate at the end of 2022. In this Chapter, we consider three winters: 2018/2019, 2019/2020, and 2020/2021. Furthermore, we present the protocol used to test the various mixtures in the laboratory.

	Mixture	Cement (kg.m -3 ) Latex (kg.m -3 ) Silica fume (kg.m -3 ) Aggregates (kg.m -3 ) Water (kg.m -3 )
	Ref_w/c=0.34_160L	242	0	0	1500	82.3
	Latex_w/c=0.34_140L	189	36	0	1525	64.2
	Latex_w/c=0.34_160L	203	19	0	1525	69.2
	Ref_w/c=0.29_160L	260	0	0	1500	75.5
	SF_w/c=0.31_160L	234	0	26	1500	73.0

Table 3.1: Mixtures of pervious concrete slabs used for the field experiment

3.

Meteorological station: Mont Aigoual The exposure site is the meteorological station Mont Aigoual, a summit in the Gard department in France. The station is located at an altitude of 1567 m. The minimum temperature ever reached in this site is -28 °C, and the soil is covered with snow for an average of 118 days per year [Observatoire du

Mont-Aigoual, 2021]

. These severe conditions make the Mont Aigoual a suitable site for our experiments.

Table 3 .
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2: Number of freeze-thaw cycles for each slab and winter

We provide the number of freeze-thaw cycles to which each slab is submitted in Table

3
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  Therefore, we need to test more additives to find levers to improve pervious concrete durability to freeze-thaw cycles in the presence of salt. In what follows, we will consider freeze-thaw laboratory experiments in saturated conditions and the presence of a saline solution. Grading system . . . . . . . . . . . . . . . . . . . .
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	Mineral	C3S C2S C3A C4AF
	Percentage (%) 60	16	7.5	7.5

.1 summarizes the mineralogical composition of the cement. We use a superplasticizer with the commercial name Chryso Fluid Optima 206 (modified polycarboxylate-based) to control the concrete's rheology. We use different dosages for different admixtures to improve the workability and to allow a high water reduction. We calibrate the dosage for each mix design using trial tests. Mixtures with low w/b ratio or with ultrafine materials, for instance, need more superplasticizer. 1: CEM I Saint-Pierre-la-Cour cement composition

Table 4 . 2
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	4.2. MATERIALS

: Mix design proportioning

Table 4 .
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	2.5 mm/s to 16.7 mm/s.

5: Permeability of various pervious concrete mixtures

Table 4 .
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	4.8. EFFICIENCY OF ADDITIVES AND IMPACT OF MIX DESIGN
		Holcim protocol
	Mix design	Splitting strength (-30%)	Mass (-1%)	Dynamic modulus (-25%)
	CC_10%_w/b=0.34_200L	--	++	++
	Latex_9%_w/c=0.29_141L	--	=	-
	MK_10%_w/b=0.34_200L	-	+	=
	Dow2_0.5%_w/c=0.29_150L	-	+	=
	SF_10%_w/b=0.34_200L	-	+	+
	Dow1_0.5%_w/c=0.29_150L	-	+	=
	AEA_0.2%_w/c=0.29_150L	-	+	+
	Sand_7%_w/c=0.29_150L	-	+	+
	MK_20%_w/b=0.29_150L	=	++	+
	Sand2_10%_w/c=0.29_150L	=	++	+
	MK_10%_w/b=0.34_150L	=	+	+
	Sand_15%_w/c=0.29_150L	=	+	+
	Ref_w/c=0.29_150L_µfib	=	++	+
	Slag_30%_w/b=0.29_150L	+	++	++
	MK_10%_w/b=0.29_150L	+	++	++
	MK_12%_CF_5%_w/b=0.35_150L	+	++	++
	Ref_w/c=0.29_150L	+	+	++
	MK_5%_w/b=0.29_150L	+	++	++
	Slag_15%_w/b=0.29_150L	+	++	++
	Sand_10%_w/c=0.29_150L	+	+	++
	SF_10%_w/b=0.34_150L	+	+	+
	SAE_0.2%_w/c=0.29_150L	+	++	++
	Ref_w/c=0.29_210L	+	++	++
	SF_4%_w/b=0.28_150L	+	++	++
	3_18_w/b=0.24_173L	+	++	++
	SF_10%_w/b=0.29_150L	+	++	++
	MK_10%_w/b=0.29_190L	++	++	++
	SF_4%_Dow1_0.5%_w/b=0.28_150L	++	+	++
	MK_10%_w/b=0.29_170L	++	++	++
	SF_10%_w/b=0.26_150L	++	++	++
	SF2_10%_w/b=0.29_150L	++	++	++
	MK_10%_w/b=0.26_150L	++	++	++
	MK_10%_w/b=0.21_150L	++	++	++
	Ref_w/c=0.29_150L_granite	++	++	++
	Ref_w/c=0.26_150L	++	++	++
	Slag_29%_w/b=0.25_161L	++	++	++

8: Grade of pervious concrete mixtures according to splitting strength loss, mass loss, and dynamic modulus loss
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	Parameter Value	Unit	Significance	Source
	KL	1.8	GPa	Bulk modulus of liquid water	[Coussy, 2005]
	KC	7.8	GPa	Bulk modulus of ice crystals	[Coussy, 2005]
	CL	4180	J.kg -1 .K -1	Heat capacity of liquid water	[Lide, 2004]
	CC	2000	J.kg -1 .K -1	Heat capacity of ice crystals	[Lide, 2004]
	λL	0.6	W.m -1 .K -1 Thermal conductivity of liquid water	[Lide, 2004]
	λC	2.2	W.m -1 .K -1 Thermal conductivity of ice crystals	[Lide, 2004]
	αL(T )	68.7 • 10 -6 + 13.877 • 10 -6 (T -Tm) K -1	Coefficient of thermal expansion of liquid water [Speedy, 1987]
	αC	155 • 10 -6	K -1	Coefficient of thermal expansion of ice crystals	[Coussy, 2005]
	VNaCl	16.6 • 10 -6	m 3 .mol -1	Partial molar volume of salt	[Millero, 1970]
	VH 2O	18.0 • 10 -6	m 3 .mol -1	Partial molar volume of liquid water	[Marcus, 2009]
	MH 2O	18.0 • 10 -3	kg -1 .mol -1	Molar mass of water	
	MNaCl	58.4 • 10 -3	kg -1 .mol -1	Molar mass of salt	
	ρ 0 L ρ 0 C sm	1000.0 917.0 23.54	kg.m -3 kg.m -3 J.mol -1 .K -1 Entropy of fusion of ice Density of liquid in the reference state Density of ice in the reference state	

Table 6 .

 6 1: Liquid water and ice crystals inputs for the simulations.

  Cui and Cahyadi [2001] report a permeability of 2.66 • 10 -22 m 2 for a cement paste with a water-to-cement ratio of 0.3 at 7 days of age and a permeability smaller than 2.69 • 10 -23 m 2 at 210 days of age. For a cement paste with a cement-to-water ratio of 0.4, the permeability at 7 days of age is 8.11 • 10 -21 m 2 and 1.22 • 10 -22 m 2 at 210 days of age. Heat conductivity of cement paste is 0.53 W.m -1 .K -1 for cement without silica fume and 0.33 W.m -1 .K -1 for cement paste with silica fume as reported in Xu and Chung[2000]. RESULTS AND DISCUSSION the mean stress, and σ V M is the Von Mises stress (i.e., the second invariant of the deviatoric stress). The parameters A and B are called Drucker-Prager parameters. These parameters can be related to the friction angle θ and the cohesion c of the material[Öztekin et al., 2016]. Drucker-Prager parameters can be calculated by the following equations:

	For limestone rocks, the static Young modulus ranges between 18 GPa
	and 66 GPa [Al-Shayea, 2004]. Poisson ratio for limestones vary from 0.11 to
	0.45 [Aurangzeb et al., 2007]. Iscan et al. [2006] report values of limestone
	water permeability that range from 1.67•10 -14 m 2 to 2.27•10 -14 m. Porosi-
	ties reported in this study range from 12 % to 18 %. Selvadurai and Głowacki
	[2018] report for Cobourg limestones values of porosity of 1.5 % ± 0.2 %.
	This same study reports values of permeability in the range of 7•10 -18

m 2 to 2.7•10 -20 m 2 . Thermal conductivity is reported to be 2.

29-2.78 

kcal.m -1 .h -1 .°C -1

[START_REF] Kim | An experimental study on thermal conductivity of concrete[END_REF]

. The coefficient of thermal expansion α s for pure limestone, basalt, granite and gneiss is reported to vary 6.3.

  When PERVIOUS CONCRETE AT THE SCALE OF A FEW AGGREGATES

	Coefficient of thermal expansion α	Maximal Von Mises stress
	Cement	Aggregate	at the interface (MPa)
	α paste		

Table 6 .

 6 6: Materials inputs and resulting maximum stress at the interface for various coefficients of thermal expansion.

the exposed aggregate surface. Mechanically, the crack lips are free from mechanical stress. The temperature, salt concentration, and liquid pressure at the boundary are similar to the boundary conditions used in Section 6.3.1.

A Modeling Platform based on Finite Volume/Element Methods[Dangla, 2018] 

(a) (b)

FGSV = Forschungsgesellschaft für Straßen-und Verkehrswesen e. V.(Road and Transportation Research Association) 

DIN: Deutsches Institut für Normung

divided according to their severity) based on the temperature measured on the slab of mixture Ref_w/c=0.29_160L in saturated conditions, on the slab of mixture Ref_w/c=0.29_160L in drained conditions, and in the air, respectively.

(a) (b) (c) (d) (e) (f)

(a) (b) (c)

X-rays tomography study of pervious concrete

This campaign aims to observe a pervious concrete sample with X-ray microtomography before and after submitting it to freeze-thaw cycles.

X-ray tomography is an experimental technique that allows the threedimensional imaging of the internal microstructure of materials [Brisard et al., 2020]. This technique is non-destructive, and no preparation of the sample is needed.

In concrete, X-ray tomography is used to study various durability aspects, such as leaching, acid attacks, corrosion, alkali-silica reaction, carbonation, self-healing, and exposure to extreme temperatures [Brisard et al., 2020]. Concerning freeze-thaw cycles, tomography makes it possible to evaluate the porosity change through cycles [Wei et al., 2020], measure and observe the cracks due to freezing [Hain and Wriggers, 2008, Shields et al., 2018], or mesh the actual 3D geometry of the material to be simulated using freeze-thaw models. For pervious concrete, X-ray tomography is used to study clogging in Nega et al. [2012], distribution of cement paste in Liu et al.

[2019b], and pore structure in Chandrappa and Biligiri [2018]. When writing this manuscript, we do not find studies of freeze-thaw durability of pervious concrete using tomography in the literature.

RESISTANCE OF PERVIOUS CONCRETE

Mix design

Dry density (kg.m -3 )

Effective porosity (%)

Splitting strength (MPa) 4.7. IMPACT OF ADDITIVES AND MIX DESIGN ON FREEZE-THAW DURABILITY OF PERVIOUS CONCRETE after 22 cycles, which is the same as for the mixture SF_10%_w/b=0.26.

To conclude, we show that silica fume improves durability when w/b is higher than 0.26. When w/b is equal to 0.26, silica fume does not modify durability. 

Conclusions

We tested various pervious concrete mix designs' durability to freeze-thaw in saturated conditions and the presence of deicing salt. Visual observations of pervious concrete after damage show various types of damage mechanisms. This damage is 1) degradation of the paste/aggregate interface and

Methods

The tomography apparatus is composed of: 1) a source that produces Xrays and 2) a detector that measures the intensity of the received X-ray.

The sample of interest is put between the source and the detector. When the X-ray passes through the material at any angle, an attenuation occurs.

Beer's law links the intensity of the X-ray before and after going through the material (i.e., after attenuation):

where µ = ρZ 4 /E is the linear attenuation coefficient, ρ is the material density, Z is the atomic number, and E is the photon energy.

The detector retrieves the photons that pass through the material and converts the X-ray energy into visible light. The visible light is then converted to 2D images, called radiographs. The sample is put on a rotatory

We test the freeze-thaw durability of coated aggregates obtained from the pervious concretes whose composition is given in Table 5.2. We obtain the individual coated aggregates by removing them from the batch used to prepare the pervious concrete. By doing so, we ensure that the thickness of paste at the surface of the individual coated aggregates is representative of the one in the pervious concretes. The coated aggregates are picked using a spatula or by hand and put on a plastic plateau. We introduce the plateau directly in the humidity room with a relative humidity of 100% to avoid drying since the thickness of the cement paste is small. The coated aggregates hydrate in the same conditions as the corresponding concrete.

After hydration, we select 50 coated aggregates of each mixture. We apply the same freeze-thaw protocol (immersion of the samples in a 3% NaCl solution with the freeze-thaw cycles presented in Section 4.3.3) as the one used for the pervious concretes. We start the tests on these samples at the same age as for the pervious concrete (see Section 4.2.3). Here we monitor the mass loss of the 50 aggregates coated with cement paste over the freezethaw cycles. We present the samples in Figure 5.16. In a first series of tests, every 2-3 freeze-thaw cycles, we wash the coated aggregates to remove the scales manually, eliminate the excess water at the surface using a tissue, and then measure the coated aggregates' mass. We present the results of this first series of tests in Figure 5.21(a). In contrast, in a second series of tests, we use a 6.3 mm sieve to eliminate the scales, we eliminate the excess water at the surface using a tissue, then we measure the mass of the coated aggregates. We present the results of this second series of tests in Figure 5. In Figure 5.21(a), we observe that the mass loss of coated aggregates with the paste containing sand is faster than that of coated aggregates with silica fume. After 20 freeze-thaw cycles, coated aggregates from pervious concrete mixture with silica fume lost 7% of their initial mass, while coated aggregates from pervious concrete with sand lost 26% of their ini-INTERFACE interface. We return the samples to the climate chamber after demolding.

In Figure 5.23(b), we present the system after demolding.

We test systems with aggregates with two types of rugosity: a) saw-cut surface and b) sandblasted surface. We prepare the sandblasted surfaces using a projection of sand and compressed air in sandblasting cabin. We use the cement pastes in Table 5.3 to manufacture the paste/aggregate systems studied in this campaign. Figure 5.24 displays the impact of surface treatment on the response to freeze-thaw cycles of the paste/aggregate interface prepared with the reference cement paste Ref. The samples with the sandblasted surface have higher strength than the saw-cut surface through the freeze-thaw cycles. Nevertheless, we found that the standard deviation on the sandblasted samples is high. Therefore, we use the saw-cut samples to perform the freeze-thaw characterization of the paste/aggregates systems with other cement paste compositions. When we used the freeze-thaw cycle that we used for the pervious concretes (see Section 4.3.3), the samples broke after only 1 to 3 freeze-thaw cycles at the paste/aggregate interface, without mechanical solicitation (see Figure 5.25), which means that the temperature cycle is too severe for the systems considered. Therefore, we change the temperature cycle to allow the samples to crack after a higher number of cycles. We adopt the freezethaw cycle displayed in Figure 5.26 to test the cement/aggregate samples.

Mix design Cement

The duration of the cycle is 6 hours: 1) a rate of freezing of -5 °C/h starting from 10 °C, 2) a minimum temperature of -20 °C kept for 1 hour, 3) a thawing rate of 15 °C/h, and 4) a 1-hour plateau at 10 °C. We measure the samples strength variation using 3-points bending initially, and then after 1, 4, and 5 freeze-thaw cycles. We perform the 3-point flexural strength test on four samples at each cycle of interest to assess repeatability. Two days before freeze-thaw tests, we submerge the samples in a 3% NaCl solution.

Then, we wrap the samples in plastic bags to prevent desaturation during the freeze-thaw tests. The contact points for the 3-points flexural strength test are on the lateral surfaces of the samples. The loading rate is 1 N/s, and the preload is 5 N. All samples crack at the paste/aggregate interface.

After cracking the sample, we measure the dimensions of the sections with a sliding caliper. We calculate the 3-point flexural strength σ f using the formula:

Chapter 6

Simulations of salt-frost damage of pervious concrete at the scale of a few aggregates Contents The plane y = 0.0041 m is a plane of symmetry for this latter system. We also model a spherical aggregate coated with an intact layer of cement paste but, since this system is modeled in 1 dimension thanks to its spherical symmetry, it is not represented on this Figure.

Initial and boundary conditions

Initial conditions

We consider that both the aggregate and the cement paste are initially saturated with pure liquid water at a pressure p L equal to the atmospheric 166 6.2. MODEL pressure p atm , i.e.:

p L (t = 0) = p atm (6.22)

In Section 6.3.1, we will discuss the impact of this initial condition by considering that the samples are initially filled with a salt solution as if the salt present in the solution around the samples had had time to diffuse throughout the medium before the start of the freeze-thaw cycles. In terms of temperature, for all systems, we consider that the initial temperature is homogeneous and equal to 10 °C.

Mechanical boundary conditions

For all systems, on the axis of symmetry x = 0, we prevent any horizontal displacement. The outer surface of the cement paste is free of stress. For the systems with one aggregate, we prevent vertical displacement of the bottom extremity of the system. For the system with two aggregates bonded by the cement paste, the top horizontal surface is a plane of symmetry. On this plane of symmetry, we impose no vertical displacement and no friction in the horizontal direction. Furthermore, the bottom extremity of the sphere is free.

Thermal boundary conditions

Starting from +10 °C, each freeze-thaw cycle, lasting 24 hours, consists in:

1) decreasing the temperature at a rate of -5 °C/h for 6 hours, down to a minimum temperature of -20 °C; 2) maintaining the sample at -20 °C for 4 hours; 3) increasing the temperature at a rate of +7.5 °C/h for 4 hours, back up to +10 °C; 4) maintaining the sample at +10 °C for 10 hours. We 

Hydraulic boundary conditions

We consider a null flux condition in the horizontal direction on the axis of symmetry of all systems.

When the temperature at boundaries is positive, the outer surface of the specimens is in contact with the salt solution at pressure p L = p atm and concentration c s = 520 mol/L corresponding to ≈3 % of the weight of water.

When freezing occurs, a mixture of ice and brine pockets surrounds the sample. At all instants, we consider that liquid water and ice outside the cement paste are in thermodynamic equilibrium (i.e., their chemical potentials are equal). Therefore, the Thomson equation (6.17) remains valid to relate the pressure of the solution in the pockets with the ice pressure. We consider interconnected brine pockets: the liquid pressure in these brine pockets and the ice pressure remain equal to the atmospheric pressure. Consequently, the Thomson equation (6.17) reduces to:

which imposes a relationship between the temperature T and the concentration c s (T ) on the system's boundaries. This relationship is displayed in Figure 6.2.

We observe in Figure 6. between 0.7 and 2.5•10 -6 °C-1 [START_REF] Mukhopadhyay | Preliminary characterization of aggregate coefficient of thermal expansion and gradation for paving concrete[END_REF]. For the volumetric heat capacity, [START_REF] Aurangzeb | Prediction of effective thermal conductivity of porous consolidated media as a function of temperature: A test example of limestones[END_REF] report values ranging from 1.6 • 10 6 to 2.2 • 10 6 J.m -3 .K -1 . For limestone, Biot coefficient is reported to vary from 0.34 to 0.88 and porosity from 4 to 29 % [Coussy, 2004].

Failure models are necessary to investigate the failure of the cement paste, the aggregate and the interface. Gu et al. [2013] found that paste/aggregate interface failure can be modeled by a Mohr-Coulomb failure criterion, which can be described by the following equation:

where τ = σ rθ is shear stress acting on the interface, σ rr + S L p L + S C p C is the effective stress acting normal to the interface, and where c and θ are the cohesion and friction angle of the interface, respectively.

For the cement paste and aggregate, we consider a Drucker-Prager failure criterion, which can be expressed by the following equation:

where

Qualitative description of the response to 1 freeze-thaw cycle Figures 6.3 and 6.4 provide the spatial distribution and temporal evolution of liquid saturation, liquid pore pressure, salt concentration, and ice pore pressure in the cement paste and the aggregate during one freeze-thaw cycle.

Ice starts to form inside the larger pores upon freezing (i.e., when T < T m ).

First, positive fluid pressure builds up due to the rapid volume increase imposed by ice formation (because of the difference in density between crystals and liquid water). At this stage, liquid water does not have enough time to escape the pores. While the freezing phase continues from 2 h to 6 h, a depression and over-pressure of the liquid is observed in Figure 6. 4(a). Ice continues to form in pores, and the liquid continues to flow to dissipate the pressure. However, with continuous ice formation, the relative permeability becomes lower and lower, which increases the time needed for the pore liquid pressure to dissipate. When the ice blocks the pore, liquid finds it more difficult to travel through the material, and therefore the pressure rises until becoming positive. This competition between ice formation, permeability, and liquid pressure dissipation explains the decrease and increase of liquid pressure for the time intervals [2 h, 3 h] and [3 h, 5 h], respectively. Over the phase where the temperature is constant (during which T = 253.15 K = -20 °C), no additional ice is formed in the material, as can be observed in Figure 6. 4(b). The liquid water pressure slowly dissipates when water moves from frozen pores to the outside. At the end of this phase, 10 h into the freeze-thaw cycle, the pore pressure did not have the time to dissipate completely by reaching the atmospheric pressure. At the beginning of the thawing phase, the ice starts melting and, since the molar volume of liquid water is smaller than that of ice, the liquid pore pressure decreases.

Concurrently, the permeability increases. X is equal to 0, we ensure p L = p atm , which means that the brine pockets are totally connected and that there is no cryosuction at the boundaries, like in the simulations performed in Section 6.3.1. In the case X = 1, the cryosuction is fully active at the boundary and p L = p lowbound L . Figure 6.8 represents the liquid pressure at the boundary for X = 0.2, X = 0.5, and X = 0.9. We then use the calculated liquid pressure to solve Equation (6.17) to obtain the salt concentration at the boundary.

Figure 6.9 presents the liquid saturation, liquid pressure, salt concentration and Von Mises stress for different brine connectivities ranging from fully connected brine pockets (i.e., X = 0 and p L = p atm ) to partially connected brine pockets (X = 0.2, X = 0.5, X = 0.9) at t = 6 h corresponding to the beginning of the -20 °C plateau. We observe that the less the brine pockets are connected, the lower the salt concentration at the boundary.

Therefore, less salt diffuses toward the inside of the material, compared to the case of fully connected brine pockets. We observe low liquid saturation and maximum stresses for the case with a higher non-connectivity degree (i.e., X = 0.9). Also, the connectivity of the brine pockets impacts the localization of the maximal stresses. For X = 0.9, the maximal stress is at 

RESULTS AND DISCUSSION

the surface of the cement paste, not in the vicinity of the paste/aggregate interface. We find that the maximal shear stress is located at the interface for the case X = 0.5.

We conclude that the hydraulic and salt concentration boundary conditions significantly impact the response of the material subject to freeze-thaw cycles in the presence of salt and saturated conditions. We can speculate that various types of boundary conditions can be present at various locations on the concrete surface. Indeed, some zones at the surface can be in contact with brine pockets, while others can be in contact with pure ice. Experimental work is necessary to fully understand the behavior of the frozen solution at the outer surface of the concrete.

Influence of various material properties on the response to freezethaw cycles

In this section, we investigate the impact of various cement paste and aggregate properties. We investigate the impact of porosity, permeability, and coefficient of thermal expansion, for both cement paste and aggregate.

We consider the porosity couples reported in Table 6.5 to estimate the impact of the porosity of cement paste and aggregates. The other materials parameters are kept unchanged and correspond to the values summarized in Table 6.2 and and 6.3. Figure 6.10(a) presents the resulting Von Mises stress distribution at t = 6 h. We find that the porosity does not impact much the Von Mises stress maximal value.

To estimate the impact of the coefficient of thermal expansion of cement and aggregate, we consider the values reported in Table 6.6. We find (see Figures 6.10(c) and 6.10(d)) that the higher the difference between the coefficient of thermal expansion of the cement paste and the aggregate, the higher the maximal stress at the interface. The maximal stress does not depend on those two coefficients independently but on the mismatch between those two coefficients. The magnitude of the stresses can double when the coefficients of thermal expansion for paste and aggregate span a realistic range. Consequently, the cement and aggregate dilation mismatch could explain part of the damage that concrete sustains when subjected to freezethaw cycles. Therefore, it might be essential to lower the mismatch between cement paste and aggregate coefficient of thermal expansion to improve the freeze-thaw durability of pervious concrete. PERVIOUS CONCRETE AT THE SCALE OF A FEW AGGREGATES Permeability (k) Maximal Von Mises stress at the interface (MPa) Cement Aggregate

Table 6.4: Materials inputs and resulting maximum stress at the interface for various values of permeabilities.

From Figures 6.10(c) and 6.10(d) we also observe that, in the absence of thermal mismatch, the maximal stress at the interface would be about five times smaller than the thermal mismatch obtained with the material properties given in Table 6.2. Consequently, for the pervious concretes here simulated, it appears that stresses are mostly of thermal origin and that poromechanical effects per se are of second order.

We investigate the impact of permeability for the various permeabilities reported in Table 6. 4. We find that the lower the cement paste permeability, the higher the maximal Von Mises stress, as observed in Figure 6.10. A lowpermeability cement paste (i.e., a paste with k paste = 10 -22 m 2 ) exhibits the highest stress at the interface among all our simulations. The stresses at the interface can increase by a factor of 1.5 when the permeability of cement paste decreases from 1 • 10 -21 m 2 to 1 • 10 -22 m 2 . The high permeability of the cement paste allows fast dissipation of the liquid pore pressure, which dissipates the tensile stresses that might develop. The impact of variations of thermal expansion coefficient and permeability on the stresses is larger than that of the variations of porosity of the cement paste and aggregates.

Influence of the presence of a crack

This section explores the response of the same system as the previous one (i.e., one aggregate coated with cement paste) but in the presence of a crack in the cement paste layer. We presented the geometry of the system in Figure 6.1. In this case, the system's boundary (on which the boundary conditions are applied) is the outside surface of the cement paste, the crack lips, and Taheri, B. M., Ramezanianpour, A. M., Sabokpa, S., and Gapele, M. (2020).
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