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ABSTRACT 

Many concrete structures have been subjected to high temperatures. If the demolition of the 

structure and its reconstruction can be accompanied by higher costs, reinforcement of the 

element is a well-known solution to maintain its operation. Mortar-polymer composites are 

widely used in industry for the protection and/or repair applications of concrete surfaces. 

Indeed, the addition of polymer in mortar formulations allows modifying the properties of 

these materials, particularly by favoring their adhesion while reducing their permeability. 

However, these materials are applied to repair much more concrete that is cracked or 

degraded due to chemical attack or mechanical shock. In addition, fire damage to concrete is 

often very detrimental, therefore requiring repair. This thesis aims to study the behavior of 

polymer-mortar composites applied to concrete degraded due to fire. To this end, studies were 

first carried out to better understand the properties of the newly prepared polymer-mortar 

composites. A setting retarder effect was evidenced by adding polymers to the cement paste 

formulation. It was partially attributed to the adsorption of polymer particles on the surface of 

cement grains, but mainly to the complexation of calcium ions from the interstitial solution by 

polymers which are then hydrolyzed. Then, the polymer-mortar composites were reinforced 

with different fibers (hemp and glass) to improve their mechanical and physical behavior. 

Tests have shown that the presence of fibers in polymer mortars significantly increases the 

compressive strength, bending and adhesion. In addition, blends that contain 0.5% hemp or 

0.3% glass in a matrix containing 5% of polymer (styrene-butadiene rubber) have the best 

physical and mechanical properties. 

In the second part, studies were carried out on the repair of concrete subjected to a high 

temperature of 750°C. In the first case, the results show a remarkable effect of the concretes 

repaired by the polymer mortars made at the laboratory level. In the second case, the results 

showed that the concretes repaired with polymer-mortar behave similarly to marketed 

mortars. Through the image analysis, different zones of damage in the repaired concrete were 

identified, and specific colors associated with various stresses were analyzed. This analysis 

provides valuable insights into the strengths and weaknesses of the material, aiding in the 

understanding of its behavior under different loading conditions. 

 

Keywords: reparation, high temperatures, mortar, hemp fibers, glass fibers, polymer. 



 

 

RESUME 

Des températures élevées ont affecté plusieurs structures en béton, et bien que démolir et 

reconstruire ces structures puissent être plus coûteux, le renforcement est une option courante 

pour préserver leur fonctionnalité. Les composites polymère-mortier sont largement utilisés 

pour protéger et réparer les surfaces en béton, car l'ajout de polymère aux formulations de 

mortier peut améliorer leur adhésion tout en réduisant leur perméabilité. Cependant, ces 

composites sont souvent utilisés pour réparer des bétons plus fissurés ou endommagés par une 

attaque chimique ou un choc mécanique. Les dommages causés par le feu au béton sont 

souvent graves et nécessitent une réparation. Le but de cette étude est d'examiner le 

comportement des composites de mortier de polymère lorsqu'ils sont utilisés pour réparer des 

bétons endommagés par un incendie. Des recherches ont été menées pour mieux comprendre 

les propriétés des composites de mortier de polymère fraîchement préparés, et il a été 

démontré qu'ajouter des polymères à la formulation du ciment peut ralentir la prise, 

principalement en raison de l'adsorption de particules de polymère sur la surface des grains de 

ciment et de la complication des ions de calcium de la solution interstitielle. Les composites 

polymère-mortier ont également été renforcés avec des fibres de chanvre et de verre pour 

améliorer leur comportement mécanique et physique, et les tests ont montré que ces fibres 

augmentent considérablement leur résistance à la compression, la flexion et leur adhésion. Les 

mélanges contenant 0,5% de fibre de chanvre ou 0,3% de fibres verre dans une matrice de 5% 

de polymère ont les meilleures propriétés. Des études ont également été menées sur la 

réparation de bétons soumis à des températures de 750°C, et les résultats montrent que les 

bétons réparés avec les composites polymère-mortier préparés en laboratoire se comportent 

bien, tout comme les bétons réparés avec les mortiers commercialisés. 

Grâce à l'analyse d'image, différentes zones de dommages dans le béton réparé ont été 

identifiées, et des couleurs spécifiques associées à diverses contraintes ont été analysées. 

Cette analyse fournit des informations précieuses sur les forces et les faiblesses du matériau, 

aidant à la compréhension de son comportement dans différentes conditions de charge. 

Mots clés : réparation, hautes températures, mortier, fibres de chanvre, fibres de verre, 

polymère. 

 

 



 

 

 ملخص 

عرض العديد من الهياكل الخرسانية لارتفاع درجات الحرارة. في حالة كان بإمكان هدم الهيكل وإعادة بنائه يترتب عليه  تت

المعززة    ملاطأعلى، يعُتبر تعزيز العنصر خيارًا معروفًا وفعّالًا للحفاظ على جاهزيته واستدامته. تسُتخدم مركبات التكاليف  

بالبوليمر بشكل واسع في الصناعة لحماية الأسطح الخرسانية وإصلاحها إذا دعت الحاجة. فعلى وجه الخصوص، يسمح  

 ئص هذه المواد، بما في ذلك تعزيز قدرتها على الالتصاق وتقليل نفاذيتها. بتعديل خصا ملاطإضافة البوليمر إلى تركيبات ال

الناتج عن   التدهور  أو  التشقق  المتضررة بسبب  الخرسانة  المواد على نطاق واسع لإصلاح    تآكل الومع ذلك، تسُتخدم هذه 

الكيميائي أو الصدمات الميكانيكية. بالإضافة إلى ذلك، يعتبر التلف الناجم عن الحرائق للخرسانة أمرًا خطيرًا بشكل كبير،  

ال إلى دراسة تصرف مركبات  الأطروحة  يجعل الإصلاح ضروريًا. تهدف هذه  بالبوليمر عند تطبيقها    ملاط مما  المعززة 

المعززة    ملاطومن أجل ذلك، تم إجراء دراسات أولية لفهم خصائص مركبات ال  على الخرسانة المتدهورة نتيجة للحرائق.

بالبوليمر المعدة حديثاً بشكل أفضل. تم اكتشاف تأثير تأخير التصلب عند إضافة البوليمرات إلى تركيبة معجون الإسمنت.  

كن السبب الرئيسي يعود إلى تعقيد  ورُبطِ هذا التأخير جزئيًا بامتصاص جزيئات البوليمر على سطح حبيبات الإسمنت، ول

ذلك بعد  تتحلَّل  التي  البوليمرات  بواسطة  الفواصلي  المحلول  في  الكالسيوم  ال  .أيونات  مركبات  تعزيز  تم  المعززة    ملاطثم 

 بالبوليمر بألياف مختلفة )قنب وزجاج( لتحسين أدائها الميكانيكي والفيزيائي. 

المعزز بالبوليمر يزيد بشكل كبير من قوة الضغط والانثناء والالتصاق.    طملاأظهرت الاختبارات أن وجود الألياف في ال

ال القنب أو  0.5التي تحتوي على    مزجاتبالإضافة إلى ذلك، تظهر  ألياف  والتي تحتوي % من ألياف الزجاج  0.3% من 

 ميكانيكية.البيوتادايين( بأفضل الخصائص الفيزيائية وال-% من البوليمر )اللاتكس الاستريني5على  ايضا

إلى   التي تعرضت لدرجة حرارة عالية تصل  الخرسانة  الثاني، تمت إجراء دراسات حول إصلاح  الجزء  درجة    750في 

ال مركبات  باستخدام  إصلاحها  تم  التي  للخرسانات  ملحوظًا  تأثيرًا  النتائج  تظُهر  الأولى،  الحالة  في  المعززة  ملاط  مئوية. 

 ر. بالبوليمر المُعدة على مستوى المختب

المعززة بالبوليمر تتصرف بشكل    ملاطفي الحالة الثانية، أظهرت النتائج أن الخرسانة التي تم إصلاحها بواسطة مركبات ال 

 المتوفر في الأسواق.  ملاطمماثل لل

المحددة   الألوان  تحليل  وتم  المصلحة،  الخرسانة  في  التلف  من  مختلفة  مناطق  على  التعرف  تم  الصور،  تحليل  خلال  من 

رتبطة بمجموعة متنوعة من الضغوط. يقدم هذا التحليل رؤى قيمة حول مزايا وعيوب المادة، مما يساعد في فهم سلوكها الم

 تحت ظروف التحميل المختلفة. 

 . ملاط ، ألياف قنب ، ألياف زجاجية ، بوليمر درجات حرارة عالية ، إصلاح، الكلمات المفتاحية:
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General introduction 

Concrete is a prevalent construction and engineering material utilized in numerous national 

bridges and tunnels. Nevertheless, despite its widespread application, concrete structures are 

vulnerable to thermal shocks, necessitating substantial maintenance and rehabilitation 

expenses. Consequently, clients are actively seeking solutions to protect and repair concrete 

surfaces. One such solution involves the utilization of hydraulic binders, specifically mortar-

polymer composite materials, which incorporate polymers in varying proportions. These 

materials exhibit exceptional strength and adhesion capabilities, attributable to the formation 

of a polymer/cement co-matrix. However, despite a comprehensive understanding of the 

properties of these materials, the challenges encountered on construction sites are often 

overlooked in the study of polymer mortar composites. 

Typically, studies focusing on modified mortars primarily concentrate on specimens that have 

undergone mechanical or chemical degradation. However, it is important to note that these 

specimens can also be exposed to high temperatures during the curing process, which plays a 

vital role in the formation of a polymer/cement co-matrix. Unfortunately, the curing 

conditions experienced at construction sites may not always be ideal, resulting in premature 

drying and potential alterations in material properties prior to hardening. Presently, the full 

extent of the impact of these environmental conditions on the behavior of mortar-polymer 

composites remains insufficiently understood. Hence, the objective of this thesis is to delve 

deeper into comprehending how polymers influence the behavior of fiber-reinforced mortar-

polymer composites, particularly in the context of high temperature concrete repair 

applications. 

The primary objective of this research is to optimize the formulation of mortar-polymer 

composites for the repair of concrete structures subjected to thermal shock. Additionally, the 

study investigates the behavior of these composite materials when interacting with damaged 

concrete. 
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The laboratory tests conducted for this research are documented in the manuscript and are 

divided into four distinct chapters, each addressing specific aspects of the study.Chapters I 

and II lay the groundwork by presenting an extensive literature review on the behavior of 

concrete under high temperature conditions and offering an overview of repair mortars. These 

chapters extensively explore multiple facets, including the characteristics of concrete when 

subjected to elevated temperatures, the underlying mechanisms governing the interaction 

between mortar and polymers, and the methodologies utilized for examining and observing 

these materials within laboratory environments. Moreover, the study's research problem and 

experimental approach are introduced and thoroughly discussed, setting the stage for the 

subsequent chapters. 

Chapter III provides a detailed account of the materials and methods employed in the study, 

encompassing various experimental techniques, mineral components, polymers, and fibers. 

The chapter delves into the comprehensive description of these elements, shedding light on 

their significance and relevance to the research. 

In Chapter IV, the study unveils the results pertaining to the short and long-term behavior of 

mortar-polymer composites. This includes a thorough examination of the performance of 

concrete when repaired using different types of mortars, namely a newly developed 

laboratory-made mortar and a commercially available repair mortar. To optimize the 

formulation of the resin and fiber-based repair mortars, a numerical study based on factorial 

design will be employed. 
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I.1 Introduction 

Due to its heterogeneity, when concrete is exposed to high temperatures, it undergoes physical 

and chemical transformations, resulting in changes in its mechanical, physical and thermal 

properties. This chapter aims to provide a bibliographical review of research work on the 

behavior of concrete at high temperatures. It is divided into three main parts; the first part 

focuses on the microstructure of hardened concrete (cement paste and the paste-aggregates 

interface), as well as the role played by water in concrete. The second part delves deeper into 

the effects of high temperatures on concrete and its constituents, and changes in the physical 

and mechanical properties of concrete with temperature, followed by an overview of thermal 

instability with these mechanisms.  

I.2 The microstructure of hardened concrete 

Hardened concrete is a highly heterogeneous mixture composed of various components, some 

of which are active, and others are inert. Generally, this material is composed of two phases: 

the cement matrix (cement paste) and aggregates (gravel and sand). 

I.2.1 The microstructure of the cement paste 

Cement is a hydraulic binder, i.e., able to take hold in water. It appears as a very fine powder 

mixed with water to form a paste that gradually hardens over time. This hardening is due to 

the hydration of certain mineral compounds, especially, calcium silicates and aluminates, the 

proportion of lime and reactive silica must be at least 50% of the mass of cement [1].  

Table I. 1 Clinker minerals in portland cement [1]. 

Clinker minerals Name Abbreviated 

chemical 

désignation  

Typical 

proportion 

(% by mass) 

Influence on cement properties 

Tricalcium 

silicate 

Alite C3S 50 – 70 Rapid hydration, high hydration heat, 

high short-term strength, promotes 

the general development of strength. 

Dicalcium 

silicate 

Belite C2S 10 – 20 Slow hydration, low heat of 

hydration, high long-term strength, 

low short-term strength. 

Tricalcium 

aluminate 

Aluminate C3A 5 – 10 Rapid hydration, rapid stiffening, 

high heat of hydration, contributes to 

short-term strength, increase 

shrinkage, and react with sulfates. 

Tetracalciumalu

minoferrite 

Ferrite C4AF 5 – 10 Dark color, slow hydration, low 

contribution to resistance. 
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In the presence of water, these constituents of cement are transformed into hydrates. 

The main hydrates formed are: 

- Hydrated calcium silicate C-S-H 

In the cementitious notation convention: C: CaO, S: SiO2, H: H2O). This compound is often 

called “C-S-H gel”. 

Ordinary hardened cement paste contains 50-70% of C-S-H. In the case of high-performance 

cement pastes, the amount of C-S-H phase is even more important. This is helped to increase 

the strength. 

 
Figure I. 1 Hydrated calcium silicate image obtained with SEM [2]. 

 

- Portlandite Ca(OH) 2 ( calcium hydroxide) 

It has 20 to 25% of the volume of the cement paste, crystallizing in hexagonal platelets. It 

contributes little to the strength. In addition, portlandite is easily soluble in water which 

reduces the durability of concrete. 
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Figure I. 2 Portlandite Image obtained with SEM [2]. 

 

- Ettringite TSA (hydrated calcium trisulfoaluminate) 

Gypsum acts as a setting regulator by controlling the hydration of C3A. The aluminates react 

with the sulphate of the gypsum to form ettringite (CaO6 AL2O3 SO3, 32H2O).This reaction is 

strongly exothermic. 

 
Figure I. 3 Image of ettringite crystals obtained with SEM [2]. 

 

Many models exist in the scientific literature to describe the structure and morphology of 

hydrated calcium silicate C-S-H which represents the structure of cement paste. The model 

proposed by Feldman and Sereda [3] is the best model able to justify most of the mechanical 

behavior of the material.  
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Figure I. 4 Schematic representation of the microstructure of C-S-H gel [3]. 

 

In this model, the C-S-H particles are in the form of strips. Each strip (lamella) consists of 2 

to 3 single sheets. These sheets can have a relative movement between them, reversible or not 

during mechanical loading. Thus, the penetration or the departure of water from inter-lamellar 

spaces (between lamellae) and interfoliar spaces (between leaflets) are possible. These 

departures are the predominant phenomenon explaining the dimensional variations observable 

over time under various stresses [3]. 

I.2.2 Water in cement matrix 

Water in concrete plays a dual role; on the one hand, it is necessary for the chemical reaction 

of the constituents of cement (cement hydration). On the other hand, water provides the 

workability of the concrete in a fresh state. 

Water in concrete can be present in different forms: 

I.2.2.1 Free and capillary water 

Free water is not subjected to the forces of attraction of solid surfaces. It is mainly found in 

capillary pores larger than 10µm (large pores and cracks). This water is the first to drain or 

evaporate (between 30 and 120˚C) during drying or heating. 

I.2.2.2 water adsorbed  

The adsorbed water is found on the surface of the cement matrix and the surface of anysolid 

phase. It is due to the physical forces of Van der Waals. Under the influence of attractive 

forces, water molecules are physically adsorbed to the surface of solids in the hydrated 
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cement matrix. It can form up to 5 regular and superimposed layers[4-6].The fifth layer has a 

close status to condensed water. Another chemical adsorption can also appear between the 

water molecule and the solid. Each water molecule is linked to the hydroxyls of the hydrates 

between the layers by hydrogen bonds. Which are ten times more intense than Van der Waals 

bonds. The least bound water is adsorbed on the outer surface of the particles (interlamellar 

water). Either attached to a hydroxyl of the hydrates or linked to another water molecule by 

Van der Waals type bond. See figure I.5 démonstration the Sierra model [7]. 

 

Figure I. 5 The Sierra model [7]. 

 

I.2.2.3 Chemically bound water 

It is water that reacts chemically with anhydrous cement to form various hydration products 

such as hydrated calcium silicates C-S-H and portlandite Ca(OH)2. 

I.2.3 Porosity and pore distribution 

Concrete is a porous material; these pores are decisive for the mechanical characteristics and 

durability of concrete. 

Porosity is the natural cause of the excess water that is necessary for the hydration of the 

cement and the voids of the aggregates. 

- Capillary porosity: or capillary pores present in the form of intergranular spaces 

occupied by excess mixing water which has not been consumed during the chemical 

reactions of hydration of cement. Therefore, this excess water is drained out of these 

pores over time by drying. 
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Figure I. 6 Porosimetric distribution concrete in terms of the ratio W/C [7]. 

 

- Porosity intrinsic at C-S-H: Or hydrate pores. The size of these pores is a few 

nanometers. They are independent of the formulation of the cement paste (especially 

the W/C ratio). 

 

Figure I. 7 Pore sizes and solid phases present in concrete [8]. 

 

I.2.4 Microstructure of the paste-aggregate interface 

In concrete, the bond which is established during hydration between the cement matrix and 

the aggregates that it coats, results in a particular area of paste zone called the “transition 

zone”. This interface has a greater porosity and a lower resistance than the rest of the matrix. 

It is the weak point of concrete facing mechanical or thermal stresses. The thickness of this 
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zone increases with the size of the aggregate and the W/C ratio. But remains in all cases less 

than 50 µm.  

Figure 1.8 shows the model of Diamond [9]. we observe a particular hydrated paste zone 

around the aggregates. Its first layer is composed of portlandite crystals oriented 

perpendicular to the aggregates. The second layer, 0.5µm thick, is composed of C-S-H sheets. 

After the second layer, it is the zone of high porosity with large grains and low cohesion. This 

zone is a zone of weakness during mechanical stresses. 

 

Figure I. 8 Model of the morphology of the transition zone of concrete [9]. 

 

According to Stark & Wicht [10] for high-performance concrete, there is a reduction in 

porosity and thickness of the transition zone (figure I.9). 

 
Figure I. 9 Microstructure of the contact zone between the cement paste and the aggregates, 

left: concrete without silica fume - right: concrete with silica fume [10]. 
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I.3 Mechanical behavior of concrete at ambient temperature 

I.3.1 Compressive strength 

The resistance describes the load necessary for the breaking of the material relative to the 

application surface of this load. Therefore, the compressive strength corresponds to the 

compressive stress that the concrete can support. Compressive strength is the main if not often 

the only characteristic required of hardened concrete. 

We can distinguish, with increasing deformation, three phases of behavior [11]. 

1- A phase of behavior similar to that of a homogeneous and elastic material, resulting in 

an approximately linear relationship between stress and strain. 

2- The development phase of microcracking causes a progressive curvature of the curve 

until the maximum stress is reached. 

3- The phase of development of fracture surfaces and more or less generalized cracking, 

i.e. the progressive propagation of fracture. 

 

Figure I. 10 Stress-strain curve in simple compression [11]. 

 

I.3.2 Tensile strength 

There is also another basic parameter, which is the tensile strength. Generally, this resistance 

is neglected in the calculations because concrete has very low resistance and fragile behavior 

in the face of tensile stress. 

The tensile strength partly depends on the same influencing factors as the compressive 

strength. 
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I.4 Behavior of concrete at high temperatures 

Exposure of concrete to high temperatures leads to transformations that totally or partially 

modify its microstructure. Among the most important mechanisms of this transformation, we 

find the decomposition of the cement matrix and the aggregates, also the modification of the 

water content (evaporation). These mechanisms cause a strong degradation of the concrete 

microstructure. 

In the following, we are going to talk about the effects of high temperatures on the 

components (cement paste and aggregates), also the physical and mechanical properties of 

concrete.  

I.4.1 Effect of high temperature on concrete constituents 

I.4.1.1 Effect of temperature on cement paste 

When the cement paste is subjected to high temperatures, the deformations begin with the 

decomposition of the C-S-H gel and the evaporation of free water. 

- Between 30°C and 105°C, free water and part of the adsorbed water escape from the 

concrete. Unbound water would be completely removed at 120°C [12]. 

- Before the temperature of 100°C, ettringite decomposes [13]. 

- At a temperature of 100°C to < 500°C, the C-S-H hydrates begin to dehydrate followed 

by evaporation of water, the structure of the C-S-H breaks down progressively in this 

interval by a breaking of the silicon chains [14]. 

- From 400°C, portlandite decomposes into free lime and water which evaporates [15]. 

According to the following reaction 

Ca(OH) 2         
température           CaO + H2O ………( I.1) 

Castellote et al [16] show the transformation of the main components of a cement paste under 

the effect of temperature variation, using the modiffractometric analysis (the neutron 

diffraction technique). 
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Figure I. 11 Evolution of the quantity of constituents of the cement paste during heating [16]. 

 

From the start of heating, the hydrates undergo various modifications. The disappearance of 

ettringite occurs at the start of heat treatment (before 100°C). The C-S-h gel is exposed to 

progressive dehydration before 100°C up to 400°C. At 500°C, portlandite decomposes into 

CaO and water suddenly, at the same time the quantity of lime CaO increases. 

I.4.1.2 Effect of temperature on aggregates 

Aggregates are generally inert materials added to the concrete formulation to form the 

granular skeleton which transmits the forces applied to the concrete. Consequently, the 

behavior of concrete subjected to high temperature is necessarily linked to the nature of the 

aggregates which constitute 70% to 80% of the total volume of the concrete. 

According to Hager [17], the properties of a good aggregate used at high temperatures are :  

- A low coefficient of thermal deformation. 

- The absence of residual deformations after cooling. 

- Thermal stability, i.e. a low number of peaks on the differential thermal analysis curves and 

thermo-gravimetric analysis; either little or no phase changes. 

- A mono-mineral structure of the rock component of the aggregate. 

With high temperatures, the aggregates undergo physic-chemical modifications. Several 

studies have shown that the behavior of concrete based on siliceous aggregates is worse than 

that of concrete based on limestone aggregates [18-20]. This is generally attributed to a high 

thermal expansion of the siliceous aggregates and the increase in volume due to the 

transformation of α quartz to β quartz at about 575°C. [17][21] 
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Hachemi [22] studied the influence of the nature of the sand (siliceous and limestone) on the 

evolution of the physical and mechanical properties of 3 types of concrete subjected to 

different temperatures (150°C, 250°C,400°C, 600°C and 900°C).  

The author[22]showed that concrete containing calcareous sand with a high W/C ratio could 

be used in high-temperature applications.  

I.4.1.3 Degradation of the paste-aggregate interface 

The paste-aggregate interface is the weakest part of heated concrete. Generally, concrete 

damage is caused by cracks that occur due to incompatible thermal stresses between the 

aggregates and the cement matrix. Figure I.12 shows an example of concrete containing sand-

lime aggregates heated to 600°C [17]. 

An image obtained by the SEM shows cracks crossing the cement paste and continuing to the 

transition zone, also cracks are going through the aggregates, and some siliceous aggregates 

decompose at 350°C [23]. 

 

Figure I. 12 SEM image of the microstructure of concrete based on sand-lime aggregates 

heated to 600°C, fc = 75 MPa [23]. 

 

I.4.2 Evolution of the physical properties of concrete with temperature 

I.4.2.1 Mass loss 

Exposure of concrete to high-temperature results in weight loss, this loss is generally due to 

the evaporation of water. 

Hager [17] carried out an important experimental work concerning the loss of mass, she 

studied three types of high-performance concrete HPC (M100C with and without 

polypropylene fibers, M75SC, M75C) and an ordinary concrete OC (M30C) (figure I.13). 
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Figure I. 13 Mass loss of concrete determined during heating from 20 to 600°C at a rate of 

1°C/min. the points indicate the value of the water content obtained by drying at 105°C [17]. 

 

Figure I.13 shows that the mass loss of the different concretes starts from a temperature 

greater than 100°C. It increases between 150°C and 200°C, the loss of mass in this 

temperature range corresponds to the departure of free water and part of the water adsorbed 

following the decomposition of gypsum and ettringite. From 300°C, the rate of mass loss 

slows down; however, the reduction of the pass continues because of the dehydration of the 

C-S-H gel and portlandite Ca(OH)2. 

Also, Hachemi [13]studied the evolution of the mass loss of concrete with different W/C 

ratios and different types of aggregates. 
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Figure I. 14 Evolution of the mass loss of the concrete tested as a function of the temperature 

(GO : ordinary concrete based on ordinary aggregates, SC : ordinary concrete based on 

limestone sand, BC : ordinary concrete based on crushed bricks) [13]. 

 

According to Figure I.14, between room temperature and 250°C, concretes with a high W/C 

ratio lose more of mass than concretes with a low W/C ratio. Because they contain more water 

and have a greater permeability than concretes with low W/C which facilitates the evaporation 

of water. Above 250°C, concretes containing crushed brick aggregates have the lowest mass 

loss compared to other concretes. From 600°C, the author [13] noticed that the greatest loss of 

mass of concretes based on calcareous sand can be explained by the departure of CO2 coming 

from calcium carbonates which leads to an increase in the additional mass loss.  

The results were led by Rafi [24] concerning the loss of mass of concrete, which has been 

illustrated in Figure I.15. 
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Figure I. 15 Mass loss as a function of temperature [24]. 

 

The loss of mass of the test specimens tested at 7 days and 28 days is similar from 20 °C to 

400 °C, beyond this temperature, the loss of mass of the test pieces at 28 days is greater than 

that measured at 7 days. Figure I.15 shows that the mass loss increases almost in a quasi-

linear up to 600°C. The other noted that, after heating to 900°C, the loss of mass of the test 

pieces tested at 7 days is approximately 11%, which is equal to 12% for the test pieces of 28 

days. 

I.4.2.2 Porosity 

The porosity of concrete is strongly modified by the temperature, according to the research 

carried out by Hager [17] about the water porosity of different concretes (Figure I.16). 

 

Figure I. 16 The average total porosity to the water of the concretes was studied as a function 

of temperature [17]. 
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According to figure I.16, the OC (M30C) shows a greater porosity than that of the three HPC 

(M100C, M75C et M75SC), at room temperature (20°C) as well as at high temperature 

(600°C). This is explained by the presence of a greater quantity of water in the OC. In 

general, it can be said that an increase in temperature induces an increase in porosity and pore 

sizes.  

Another research was carried out by Rijaniaina [25] on the behavior of natural siliceous and 

limestone aggregates at high temperature and their influence on that concrete. An ordinary 

concrete OC, high strength concrete HSC, with four types of aggregates (black limestone –N, 

white limestone –B, brown flint sileX–X, red granite –G) are tested. Rijaniaina [25] concludes 

that: OC shows less change in porosity than HSC. At 600°C, the porosity value is practically 

doubled for OC and is almost three times greater for HSC. The change in porosity with 

temperature is more pronounced after heating to 600°C for OC-X and OC-N. Concretes -N 

has a relatively greater increase in porosity than other concretes. Concretes -G and –X have a 

more or less similar evolution (figure I.17). The other [25]concluded that the thermal stability 

of aggregates and the W/C ratio influence the evolution of porosity and cracking of concrete 

when subjected to high temperature. 

 

Figure I. 17 Absolute residual porosity [a] and [b] relative porosity of concrete [25]. 
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I.4.2.3 Permeability 

The permeability of a porous medium characterizes the capacity that this medium possesses to 

allow fluid to pass through under a pressure gradient [26]. 

The permeability of concrete depends on the porosity of the cement paste, this last is 

dependent on the W/C ratio as well as the aging of the concrete [27]. 

According to figure I.18, tshimanga [26] notes that the permeability of concretes decreases at 

150°C to increases exceptionally for higher temperatures. He attributes the drop in residual 

intrinsic permeability at 150°C to the presence of water in liquid form in the pores. The 

increase in permeability observed after heating to 300°C is attributed to an enlargement of the 

capillary pores while that observed between 300°C and 450°C is due to a deterioration of the 

cement matrix. 

 

Figure I. 18 Evaluation of the residual intrinsic permeability of concrete as a function of 

temperature [26]. 

 

Results conducted by Haniche [28] concerning the influence of polypropylene fibers on the 

permeability of OC and HPC with different percentages of fibers are presented in the figure 

I.19.  
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Figure I. 19 The variation of the intrinsic permeability of OC and HPC with different 

proportions of polypropylene fibers depends on the temperature [28]. 

 

These results show that the intrinsic permeability of ordinary concrete BO is higher than that 

of high-performance concrete without fibers BHP0. For temperatures below 135 °C, the 

permeability of concrete with fibers is slightly higher than that of concrete without 

polypropylene fibers. This increase can be explained by the evaporation of water (free and 

chemically bound) existing in the porous network. On the other hand, for temperatures greater 

or equal to 150 °C, a significant increase in the permeability of HPC with fibers was 

observed. When the fiber content increases, the permeability increases. The increase in 

permeability is linked to the fusion of the fibers which begin to melt at 150 °C (fibers are 

melted at 165 °C) which creates additional connections causing an increase in the porous 

network of the material. 

I.4.3 Evolution of the mechanical properties of concrete with temperature 

More and more concrete has become a very necessary material in our life. On the mechanical 

properties side, concrete is characterized by compressive strength, tensile strength and 

elasticity modulus (Yong modulus). During a fire, the high temperature causes physic-

chemical modifications in the concrete, which influence the evolution of these properties.  

I.4.3.1 Evolution of compressive strength 

Compressive strength is the ability of a material to withstand uniaxial loads during crushing. 

It is a key value to characterize the evolution of the mechanical properties of concrete 

subjected to high temperatures. 
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Hachemi [29] studied the effect of high temperature on the evolution of the compressive 

strength of three types of concrete (OC, HSC, HPC). 

 
Figure I. 20 The evolution of the compressive strength of concrete with temperature (NAC: 

concrete made with natural aggregates, RBC: concrete made with 20% of crushed brick 

aggregates) [29]. 

  

From the results obtained, the author [29] found that the compressive strength undergoes a 

slight variation (decrease or increase) in the temperature range from 20°C to 250°C. Around 

400°C, the compressive strength increases slightly, beyond this temperature, it gradually 

decreases. 

From figure I.20, we can note a better evolution of the residual strength of HPC (NAC-3 and 

RBC-3) and HSC (NAC-2 and RBC-2) up to 400°C and a less good development for the BO 

(NAC-1 and RBC-1). Beyond this temperature, the curves of the compressive strength would 

join. 

Several hypotheses have been proposed in the literature to explain the increase in compressive 

strength at 400°C. it is assumed that removing moisture from the intermediate layers of C-S-H 

gel would reduce the disjoint pressure and increase the attractive forces between the hydrate 

particles and hence the compressive strength of the concrete [30]. 

Also, Tufail [31] studied the effect of high temperatures on the mechanical properties of 

concrete with limestone, quartz, and granite aggregates. Figure I.21 shows the results: 
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Figure I. 21 (a)The compressive strength of concrete tested at different temperatures. (b) the 

percentage change in compressive strength with temperature [31]. 

 

The compressive strength of concrete samples subjected to high temperatures is reduced at 

650°C by 6,77MPa, 10MPa, and 19,08MPa respectively for limestone, quartz, and granite 

concrete (figure I.21 (a)). 

The percentage loss compared to the initial strength of the concrete is shown in figure I.21 

(b). Concrete with granite has higher compressive strength at room temperature and retains 

superior strength at increasing temperatures compared to concrete with quartz and limestone.  

Figure I.22 collects the work of several researchers concerning the evolution of residual 

compressive strengths of self-compacting concrete [27], ordinary concretes and high-

performance concretes [32][33][34] as a function of temperature. The analysis of the 

evolution curve makes it possible to group the resistance behavior into two domains [35]. 

- The first area (domain), from room temperature to 300 °C-400 °C, is characterized by a 

slight decrease, maintenance, or increase in resistance. The drop in resistance is observed 

around 100 °C - 150 °C according to the authors. This slight drop in resistance is linked to the 

departure of the water, when the temperature rises, expands, and causes the gel sheets to move 

apart. This spacing thus causes a drop in the cohesion forces. Up to 300 °C- 400 °C, a gain in 

resistance is noticed and can be delayed with the HPC given their low permeability which 

slows the departure of water [36][37]. 

The second area, beyond temperature 300 °C - 400 °C, is characterized by a continual 

decrease in compressive strength linked to different physic-chemical transformations [38]. 
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Figure I. 22 Evolution of the residual relative compressive strength of OC and HPC 

[32][33][34]. 

 

I.4.3.2 Evolution of tensile strength 

In the literature, given the difficulty of performing direct tensile tests, few studies have been 

carried out to determine the tensile strength at high temperatures. 

Kanema [39] studied the evolution of residual tensile strength of concrete with different 

cement dosages (B325 (fc = 39 MPa), B350 (fc = 45 MPa), B400 (fc = 53 MPa), B450 (fc = 

60 MPa) et B500 (fc = 72 MPa) (Figure I.23). concretes with a low W/C ratio (B450 and 

B500) exhibit a greater reduction in their tensile strength compared to concrete with a high 

W/C ratio (B325). The decrease in resistance results from a restructuring of the cement matrix 

and more particularly from the dehydration of the transition zone with the increase in 

temperature. The author [39] concludes that the decrease in the residual tensile strength of 

concrete depends on the initial W/C ratio and the thermal stress imposed. 
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Figure I. 23 Evolution of the residual relative tensile strength of concrete heated with a 

heating rate of 1 °C/min [39]. 

 

Also Anand and Arulraj [40] do tests to understand the behavior of self-compacting concrete 

SCC beams exposed to high temperatures (900 °C). The following figure shows the 

percentage reduction in tensile strength. 

 

Figure I. 24 The percentage reduction in tensile strength of concretes depending on the 

temperature [40]. 

 

According to the results, the authors [40] observed that samples have been kept at 900 °C for 

90min and cooled in the air marking the minimum values of tensile strength. indicating that 

the reduction in compressive, tensile, and flexural strengths of concrete exposed to higher 

temperatures increases as the quality of the SCC increases. 
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Other studies made by Md. shamim al razib [41] to understand the effect of plasticizer setting 

retardant type  (PAZZOLITH CRP4) on the evolution of tensile strength by splitting of 

concrete subjected to high temperatures. 

 
Figure I. 25 Variation of the tensile strength by splitting of concrete with and without setting 

retardant plasticizer with different temperatures [41]. 

 

As figure I.25 shows, the tensile strength by splitting varies with the use or not of the adjuvant 

and with the variation of temperature. The tensile strength by splitting varies from 5.28 MPa 

to 4.18MPa for concrete without admixture and from 6.45MPa to 4.33MPa for concrete with 

plasticizer setting retardant according to the different temperatures (25 °C, 200 °C, 400 °C, 

and 600 °C). 

According to the results, the tensile strength splitting of concretes with admixture is superior 

to that of concrete without admixture. With increasing temperature, the loss of strength is 

increased for both types of concrete, but the loss is greater for concrete with admixture 

plasticizer setting retardant. 

Several researchers like [30], [33] and [28] found that polypropylene fibers improve the 

residual tensile strength by splitting high-performance concrete from 300 °C. 

Fares et al [42] collected many results from several researchers about tensile strength for 

different polypropylene fibers contents. 
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Figure I. 26 Evolution of residual tensile strength of concretes with polypropylene fibers 

depending on the temperature [42]. 

 

I.4.3.3 Evolution of the modulus of elasticity of concrete 

The modulus of elasticity expresses the stiffness and rigidity of concrete. This is strongly 

affected by temperature rise. Many experimental studies have shown a gradual decrease in the 

modulus of elasticity with temperature. These variations depend on the one hand, on the 

microstructure of the cement paste and the composition of the concrete, and the other hand, on 

experimental parameters (water content, nature of aggregates, etc.). 

The work of [17], [39], and [33] shows that the W/C ratio had no significant influence on the 

evolution of the modulus of elasticity, and that the residual modulus of elasticity decreases 

progressively and identically as a function of temperature (Figure I.27). 
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Figure I. 27 Change with the temperature of the relative apparent modulus of elasticity of 

concrete as a function of the W/C ratio [17], [39] and [33]. 

 

An important study was carried out by Yermak [43]on the behavior at high temperatures of 

concrete with added fibers. Figure I.28 shows the evolution of the relative residual modulus of 

elasticity of the reference concrete (Créf) and CPPS0.75-60 (cocktail concrete of 

polypropylene fibers with 0.75kg/m3and metal fibers of 60kg/m3) depending on the 

temperature, he notes a progressive connection of Young’s modulus, which indicates that the 

concrete suffered damage from the start of heating. The percentage improvement in the 

residual modulus of elasticity of concretes CPPS0,75-60 compared to Créf concretes is about 

8% on average up to 750 °C. 

 
Figure I. 28 Evolution of the relative residual modulus of elasticity of Créf and CPPS0.75-60 

depending on the heating-cooling cycle [43]. 
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The scanning electron microscopy (SEM) images [43] (figure I.29) also show the appearance 

of cracks between the paste and the metal fiber following the differential thermal 

deformations. This incompatibility causes cracking at 500 °C, which is not observed at 200°C. 

 

 
Figure I. 29 Scanning electron microscopy (SEM) images, paste/metal fiber interface in 

heated concrete (a) at 200 °C and (b) at 500 °C [43]. 

I.5 Thermal instability of concrete 

Concrete is recognized as one of the best fire-resistant building materials. However, this 

property still has limitations; repeated fires have shown the unstable nature of concrete. 

Several studies have been carried out to understand the phenomenon of “thermal instability”. 

I.5.1 Different types of thermal instability of concrete 

The thermal instability of concrete can take different forms [44]: 

➢ Explosive spalling: It’s a very violent explosion. This type can occur at a temperature 

above 100°C during the first thirty minutes of the fire. It is characterized by a sudden 

detachment of small and large pieces of concrete. 

➢ Surface spalling: (écaillage in French) Surface spalling is characterized by a progressive 

detachment of materiel by small fragments (up to about 20mm) of the facing exposed to 

the fire; it is less violent than explosive spalling. The surface spalling is probably caused 

by water migration [45]. 

➢ Aggregate spalling: this phenomenon is superficial; it is caused by the thermal expansion 

of aggregates close to the surface due to the temperature rise. 
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➢ Corner spalling: it’s a nonviolent type of spalling, it is observed when the concrete is 

weakened due to the high temperature, and cracks develop due to tensile stresses along the 

corners of the structure. 

➢ Spalling by a detachment of aggregates: with the temperature rise, the microstructure of 

the cement paste changes, and internal cracks develop due to the differential thermal 

expansion between the cement paste and the aggregates. 

➢ Spalling during cooling: this type is caused by the presence of limestone aggregates and 

the rehydration of lime during the cooling phase. 

 

I.6 Conclusion 

The objective of this chapter was to better understand the behavior of concretes subjected to 

high temperatures. According to the research cited above, concrete subjected to high 

temperature undergoes microstructural transformations (evaporation of water, dehydration of 

the C-S-H gel, and decomposition of portlandite). These transformations cause a significant 

reduction in the mechanical properties of the concretes. 
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II.1 Introduction 

The second chapter of this manuscript is devoted to a bibliographic review, the aim of 

which is to identify the physical and chemical problems encountered in concrete in 

both the short and long term. Thus, it will be interesting in understanding the use of 

cementitious materials for the protection and restoration applications of concrete 

structures and buildings. The first part is dedicated to the pathology of concretes, 

containing various degradation mechanisms of reinforced concrete. The second part 

consists of mortar-polymer composites as materials for the protection and restoration 

of concrete buildings. This part brings together the knowledge acquired on the 

behavior of these materials, from their formulation to their implementation, as well as 

their properties' evolution over time. The third part of this thesis focuses on the 

interaction between protective and repair materials with concrete subjected to high 

temperatures. In this section, we will discuss the main methods for reinforcing 

concrete exposed to fire. Finally, a synthesis of all the collected information is made 

to identify the main areas of study that will be pursued in the remainder of this thesis. 

It is noteworthy that this bibliographical synthesis brings together different topics, 

often very disparate. The aim was to identify strong concepts that would enable us to 

set up a comprehensive study taking into account elements previously overlooked in 

laboratory studies. With this in mind, the work of researchers from various fields, 

including materials science, chemistry, and structural engineering, has been analyzed 

and synthesized. 

II.2 General information on the repair of concrete structures 

During the design and construction of a civil engineering structure, one of the key 

requirements is the expected service life. The durability of reinforced concrete 

structures, which can be defined as their ability to meet this service life, is a very 

important characteristic as it ensures increased safety and longevity. This durability 

also provides considerable savings in the long run, as such works will require minimal 

or no repairs, thus avoiding costly repair expenses which can often exceed the initial 

construction costs. It is therefore essential to understand the behavior of different 

repair materials in both the short and long term. 
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II.2.1 Main causes of concrete deterioration 

Although this section focuses on the materials used for repair or reinforcement, it is 

beneficial to provide a brief overview of the mechanisms of deterioration of 

reinforced concrete, corrosion of its reinforcements, and some visible defects. 

II.2.1.1 Pathologies of chemical origin 

➢ Carbonation 

The penetration of CO2 from the air into concrete causes a chemical reaction [46]. 

The reaction involves small amounts of CO2 from the atmosphere dissolving in water 

and forming the acid H2CO3. This acid then reacts with portlandite (calcium 

hydroxides) to form calcium carbonates and water, according to the following 

formula: 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 + 𝐻2𝑂 → 𝐶𝑎2+ + 𝐶𝑂3
− + 2𝐻+ + 2𝑂𝐻− → 𝐶𝑎𝐶𝑂3 + 2𝐻2𝑂1... (II.1) 

 

The presence of portlandite helps maintain a high pH, which protects concrete 

reinforcement and hinders the growth of microorganisms. When portlandite is no 

longer sufficient to regulate the pH, the environment becomes acidic and the 

reinforcement can corrode [47]. 

➢ Penetration of chlorides 

Chloride ions in concrete can come from its components like sand, cement, and 

mixing water, but most often from external sources such as seawater or de-icing salts. 

These ions enter the concrete through diffusion or capillary absorption [48]. Low 

chloride concentrations form FeOOH, which decreases the pH by consuming 

hydroxyl ions. This leads to the formation of electrochemical batteries on the 

reinforcement, causing its decomposition in the anodic zones and resulting in visible 

corrosion of the reinforcement over time [49]. 

➢ Reinforcement corrosion 

During the pouring of concrete, the mixing water reacts with the steel and creates a 

protective coating made of iron [Fe(OH)2] and calcium [Ca(OH)2] hydroxides, which 

results in a high pH (around 13) of the interstitial solution. However, when the 

interstitial solution is no longer favorable for strong concrete, such as due to 

carbonation or penetration of chlorine ions, the protective layer disintegrates. This 

causes the accumulation of oxides and hydroxides from the oxidation at the steel's 

surface, leading to swelling and eventually cracking of the coating [50]. 
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Figure II. 1 Mechanism and consequences of reinforcement corrosion in concrete 

[50]. 

 

➢ Sulfate attack 

The phenomenon of this pathology has been widely researched in the literature, 

however, it is commonly portrayed as intricate and influenced by various intrinsic 

factors of the material and its surrounding environment, since these parameters 

affect the processes and outcomes of SEA [51]. Sulfates can come from 

groundwater [52], soils (such as gypsum or pyritic soils), river water, or seawater. 

It is noteworthy that dry salts do not affect concrete. The solution's presence of 

sulfate is crucial for the transfer of SO4
2- ions into the cement matrix [53]. 

 
Figure II. 2 Different external attacks on reinforced concrete [53].  
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II.2.1.2 Pathologies of physical origin 

➢ Shrinkage 

Shrinkage is a systematic and prevalent physicochemical phenomenon that occurs in 

concrete at different stages, from setting to aging. It is a multi-faceted process that can 

be categorized into four types: plastic, drying, thermal, carbonation, and endogenous 

[54]. 

➢ Freeze-thaw 

Water has a larger volume in its solid form than in its liquid form (for a given mass). 

In solid water, the molecules arrange in hexagonal mesh formations, creating more 

space between them. The mass stays unchanged during solidification, but its volume 

increases by around 10%. The durability of concrete in harsh winter conditions is 

determined by the material's physico-chemical characteristics and the extent of frost 

exposure (minimum temperature, water saturation, frequency of spreading melting 

salts) [55]. Freeze-thaw cycles can result in two forms of concrete deterioration: 

internal cracking and surface scaling in the presence of melting salts. These two 

deteriorations are caused by separate processes and may not occur simultaneously. By 

linking the liquid phase's thermodynamic properties, the hydrated cement paste's 

porous structure properties, and the environmental exposure characteristics, models 

were developed to explain, predict, and quantify freeze-thaw damage to concrete [56]. 

Results from many lab experiments and in-situ concrete behavior studies allowed for 

understanding the impact of concrete composition parameters on its freeze resistance, 

particularly the crucial role of entrained air bubble network characteristics. This 

knowledge forms the foundation for developing test methods, technical guidelines, 

and normative requirements for building concrete structures that are durable in harsh 

winter conditions [57]. 

 
Figure II. 3 Photo of the concrete bridge subjected to spalling [57]. 
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➢ Fires 

The fire resistance of concrete is influenced by its composition, permeability, water 

content, and mechanical strength [58], it also depends on the fire's temperature rise 

speed, maximum temperature and exposure duration. A fire can cause a gradual loss 

of mechanical strength and surface spalling in concrete, which varies based on the 

type of concrete used. High-performance concrete is more susceptible to spalling if 

not formulated properly. Understanding the physical, chemical, and mechanical 

processes that occur in concrete during high temperatures helps explain its behavior 

under fire stress. Recent studies have evaluated the role of concrete composition 

parameters and the effectiveness of polypropylene fibers in preventing spalling. This 

information improves the ability to build fire-resistant concrete structures [59]. 

 

II.2.2 Method of repairing reinforced concrete structures 

II.2.2.1 Introduction 

The repair of a structure, after proper diagnosis, restores not only the original steel 

and concrete sections but also the mechanical properties of the elements. It allows the 

structure to take on forces as well as it can [60]. Reinforcement or repair involves 

adding material in areas where sections are overstretched or degraded. Protection of 

the structure may be necessary to seal or limit corrosion, depending on the case. The 

goal of repair is to restore the structure's initial load-bearing capacity and rigidity, and 

possibly reinforce it to enhance performance or prolong its life. Various technologies 

for repairing and maintaining structures have been used for years [61, 62]. Different 

methods exist for repairing cracks, including those for active or stable cracks, and 

those that improve mechanical strength or appearance [63]. 

 

II.2.2.2 Surface repair 

➢ Reinforcement clearance 

The surface preparation before repair is crucial for the repair's longevity. The first 

step is to remove all areas of weak cohesion. If the reinforcement is corroded, it's 

important to expose healthy steel; various techniques can be used to confirm the 

corroded areas are reached (chiseling, transplanting, bush-hammering, water jet, 
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sandblasting) [64]. To ensure a successful repair, the concrete surface should be 

cleaned of all dust and dirt. If the steel loss is significant, replacement of the 

reinforcement may be necessary, such as sealing or welding. The leveling method 

involves restoring the reinforcement coating manually using a repair mortar with 

specific properties that will be discussed later [65]. To prevent corrosion in the 

repaired areas, the mortar's formulation can include corrosion inhibitors. 

The mortar should have these properties: 

➢ Good vertical holding without formwork 

➢ Quick strength gain and greater mechanical strength than the concrete support 

➢ Adhesion equal to or greater than the support cohesion 

➢ Water and aggressive agents impermeability 

➢ Thermal expansion and elastic modulus match the concrete support. 

 

➢ Reinforced concrete lining 

The reinforced concrete lining involves adding extra reinforcement and a new 

concrete layer on top of the existing element, to increase its section size (as shown in 

Figure II.4). The formwork for the new concrete layer must be created first for proper 

anchoring [66, 67]. 

 
Figure II. 4 Concrete lining method [67]. 
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II.2.2 Behavior of repair materials 

II.2.2.1 Polymer materials 

Engineers who specialize in repair and restoration must be knowledgeable about how 

polymers behave in cement-based materials. This study will focus on mortars that are 

modified by adding polymers, which are commonly used for protecting and repairing 

structures and buildings. To gain a better understanding of these materials, it's crucial 

to examine their properties from creation (fresh state) to installation (solid state and 

durability) [68]. 

Figure II.5 present a schematic illustration of the effect of the epoxy resin on 

cementitious mortars. 

 
Figure II. 5 The schematic illustration of the toughening effect of the epoxy resin on 

the OPC-based mortars [69]. 

 

➢ Definition 

Polymer-based cementitious mortars (PCM) are normal mortars that contain a new 

polymer component added to the water in the formulation, with a content of 10% to 

60% by weight of cement. The polymers used are polymer dispersions, redispersible 

polymer powders, water-soluble polymers, liquid resins, and monomers. The process 

by which these monomers link together to form polymer chains is called 

polymerization[70, 71]. This process is similar to the formation of polyethylene, 

polystyrene, and polypropylene. Polymer composites consist of three phases: a 

dispersed phase made of aggregates and reinforcements, a continuous phase made of 

the binder matrix (cement and/or polymer), and defined by particle size or porosity 

imposed by the manufacturing process [72], see figure II.6. An infinite number of 



CHAPTER II: State of the art on repair materials case study: concrete subjected to 

high temperature 

 

 

39 

mixtures can be made based on the chemical nature, content, and manufacturing 

method of the components. 

 

 
Figure II. 6 System of classification of concrete-polymer composites [73]. 

 

Polymer-based cementitious mortars (PCM) have been used in construction, repair, 

protection, drainage, and adhesive applications since the 1940s. There has been 

extensive research on PCMs by various experts, including Dhir et al.[74], Rixom, 

Mailvag- anam [75], Lovell and El-Aasser [76] from the UK, Lovell, El-Aasser and 

Fowler [77] from the US, van Gemert from Belgium [78], and Ohama from 

Japan[73]. PCMs are formed by partially or completely replacing the cement matrix, 

mortar, or concrete with a polymer to reinforce them [79, 80]. They consist of a 

granular skeleton and a polymer binder, but lack a hydrated cement phase. PCMs can 

be called resin or polymer mortar when the reinforcements are smaller sized sands or 

inclusions [81][72]. The polymers used can be either thermoplastic or thermosetting. 

Figure II.7 lists the most widely used commercial resins in cementitious composites 

[82]. The role of the polymer binder in modified cement technology is to bind 

aggregate particles, reduce moisture uptake by filling voids, and provide a workable 

fluidity in the mixture [72]. 
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a) MMA -Methyl methacrylate; b) TMPTMA -Ttrimethylol propane 

trimethacrylate; c) UMA -Urethane methacrylate; d) HMWMA –High 

molecular weight methacrylate.  

b)  

Figure II. 7 Commercially available resins currently used as binders in PC materials 

[72]. 

 

➢ Fresh properties 

The addition of polymers affects the fresh properties of mortar, improves its 

workability, extends the setting time and results in higher air content without the use 

of defoamers [68] (figure II.8). According to Wang et al. [83] survey, the addition of 

SBR latex reduces the water content of cement slurry mix and the efficiency of water 

reduction increases with more latex. Barluenga et al's [84, 85] findings concluded that 

the fluidity of mortar increases proportionally with the SBR latex content. Ohama 

[86] suggests that this is due to the action of air bubbles and surfactants in the 

polymer, which lower surface tension through adsorption. Ohama et al [87] explained 

that the increase in fluidity is due to the dispersion of polymer particles in water, 

reducing the blockage of the flow of cement hydration products. The presence of SBR 

latex in cement paste provides excellent workability as it brings air into the paste, 

reducing the friction resistance of cement molecules [85]. Goto [88] showed from a 

rheological perspective that the presence of polymers results in an increase in yield 

point. 
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Figure II. 8 Effect of SBR content on the fluidity of mortars and modified cement 

pastes[84]. 

 

➢ Properties in the hardened state 

The specific properties of each type of polymeric binder have been shown to greatly 

influence the properties of hardened mortar. Therefore, the characteristics of the most 

commonly used polymers in polymeric materials are described in this paragraph. The 

addition of polymers has been reported to improve several properties in the hardened 

state of mortars, such as higher tensile and flexural strengths, adhesion, 

impermeability, and chemical resistance. However, it has also been noted that the 

addition of polymer can result in a decrease in compressive strength [68]. Ramli et al 

[89] found that the porosity of a cement mortar containing 15% SBR was at least 5 

times lower than that of an ordinary Portland cement mortar after 18 months of 

hardening. Wang et al. [90] reported that the lowest porosity of mortar was obtained 

with the addition of 5% SBR latex. The optimal content of SBR latex has been 

concluded to improve pore structure and durability. 

Several studies have reported that the addition of latex polymers to mortars can 

increase their flexural strength [91, 92]; however, not in compression [93]. On the 

other hand, reductions in both properties have also been found to occur, depending on 

the nature and composition of the materials used (polymer, cement, aggregates) and 

the curing method applied [86, 91, 92]. Li et al [94] found that SBR latex-modified 
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cement mortar showed the best performance in terms of flexural and compressive 

strength, weight loss, and capillary adsorption compared to SAE. The effectiveness of 

the introduction of polymers in repair mortars for fluidity, toughness, and reduced 

water absorption has been demonstrated by Shi et al. [95]. This is due to the film-

forming agent filling the spaces between the substrates, leading to increased adhesion 

and cohesion of cement mortar and concrete [68, 96-98]. It is known that the 

properties of polymer mortars (PM) are also influenced by factors such as the type 

and content of the polymer, the water/cement ratio, and the curing environment [99]. 

 

The addition of latex has been found to have various effects on the properties of 

mortars in their hardened state, including decreasing the dynamic modulus of 

elasticity and increasing deformation at rupture, damping capacity, and toughness to 

shocks. Wong et al. [100] showed that as styrene-acrylic ester (SAE) polymer latex 

was added to the cement at increasing rates, the dynamic modulus of elasticity and 

rate of propagation decreased, but the impact strength and ductility increased, making 

these materials useful in structures that must withstand dynamic loads. The addition 

of PA (polyacrylate) and PU/PA (polyurethane modified by PA) type latexes in 

mortars with a ratio of E/C=0.5, as reported by Ma et al. [101], resulted in a decrease 

in the modulus of elasticity for different ages. According to d'Eren et al. [102], the 

fluidity and mechanical resistance of mortars based on SBR latex were improved by 

using two different types of latex (styrene acrylate rubber (SAR) and styrene 

butadiene rubber (SBR)) and five different contents in the formulation of polymer 

mortars. The bond strength of PCM on clay bricks and cement substrates was found to 

depend on the polymer-cement ratio[99, 103], and Benali et al. [99] concluded that 

replacing cement with styrene-butadiene rubber (SBR) improved the fluidity and 

adhesion of mortars. The specific properties of each type of polymeric binder have a 

significant influence on the final properties of the hardened mortar, and therefore the 

main characteristics of the most commonly used polymers in polymeric materials are 

described here. While the addition of polymer can lead to improvements in several 

properties of mortars in the hardened state, such as higher tensile and flexural 

strengths, adhesion, impermeability, and chemical resistance, it also causes a decrease 

in compressive strength [68]. Finally, Ramli et al. [89] demonstrated that the porosity 

of a cement mortar containing 15% SBR was at least 5 times lower than that of an 

ordinary Portland cement mortar after 18 months of hardening. 
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Wang et al. [90] reported that the addition of 5% SBR latex resulted in the lowest 

porosity of mortar. It was concluded that an optimal content of SBR latex can 

improve the pore structure and durability. Several studies have shown that latex 

polymers can increase the flexural strength of mortar [91, 92], but not compression 

[93]. However, it was found that the nature and composition of materials used and the 

curing method applied can lead to a reduction in both properties [86, 91, 92]. Li et al. 

[94] found that SBR latex-modified cement mortar outperformed SAE in terms of 

flexural and compressive strength, weight loss, and capillary adsorption. Shi et al. 

[95] demonstrated that the introduction of polymers in repair mortars improves 

fluidity, and toughness, and reduces water absorption, leading to increased adhesion 

and cohesion of cement mortar and concrete [68, 96-98]. It should be noted that the 

properties of polymer mortars (PM) are influenced by various factors, including the 

type and content of the polymer, water/cement ratio, and curing environment [99]. 

The addition of latex is known to decrease the dynamic modulus of elasticity and 

increase the deformation at rupture of mortars, damping capacity, and toughness to 

shocks. Wong et al. [100] found that the addition of styrene acrylic ester (SAE) type 

polymer latex to cement decreases the dynamic modulus of elasticity and the rate of 

propagation while increasing the impact strength and ductility of the material, making 

it widely used in structures that must withstand dynamic loads. Ma et al. [101] 

demonstrated that the addition of polyacrylate (PA) and polyurethane modified by PA 

(PU/PA) latexes to mortars with a ratio (E/C=0.5) decreases the modulus of elasticity 

for different ages. 

d'Eren et al. [102] improved the fluidity and mechanical resistance of SBR latex-

based mortars by using two different types of latex (styrene acrylate rubber (SAR) 

and styrene butadiene rubber (SBR)) and five different contents in the formulation of 

polymer mortars. The bond strength of PCM to clay bricks and cement substrates was 

shown to depend on the polymer to cement ratio [99, 103]. Benali et al. [99] 

concluded that replacing cement in mortars containing styrene-butadiene rubber 

(SBR) improved their fluidity and adhesion. Eren et al. [104] found that the use of 

two different types of latex (styrene acrylate rubber (SAR) and styrene butadiene 

rubber (SBR)) with five different dosages in the preparation of latex-modified mortars 

improved their wet properties and mechanical performance. The adhesion strength of 

PCM to clay bricks and cement substrate was highly dependent on the polymer-
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cement ratio, as widely recognized from previous studies, and increased with an 

increase in the polymer-cement ratio. 

 

 

Figure II. 9 Effect of type and dosage of polymer on adhesion [104]. 

 

➢ Durability 

It was found that polymeric mortars have a high degree of mechanical properties 

compared to ordinary cement mortar, and that they also exhibit exceptional durability 

in terms of resistance to freeze-thaw, chloride ions, carbonation, and chemicals, as 

stated in [105, 106]. The durability of PCM is improved due to the introduction of 

polymers into the cementitious mortar, resulting in a longer service life, as reported in 

[107]. It has been shown in previous studies that the resistance of hardened mortar 

and concrete to chloride ion penetration was increased when SBR latex was 

introduced into fresh cement mortar, as demonstrated in [108, 109].  
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Figure II. 10 Relationship between P/C Ratio and Apparent Chloride Diffusion 

Coefficient (Left) and Average Chloride Content (Right) [109]. 

 

The exact mechanisms underlying the observed improvements in the properties of 

mortar and concrete due to the addition of SBR (styrene-butadiene rubber) have yet to 

be fully elucidated. One theory suggests that the polymer films that form in the 

structures may inhibit cement hydration [110, 111]. However, when tested in 

isolation, these films did not prove effective in preventing chloride transport, 

highlighting the need for a more comprehensive understanding of the role of SBR in 

reducing chloride permeability in concrete and mortar [112, 113]. 

Several studies have investigated the effect of polymers on the permeability of 

concrete and mortar to water vapor and liquid water, with consistent findings [114, 

115][113, 116]. Polymer films present in the porosity of mortar-polymer composites 

have been found to slow down the diffusion of harmful substances, such as chloride 

ions, resulting in greater resistance to penetration [117]. Aggarwal et al. demonstrated 

that acrylic polymer-containing samples exhibited a reduction in the chloride ion 

penetration front after immersion in a 2.5% sodium chloride solution for 7 days, and 

this improvement was found to be correlated with the polymer content [118]. 

In addition, SBR-modified cement mortars have been shown to possess better 

resistance to CO2 penetration than SAR-modified mortars [102]. Li et al. and Lu et al. 

investigated the sulfate resistance of SAE-modified latex cement and found that it 

promoted greater impermeability and sulfate resistance in cement mortar [119, 94]. 
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II.2.3 Fiber reinforced composite material 

II.2.3.1Definition 

FRP composites are synthetic materials consisting mostly of fiber reinforcements held 

together by a matrix binder [120]. The behavior of these composites depends mainly 

on the fiber content and the mechanical properties of the materials. The fibers impart 

highly directional properties to the composites, resulting in anisotropic, linear elastic 

behavior until failure. Fiber-reinforced polymer technology is a highly effective way 

to enhance the strength of load-bearing structures. Its application is easy, convenient 

for users, and not very labor-intensive, making it a desirable alternative for 

strengthening existing structures. The non-corrosive and chemical-resistant 

characteristics of carbon fibers give the reinforcement system a longer life than 

traditional materials like steel, providing long-term economic value [121]. FRP 

composites are often referred to as "fiber reinforced composite material," "enhanced 

composite," or "fiber reinforced polymer" and consist of synthetic fibers like 

fiberglass, carbon fiber, and aramid fiber embedded in a matrix such as epoxy resin or 

vinyl ester. These composites offer higher strength-to-weight ratios and excellent 

corrosion resistance compared to conventional construction materials like steel, 

leading to increased use in civil construction [122]. Research and development efforts 

(both experimental and numerical) have demonstrated the potential of FRP 

composites to reinforce existing concrete structures, as seen in various studies (F. 

Elgabbas et al. 2010, A.S. Mosallam 2000, S S J Moy et al. 2015, C. Gheorghiu et al 

2006, Bahira Abdul-Salam 2016, David E et al 1998, R. Madi 2009, Zakia DRAIDI 

2005, Bediar Hakim 2003) [120, 123, 124]. 
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Figure II. 11 Schematic Illustration of GGF Particle Surface Treatment, Potential 

Interaction with PU, Synthetic Pathway for PU Matrix, Random GGF Particle 

Distribution, and Microphase Separation in PU Matrix [97]. 

 

II.2.3.2 State of the art on polymer composites 

Various types of fibers, such as metallic, organic (polypropylene, glass), and plant 

fibers (e.g., hemp, sisal, and date palm), have been studied for their potential use in 

reinforcing composites[125]. Studies conducted by Xu et al. [126] and Yang et al. 

[127]have demonstrated that the addition of 1% polypropylene fiber and 20% SBR 

latex to cement mortar significantly improves its flexural strength, brittleness index, 

and abrasion resistance. This is attributed to the formation of a strong bond between 

the polymer matrix and fibers, which is achieved through the thin polymer films 

filling the gaps between particles in the composite[125]. The incorporation of glass 

fibers into polymer mortars has been found to increase their tensile, flexural, and 

compressive strength by around 8-10% [128-131]. The addition of natural fibers, such 

as sisal and bamboo, to polymer mortars has also been shown to improve their tensile, 

flexural, and compressive strength [131, 96, 137]. Furthermore, the use of processed 

pineapple fibers and wood ash has been found to enhance the bending and 

compression resistance of polymer mortars, providing good thermal insulation [137, 

138]. Plant fibers are compatible with polymers and have good bonding properties, as 

evidenced by various studies [125, 137, 139, 141]. Finally, the use of commercial 

acrylic latex in the cementitious matrix has been shown to enhance the bond between 

chemically treated hemp fibers and the matrix, resulting in a decrease in the water 
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porosity of the composite [139, 140]. Ferreira et al. [140] found that the incorporation 

of plant fibers (Curaua, jute, and sisal) with SBR enhanced their bond with the 

cementitious matrix, increasing tensile strength. However, due to the high cost and 

CO2 emissions associated with their production, as well as the use of non-renewable 

resources, the construction industry is seeking alternative materials [130, 133][134-

136]. In 2016, the annual production of natural fibers exceeded 100 million tons, 

highlighting their economic and ecological significance [137]. 

II.3 Repair of concrete exposed to high temperature 

The exposure of many concrete structures, both residential and industrial, to high 

temperatures, has been a matter of concern. While demolishing and reconstructing the 

structure can be costly, reinforcing the element is a well-known method for 

maintaining its functionality. The behavior of structures reinforced with fiber 

composite materials at high temperatures has been the subject of extensive study by 

various researchers [142-144]. The available literature on the repair of post-heated 

concrete with fiber-reinforced polymer (FRP) is limited. Yaqub et al. [145, 

146]investigated the repair of reinforced concrete columns that had been heated to 

500°C, examining their uniaxial and cyclic behavior with square and circular sections. 

Danie Roy et al. [147]exposed short columns to temperatures of 300, 600, and 900°C 

and repaired them using GFRP, ferrocement (FC), and high-strength fiber-reinforced 

concrete (HSFRC) sheaths. Haddad et al [148]repaired heat-damaged RC slabs with 

CFRP, GFRP, and fiber-reinforced concrete (FRC) after heating them to 200°C for 1 

minute and then to 600°C for 16 minutes. The study concluded that FRP improved the 

strength and stiffness of repaired slabs, while FRC improved only stiffness. Haddad et 

al. [149]evaluated the bond-slip behavior of FRP to heated concrete through shear 

tests. The concrete was heated to temperatures of 200, 300, 400, 500, and 600°C and 

repaired with 0.17mm thick CFRP sheets. The results showed that slip increased with 

temperature, while bond strength was not significantly impacted up to 300°C, but 

decreased as the temperature increased up to 600°C. Roy et al. [150] evaluated the 

behavior of GFRP-concrete bonds with different bond lengths through simple shear 

tests. The concrete was exposed to temperatures of 200, 400, 600, and 800°C and then 

reinforced with 0.324mm thick FRP sheets. The results revealed that anchorage 

strength decreased considerably when temperatures exceeded 400°C. Jadooe et al 
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[151]studied the adhesion behavior of NSM to heated concrete, showing a decrease in 

anchorage resistance with increasing temperature, but with a reduction of less than 

10% when exposed to 200°C for 1 hour. Amiret al [152]investigated the bonding 

behavior of polymer composite sheets with carbon fibers (FRP) to heated concrete by 

heating concrete blocks to 300, 400, and 500°C and then reinforcing them with FRP 

sheets. The results showed that exposing the concrete to high temperatures before 

FRP installation increased the strength of the anchor, and slippage and effective bond 

length increased with preparation temperature, resulting in increased anchorage 

strength (figure II.12 and II.13). 

 
Figure II. 12 Load-slip behavior of tested specimens. 
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Figure II. 13 Slip distribution along the bond length. 

 

Milad Nimafar et al [153] conducted a study on the use of bacteria to repair concrete 

damaged by high temperatures. Cylindrical and cubic concrete specimens were 

exposed to temperatures of 600°C and 800°C for an hour in an oven. Two types of 

bacteria, Pasteurii and Sphaericus, were then applied externally at a cell concentration 

of 10 cells/mL to repair the thermal cracks and improve the mechanical properties and 

durability of the damaged concrete. The effectiveness of the bacterial sanitization 

technique was evaluated by testing the compressive strength, ultrasonic pulse velocity 

(UPV), and electrical conductivity on control samples and those exposed to high 

temperatures, with or without bacterial healing. 

The study found that specimens exposed to temperatures of 600 °C and 800 °C 

experienced a decrease in compressive strength ranging from 31% to 44% compared 

to control samples. However, specimens repaired with Pasteurii and Sphaericus 

showed a significant increase in compressive strength ranging from 31% to 93% 

compared to the damaged specimens (figure II.14). This increase was attributed to the 

precipitation of calcium carbonate in the deep and superficial cracks and pores of the 

damaged samples. The ultrasonic pulse velocity of the specimens subjected to 

bacterial remediation was found to increase significantly by approximately 1.65 to 

3.47 times compared to the damaged specimens (figure II.15). In addition, a decrease 
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of 22-36% in electrical conductivity was noted in the repaired specimens compared to 

the damaged specimens. 

 

 

 

Figure II. 14 Comparing Compressive Strength Results for Control Samples, 

Samples Damaged at 600°C, and Samples Repaired with Type I and II Bacteria. 

 

 

Figure II. 15 Comparing Ultrasonic Pulse Velocity Results for Control Specimens 

and Specimens Damaged at 600°C: An Analysis of Concrete Structural Integrity. 
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II.4 Conclusion 

The examination of the mechanisms of degradation of reinforced concrete, the 

corrosion of reinforcements, and some visible flaws have been briefly conducted in 

this chapter. The purpose of repairing a structure is not only to restore the original 

sections of steel and concrete but also to revive the mechanical properties of the 

related elements, allowing the structure to withstand applied loads as best as possible. 

Among the repair materials, mortar-polymer composites stand out and are widely 

used for the repair and protection of concrete surfaces. The inclusion of a polymer in 

the mortar formulation results in enhanced properties such as increased mechanical 

strength and durability indicators, as well as improved adhesion and reduced 

permeability. 

However, the use of polymer-modified cement mortars has some drawbacks, 

including longer setting times and low ductility that results in reduced resistance to 

crack propagation. To address these issues, researchers have focused on incorporating 

fibers into mortars and concrete to enhance their properties and ductility [154]. Many 

residential and industrial concrete structures have been exposed to high temperatures, 

and while demolition and reconstruction can be costly, reinforcing the elements is a 

common solution to maintain functionality. Although post-heated concrete repair is 

not widely studied, few studies have been conducted to assess the repair of concrete 

heated to high temperatures and the problems encountered, such as the bond between 

repair materials and the heated substrate. 

The study presented in this manuscript will be conducted using the experimental 

approach outlined in Figure II.16 and will be divided into three chapters. In Chapter 

III, the selection of study materials will be justified, presented, and characterized, and 

the formulation parameters will be detailed. Chapter IV will focus on the properties of 

polymer-modified cementitious materials, with the first part examining the fresh-state 

characteristics of fiber-reinforced mortars incorporating polymers, and the behavior of 

the hardened state of the mortars at early and long-term ages, while taking into 

account the influence of fiber type with an investigation using a factorial design 

approach for statistical analysis. The second part of the chapter will study the repair of 

substation concrete heated to high temperatures using fiber-reinforced polymer-mortar 

composites, investigating the influence of the nature of the repair material and method 
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of repair. Finally, a general conclusion will be made on the entire study, and future 

research perspectives will be proposed. 

 

 

 

 

 

 

 

 

 

 

Figure II. 16 Structure of the experimental approach. 
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III.1 Introduction 

A bibliographical synthesis was conducted to uncover the main known characteristics 

of mortar-polymer composite materials, the methods of repair, and general 

information on the behavior of concrete subjected to fire. By the end of Chapters I and 

II, a study project was formulated. As a reminder, fiber-reinforced polymer-mortar 

composites consist of cement, sand, and water to which polymers and fibers are 

added. To perform the study, it was first necessary to select and characterize the study 

materials. In this chapter, the materials and the experimental protocols used for 

conducting the experimental program are presented. Successively, the presentation of 

tests and procedures, the identification of basic materials used, and the 

characterization of the produced materials will be carried out. A variety of widely 

used and locally available constituents are utilized in the production of polymer 

mortars. The different constituents used are: 

➢ CEM I/42.5 

➢ Silica Fume  

➢ The sand of Oued Souf, 

➢ Tap water from urban networks, 

➢ Hemp vegetable fibers 

➢ Organic fiber (glass). 

➢ “Styrene butadienes” resin from SIKA 

 

III.2 Basic materials 

III.2.1 Characteristics of aggregates 

It is demonstrated by the standard (NF P18-541) that sand can possess characteristics 

that make it suitable for the production of mortars. The quality and specific 

characteristics required for each use in building and civil engineering works must be 

met by the aggregates used. The determination of its characteristics through various 

laboratory tests is necessary. The sand used was obtained from Oued Souf deposit, 

located 620 km southeast of Algiers, which is a natural dune sand primarily composed 

of small silica particles with clean, generally isometric and rounded grains with 

dimensions ranging from 0.08 to 3 mm. The coarse aggregates used were of natural 

origin, crushed limestone from Bordj Bou Arreridj quarry. Two granular classes were 
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obtained from this quarry, with the trade names of Gravel 5/15 and 15/25. The particle 

size analysis was used to determine the size and respective weight percentages of the 

different grain families composing the sample. The results of the test performed on 

the aggregates used are presented in Figure III.1. 

 

Figure III. 1 Granulometric curve of the aggregates used. 

 

The physical characteristic of density is deemed to be a crucial aspect influencing the 

behavior of fresh concrete and, as a result, its performance after hardening. Various 

definitions of densities can be assigned to aggregates, such as apparent and absolute 

densities (NF EN 1097-3). The equivalent of sand is a parameter that characterizes the 

cleanliness of the sand and indicates the presence of fine elements, mainly of clay, 

vegetable, or organic origin, on the grain surface. The physical and chemical 

characteristics of the various aggregates used are displayed in Table III.1. 

Table III. 1 Physical and chemical properties of the aggregates used. 

 Absolute density 

(kg/m3) 

Apparent 

density(kg/m3) 

ESP 

The equivalent of sand (%) 

Sand 2608 1617 87 

Gravel 2650 1600 / 
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III.2.2 Cement 

The use of CEM I/42.5 type cement was carried out. The technical sheets provided by 

the cement factory were utilized to establish the various chemical, physical and 

mechanical characteristics of the cement used. The results of these characteristics of 

the cement used are presented in Table III.2. 

Table III. 2 Chemical and physical characteristics of the type of cement used. 

Element CEM I/ 42.5 

CaO 61,60 

SiO2 20,40 

Na2O / 

MgO 1,73 

Al2O3 5,53 

K2O / 

P2O5 / 

Fe2O3 3,54 

SO3 2,29 

Absolute density (kg/m3) 3100 

Apparent density (kg/m3) / 

Fineness (cm2/g) 3600 

III.2.3 Mineral additions 

The mineral addition utilized in this study was characterized by particle size smaller 

than 80 µm and is sourced from GRANITEX. The main characteristics of these silica 

fumes are displayed in Table III.3. 

Table III. 3 Chemical and physical composition of silica fume. 

Element Silica fume 

CaO 0.995 

SiO2 88.60 

Na2O 0 

MgO 0,2 

Al2O3 0.9649 

K2O 0.398 

P2O5 / 

Fe2O3 / 

SO3 / 

Absolute density (kg/m3) 2.24 

Apparent density (kg/m3) 1.4 

Fineness (cm2/g) 30000 
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III.2.4 Mixing water 

The use of water in the study was facilitated by tap water that was supplied by the 

civil engineering laboratory at the University of Bordj Bou Arreridj. 

III.2.5 Resin 

The selection criteria for the polymers utilized in the study were based on their nature. 

In civil engineering applications, monomers such as acrylates, styrenes, vinyl acetates, 

and ethylenes are frequently utilized in latex formulation. The selection of polymers 

capable of forming continuous films at room temperature was deemed essential. This 

is because the formation of a high-quality cement-polymer matrix is necessary to 

achieve the desired properties. A styrene-butadiene resin from SIKA (figure III.2) was 

used produce the various repair mortars, and its physical and chemical characteristics 

are presented in ANNEX A. 

 

.  

Figure III. 2 Photo of resin used. 

 

III.2.6 Fibers 

In the study, both hemp and glass fibers were used. Hemp, which grows to a height of 

1 to 3 meters and is grown in China, Canada, and Europe [139, 155], was used for its 

high tensile strength ranging from 600 to 1100 MPa, making it suitable for use in 

industries such as the paper industry and the reinforcement of cementitious materials 

like concrete. With a length of approximately 1.5 cm, the fibers were utilized in the 

study. 

To enhance the adhesion of the fibers to the polymer matrix, a 5% sodium hydroxide 

solution was used to treat the hemp fibers for 2 hours at 20°C. This chemical 

treatment was carried out to eliminate the lignin and waxy substances that coat the 
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outer surfaces of the fiber cell walls, thereby improving the fibers' adhesion to the 

matrix. The fibers were then dried at 40°C in front of a radiator. Sodium hydroxide 

(NaOH) is commonly utilized as a chemical for cleaning and/or bleaching plant fiber 

surfaces [130]. 

The processed hemp and glass fibers are displayed in Figure III.3, and the physical, 

chemical, and mechanical properties of both fibers are presented in Table III.4. The 

glass fibers, with a length of 1.5 cm, were also used in the study. 

 

 

 

 

 

 

 

Figure III. 3 Hemp and glass fibers used. 

 

Table III. 4 Physical, chemical, and mechanical characteristics of hemp and 

glassfibers. 

Fiber properties Glass 

[120] 

Hemp 

[157] 

Absolute density (kg/m3) 2600 1580 

Lignins (%) / 6 

Cellulose (%) / 56.1 

Hemicelluloses (%) / 10.9 

Ash (%) / / 

Tensile strength (MPa) 3400 619.2 

Maximum training (mm) / 0.682 

Absorption of water (%) / 158 

Diameter (µm) 13−15 110 

Length (cm) 1.5 1.5 

Hemp immersed in 

5% NaOH solution 

Hemp after treatment Fiberglass 
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III. 3 An investigation using a factorial design approach for statistical 

analysis 

Factorial design is a statistical technique that can be effectively used to organize 

experimental studies, enabling an optimal evaluation of main and interaction effects 

among independent variables known as factors 'xi', and outcome variables known as 

responses 'Y'. By employing a full factorial design, it becomes possible to construct 

an empirical model, enhance and optimize process factors, and examine the 

interactions between various parameters. 

To assess the physical and mechanical properties of mortars, an experimental factorial 

design was employed. This design aimed to explore the impact of the fiberglass 

content and SBR content on compressive strength, flexural strength, water absorption, 

and total shrinkage. The effects of the considered factors and their interactions were 

analyzed using Analysis of Variance (ANOVA). The obtained results were evaluated 

and analyzed using JMP16 software. 

III.3.1 Approach to Experimental Design Development 

To model the responses (compressive strength, flexural strength, water absorption, 

and total shrinkage), the following steps were undertaken: 

The first step involved identifying the influential factors and establishing a 

mathematical model to predict the experimental values of the responses based on the 

effect variables. 

Next, an analysis of variance was conducted to differentiate the effects of the factors 

on the obtained responses. 

The mathematical models were then employed to generate iso-response curves. 

In this study, a factorial equation based on a second-order model with a two-factor 

interaction was utilized and can be expressed as follows: 

Y = β0 + β1A + β2B + β12AB …..(1) 

Here: Y: represents the predicted response, β0: denotes the constant coefficient to 

offset terms, A and B: refer to the independent factors, with B representing Fiber glass 

content (%) and A indicating SBR content (%) respectively, β1 and β2: represent the 

coefficients for the linear effect factors, β12: signifies the coefficient for the 

interaction effects. 
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III.4 Composition of different cementitious mixtures 

III.4.1 Polymer mortar 

This study involved incorporating different amounts (0.1%, 0.3%, and 0.5% based on 

the total volume of the mortar) of hemp and glass fibers into a mortar that contained 

5% styrene-butadiene rubber (SBR) latex. The optimal content, determined in the 

laboratory, was established to be the amount that provided good compressive and 

flexural strength. The results were compared with two reference mortars: one 

contained only cement as the binder and the other contained only 5% SBR latex. The 

cement-to-sand ratio was set at 1:3 by weight, and the water-to-cement ratio used to 

prepare the control mortar was 0.5. The water-to-cement ratio of the polymer mortar 

was adjusted by reducing the amount of water based on the presence of SBR. 

Since latexes are polymers suspended in an aqueous phase, the polymer content of 

latexes is a crucial piece of information for determining the formulation of cement 

pastes or mortars. In this study, the initial quantity of water in the samples subjected 

to controlled drying was fixed, and the polymer content was determined by 

evaporating the aqueous phase of a known mass of latex at room temperature. The 

ratio between the final mass, obtained after 24 hours, and the initial mass is the 

polymer content of the latexes. The results showed that the SBR latex had a polymer 

content of approximately 45%. 

The mortars were made according to the EN 196-1 method for making polymer-

modified mortars containing fibers. Fresh mortars were cast in metallic molds, 

covered with a film, and stored in the laboratory for 24 hours. They were then stored 

in water at 20 ± 2°C for 6 days and outdoors at 20 ± 3°C and 55 ± 10% relative 

humidity for 7, 28, and 60 days. This curing mode was determined to be the most 

suitable for polymer-modified mortars in terms of mechanical and physical properties, 

according to references [104] and [99]. The samples used to determine adhesion to 

cementitious supports were kept in water at 20 ± 3°C until the test day. The different 

compositions of the mixtures are listed in Table III.5. 
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Table III. 5 The compositions of the different mixtures of mortars used for 1m3.  

III.4.2 Ordinary concrete 

Dreux-Gorisse method was utilized for formulating the concrete. This method enables 

the determination of a suitable concrete composition that meets the required resistance 

and workability based on the specific characteristics of its constituents, such as 

cement and aggregates. 36 cubic specimens measuring 10x10x10 cm3, meant for high 

temperatures applications, were cast. After 28 days, compression tests were 

performed on these cubic specimens using a 3000 KN compression machine and it 

was determined that a strength of 43 MPa was achieved. 

Table III. 6 The composition of concrete. 

 Cement 

(Kg/m3) 

Sand (0/5) 

(Kg/m3) 

Gravel 5/15 

(Kg/m3) 

Gravel 15/25 

(Kg/m3) 

Water 

(Kg/m3) 

Quantities for 

1m3 of concrete 

375 636.28 332.13 854.07 190 

 

Designation 

mixtures 
 

Cement 

(kg/m3) 

SF 

( kg/m3) 

Sand 

( kg/m3) 

SBR 

( Kg/m3) 

Water 

( Kg/m3g) 

Fiber 

( kg/m3) 

CM 527,34 58,6 1757,81 0 0.33 0 

M5R 527,34 58,6 1757,81 0.065 197.5 0 

M5R-0.1H 527,34 58,6 1757,81 0.065 0.25 1.74 

M5R-0.3H   527,34 58,6 1757,81 0.065 0.25 5.25 

M5R-0.5H 527,34 58,6 1757,81 0.065 0.25 8.73 

M5R-0.1G 527,34 58,6 1757,81 0.065 0.25 3.04 

M5R-0.3G 527,34 58,6 1757,81 0.065 0.25 9.19 

M5R-0.5G 527,34 58,6 1757,81 0.065 0.25 15.32 

M10R 527,34 58,6 1757,81 0.13 0.22 0 

M10R-0.1G 527,34 58,6 1757,81 0.13 0.22 3.04 

M10R-0.3G 527,34 58,6 1757,81 0.13 0.22 9.19 

M10R-0.5G 527,34 58,6 1757,81 0.13 0.22 15.32 
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III.5 Experimental techniques 

As mentioned above, the components, preparation method, and preservation method 

are discussed (composition of different cementitious mixtures). Now, we are 

reviewing the aforementioned in Figure III.4 and Figure III.6. 

III.5.1 Preparation of polymer mortar samples 

Figure III.4 shows the main procedures used to make different mortars. 

 

 

 

Figure III. 4 Mixing process and how to store polymer mortars. 
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Figure III. 5 Preparation of substrate mortar and polymer mortar test specimens for 

adhesion testing. 

 

III.5.2 Concrete preparation 

Figure III.6 shows the main procedures used to make ordinary concrete. 

Figure III. 6 Method of mixing and preserving ordinary concrete. 

 

III.5.3 Tests of polymer mortars in the fresh state 

The fluidity of cement-based materials is a widely utilized property in construction for 

determining their rheological behavior and consistency. The fluidity test is conducted 

using the vibrating table test following ASTM C 1437-20 [157] using a conical mold 

that meets the standard's specifications (70 and 100 mm in diameter, 50 mm in 

height). Each composition is tested three times to ensure the reliability of the results. 

The wet density of the mortars was determined by using a cylindrical container with a 

volume of 83 cm3. This method allows for the determination of the bulk density of the 
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cured product, which is calculated as the mass of a sample with dimensions of 

4x4x16cm3. 

 

Figure III. 7 The flow test of polymer mortars. 

 

III.5.4 Mechanical performance of polymer mortars 

III.5.4.1 Compressive and flexural strength 

Compressive and flexural strength of polymer mortars was performed following the 

standard EN 196-1 [158], with samples of dimensions (4x4x16 cm3) being evaluated 

at 7, 28, and 60 days. 

 

Figure III. 8 Compressive and flexural strength of polymer mortars test. 
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III.5.4.2 Adhesion test 

The use of polymers in cement mixtures is often proposed by researchers as a means 

to enhance the adhesive properties and longevity of the mixture. The successful 

preservation and repair of structures are largely dependent on the method of 

conservation, as noted in references [99, 159, 160]. In this study, the bond strength 

was evaluated through a bending-tensile method (as illustrated in Figure III.9). To 

optimize adhesion and prevent water absorption in the fresh mortar, it is 

recommended to maintain a substrate saturation level between 50% and 90%, 

following the guidelines provided in reference [161]. The tested mortars underwent 

evaluation after undergoing 28 days of hardening. 

 
Figure III. 9 The evaluation of the adhesion between the polymer mortar and the 

substrate mortar. 

 

III.5.5 Physical performance of polymer mortars 

III.5.5.1 Dimensional variations (shrinkage) 

In this study, the shrinkage of each mixture was evaluated using 4x4x16 cm3 

prismatic test specimens, which are measured longitudinally. The measurements are 

taken using a refractometer with an accuracy of ± 0.001 mm, as depicted in Figure 

III.10. The test specimens were kept in an open-air environment with a temperature of 

20 ± 2°C and a relative humidity of 55% ± 5%. 
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Figure III. 10 Dimensional variation measurement(shrinkage). 

 

The shrinkage formula is interpreted by the relative variation in length. It is generally 

denoted by ε and calculated as follows: 

𝜀(𝑡) =
𝐿(𝑡)−𝐿(𝑡0)

𝐿
                  (III.2) 

Where: L: the length of the standard rod l = 160 mm. 

L(t): the length of the specimen at time t 

L(t0): the length of the specimen at time t0 chosen as the origin. In general, this origin 

is taken at the time of demoulding, i.e. 24 hours after the manufacture of the test 

specimens. 

III.5.5.2 Capillary porosity 

The transfer of liquid within a porous material due to surface tensions in its capillaries 

is referred to as water absorption. This transfer mechanism is influenced not only by 

the porous structure but also by the relative humidity of the mortar. The absorptivity 

or the amount of water absorbed inside the dry mortar through capillary rise depends 

on its open porosity and porous networks, as stated in reference [162]. This test aims 

to observe the mass of water absorbed by fiber-reinforced mortars over time and to 

determine any differences in their open porosity. Following regulations outlined in 

reference [163], a test to determine the water absorption by capillarity can also be 

conducted at 28 days. For each mixture, two prismatic specimens were prepared. The 
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capillary coefficients were determined by using samples that were preconditioned and 

dried in an oven at approximately 105 ± 5°C. The test sample was placed in a mold 

and exposed to water through a 40x40 mm2 cutting plane, with the water level in the 

tank maintained at around 1cm above the bottom of the test tube. The sample surfaces 

below the water level were covered with self-adhesive aluminum foil to ensure 

unidirectional flow. The capillary absorption coefficient (C), expressed in (kg/mm2), 

was calculated for the following time intervals: 0.15, 0.3, 1, 2, and 24 hours. The 

calculation was based on the following relationship: 

 

𝐴𝑏 =
𝑀0−𝑀𝑖

𝐴
      (III.4) 

Mi, M0, A: are the initial mass, the mass measured over time, and the surface in 

contact with water in mm2 respectively. 

 

 

 

Figure III. 11 Capillary absorption tests. 

 

 

 

 



CHAPTER III: Characterization of base materials and test methodology 

 

69 

III.5.6 Scanning Electron Microscopy (SEM) Analysis 

Scanning Electron Microscopy is a technique for observing matter using an electron 

beam after the sample has been placed in a vacuum. Primary electrons from the 

electron gun strike the surface of the sample, and they are scattered both elastically 

and inelastically. The influenced area takes the shape of a pear. 

Scanning Electron Microscopy (SEM) was employed to analyze the morphology and 

microstructure of mortar samples at room temperature. 

 

 

 

 

 

Figure III. 12 Scanning Electron Microscopy (SEM). 

 

III.5.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) involves measuring the mass variation during 

heating. The samples were crushed into powder form. Each sample was subjected to 

heating at a rate of 10 °C/min up to 900 °C under an Argon atmosphere. The 

derivative of the thermogravimetric curve was used to determine the temperature of 

phase changes. 

 

Figure III. 13 Thermogravimetric analysis apparatus. 
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III.5.8 Heating test 

In order to study the effect of repairing concrete that has been subjected to fire, cubic 

test specimens measuring 10x10x10 cm3 made of ordinary concrete are first subjected 

to a temperature of 750°C using a programmable oven. The specimens are heated to 

this temperature over 1 hour with a ramping speed of 3.5°C per minute. This process 

aims to simulate the conditions that concrete may encounter in real-world fire 

scenarios, providing valuable insights into the repair and preservation of concrete 

structures that have been affected by the fire. Figure III. 14 shows the specimens in 

the oven. 

 

Figure III. 14  Photos of the test specimens in the ovens. 

 

 

 

 

 

 

 

Figure III. 15 Heating-cooling cycles (heating rate 3.5°C/min). 
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Figure III. 16 Storage of heated test specimens. 

 

III.5.8.1 Compressive strength test of heated concrete 

After the concrete heating stage, we have deduced the compressive strength. 

The application of the mechanical load is carried out with a hydraulic press of 

capacity 3000 KN. The loading speed is kept constant throughout the test using a 

hydraulic press rate meter (5 KN/s). Compressive load is applied until the specimen 

ruptures. The maximum load reached is recorded and the stress of rupture is obtained 

by the following formula: 

𝑓𝑐 =
𝐹𝑚𝑎𝑥

𝑆
       (III.4) 

Fmax denotes the breaking load in compression and S is the cross-sectional area of the 

test piece. 
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Figure III. 17 Apparatus for measuring the compressive strength of heated concrete. 

 

III.5.8.2 Ultrasonic Pulse Velocity (UPV) 

This non-destructive test allows determining the propagation velocity of longitudinal 

(compressional) waves. Measuring the speed of sound wave propagation offers a 

significant advantage by providing information about the interior of a concrete 

element. The test is therefore used to assess material homogeneity and detect 

cracking, voids, and fire-induced deteriorations. Consequently, the primary objective 

of this method is to obtain maximum information about the quality of concrete 

subjected to temperature elevation. 

The principle of the method consists of measuring the time taken by a wave, which 

gives its name to the method, to travel a known distance. The apparatus includes 

sensors in contact with the concrete, a wave generator, a time measurement circuit, 

and a digital display of the time taken by the longitudinal waves to traverse the 

concrete between the transducers. The standard P 18-418 [NF P 18-418] describes the 

testing method. 

The velocity of the waves, V, is calculated by the formula: 

V= 
𝒍

𝒕
 (m/s)     (III.5) 

Where: l: is the distance between the transducers (m). 

         t:  is the propagation time (s). 
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In the case of concrete subjected to fire, the temperature elevation causes a 

physicochemical modification of the material. Sonic inspection, based on travel time 

measurements, is a particularly well-suited method for this type of investigation 

[162]. 

 

Figure III. 18 UPV measuring device. 

 

III.5.8.3 Modulus of elasticity and damage coefficient 

The dynamic elastic modulus (Ed) is a key parameter for structural analysis of 

concrete under dynamic conditions such as seismic loads. It is not accurately 

determined directly from standard cylinder compression tests. It is obtained from non-

destructive testing, specifically the ultrasonic pulse velocity (VP), which is widely 

used  to  calculate  Ed. 

𝐸𝑑 =
(1+𝜐)(1−2𝜐)

(1−𝜐)
𝛾. 𝑉        (III.6) 

Where: 𝝊: Poisson's ratio =0.2 

           𝜸: absolute density 

          𝑽: ultrasonic pulse velocity. 

When concretes were exposed to high temperatures, the evolution of damage could be 

described by a Weibull distribution model [99] . This model is expressed by equation: 

𝐷𝑉
𝑇 = 1 − (

𝜌𝑇

𝜌20) × (
𝑉𝑇

𝑉20)2      (III.7) 
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where 𝐷𝑉
𝑇 , 𝜌𝑇𝑎𝑛𝑑  𝑉𝑇represent the damage coefficient, absolute density, and impulse 

velocity at a given temperature, respectively. 𝜌20and 𝑉20 represent the absolute 

density and impulse velocity at 20°C. 

III.5.8.4 Surface preparation 

Cleaning the surface is essential for the removal of debris and dust, enabling the 

attainment of a pristine surface. This, in turn, facilitates optimal adhesion between the 

repair material and the existing concrete substrate. 

To initiate the repair procedure, the surface was thoroughly cleansed using a cloth to 

eliminate any residues and dust present on the samples. Subsequently, a hand saw was 

employed to carefully remove the severely damaged top layer of concrete, measuring 

approximately 2cm in depth (refer to Figure III.19). Finally, before commencing the 

repair, the interface was meticulously cleaned once again to ensure optimal 

conditions. 

 

Figure III. 19 Elimination of the uppermost deteriorated layer of concrete. 

 

III.5.8.5 Repair method 

In order to repair concrete that has been damaged due to high temperatures exposure, 

the most effective polymer mortar that provides strong adhesion resistance was used. 

After recovering the undamaged part of the concrete, we put it in a mold that 

measures 15x15x15cm3. Then, both our prepared repair concrete and a commercially 

available repair mortar were introduced into the mold, as illustrated in the figure 

III.20. After the repair process is completed, the repaired specimens will be placed in 
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an open-air cure for a maximum of 28 days. Additionally, our new repair mortar will 

be compared to the commercially available product known as Sika. 

  

  

Figure III. 20 Repair procedures for specimens heated to 750°C with both our 

prepared repair concrete and a commercially available repair mortar. 

 

 

Figure III. 21 The repaired specimens after demolding. 
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III.6 Digital image correlation GOM of repaired concrete 

Image correlation analysis using GOM software refers to a method used to measure 

and quantify deformations, movements, or shape changes of an object based on the 

analysis of variations in digital images. GOM (Gesellschaft für 

OptischeMesstechnikmbH) is a company specialized in the development of metrology 

software and optical measurement techniques. 

Image correlation analysis using GOM software is based on the principle of digital 

image correlation. It involves comparing two images of the same object, one being a 

reference and the other being the deformed or modified image. The GOM software 

utilizes sophisticated algorithms to align the images, detect variations, and calculate 

the displacements or deformations that have occurred. 

This technique is often used in fields such as mechanical engineering, automotive 

industry, aerospace, and other areas where precise measurement of deformations or 

movements is essential. Image correlation analysis using GOM software provides 

detailed information about an object's deformations, which can be used for material 

fatigue analysis, design optimization, validation of numerical simulations, and more. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III. 22 Test specimen for the digital image correlation test. 

 

The points to measure the 

deformations 
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Figure III. 23 Device for image correlation. 

 

III.7 Conclusion 

In this chapter, the experimental techniques used in this work were described in the 

first part. In the second part, the mineral components were analyzed and 

characterized. The selection of Portland cement as the cement type was made as it is a 

commonly used material in the formulation of polymer mortar composites. Silica 

fume was chosen to reduce the alkaline environment of the cement. Sand with a grain 

size of 0/3 mm was also selected and the constituents meet the standards and 

recommendations for their use in hydraulic mortars. This makes it easier for us to 

choose an appropriate formulation approach. With these intrinsic properties of the 

different components, we can understand the impact of different stresses on the 

performance of the various mixtures. Furthermore, in this chapter, we subjected the 

concrete to a high temperature of 750°C, and we also prepared and applied the repair 

concrete.
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IV.1 Introduction 

This thesis has the objective of investigating the behavior of mortar-polymer composites for 

the protection and repair of concrete surfaces. To ensure proper hydration of the cement and 

optimal performance of the repair mortars, it is crucial to examine both the fresh and hardened 

state properties of this type of mortar as well as the optimal curing method. 

The chapter dedicated to the study of the properties of mortar-polymer composites is focused 

on those based on styrene-butadiene. To accomplish this study, two interrelated factors are 

analyzed: the impact of polymers on cement behavior and the behavior of mortar-polymer 

composites incorporating different fibers. To maintain consistency, the 

water/(cement+polymer) mass ratio is kept constant at 0.5 throughout all the formulations 

studied in this chapter. A range of polymer/cement ratios are evaluated, including 0 (reference 

unmodified material) and 0.05. 

The chapter is divided into two parts. The first part focuses on an examination of cement 

mortars containing polymers in order to gain insight into the effect of polymers on cement 

hydration. The second part consists of a comparative study of the repair method for ordinary 

concrete subjected to high temperatures (750 °C), with the first repair using the polymer 

mortar manufactured in the laboratory and the second repair using commercially available 

mortar. 

IV. 2 Results and discussion 

IV.2.1 The statistical analysis of mortar with SBR resin 

IV. 2.1.1 Analysis and Results of Variance Model 

An analysis of variance was conducted to assess the contribution of the effect factors on the 

responses, as presented in Table IV.1. All the models employed in this study exhibited 

relatively high correlation coefficients ranging from 0.89 to 0.95. This indicates a strong 

correlation between the experimentally obtained responses and the model predictions. 

Consequently, it can be inferred that the established models accurately predict the influence of 

glass fibers and SBR resin content on the mechanical and physical behavior of mortars. 

Furthermore, these models enable the creation of iso-response curves based on different effect 

factors. 
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Additionally, Table IV.2 presents the analysis of variance (ANOVA) for each of the modeled 

responses. The significance of the established models in this study was assessed using the 

Fisher test distribution. For a 90% confidence interval, the Fisher ratios for FS28, CS28, 

WA28, and SH were found to be 2.45, 2.46, 2.46, and 2.40, respectively. These ratios indicate 

a significant level of importance. Moreover, the probability values (Prob.> F) for all models 

were less than 5%, confirming the presence of at least one significant effect factor in each 

model. 

Table IV.3 illustrates the contribution of each factor (GF %) and (SBR %), along with their 

interactions, on the examined responses. The criterion P≤0.05 was employed to determine the 

significance of each coefficient. It is evident that the effects of these factors, as well as their 

interaction, have a highly significant impact on the responses. 

Table IV. 1 Summary of Fit. 

 FS28 CS28 ABS28 SH30 

R2 0,943485 0,911672 0,906297 0,850877 

Adjusted R2 0,922292 0,878549 0,871158 0,794956 

RMSE 0,261096 3,416372 0,750297 33,98002 

Mean of response 10,55708 30,73383 4,357 1051,354 

 

Table IV. 2Analysis of variance (ANOVA) for derived models. 

  Source Degree of freedom Sum of squares Mean square F -ratio 

FS28 Model 3 9,1046520 3,03488 44,5185 

Error 8 0,5453709 0,06817 Prob. > F 

Total 11 9,6500229  <,0001* 

CS28 Model 3 963,7400 321,247 27,5238 

Error 8 93,3728 11,672 Prob. > F 

Total 11 1057,1128  0,0001* 

ABS228 Model 3 43,558308 14,5194 25,7919 

Error 8 4,503560 0,5629 Prob. > F 

Total 11 48,061868  0,0002* 

 

SH30 

Model 3 52706,099 17568,7 15,2157 

Error 8 9237,134 1154,6 Prob. > F 

Total 11 61943,233  0,0011* 
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Table IV. 3 Effect test. 

 Model 

term 

Estimation Standard 

Error 

t ratio Prob. > |t| 

FS28 

 

Intercepts 10,612359 0,076008 139,62 <,0001* 

FG (%) 0,5527542 0,098126 5,63 0,0005* 

SBR (%) 0,9340254 0,093091 10,03 <,0001* 

FG (%) × SBR (%) 0,0277542 0,120179 0,23 0,8232 

CS28 

 

Intercepts 30,645339 0,994544 30,81 <,0001* 

FG (%)  -0,884944 1,283951  -0,69 0,5102 

SBR (%)  -10,89797 1,218063  -8,95 <,0001* 

FG (%) × SBR (%) 0,415339 1,572513 0,26 0,7984 

ABS28 Intercepts 4,4354915 0,21842 20,31 <,0001* 

FG (%) 0,7849153 0,281979 2,78 0,0238* 

SBR (%)  -2,181034 0,267509  -8,15 <,0001* 

FG (%) × SBR (%) 0,244661 0,345352 0,71 0,4988 

SH28 Intercepts 1051,7294 9,891966 106,32 <,0001* 

 FG (%) 3,7579802 12,77047 0,29 0,7760 

SBR (%)  -79,86144 12,11513  -6,59 0,0002* 

FG (%) × SBR (%) 9,2068856 15,64057 0,59 0,5723 

 

IV. 2.1.2 Mathematical models 

The obtained independent variables, namely [GF (%)] and [SBR (%)], along with the 

responses [FS28], [CS28], [WA], and [SH], were entered into the JMP 16 software [38]. The 

developed models are based on a full factorial design approach. It is expected that the 

mathematical form of these models remains valid for a wide range of mixtures, including 

glass fiber (GF) values ranging from 0% to 0.5% and SBR contents ranging from 0% to 10% 

by mass. 

Although the developed models are based on a limited dataset, they provide valuable insights 

into the influence of each term on the behavior of repair mortars. The proposed mathematical 

models for predicting the responses of CS, FS, WA, and SH are as follows: 
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valuable insights into the influence of each term, specifically (BSS m2/kg) and (MP mass%), 

on the behavior of eco-mortars. 

The proposed mathematical models for predicting the responses of CS, FS, ABS and SH are 

as follows: 

𝑅𝐹 = 10,61 + 0.55. (
%𝐺𝐹−0.25

0.25
) + 0.934. (

%𝑆𝐵𝑅−5

5
) +

0.027. (
%𝐺𝐹−0.25

0.25
) (

%𝑆𝐵𝑅−5

5
)……………………………………………………..…(2) 

𝐶𝑆 = 30.64 − 0.88. (
𝐺𝐹%−0.25

0.25
) − 10.89. (

𝑆𝐵𝑅%−5

5
) +

0.415. (
𝐺𝐹%−0.25

0.25
) (

𝑆𝐵𝑅%−5

5
)………………………………………………………….(3) 

𝐴𝐵𝑆(%) = 4.43 + 0.78. (
𝐺𝐹%−0.25

0.25
) − 2.18. (

𝑆𝐵𝑅%−5

5
) +

0.244. (
𝐺𝐹%−0.25

0.25
) (

𝑆𝐵𝑅%−5

5
)…………………………………………………………..(4) 

𝑆𝐻 (
ù𝑚

𝑚
) = 1051.71 + 3.75. (

𝐺𝐹%−0.25

0.25
) − 79.86. (

𝑆𝐵𝑅%−5

5
) +

9.2. (
𝐺𝐹%−0.25

0.25
) (

𝑆𝐵𝑅%−5

5
)……...(5) 

 

IV. 2.1.3 Correlation between experimental values and numerical values 

 

Figure IV.1 represents the correlation between experimental and numerical values of various 

mechanical and physical properties. 
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Figure IV. 1 Correlation between experimental values and numerical values of (a) flexural 

strength, (b) compressive strength, (c) water absorption, and (d) total shrinkage. 

 

Based on the analysis of Figure IV.1, it is evident that there is a correlation between the 

experimental and numerical values. This correlation indicates an excellent prediction of the 

numerical model for all properties. The coefficient of correlation, R-squared, reaches a very 

high level, ranging from 0.85 to 0.94. Furthermore, all the points are located near the mean 

line, further enhancing the reliability of the model. 
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 IV. 2.1.4 Flexural strength at 28 days 

The graphical representation of the analysis results for the flexural strength (FS) at 28 days, 

considering the factors of fiberglass content (volume %) and SBR content (mass%), can be 

seen in Figure IV.2 and Figure IV.3.  

 

Figure IV.2 illustrates the iso-response curves and surfaces for the flexural strength at 28 days 

in mortars with varying percentages of GF (mass%) and SBR contents. The flexural strength 

at 28 days increases from 10 MPa to 11.5 MPa as the GF percentage goes from 0% to 0.5%. 

Additionally, an increase in SBR content enhances the strength of GF-containing mortars. 

Mortars with high GF and SBR contents are identified as the combination that yields good 

FS28. In Figure IV.3 (a), the main effects plots depict the response of FS at 28 days in the 

mortar, taking into account the GF and SBR factors. Notably, a significant increase in FS at 

28 days, from 10 MPa to 11.5 MPa, is observed with the variation in the GF factor from 0% 

to 0.5%. This increase can be attributed to the reinforcing effect of fibers, resulting in 

improved ductility and resistance to rupture. Furthermore, a substantial increase in FS is 

observed with the variation in the SBR factor from 0 to 10%, indicating a noteworthy 

influence of SBR on the flexural strength of the mortar at 28 days. These findings align with 

the estimated coefficients (Table IV.3) and equation (2). 
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Figure IV. 3 Plot showing the main effects of the flexural strength at 28 days. 

 

IV. 2.1.5 Compressive strength at 28 days 

The graphical representation of the analysis results for the compressive strength (CS) at 28 

days, considering the factors of fiberglass content (mass%) and SBR content (mass%), can be 

observed in Figure IV.4 and Figure IV.5. Figure IV.4 depicts the iso-response curves and 

surfaces that illustrate the compressive strength at 28 days in mortars with varying 

 

Figure IV. 2 Curves and surfaces of iso-response for the flexural strength at 28 days. 
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percentages of GF (mass%) and different SBR contents. The compressive strength at 28 days 

shows a slight decrease, ranging from 31 MPa to 29 MPa, as the GF percentage increases 

from 0% to 0.5%. Furthermore, an increase in SBR content leads to a significant reduction in 

the strength of mortars, regardless of the presence of GF. In Figure IV.5, the main effects 

plots demonstrate the response of CS at 28 days in the mortar, considering the GF and SBR 

factors. Notably, there is a substantial decrease in CS at 28 days, dropping from 42 MPa to 20 

MPa, as the SBR factor varies from 0% to 10%, indicating a significant influence of SBR on 

the compressive strength of the mortar at 28 days. These results are consistent with the 

estimated coefficients (Table IV.3) and equation (3). 

Figure IV. 5 Plot showing the main effects of the compressive strength at 28 days. 

 

 

Figure IV. 4 Curves and surfaces of iso-response for the compressive strength at 28 days 
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IV. 2.1.6Water absorption at 28 days 

Figures IV.6 and IV.7 provide insight into the influence of two factors, namely fiberglass 

content (GF %) and the mass percentage of SBR, on the water absorption response after 28 

days. 

Figure IV.6 illustrates the iso-response curve and iso-response surfaces depicting water 

absorption (WA) after 28 days for mortars with varying levels of GF and SBR (%). It is 

evident that increasing the fiber content from 0% to 0.5% leads to a rise in water absorption. 

The presence of SBR plays a vital role in the water absorption characteristics of the mortars. 

For example, a higher SBR content leads to a significant 40% reduction in water absorption 

for a mortar containing 0.5% GF and 10% SBR, as compared to another sample with the same 

fiber content. 

Figure IV.7(a) displays the main effects graphs representing the 28-day water absorption 

response of the mortar, considering the factors of fiberglass content and SBR. It can be 

observed that water absorption after 28 days increases from 10% to 15% due to a change in 

the level of the GF factor from 0% to 0.5%. Conversely, an increase in water absorption from 

10% to 40% is observed due to a change in the level of the SBR factor from 0 to 10%. This 

indicates that the impact of SBR content on water absorption is more significant when 

compared to the influence of GF content. 

These findings align with the estimated coefficients (Table IV.3) and equation (4) 
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Figure IV. 6 Curves and surfaces of iso-response for the water absorption at 28 days. 

 

 

Figure IV. 7 Plot showing the main effects of the water absorption at 28 days. 
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IV. 2.1.7 Total shrinkage 

Figures IV.8 and IV.9 provide a comprehensive overview of how two factors, fiberglass 

content (GF %) and the mass percentage of SBR, influence the shrinkage response after 30 

days. 

Figure IV.8 showcases the iso-response curve and iso-response surfaces that depict the overall 

shrinkage after 30 days for mortars with varying levels of GF and SBR (%). It is clear that 

increasing the fiber content from 0% to 0.5% leads to a slight rise in shrinkage. The presence 

of SBR plays a vital role in the total shrinkage of the mortars. For instance, a higher SBR 

content results in a significant 55% reduction in shrinkage for a mortar containing 0.5% GF 

and 10% SBR, compared to another sample with the same fiber content. 

Figure IV.9(a) displays the main effects graphs illustrating the shrinkage response after 30 

days of the mortar, taking into account the factors of fiberglass content and SBR. It is 

observed that the shrinkage after 30 days increases from 3% to 6% due to a change in the 

level of the GF factor from 0% to 0.5%. Conversely, a decrease in shrinkage from 5% to 55% 

is noted due to a change in the level of the SBR factor from 0 to 10%. This indicates that the 

impact of SBR content on shrinkage is more significant than the influence of GF content. 

These findings align with the estimated coefficients (Table IV.3) and equation (4). 

 

 

 

Figure IV. 8 Curves and surfaces of iso-response for the Shrinkage at 30 days. 
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Figure IV. 9 Plot showing the main effects of the  Shrinkage at 30 days. 

 

IV.2.2 Microstructural analysis: 

Figure IV.10 represents the scanning electron microscopy observation images. 
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M5R-0.5G 

 
M10R 
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Figure IV. 10 Scanning electron microscope images of different types of mortars. 

 

The results of scanning electron microscopy (SEM) images of different repair mortars can be 

interpreted as follows: 1- Homogeneity and dense structure: The observation of homogeneity 

in all the repair mortar mixtures indicates a good quality of mixing and a uniform distribution 

of components within the matrix, promoting high compactness and low porosity for increased 

mechanical strength and durability. 2- Good adhesion between glass fibers and the polymer 

matrix: Effective adhesion between the fibers and the matrix allows for efficient transfer of 

loads and stresses, thereby enhancing resistance to traction and flexion. This is particularly 

important in repair applications where resistance to cracking and deformation is crucial. 3- 

Limitations in visualizing the composition of the paste: The SEM technique does not directly 

Goodadherence 

Fiber glass 
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visualize the chemical composition of the paste, highlighting a limitation. Other analytical 

techniques such as energy-dispersive spectroscopy (EDS) may be necessary to obtain detailed 

information about the composition. In summary, scanning electron microscopy images of 

repair mortars reveal homogeneity and a dense structure, along with good adhesion between 

glass fibers and the polymer matrix, but do not directly visualize the composition of the paste. 

IV.2.3 Results and discussion of fiber polymer mortars 

IV.2.3.1 Fresh state 

In Figure IV.11 and figure IV.12, the wet density and diameter of spread of the different 

mixtures are depicted.  

 

Figure IV. 11 Fluidity of the different mixtures. 
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Figure IV. 12 Wet density of the different mixtures. 

 

Various research studies have indicated that incorporating 5% SBR latex content into cement 

mortar results in a 38% increase in fluidity and a reduction of the water-cement ratio (W/C) 

from 0.5 to 0.43, when compared to CM without resin. The presence of polymers, especially 

in the form of latex, has been proven to enhance the workability of cement mortars and 

concretes with lower water content. [68, 99]. As indicated by Eren, F., et al [102], According 

to research studies conducted by Eren, F., et al and Felekoğlu, K.T., the presence of SBR resin 

in cement mortar acts as a lubricant and also retards the setting time of cement. The 

retardation effect is due to the immobilization of SBR on the surface of cement particles, 

which creates a physical barrier and inhibits its reaction with water. [102, 164].  

The impact of fiber content and type on the fluidity of polymer mortars can vary, as per 

research studies. For instance, the addition of hemp and glass fibers to polymer mortars may 

cause a decrease in fluidity. The diameters of M5R-0.1H, M5R-0.3H, and M5R-0.5H mortars 

were determined to be 198.5 mm, 146.5 mm, and 124 mm, respectively, whereas M5R had a 

diameter of 210 mm. Likewise, the spreads of M5R-0.1G, M5R-0.3G, and M5R-0.5G mortars 

were found to be 180 mm, 145 mm, and 123 mm, respectively. The research studies have 

established that the water absorption capacity of plant fibers has a negligible impact on the 

fluidity of polymer mortars. The alkaline pre-treatment of hemp fibers and the removal of 

water-absorbent particles resulted in similar outcomes as those observed in mortars containing 

fiberglass. The addition of fibers to cementitious materials enhances cohesion and 
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homogeneity, which can cause a decrease in fluidity. The wet densities of CM and M5R were 

established to be 2128 kg/m3 and 1995 kg/m3, respectively. The addition of 5% SBR latex 

resulted in a 6% decrease in wet density, attributed to the air-entraining effect of SBR, as 

depicted in Figure IV.11 and IV.12.[68, 102, 165]. In contrast, an increase in wet density has 

been observed in fiber-reinforced polymer mortars with increasing fiber content and type, 

suggesting good compatibility between the fibers and the polymer matrix. For example, the 

M5R-0.5H mixture exhibited a 3% higher density compared to the M5R. The role of SBR 

latex in fresh cement mortar has been extensively explained by Sun, K., et al. [84]. The high 

molecular weight polymer SBR is composed of long chains and a mixture of hydrophilic and 

hydrophobic groups. When SBR is added to cement paste during mixing, it can entrain air and 

trapping microscopic air bubbles. It has been discovered that air inclusions have an impact not 

only on the fluidity of cement pastes, but also on their density. The density of the mixture 

containing 15% SBR was found to be reduced by 31.1% compared to that of the cement paste 

alone. 

 

Figure IV. 13 Relationship between wet density and spreading. 

 

A strong correlation has been noted between the wet density and the spread of mixtures 

containing glass fibers and hemp fibers, with a linear relationship observed between the two 
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variables. The coefficients for this correlation were determined to be 0.99 and 0.97 for glass 

fibers and hemp fibers, respectively, indicating a good correlation. Moreover, the results 

suggest that an increase in wet density results in a corresponding decrease in the fluidity 

diameter. 

 

 

 

 

 

 

 

Figure IV. 14 Flow-spread of CM and M5R mortars.  

 

IV.2.3.2 Flexural strength 

The results of the flexural strength of the control mortars and their relationship to age and 

fiber content (glass and hemp) are presented in Figure IV.15. 

 

Figure IV. 15 Flexural strength of the different mortars made. 
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The data presented in Figure IV.15 is the average of four tests carried out on prismatic 

samples measuring 40x40x160 mm3, showing the flexural strength of various mortar 

mixtures. Research studies have indicated that most of the samples tested showed an increase 

in strength with increased curing time. However, after 7 days, there was no significant 

improvement in the strength of the mortar containing 5% SBR compared to the control 

mixture without resin. This is attributed to the delayed formation of the polymer film within 

the cement matrix. [99, 166]. The bending resistance has been found to increase by 25% and 

20% respectively for M5R-0.5H and M5R-0.5G, in contrast. This improvement is attributed 

to the toughness and ductility of hemp and glass fibers, which enhance the material's ability to 

withstand cracking caused by stress [96]. 

After 28 days, the flexural strength of M5R mortar was found to increase by 14% compared to 

the control CM mortar. This improvement is attributed to the enhanced cohesion between the 

sand and cement grout, which is a result of the formation of the polymer film and co-matrix 

[95]. 

Mortars modified with latex and reinforced with fibers, such as hemp and glass, displayed 

superior flexural strength compared to CM and M5R mortars. The extent of this improvement 

is influenced by the dosage and type of fibers, and an optimal fiber content of 0.5% was 

identified, resulting in a 12% increase in strength over M5R mortar. The application of an 

alkaline treatment to hemp fibers enhanced the bonding between the fibers and cement by 

causing cement precipitation on the exposed fiber surfaces, which improved crack resistance 

and reduced crack propagation. Additionally, the polymer film filling the voids between 

particles facilitated good adhesion of the polymer matrix to glass fibers, resulting in improved 

tensile strength and toughness of the polymer-based mortars [126]. 

After 60 days, the flexural strength of the mortars continued to increase, and those containing 

hemp fibers showed significant resistance compared to other types of mortars. Specifically, 

M5R-0.5H showed a 10% increase in flexural strength compared to M5R and an 11% higher 

resistance compared to CM. This can be attributed to the development of the cement hydrate 

structure, which forms a continuous polymer film that causes the polymer particles to come 

together and form a layer of calcium silicate [109, 167]. The polymer film also reduces the 

formation of Wollaston by absorbing calcium [109]. The decrease in silicates contributes to 

the improved durability of hemp fibers in modified mortars, as a decrease in silicates leads to 

a decline in alkalinity [168][137]. 

The application of soda and polymer treatments to plant fibers leads to an improvement in the 

tensile strength of modified cement mortars. This is accomplished by removing pectin, wax,  
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and hemicellulose content in the natural fibers. The high-tenacity SBR polymer network 

serves as a useful bridge between the different components of the mortar matrix, thereby 

preventing the formation and propagation of microcracks caused by deflection[165][169][69]. 

In the case of mortars containing glass fibers, a slight improvement was noted in M5R-0.5G 

compared to M5R. 

 

 

 

(a)                                                  (b)                                                 

Figure IV. 16 Analysis of Rupture Mode for M5R (a) and M5R-0.5H (b) Samples Following 

Flexural Test. 

 

IV.2.3.3 Compressive strength 

The compressive strength of the control mortar and the SBR latex modified mortar with glass 

and hemp fibers at various ages is depicted in Figure IV.17. The data was obtained from six 

tests carried out on fragments from the flexural strength tests. 
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Figure IV. 17 Compressive strength of the various mortars made. 

Upon analyzing the results, it was found that the compressive strength of the 5% SBR latex 

modified mortar decreases by about 21% and 31% at 28 days and 60 days, respectively, 

compared to the control mortar (CM). This decrease can be attributed to the increased volume 

of air present in the polymer-modified mortar. Studies have shown that the presence of 

polymers can have a negative impact on compressive strength[69, 170]. Shi, C., et al 

[95]explain that the decrease in compressive strength results from the lower mechanical 

strength of the SBR latex compared to cement mortar [69, 166]. This reduction in strength 

also lowers the elastic modulus of the polymer molecule compared to the various cement 

hydration products alone [69]. 

In contrast, the addition of 0.5% hemp fibers in the modified mortar resulted in an increase of 

14.2%, 11%, and 3% in compressive strength at 7, 28, and 60 days respectively, compared to 

the modified mortar containing 5% SBR latex. Additionally, incorporating 0.3% glass fibers 

in the modified mortar led to increases of 13.5%, 5%, and 1% after 7, 28, and 60 days 

respectively. However, beyond this percentage, the resistance of the modified mortar 

containing 5% SBR latex decreased slightly compared to the hemp and glass fiber modified 

mortars. This increase in strength is attributed to the latex film formation within the cement 

structure, which enhances the adhesion between the fibers and the matrix [165, 171]. 

Fidelis, M.E.A., et al [141]demonstrate that coating jute fabric with polymers enhances the 

bonding between fibers and matrix [172]. They also find that using pozzolan additives 
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depletes calcium hydroxide, leading to an increase in matrix density, which protects the plant 

fibers [173-175]. Candamano, S., et al [139] reveal that chemically treating hemp fibers 

removes hemicellulose, lignin, and waxes, providing a clean fiber surface [135]. In their 

conclusion, the authors found that the addition of acrylic latex to the cement matrix fills the 

pores and enhances the bond between the chemically treated hemp fibers and the matrix. 

However, they also observed that the compressive strength of other fiber types remains 

unchanged regardless of their nature. They recommend using 0.5% hemp fibers to effectively 

increase the compressive strength of SBR latex-based mortars. 

IV.2.2.4 Correlation between physical and mechanical properties of mortars modified 

with fibers 

Figure IV.18 illustrates the correlation between the compressive strength and dry density of 

fiber-modified mortar. 

 

Figure IV. 18 Relationship between dry density, flexural and compressive strength. 
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Based on the figure presented, it can be observed that the compressive strength of the 

modified mortar containing hemp or glass fibers is directly proportional to its dry density. 

This means that an increase in the density of the mortar leads to a linear increase in its 

strength. 

IV.2.3.5 Shrinkage 

The property of shrinkage is of utmost importance in determining the dimensional stability of 

materials, whether they are based on cement or polymer. When shrinkage is not compatible, it 

can lead to the development of internal stresses, which may cause failure either at the 

material's interface or within the material itself. Figure IV.19 illustrates the results of 

shrinkage strain for various samples for 4 days, 30 days, and 60 days. 

 

Figure IV. 19 The shrinkage strain results of different samples. 

 

According to Figure IV.19, the inclusion of 5% SBR has resulted in a 20% decrease in the 

shrinkage rate when compared to CM. This decrease in shrinkage is believed to be due to the 

existence of resin particles or films that partially occupy the pores, leading to a reduction in 

drying shrinkage. This was demonstrated by Guo, S.-Y. et al. [69]and Parhizkar, T. and A. 

Ramezanianpour [176]. Ribeiro, M. et al. have explained the reduction in shrinkage observed 

in polymer mortars compared to pure cement-based mortars [68]. Their findings indicate that 

the presence of polymers reduces the density of microcracks at the surface of the paste-
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aggregate interface. Additionally, the polymer film increases the capacity of the wet-

hardening paste to retain water, leading to a decrease in drying shrinkage [94]. 

The initial 10-day period in polymer mortars is characterized by increased shrinkage and 

deformation, which is attributed to the high humidity gradient between the material and its 

surroundings. Furthermore, the presence of fibers in the mortar creates additional porosity, 

which facilitates the movement of water out of the material, leading to significant 

shrinkage.Ban, Y et al [177] found that the porosity of natural fibers like bamboo contributes 

to greater drying shrinkage due to their fibrous structure and interconnected pores. De 

Andrade Silva, F. et al [178] observed a 40% increase in shrinkage in the presence of sisal 

fibers compared to a cement matrix without fibers, which was linked to the size, shape, and 

continuity of capillary pores in hydrated cement-based pastes. At the microstructural level, 

fiber porosity creates more water channels in the matrix, leading to increased drying 

shrinkage [179]. Shafei, B. et al [132] found that the low stiffness of the glass fibers increases 

the shrinkage of glass fiber mortars. The shrinkage values of fiber mortars vary depending on 

the speed and type of fibers. After 60 days, the shrinkage values of M-5R-0.5H, M-5R-0.3H, 

M-5R-0.3G, and M-5R-0.5G mortars were found to be similar to that of M5R, as shown in 

Figure IV.17. 

According to Liuquan, Q., L. Dongxu, and L. Zongjin, the addition of 10% fumed silica is a 

contributing factor to the decrease in shrinkage observed in polymer-modified cement mortar. 

This is because fumed silica induces a pozzolanic reaction in the long-term, leading to an 

increase in the amount of C-S-H gels[180, 181]. Liuquan, Q., L. Dongxu, and L. Zongjin[181] 

found that the presence of C-S-H gels in the cementitious material helps to decrease its 

porosity, ultimately leading to a decrease in shrinkage. Additionally, the encapsulation of 

lignocellulose by cement hydration products on day 14 has been shown to play a role in 

controlling both shrinkage and expansion in mortar through the cohesive stress between 

cellulosic lignin and cement hydrate. The control of mortar shrinkage and expansion is 

achieved through the cohesive stress present between the cellulosic lignin and cement hydrate. 

According to a study conducted by Benali and Ghomari, [99]after ten days of curing, the 

formation of a polymer film integrated into the pores of fibers, particularly the hemp fibers 

treated with NaOH, results in improved adhesion between the fiber and matrix, leading to a 

decrease in porosity and shrinkage of the polymer mortar. Another study by Afroughsabet et 

al [180] found that the inclusion of fibers in cementitious composites prevented cracking 

caused by drying shrinkage. The addition of 10% fumed silica and 5% SBR latex to cement 
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mortars containing 0.5% hemp fibers treated in 5% NaOH was found to result in composites 

with desirable properties. Therefore, it can be concluded that this formulation effectively 

reduces the adverse impact of plant fibers on the shrinkage of the cementitious matrix. 

 

Figure IV. 20 Total shrinkage for different deadlines of the mixes made. 

 

IV.2.3.6 Water absorption 

The evolution of capillary water absorption and total immersion water absorption for various 

mixtures is depicted in Figures IV.21 and IV.22, respectively. 

 

Figure IV. 21 Absorption of water by capillarity. 
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Unlike drying shrinkage, capillary water absorption tests measure the water absorption of a 

sample when it is in contact with external water. The results are frequently used to assess the 

material's durability [177]. According to Figure IV.21, a decrease of 68% in capillary 

absorption after 24 hours compared to the mortar without CM resin is observed as a result of 

the addition of 5% SBR latex. This decrease is attributed to the filling of pores by polymer, 

which leads to a reduction in open porosity and the bridging of microcracks within the matrix 

[166]. An increase in capillary absorption after 24 hours of testing is shown by mortars 

containing hemp fibers, specifically M5R-0.3H and M5R-0.5H, with increases of 20% and 

60% respectively compared to M5R. This increase is due to the high water absorption of 

natural fibers, which exceeds 90% and results in an increase in porosity in the transition zone, 

as reported by deAzevedo et al [138]. The high absorption of samples containing plant fibers 

is attributed by Booya et al [136] to the shrinkage of plant fibers during kiln drying, which 

creates a space between the fiber and the cementitious matrix. Upon contact with water, these 

samples absorb more water than before. In contrast, a reduction in water absorption of 13% 

after 24 hours is shown by M5R-0.1H due to the small amount of added fiber. Glass fiber 

mortars exhibit low capillary water absorption compared to M5R, which may be due to the 

better microstructural behavior of the glass fibers in the interfacial zone and refinement of 

pores, resulting in a decrease in water absorption. Additionally, the cementitious composite is 

prevented from rising through capillaries by the fibers within it. 

 

Figure IV. 22 Water absorption by total immersion. 
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The total water absorption provides an estimate of the total number of pores in the material 

that can be reached by water [136]. The lowest absorption was observed in the M5R-0.3G 

mixture, although the addition of hemp fibers slightly increased the porosity of the mortar, 

resulting in a higher absorption rate. Natural fibers have significantly increased water 

absorption and are more easily saturated than the hardened cementitious matrix, as stated by 

de Azevedo et al [138]. A strong correlation was found between the results of total absorption 

and capillary absorption. 

IV.2.3.7Adhesion resistance 

Figure IV.23 illustrates the results of the adhesion strength of two-component mortars based 

on the fiber content and type after 28 days of dry curing. The average results are based on 

three experiments.  

 

Figure IV. 23 Adhesion of mortars to cementitious supports. 

Adding 5% SBR latex improved adhesion by 30%, as demonstrated in the results. Various 

studies have investigated the effect of polymer addition on mortar adhesion to different 

substrates. For example, Jo, Y.-K [104] reported that adding polymers such as SBR, EVA, 

and PAE could increase mortar substrate adhesion by 2-3 times. Benali, Y. and F. Ghomari 

[99] conducted adhesion tests on mortar substrates and found that adding SBR latex in 

powder or emulsion form in the range of 0-20% proportion increased adhesion. Jo, Y.-K [104] 

also observed, using SEM, that the polymer film was uniformly distributed and adhered to the 

substrate's concrete aggregate. The bond between the polymer film and the hydrated cement 
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and aggregates was found to be strong, especially with the silica produced from cement 

hydration. For regular cement mortars, bonding surface adhesion is solely accomplished 

through cement hydration. The glass fiber-based polymer mortar (M5R-0.3G) showed 

superior adhesion compared to CM and M5R-H. 

 

Figure IV. 24 Two-component mortar after rupture. 

 

Figure IV. 25 Failure mode of M5R-0.3H sample under bending test. 
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IV.2.3.8 The thermogravimetric Derivatives (DTG) of mixtures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV. 26 Thermogravimetric analysis (DTG) results: (a) CM and M5R, (b) M5R, M5R-

0.5H, and M5R-0.5G at 60 days. 

 

 

The significance of Thermogravimetric Derivatives (DTG) in evaluating hydration product 

properties and identifying different phases is emphasized [182]. The DTG curves for CM and 

M5R samples at 60 days are presented in Figure IV. 26. a. The DTG curve of the cement 

mortar (CM) showed three regions with 68-120°C corresponding to the dehydration of 

calcium silicate hydrate (CSH), 460-480°C consisting of calcium hydroxide calcium and 700-

750°C for the decarbonation of calcium carbonate CaCO3 [183]. Examination of the M5R 

(B) 

(a) 
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DTG curve revealed that the presence of the polymer had a minimal effect on the formation of 

CSH but resulted in the formation of carbonates, with the carbonate decomposition peak (700-

750°C) of M5R broadened. These findings are consistent with those of Betioli et al. [184]. 

Additionally, M5R displayed a weaker peak at 440-470°C than CM, which is associated with 

the degradation of polymers and silicate solids [185].  

The reduction in compressive strength of polymer mortars can be attributed to the adsorption 

of polymers on the surface of cement particles, limiting contact with water and inhibiting the 

growth of hydrates, forming a film that makes it difficult to access water. This is accompanied 

by slower silicate hydrate formation than that of CM. Furthermore, the complexation of SBR 

with the calcium ions in the interstitial solution leads to a decrease in the formation of 

portlandite and ettringite [186]. 

As seen in Figure IV.26. b, the DTG curves of M5R, M5R-0.5H, and M5R-0.5G revealed that 

the presence of hemp fibers in the PM increased the peak between 400 and 480°C, which 

corresponds to the decomposition of portlandite and SBR. This increase is believed to be due 

to the absorption of Ca2+ and OH- from the cement by the fibers and the polymer. As a result, 

the CSH of the M5R-0.5H mixture was reduced compared to M5R. Sedan et al. [156] 

demonstrated that hemp fibers with high pectin content bind Ca2+ calcium ions and OH- 

hydroxide ions to their surface, resulting in a lack of hydroxide and calcium ions in the 

interstitial phase and a delay in setting due to the inhibition of calcium silicate hydrate (CSH). 

However, M5R-0.5G displayed a distinct CSH peak, which could result from a reaction 

between the glass fibers and the initial calcium, explaining the increased bond strength of the 

glass fibers-containing M5R due to the increase in C-S-H. 
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IV.2.4 Ultrasonic Pulse Velocity, dynamic modulus and damage coefficient 

The Ultra Pulse Velocity (UPV), the dynamic modulus and damage coefficient of concrete at 

both room temperature and high temperature are presented in table IV.4. 

Table IV. 4 Results from non-destructive testing. 

Temperature 𝑽𝑻(m/s) 
𝝆𝑻(

𝒕

𝒎𝟑
) 

𝑫𝑽
𝑻 𝑬𝒅 (GPa) 

20°C 4350 2354  

0,58 

9.21 

750°C 2900 2199 5.71 

 

According to the data presented in Table IV.4 a clear observation emerges: the dynamic 

modulus of concretes undergoes a significant decrease after being subjected to a temperature 

of 750°C. Indeed, it can be observed that the initial value of this modulus is 9.21 GPa, 

whereas after exposure to heat, this value decreases considerably to reach 5.71 GPa. 

This significant reduction in the dynamic modulus can be interpreted as an indicator of the 

impact of high temperature on the mechanical properties of the material. When concretes are 

subjected to intense heat, the chemical bonds and internal structure of the material can be 

altered, resulting in a decrease in its rigidity. 

Furthermore, the mention of a "damage rate equal to 0.58" suggests a relationship between the 

decrease in the dynamic modulus and the damage suffered by the concretes because of 

exposure to 750°C. This damage rate of 0.58 can be understood as a quantitative measure of 

the extent of the damage suffered by the material. 

In summary, the data from Table IV.4 reveal a significant reduction in the dynamic modulus 

of concretes after exposure to 750°C, thus reflecting the damage caused by heat. The damage 

rate of 0.58 emphasizes the importance of these damages and can serve as a reference for 

evaluating the performance and resistance of concretes under similar conditions in the future. 

 

IV.2.5 Concrete after heating 

The degradation of the concrete structure can be roughly identified by observing the surface 

of the concrete following exposure to high temperatures, as illustrated in figure IV.27. The 

test results reveal that, following the heating-cooling cycle at 750°C, all specimens exhibited 

obvious damage in the structure. 
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Figure IV. 27 Concrete specimens after the heating-cooling cycle to 750°C. 

 

The interior morphologies of concrete after the 750°C heating-cooling cycle are depicted in 

figure IV.28. As the temperature rises, the aggregate volume expands, while the cement paste 

undergoes shrinkage. Consequently, cracks form along the interface of the aggregate-cement 

matrix. This occurrence may be attributed to the thermal incompatibility between the 

aggregates and cement matrix. 

 

Figure IV. 28 Internal damage of specimens following the 750°C heating-cooling cycle. 

 

IV.2.5.1 Repair of concrete subjected to high temperature 

Fire is a crucial phenomenon that can have a profound effect on concrete. In many cases, it 

causes enormous degradation, which can weaken the structure and put it at risk of collapse. In 

our study, we tested the effects of fire on concrete specimens by placing 10x10x10 cm3 

concrete blocks in an oven and exposing them to a temperature of 750°C for 1 hour. The 
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results showed a dramatic decrease in the residual compressive strength of the concrete, 

which was measured to be 18 MPa after heating (C-F), representing a great decrease from the 

initial strength of 43 MPa measured at 365 days. The photos taken during the experiment 

clearly illustrate the severe degradation caused by the fire, which highlights the need for 

effective fire protection measures in concrete structures. Given the risks posed by fire 

degradation in concrete structures, such as tunnels and major building structures, our goal in 

this research was to develop a low-cost and highly effective method for repairing degraded 

concrete. To that end, we used polymer concrete containing 0.3% fiberglass and 5% SBR 

latex, and compared the results with commercially available mortars. 

 

 

 

 

Figure IV. 29 Comparison between concrete that was heated and repaired using two different 

types of materials. 

 

According to Figure IV.29, it can be observed that (C-R) exhibits a remarkable improvement 

in resistance, with an increase of 35%. This is a significant result and demonstrates the 

effectiveness of the repair concrete in strengthening the damaged concrete structures. 

Additionally, the adhesion of the repaired concrete is very good, which ensures that the repair 

remains stable and secure over time. Furthermore, the new mortar-based concrete developed 
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in our research delivers comparable results to commercially available mortar. This implies 

that the mortar-based concrete developed in our study can be a viable alternative to 

commercial products(C-R-C), offering similar levels of performance and durability. In 

conclusion, our study provides evidence of the effectiveness of the repair concrete and the 

new mortar-based concrete, making them suitable options for repairing and restoring concrete 

structures. 

 

Figure IV. 30 Photo of test specimens repaired after crushing. 

 

IV.2.5.2 Adhesion between damaged concrete and repair concrete 

According to figure IV.31, it is evident that there is a good bond between the degraded 

concrete and the chosen laboratory-level repair mortar. This indicates the effectiveness of our 

repair product for concrete subjected to high temperatures. The strong bond between the two 

materials is essential for ensuring a solid and durable repair of damaged concrete surfaces. 

This finding reinforces confidence in our repair product and suggests that it is capable of 

repairing concrete exposed to extreme conditions, such as high temperatures, providing a 

reliable solution for concrete repair in such situations. 
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Figure IV. 31 The adhesion between heated concrete specimens and the repair concrete. 

 

IV.2.5.3 Image analysis (digital modeling) 

 

The figure III.32 presents the deformation response in relation to the applied compressive 

load on the repaired test specimens.  

 

Figure IV. 32 load deformation curve. 
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In phase 2, a ductile portion is observed, indicating the effect of fibers and polymers present 

in the repair concrete. 

The appearance of a ductile portion in the deformation curve suggests that the repair concrete 

has improved ductility properties due to the incorporation of fibers and polymers. Fibers, such 

as glass fibers, enhance the strength and toughness of the concrete by preventing crack 

propagation and absorbing deformation energy. Polymers, on the other hand, can contribute to 

improving the flexibility and resistance of the material. 

This observation highlights the effectiveness of the repair techniques employed, which result 

in repair concrete exhibiting higher ductile properties compared to the original concrete. This 

can be beneficial for enhancing resistance to compressive loads and the material's ability to 

absorb stresses without fracturing. 

In summary, the presence of a ductile portion in the deformation curve of the repaired test 

specimens indicates that the incorporation of fibers and polymers in the repair concrete helps 

improve its ductility and resistance to compressive loads. These characteristics are essential in 

ensuring the durability and performance of the repaired concrete under structural demands. 
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Figure IV. 33 Evolution of the deformations of the specimen. 

 

 

The figure represents an analysis of images of repaired concretes using Gom software, 

showing different states of damage. At the beginning of the crushing zone (Phase A), the 
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majority of the surface appears glassy, suggesting a relatively low stress. This indicates a 

moderate compressive stress on this part of the concrete. However, a small portion of the 

surface is represented in blue, suggesting a tensile stress. This area may experience 

deformation due to tensile forces, which could be the result of structural weakness or external 

loading. 

Additionally, a small yellow-colored area is present, indicating a compressive stress. This 

zone may be subjected to significant pressure, possibly due to additional loading or locally 

applied stress. 

In Phase B, a yellow band with red is observed on the surface of the specimen. This indicates 

a very high compressive stress in the middle of the specimen, while the other parts are 

predominantly glassy with some yellow. It can be concluded that the central part of the 

repaired specimen experiences the highest stress and requires particular attention. 

In Phase C, it is observed that the yellow area expands and occupies the majority of the 

surface, indicating a higher compressive stress. This suggests that this specific zone of the 

concrete is subjected to significant pressure, possibly due to additional loading or locally 

applied stress. Furthermore, a red band appears in the middle of the specimen, indicating very 

high stress. This highlights the importance of adhesion between the repair materials and the 

concrete exposed to fire, as it is more heavily stressed compared to other parts. 

In Phase D, the entire surface of the specimen is yellow, indicating a homogeneous 

distribution of compressive stresses. This observation suggests that the repair concrete has 

successfully absorbed and evenly distributed the stresses exerted on the entire surface, 

demonstrating enhanced overall strength. 

In summary, the image analysis reveals different zones of damage in the repaired concrete. 

The presence of specific colors such as glassy, blue, and yellow helps identify the different 

stresses to which these zones are subjected, including low stress, tension, and compression. 

This interpretation aids in understanding the strengths and weaknesses of the material, guiding 

appropriate repair and reinforcement measures. 

This comprehensive interpretation contributes to guiding appropriate repair and reinforcement 

measures, focusing on areas with higher stresses. By considering this information, targeted 

repair strategies can be implemented to strengthen the most vulnerable parts of the repaired 

concrete, ensuring long-term durability and structural resistance. 
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Figure IV. 34 Specimen after crushing. 
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IV.3 Conclusion 

The properties of mortar-polymer composites containing different fibers were studied in this 

chapter. Spreading, resistance to compression and bending, shrinkage adhesion, absorption, 

and thermogravimetric analysis were conducted for this purpose. The following conclusions 

have been drawn from the results obtained in the study:  

➢ The numerical modeling based on the factorial design demonstrates its effectiveness 

by providing mathematical laws for accurate prediction of various observed 

phenomena.  

➢ The microstructural analysis conducted using a scanning electron microscope reveals 

excellent compatibility between the fibers and the polymer matrix." 

➢ A 38% increase in fluidity and a decrease in the W/C ratio from 0.5 to 0.43 were noted 

in cement mortar upon the addition of 5% SBR latex.  

➢ Fluidity was found to be poor in polymer mortars containing hemp and glass fibers, 

depending on the content and type of fibers, due to the increased cohesion and 

homogeneity of the fiber-based mixture.  

➢ A 6% decrease in wet density was observed upon the addition of 5% SBR latex, due to 

the air-entraining effect of the SBR latex. Conversely, the wet density of fibrous 

polymer mortars increased based on the proportion and nature of the fibers, indicating 

good cohesion between the fibers and the polymer matrix. M5R-0.5H was found to be 

3% denser than M5R.  

➢ According to the results of the tests, a positive effect on most of the samples was noted 

for cure time. After 7 days, a 25% increase in flexural strength was recorded for M5R-

0.5H mortars and a 20% increase in flexural strength was recorded for M5R-0.5G 

mortars in comparison to M5R and CM. This is due to the ductility and toughness of 

hemp and glass fibers, which leads to greater resistance to cracking from stress 

transfer from the fibrous matrix. The best flexural strength after 28 days was found to 

be in the latex-modified mortar containing hemp and glass fibers, dependent on the 

dosage and nature of the fiber. The optimum fiber content for hemp and fiberglass was 

determined to be 0.5%, with increases of 14% and 10% respectively over M5R. 

➢ An increase of 14%, 9.5% and 10% in compressive strength after 7, 28 and 60 days 

respectively was observed upon the incorporation of 0.5% hemp fiber in PM compared 

to M5R. Similarly, the presence of 0.3% glass fibers in PM resulted in increases of 

13.5%, 6% and 0.6% after 7, 28 and 60 days respectively.  
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➢ Good long-term shrinkage properties were noted in cement mortars containing 0.5% 

or 0.3% hemp fiber soaked in 5% NaOH, upon the addition of 10% silica fume and 

5% SBR latex.  

➢ An increase in adhesion was observed for fiberglass-based polymer mortars, 

particularly M5R-0.3G, with a 23% increase compared to M5R. Slight increases in 

adhesion were noted for M5R-0.1H and M5R-0.3H compared to M5R, while a slight 

decrease in adhesion was observed for M5R-0.5H. Further study is required for these 

results.  

➢ A decrease in CSH and a slight increase in portlandite were indicated in PM upon the 

presence of hemp fibers, according to the DTG curves. 

The image analysis using GOM software provides valuable insights into the condition of the 

repaired concrete. The identification of different zones of damage and the analysis of specific 

colors indicative of different stresses offer a comprehensive understanding of the material's 

strengths and weaknesses. This knowledge allows for targeted repair and reinforcement 

measures to be implemented, focusing on areas experiencing higher stresses. 

By utilizing this comprehensive interpretation, repair strategies can be tailored to strengthen 

the most vulnerable parts of the repaired concrete. This approach ensures long-term durability 

and structural resistance, as the repairs are specifically designed to address the identified areas 

of concrete. Ultimately, the image analysis and its resulting insights contribute significantly to 

guiding appropriate repair and reinforcement measures, promoting the overall integrity and 

longevity of the concrete structure. 
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The degradation of concrete due to fire is a common problem in buildings, which has 

motivated research on the behavior of ordinary and high-performance concrete during fires. 

Theoretical and experimental studies have been conducted to better understand the observed 

phenomena and identify the key factors influencing the fire performance of concrete. 

However, limited research has been done on the repair of concrete damaged by thermal shock. 

Polymer-mortar composites are commonly used materials for protecting and repairing 

concrete surfaces. While previous studies have explored the use of polymer mortars to repair 

chemical and mechanical degradation, none have specifically examined the repair of concrete 

exposed to high temperatures. This study chose to use a single type of polymer, styrene-

butadiene rubber (SBR), and incorporated two types of fibers: glass fiber and hemp fiber. 

The study was composed of three distinct parts. The first part involved numerical modeling 

based on a full factorial design to study the influence of the presence or absence of polymer 

and glass fibers. The results showed that the addition of a high dosage of SBR resulted in 

increased flexural strength, reduced water absorption and shrinkage. Furthermore, a 

microstructural analysis conducted using a scanning electron microscope revealed good 

adhesion between the polymer matrix and the glass fibers, thus explaining the increased 

flexural strength. 

The second part of the study focused on comparing the effect of vegetable fibers and glass 

fiber on the performance of repair mortars. The objective was to introduce vegetable fibers to 

reduce environmental impact and costs while maintaining or improving the same mechanical 

performance as polymer mortars. The results showed that after 7 days, a 25% increase in 

flexural strength was recorded for M5R-0.5H mortars, and a 20% increase was recorded for 

M5R-0.5G mortars compared to M5R and CM mortars. This is due to the ductility and 

toughness of hemp and glass fibers, which provide greater resistance to cracking caused by 

stress transfer from the fibrous matrix. The best flexural strength after 28 days was achieved 

in the latex-modified mortar containing hemp and glass fibers, depending on the dosage and 

nature of the fiber. The optimal fiber content for hemp and glass fiber was determined to be 

0.5%, resulting in respective increases of 14% and 10% over M5R mortars. 

Furthermore, an increase of 14%, 9.5%, and 10% in compressive strength after 7, 28, and 60 

days, respectively, was observed upon the incorporation of 0.5% hemp fiber in the polymer 

mortar compared to M5R mortar. Similarly, the presence of 0.3% glass fibers in the polymer 

mortar resulted in increases of 13.5%, 6%, and 0.6% after 7, 28, and 60 days, respectively. 

Good long-term shrinkage properties were noted in cement mortars containing 0.5% or 0.3% 



GENERAL CONCLUSION 

 
121 

hemp fiber soaked in a 5% NaOH solution, with the addition of 10% silica fume and 5% SBR 

latex. 

In summary, the results of the second part of the study showed that the addition of fibers 

significantly improves the mechanical and physical performance of polymer mortars. The 

presence of hemp and glass fibers in polymer mortars reduces their fluidity, increases 

cohesion and homogeneity, and leads to a decrease in spread ability. However, the adhesion 

strength of mortars containing hemp fibers showed a slight increase, except for M5R-0.5H 

mortar, which showed a slight decrease. Further studies are needed to fully understand these 

results. 

Finally, the study of repairing concrete exposed to high temperatures has revealed that the 

materials developed in this study exhibit superior behavior compared to commercially 

available mortars. This suggests that the repair concrete and the new mortar-based concrete 

developed in this study could be a viable option as substitutes for commercial products, 

offering equivalent or even better levels of performance and durability. In conclusion, this 

study demonstrates the effectiveness of repair concrete and the new mortar-based concrete, 

making them appropriate choices for the repair and restoration of concrete structures, while 

providing significant environmental and economic benefits. Future research can further 

explore these findings and investigate other types of fibers and polymers for optimal use in 

high temperature concrete repair applications. 

Image analysis using GOM software is a powerful tool for assessing the condition of concrete 

structures and guiding appropriate repair and reinforcement measures. By analyzing different 

zones of damage and identifying specific colors associated with varying stresses, the analysis 

provides a comprehensive understanding of the material's behavior and vulnerabilities. 

This comprehensive interpretation enables targeted repair strategies to be implemented, 

focusing on areas experiencing higher stresses. By strengthening the most vulnerable parts of 

the structure, long-term durability and structural resistance can be ensured. 

The use of image analysis in concrete assessment contributes significantly to the overall 

integrity and longevity of structures. It allows for informed decision-making regarding repair 

and reinforcement, leading to improved structural performance and reduced maintenance 

costs. 

Overall, image analysis using GOM software plays a crucial role in the field of concrete 

engineering, providing valuable insights for efficient and effective repair and reinforcement 

strategies. It is a valuable tool for engineers and professionals involved in the maintenance 
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and preservation of concrete structures, promoting their safety and longevity in various 

industries such as construction, infrastructure, and beyond. 
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