
EFFECT OF TEMPERATURE ON THE SUSTAINABILITY OF ECO-

ENGINEERED CEMENTITIOUS COMPOSITES: CURING, EXTREME 

CONDITIONS AND SERVICE LIFE 

by 

Vito Francioso 

 

A Dissertation 

Submitted to the Faculty of Purdue University 

In Partial Fulfillment of the Requirements for the degree of 

 

Doctor of Philosophy 

 

 

Lyles School of Civil Engineering 

West Lafayette, Indiana 

May 2022 

  



 

 

2 

THE PURDUE UNIVERSITY GRADUATE SCHOOL 

STATEMENT OF COMMITTEE APPROVAL 

Dr. Maria Mirian Velay-Lizancos, Chair 

Lyles School of Civil Engineering 

Dr. Jan Olek 

Lyles School of Civil Engineering 

Dr. Nusrat Jung 

Lyles School of Civil Engineering 

Dr. Ramses V. Martínez 

Industrial and Biomedical Engineering 

 

 

Approved by: 

Dr. Dulcy M. Abraham 

 

 



 

 

3 

 

 

 

 

 

 

 

 

To my sister Mara,  

and my parents Antonio and Isabella. 

 

To my family, 

for their endless love, support and encouragement. 

 

  



 

 

4 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank my advisor and mentor Prof. Mirian Velay-

Lizancos, for her support and consistent guidance over the past four years at Purdue University. 

The completion of this work could not have been possible without the expertise of Dr. Velay. Her 

unparalleled support, patience, and advice have encouraged me throughout the studies and the 

writing of this Ph.D. dissertation. Her vision and insights have strongly enriched my academic 

experience, and this research. Her unconditional trust in me, since the beginning of this insidious 

adventure, has been a pillar that has allowed me to achieve results that I would never have thought 

of. Gracias, gracias, gracias, Mirian, your dynamism, vision, sincerity, kindness and motivation 

have deeply inspired me. 

I gratefully acknowledge my examination committee members, Dr. Jan Olek, Dr. Nusrat 

Jung, and Dr. Ramses Martínez, for their teachings throughout my Ph.D. studies at Purdue, and 

their insightful comments and suggestions. Their expertise and example have been of great 

inspiration. Thank you, professors. 

Also, thanks to the Lyles School of Civil Engineering for giving me the opportunity to 

expand my vision and knowledge, and achieve the highest academic result. Thank you to the 

amazing professors and people at Purdue who made this journey incredible. 

I would like to express my sincere gratitude to Isabel, who saw a spark in me and has 

opened my eyes to a completely unknown, but exciting research world. And to the other professors 

who believed in me. 

Special thanks go to my colleagues and friends at Purdue University for their support 

throughout my Ph.D. studies and the uncountable hours spent together. Especially to those 

amazing people who shared my second home with me (HAMP G230/G223): Hyungu and Raikhan, 

for their valuable teachings and time; Anan and Masoud, for their free-food and financial advice; 

Miguel, “el general de la vieja y de la nueva escuela”; Romika, for her kindness and positive energy; 

Fabian, Dan, Alberto, and Marina, for their support, precious help and fun time together. I wish 

you the best in your present and future. 



 

 

5 

I must express my deepest gratitude to the big and unique Italo-Spanish family that has 

been formed and grown over the past years: Adrian, Monica, Sara and Angel, Riccardo, Antonio, 

Fabrizio, Bea, Mario, Luzma and countless others that have shared part of this journey and made 

me feel loved, but especially closer to Home. Thanks for all the fun and beautiful moments. A 

special thanks to my “little brother” Carlos, with whom I have shared a house and work space for 

4 years, but especially laughed and cried, played and worked hard, debated and made peace. Know 

that I admire you. 

Last, but not least, is the recognition of the support given by my family and many friends 

around the world. If I am the person I am today it is above all thanks to you. I am extremely grateful 

to my parents for their love, prayers, caring and sacrifices for educating and preparing me for my 

future. Thanks to my sister, for her selfless support and kind encouragement. Also, I would like to 

thank my best friend, Marturo, for being with me over the last 25+ years. 

Finally, I would like to thank myself for never letting me down and believing in who I am 

through the good and the bad times. 

 

 

Once again, thank you so much everyone for all of your support along the way, 

Vito 

 



 

 

6 

TABLE OF CONTENTS 

LIST OF TABLES ........................................................................................................................ 10 

LIST OF FIGURES ...................................................................................................................... 12 

LIST OF ABBREVIATIONS ....................................................................................................... 15 

ABSTRACT .................................................................................................................................. 18 

 INTRODUCTION ................................................................................................................. 21 

 Motivation ......................................................................................................................... 21 

 Aim and Objectives........................................................................................................... 22 

 Structure of the dissertation .............................................................................................. 24 

 CURING TEMPERATURE: A KEY FACTOR THAT CHANGES THE EFFECT OF TIO2 

NANOPARTICLES ON MECHANICAL PROPERTIES, CALCIUM HYDROXIDE 

FORMATION AND PORE STRUCTURE OF CEMENT MORTARS ...................................... 26 

 Introduction ....................................................................................................................... 26 

 Materials ........................................................................................................................... 28 

2.2.1 Materials .................................................................................................................... 28 

 Methods............................................................................................................................. 29 

2.3.1 Flexural and Compressive strength ........................................................................... 29 

2.3.2 Response Surface Methodology (RSM) .................................................................... 30 

2.3.3 Differential Scanning Calorimetry (DSC) ................................................................. 31 

2.3.4 Thermogravimetric Analysis (TGA) at 7 days .......................................................... 32 

2.3.5 3D X-ray Microscope characterization of pore structure .......................................... 34 

 Results and Discussion ..................................................................................................... 35 

2.4.1 Compressive strength ................................................................................................. 35 

2.4.2 Flexural strength ........................................................................................................ 38 

2.4.3 Response Surface Methodology (RSM) .................................................................... 41 

2.4.4 Calcium hydroxide formation by DSC analysis ........................................................ 44 

2.4.5 Pore structure analysis through 3D X-Ray Microscope (3D XRM) .......................... 49 

 Conclusions ....................................................................................................................... 52 

 HIGH TEMPERATURE RESISTANCE OF ECO-MORTARS CONTAINING 100% 

RECYCLED CONCRETE AGGREGATES (RCA) AND NANO-TIO2 .................................... 54 



 

 

7 

 Introduction ....................................................................................................................... 54 

 Materials ........................................................................................................................... 57 

3.2.1 Mix-design ................................................................................................................. 57 

 Methods............................................................................................................................. 59 

3.3.1 Flexural and compressive strength test of mortar under standard conditions ........... 59 

3.3.2 Method to evaluate residual strength ......................................................................... 59 

3.3.3 Ductility ..................................................................................................................... 61 

3.3.4 Correlation of mechanical properties with temperature and TiO2 percentage .......... 61 

3.3.5 Differential Scanning Calorimetry (DSC) ................................................................. 62 

3.3.6 X-Ray Diffraction (XRD) .......................................................................................... 63 

3.3.7 Scanner Electro-Microscope (SEM) .......................................................................... 63 

 Results and Discussion ..................................................................................................... 63 

3.4.1 Flexural and compressive strength ............................................................................ 63 

3.4.2 Visual analysis of samples ......................................................................................... 67 

3.4.3 Correlation of mechanical properties with exposure temperature and TiO2 % ......... 68 

3.4.4 Ductility ..................................................................................................................... 68 

 DSC ................................................................................................................................... 70 

 Conclusions ....................................................................................................................... 76 

 EFFECT OF ELEVATED TEMPERATURE ON FLEXURAL BEHAVIOR OF 

RECYCLED POLYPROPYLENE (PP) FIBER-REINFORCED ECO-MORTARS .................. 77 

 Introduction ....................................................................................................................... 77 

 Materials ........................................................................................................................... 79 

4.2.1 Characterization of the recycled polypropylene fibers .............................................. 79 

4.2.2 Mix-design ................................................................................................................. 81 

 Methods............................................................................................................................. 83 

4.3.1 Sample preparation and curing .................................................................................. 83 

4.3.2 High temperature exposure ........................................................................................ 83 

4.3.3 Flexural strength test of mortar before and after exposure ........................................ 84 

4.3.4 Digital Image Correlation .......................................................................................... 85 

4.3.5 An indirect method to assess bonding strength changes ........................................... 85 

4.3.6 ITZ inspection by optical microscopy ....................................................................... 86 



 

 

8 

4.3.7 Compressive strength test of mortar before and after exposure ................................ 87 

 Results and Discussion ..................................................................................................... 87 

4.4.1 Flexural strength under standard conditions .............................................................. 87 

4.4.2 Effect of high-temperature exposure on flexural strength ......................................... 88 

4.4.3 Post-peak residual strength after high-temperature exposure .................................... 90 

4.4.4 Digital Image Correlation .......................................................................................... 91 

4.4.5 Fiber-matrix bonding, Secondary strength, and Secondary toughness ...................... 93 

4.4.6 Fiber-matrix ITZ ........................................................................................................ 94 

4.4.7 Compressive strength test of mortar before and after exposure ................................ 95 

 Conclusions ....................................................................................................................... 96 

 EFFECT OF RECYCLED CONCRETE AGGREGATE (RCA) ON MORTAR’S 

THERMAL CONDUCTIVITY SUSCEPTIBILITY TO VARIATION OF AMBIENT 

TEMPERATURE AND MOISTURE CONTENT ....................................................................... 98 

 Introduction ....................................................................................................................... 98 

 Materials ......................................................................................................................... 102 

5.2.1 Mix design, sample manufacturing, and curing conditions ..................................... 103 

 Methods........................................................................................................................... 104 

5.3.1 Density and permeable porosity determination ....................................................... 104 

5.3.2 Flexural and compressive strength test .................................................................... 104 

5.3.3 Thermal conductivity ............................................................................................... 105 

5.3.4 Response surface method ........................................................................................ 107 

5.3.5 Generalized prediction equation and results validation ........................................... 108 

 Results and Discussion ................................................................................................... 109 

5.4.1 Density and permeable pore space (accessible porosity) ........................................ 109 

5.4.2 Flexural and compressive strength .......................................................................... 110 

5.4.3 Thermal conductivity ............................................................................................... 112 

 Conclusions ..................................................................................................................... 124 

 IMPACT OF CURING TEMPERATURE ON THE SUSTAINABILITY OF SUGARCANE 

BAGASSE ASH AS A PARTIAL REPLACEMENT OF CEMENT IN MORTARS: AN LCA ...  

  ............................................................................................................................................. 126 

 Introduction ..................................................................................................................... 126 



 

 

9 

 Materials ......................................................................................................................... 130 

6.2.1 Mix design, sample manufacturing, and curing conditions ..................................... 131 

 Methods........................................................................................................................... 132 

6.3.1 Compressive strength test ........................................................................................ 132 

6.3.2 Life cycle assessment (LCA) of mortars ................................................................. 132 

 Results and discussion .................................................................................................... 138 

6.4.1 Compressive strength and binder content variation based on designated FU ......... 138 

6.4.2 Life cycle assessment (LCA) ................................................................................... 140 

 Conclusions ..................................................................................................................... 148 

 CONCLUSIONS AND FUTURE WORK .......................................................................... 149 

 Conclusions ..................................................................................................................... 149 

 Future work ..................................................................................................................... 153 

7.2.1 Other future research lines ....................................................................................... 154 

APPENDIX A. MATERIALS CERTIFICATIONS .................................................................. 155 

APPENDIX B. DSC AND TGA PLOTS ................................................................................... 156 

APPENDIX C. LOAD-DISPLACEMENT CURVES ............................................................... 163 

REFERENCES ........................................................................................................................... 164 

PUBLICATIONS ........................................................................................................................ 191 

  



 

 

10 

LIST OF TABLES 

Table 2.1 Proportions of mortar mixtures. .................................................................................... 29 

Table 2.2 Experimental design. .................................................................................................... 30 

Table 2.3 ANOVA analysis. ......................................................................................................... 42 

Table 2.4 Comparison between % CH based on TGA analysis before and after carbonation 

adjustment. .................................................................................................................................... 48 

Table 2.5 Air voids percentage by total volume. .......................................................................... 52 

Table 3.1 Mix Proportions for Mortar Samples. ........................................................................... 57 

Table 3.2 Particle size distribution of both aggregates. ................................................................ 58 

Table 3.3 ANOVA analysis results. .............................................................................................. 68 

Table 3.4 Evaluation of ductility in each mixture after performing flexural strength test. .......... 69 

Table 3.5 CH calculation. ............................................................................................................. 70 

Table 4.1 Particle size distribution of fine natural aggregate. ...................................................... 82 

Table 4.2 Mix proportions (per m3 of mortar), flow and density. ................................................ 82 

Table 5.1 Mix proportions (per m3 of mortar). ........................................................................... 103 

Table 5.2 Permeable pore space (adapted from ASTM C642). .................................................. 110 

Table 5.3 Thermal conductivity results. ..................................................................................... 113 

Table 5.4 ANOVA results........................................................................................................... 117 

Table 5.5 Constants Cn for each mortar. ..................................................................................... 118 

Table 5.6 ANOVA results........................................................................................................... 120 

Table 5.7 Constants (for each studied ambient temperature). .................................................... 121 

Table 5.8 Training and validation tests conditions. .................................................................... 123 

Table 6.1  SCBA particle size. .................................................................................................... 130 

Table 6.2 Chemical composition of SCBA................................................................................. 131 

Table 6.3 Mix proportions (per m3 of mortar). ........................................................................... 132 

Table 6.4 Life inventory data used for this study. ...................................................................... 135 

Table 6.5 Designated impact categories from TRACI (last two added). .................................... 137 

Table 6.6 Estimation of cement content to obtain the FU. ......................................................... 140 



 

 

11 

Table 6.7 Environmental impacts for 1 m3 of mortars cured at 21 °C (* modified mortar that would 

have the same compressive strength as their reference). ............................................................ 144 

Table 6.8 Environmental impacts for 1 m3 of mortars cured at 45 °C (* modified mortar that would 

have the same compressive strength as their reference). ............................................................ 146 

 

  



 

 

12 

LIST OF FIGURES 

Figure 2.1 Modified method for CH calculation. ......................................................................... 34 

Figure 2.2 Trend surface of compressive strength at 7 days. ........................................................ 35 

Figure 2.3 Difference in compressive strength due to temperature changes compared to 20 °C. 36 

Figure 2.4 Relative compressive strength increase (%) respect to each curing temperature. ....... 37 

Figure 2.5 Trend surface of flexural strength at 7 days. ............................................................... 39 

Figure 2.6 Difference in flexural strength due to temperature changes compared to 20 °C......... 40 

Figure 2.7 Relative flexural strength increase (%) respect to each curing temperature. .............. 41 

Figure 2.8 Contour plot of estimations at 7 days. (a) Compressive strength. (b) Flexural strength.

....................................................................................................................................................... 43 

Figure 2.9 Strength estimations at 7 days according to RSM model. (a) Compressive strength. (b) 

Flexural strength. .......................................................................................................................... 43 

Figure 2.10 Percentage of calcium hydroxide (DSC) by mortar mass vs age of mortar (a) MC-R. 

(b) MC-Ti0.5. ................................................................................................................................ 46 

Figure 2.11 TGA curves at 7 days for different curing temperatures. (a) 5 °C. (b) 20 °C. (c) 45 °C.

....................................................................................................................................................... 48 

Figure 2.12 Pore structure of mortar samples cured at three temperatures. ................................. 49 

Figure 2.13 Histogram of pore volume. (a) MC-R at 5 °C. (b) MC-R at 20 °C. (c) MC-R at 45 °C. 

(d) MC-Ti0.5 at 5 °C. (e) MC–Ti0.5 at 20 °C. (c) MC-Ti0.5 at 45 °C......................................... 50 

Figure 2.14 Histogram of pore aspect ratio. (a) MC-R at 5 °C. (b) MC-R at 20 °C. (c) MC-R at 

45 °C. (d) MC-Ti0.5 at 5 °C. (e) MC–Ti0.5 at 20 °C. (c) MC-Ti0.5 at 45 °C. ............................ 51 

Figure 3.1 Evolution of the temperature exposure. (a) Target temperature 250 °C. (b) Target 

temperature 500 °C. ...................................................................................................................... 60 

Figure 3.2 Ductility definition. ..................................................................................................... 61 

Figure 3.3 Strength before and after exposure to high temperature. (a) Flexural strength. (b) 

Compressive strength. ................................................................................................................... 64 

Figure 3.4 Strength loss of recycled mortar. (a) Flexural strength. (b) Compressive strength. .... 65 

Figure 3.5 Photos of fracture face of flexural strength specimens. .............................................. 67 

Figure 3.6 Load-displacement curves of flexural strength test at a given temperature of mortars 

with different percentages of TiO2. (a) 20 °C. (b) 250 °C. (c) 500 °C. ........................................ 69 

Figure 3.7 Effect of TiO2 within the natural and recycled mixtures for each exposition temperature.

....................................................................................................................................................... 71 

file:///Z:/data/00_Vito's%20Thesis/_Final%20Dissertation%20PhD/Dissertation/_Vito%20Francioso%20-%20Dissertation%20document_HIGHLIGHTED.docx%23_Toc100837367


 

 

13 

Figure 3.8 Effect of temperature on DSC curves for each mixture. (a) NM0 (b) RM0. (c) RM0.5. 

(d) RM1. (e) RM2. ........................................................................................................................ 72 

Figure 3.9 XRD results. [CH-Calcium hydroxide; CaCO3-Calcite; Q-Quartz; D-Dolomite; M-

Muscovite] .................................................................................................................................... 75 

Figure 3.10 SEM images............................................................................................................... 75 

Figure 4.1 Recycled polypropylene fibers. (a) Sample of fibers. (b) Fibers under the microscope.

....................................................................................................................................................... 79 

Figure 4.2 Extensional modulus test setup. (a) MCR 302 Anton Paar Rheometer. (b) Universal 

Extensional Fixture and temperature control oven. (c) Extensional strain and temperature ramp.

....................................................................................................................................................... 80 

Figure 4.3 Extensional modulus behavior of recycled PP fibers as a function of the temperature.

....................................................................................................................................................... 81 

Figure 4.4 Exposure and cooling process. .................................................................................... 84 

Figure 4.5 Fractured mortar matrix and fibers bridging after peak-load. ..................................... 86 

Figure 4.6 Flexural strength under standard conditions................................................................ 87 

Figure 4.7 Secondary strength under normal conditions. ............................................................. 88 

Figure 4.8 Flexural strength variation after high-temperature exposure compared to standard 

conditions. ..................................................................................................................................... 90 

Figure 4.9 Post-peak residual strength. ......................................................................................... 91 

Figure 4.10 (a) Load-displacement curves and, (b) DIC for PM-P0 under normal and slow cooling 

conditions. ..................................................................................................................................... 92 

Figure 4.11 (a) Load-displacement curves and, (b) DIC for PM-P1.5 under normal and slow 

cooling conditions. ........................................................................................................................ 93 

Figure 4.12 Load-displacement curves (average) of PM-P1 and PM-P1.5 re-loaded specimens. 94 

Figure 4.13 Microscopy images of fracture surface by EFI processing. (a) Unexposed sample. (b) 

Exposed sample. ........................................................................................................................... 95 

Figure 4.14 Compressive strength of the composites (28 days). .................................................. 96 

Figure 5.1 Particle size distribution of natural, recycled aggregate and combined aggregate. ... 102 

Figure 5.2 Flow chart of tests for each studied mixture. ............................................................ 107 

Figure 5.3 Density of mortars at each saturation degree. ........................................................... 109 

Figure 5.4 Flexural and compressive strength results. ................................................................ 111 

Figure 5.5 Reduction of strength due to increase of voids (by replacing NA with RA). ........... 112 

Figure 5.6 Effect of ambient (mean) temperature on thermal conductivity in dry-state. ........... 114 



 

 

14 

Figure 5.7 Correlation between porosity and thermal conductivity’s susceptibility to changes in 

ambient temperature in dry-state. ............................................................................................... 115 

Figure 5.8 Thermal conductivity as function of saturation degree and RA replacement at 24 °C.

..................................................................................................................................................... 116 

Figure 5.9 Maximum variation of thermal conductivity due to moisture content (%) vs. percentage 

of voids, at 24 °C. ....................................................................................................................... 117 

Figure 5.10 Thermal conductivity as a function of ambient temperature (°C) and relative humidity 

(%): (a) NM, (b) RM50, and (c) RM100. ................................................................................... 119 

Figure 5.11 Thermal conductivity as a function of porosity (%) and relative humidity: (a) 4 °C, (b) 

24 °C, and (c) 43 °C. ................................................................................................................... 122 

Figure 5.12 Correlation between experimental and predicted thermal conductivity. ................. 124 

Figure 6.1 LCA framework for this study. ................................................................................. 133 

Figure 6.2 LCA system boundary. .............................................................................................. 134 

Figure 6.3 Compressive strength of mortars at 28 days. At (a) 21 °C and (b) 45 °C curing 

temperature. ................................................................................................................................ 138 

Figure 6.4 28 days compressive strength as a function of cement content (no SCBA). ............. 140 

Figure 6.5 Environmental impact of the investigated mortars. (a) Global warming potential, (b) 

Ozone depletion potential, (c) Eutrophication potential, (d) Acidification potential, (e) Smog 

formation, (f) Respiratory effects, (g) Energy consumption, (h) Abiotic depletion potential. ... 143 

Figure 6.6 LCA results of SCBA mortars normalized by the reference mortar (AP - Acidification 

potential, S - Smog formation, RE - respiratory effects, EC - energy consumption, WG - waste 

generation, ADP - abiotic depletion potential, GWP - global warming potential, ODP - ozone 

depletion potential, EP - eutrophication potential). .................................................................... 147 

Figure 6.7 Normalized unified index as a function of the curing temperature. .......................... 148 

 

  



 

 

15 

LIST OF ABBREVIATIONS 

ADP  Abiotic Depletion Potential 

AP  Acidification Potential 

BIM  Building Information Modeling 

C3S  Alite or tricalcium silicate 

C2S  Belite or dicalcium silicate 

CaCO3  Calcium carbonate 

CFC-11  Trichlorofluoromethane 

CFC-114  1,2-Dichlorotetrafluoroethane 

CFs  Characterization Factors 

CH or Ca(OH)2 Calcium Hydroxide or Portlandite 

 

CH4  Methane 

CO  Carbon monoxide 

CO2  Carbon dioxide 

C-S-H  Calcium Silica Hydrate 

DIC  Digital Image Correlation 

DSC  Differential Scanning Calorimeter 

EC  Energy Consumption 

EFI  Extended Focus Imaging 

ELCD  European Platform on Life Cycle Assessment 

EP  Eutrophication Potential 

EPA  Environmental Protection Agency 

eq  Equivalent 

GHG  Greenhous Gasses 

GWP  Global Warming Potential 

ITZ  Interfacial Transition Zone 

kg  Kilograms 

LCA  Life Cycle Analysis or Life Cycle Assessment 

LCI  Life Cycle Inventory 



 

 

16 

LCIA  Life Cycle Impact Assessment 

N  Nitrogen 

N2O  Nitrous Oxide 

NA  Natural Aggregate 

Nano-TiO2  Titanium Dioxide nanoparticles 

NFs  Normalization Factors 

NOx  Nitrogen oxides 

ODP  Ozone Depletion Potential 

OPD  Ordinary Portland Cement 

PC  Portland Cement 

PCA  Portland Cement Association 

PO4
-3  Phosphate 

PP  Polypropylene  

RA  Recycled Aggregate 

RCA  Recycled Concrete Aggregate 

RE  Respiratory Effects 

re-  Recycled 

S  Smog formation 

SEM  Scanning Electron Microscope 

SCBA  Sugarcane Bagasse Ash 

SCMs  Supplementary Cementitious Materials 

SOx  Sulfur oxides 

T  Temperature 

TGA  Thermogravimetric analysis 

TRACI  Tool for the reduction and assessment of chemical and other 

environmental impacts 

UHSC  Ultra-high Strength Concrete 

US  United States 

UV  Ultraviolet 

VOCs  Volatile organic compounds 

w/c  Water-to-cement ratio 

w/b  Water-to-binder ratio 



 

 

17 

WG  Waste Generation 

XRD  X-ray Powder Diffraction 

XRM  X-ray Microscope 

 

  



 

 

18 

ABSTRACT 

With over 30 billion tons of global annual production, concrete is the most used 

construction material in the world. Its manufacturing is associated with a strong environmental 

impact due to the high natural resources’ consumption, energy consumption, and a large generation 

of wastes and pollutants with significant global consequences. There are many different 

approaches to reduce the environmental impact of cementitious materials. Two examples are: (i) 

the use of recycled aggregate (RA) such as recycled concrete aggregate (RCA) and recycled 

plastics, or supplementary cementitious materials (SCMs) such as biomass ashes to reduce the use 

of natural aggregates and cement, respectively, and (ii) using nano-additives (for instance, nano-

TiO2) to enhance material’s performance and to provide the material new properties that may have 

a positive proactive effect during its service life (i.e., photocatalytic properties that may reduce 

different pollutants concentrations from the environment). These approaches have been widely 

studied in standard conditions. However, boundary conditions such as temperature or moisture can 

be critical factors that directly or indirectly affect the effect of these approaches on the 

sustainability of cementitious composites in all stages of their life, from curing to service 

conditions. 

It is known that curing temperature influences the effect of using recycled materials (such as 

RCA or SCMs) on the mechanical properties of cementitious materials. However, there were no 

studies concerning the influence of curing temperature on the nano-TiO2 addition effect on 

mechanical properties of cementitious composites. A potential change will affect composites’ 

sustainability; if curing temperature influences the effect of nano-TiO2 on strength, the cement 

content needed to achieve a given performance will variate. This study concluded that curing 

temperature is a key factor that changes the effect of TiO2 nanoparticles on mechanical properties 

and pore structure of Portland cement mortars; the lower the curing temperature, the higher the 

positive effect of TiO2 on compressive strength. 

Besides the use of nano-TiO2, the substitution of NA with RCA might significantly benefit 

the sustainability of cementitious composites. However, the use of RCA may lead to a reduction 

in strength. On the other hand, the addition of nano-TiO2 mixtures containing RCA might offset 

this reduction in strength. Nevertheless, studying their effects on the composites’ performance 
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under extreme conditions is critical to assess the actual environmental impact since durability is 

one of the main pillars of cementitious materials sustainability. This study concluded that even 

though RCA may be beneficial to increase sustainability aspects in terms of net waste generation 

and natural abiotic depletion, its potential negative effects on high-temperature resistance should 

be considered to not lead to structural problems during its lifetime, especially if used in 

combination with nano-TiO2. The addition of low percentages of nano-TiO2 has a negative effect 

on the high-temperature resistance of mortar containing 100% RCA. Differences in thermal 

properties between old aggregate, old cement paste, and new cement paste with nano-TiO2 may 

induce internal stresses at high temperatures that can produce a failure at lower strength due to the 

weaker interfacial transition zone (ITZ) between the stronger new cement paste (with nano-TiO2) 

and the old cement paste. To the same extent, it is important to understand how extreme 

temperatures impact the effect of other recycled materials in cementitious composite performance. 

This study found that recycled polypropylene (re-PP) fibers may mitigate the strength loss caused 

by high-temperature exposure, enhance the residual flexural strength, and increase the energy 

absorption capability. The changes in the fiber-matrix ITZ after cooling observed through an 

optical microscope suggested that the mechanical improvements are related to an enhancement of 

the fiber-matrix ITZ after high-temperature exposure and cooling. 

The next part of the dissertation focused on studying the thermal conductivity susceptibility 

to ambient conditions variation and how RCA substitution can affect this susceptibility. 

Understanding the effect of RCA on the thermal conductivity of cementitious composites would 

be crucial to assess their effects on the environmental impact during service life as part of a 

building component. Results showed that the higher percentage of porosity (due to RCA utilization) 

increases the susceptibility of thermal conductivity to moisture. Thus, actual moisture content and 

temperature should be considered when assessing the effect of RCA on thermal conductivity and 

its influence on sustainability in terms of energy savings when used as part of building envelops.  

Finally, the last part of this dissertation focused on assessing the impact of curing temperature 

on the sustainability of sugarcane bagasse ash (SCBA) as a partial replacement of cement in 

mortars. An experimental campaign was performed to evaluate the effect of partial replacement of 

cement with SCBA on compressive strength as a function of curing temperature. Hence, a life 

cycle assessment (LCA) was performed from the extraction of the raw materials to the material 

production part of the life cycle, using as a functional unit 1 m3 of mortar with the same 
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compressive strength as the reference mixture (plain Portland cement mortar without SCBA) cured 

at the same temperature. Results showed that a replacement of 97 kg of cement by SCBA (per m3 

of mortar) may produce a reduction of the environmental impacts two times higher when the curing 

temperature was 45°C than when the temperature was 21°C. Results clearly indicate that the 

sustainability of SCBA utilization as a partial replacement for cement will be higher when mortar 

is poured in hot regions or during days with higher temperatures. Therefore, external curing 

temperature is an important factor that should be considered when assessing the sustainability of 

cementitious composites containing sugarcane biomass ashes.  
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 INTRODUCTION 

 Motivation 

The world is on the verge of a climatic and waste crisis. Our collective actions in the next 

decades have the potential to shape and determine the future of our planet. In this era of global 

warming, unsustainable processes regarding the construction industry will have to give way to 

greener alternatives. The last report of the World Green Building Council (WGBC) [1] estimated 

that the buildings and construction sector is currently responsible for 39% of global energy-related 

carbon emissions: 28% operational (energy needed for heating/cooling and power), and the 

remaining 11% from materials and construction. Still, as the world’s population approaches 10 

billion, by 2050 the global building stock is expected to double in size. At that point, the ‘upfront 

carbon’ emissions (carbon emissions released before the built asset is used) will be responsible for 

half of the entire carbon footprint from new constructions threatening to consume a large part of 

the remaining carbon budget [1]. Nevertheless, cementitious materials in human social and 

economic development are indispensable. Therefore, the built environment sector has a vital role 

to play in responding to the climate emergency, and addressing upfront carbon needs critical 

emphasis. 

With over 30 billion tons of global yearly production, concrete is the most used artificial 

material in the world [2]. Thus, a relatively small improvement in its environmental impact would 

be translated into an enormous benefit for the planet. A significant contribution to the impact that 

the construction sector has on the environment is due to the cement industry, which is responsible 

for 8% of the total carbon dioxide (CO2) emissions [3] each year. Besides cement, concrete and 

mortar require a significant amount of aggregate and water. Aggregates have a great impact on the 

sustainability of constructions since they represent around 60–70% of the total volume of concrete. 

Each year, approximately 8 billion m3 of aggregates are used in constructions [2]. The majority of 

them come from raw materials, consequently contributing to the depletion of natural resources. 

There are different approaches to reduce the environmental impact of cementitious materials, 

for instance: (i) reducing the cement content required to achieve a given performance substituting 

it with supplementary cementitious materials (SCMs) [4,5]; (ii) replacing natural aggregate (NA) 

with recycled aggregate (RA) such as recycled concrete aggregate (RCA) and recycled plastics 
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among others which can contribute to reducing both natural depletion and waste generation [6,7]; 

(iii) enhancing durability, and (iv) providing the material new properties that may have a positive, 

proactive effect during its service life. For example, providing cementitious composites with 

photocatalytic properties through the addition of nano-TiO2 may reduce different pollutants 

concentrations from the environment [8]. Besides, enhancing the thermal insulation capacity of 

cementitious composites used in building constructions might reduce concrete buildings’ energy 

consumption during their service life [9]. However, if combined, the benefit for adopting one of 

the above-mentioned approaches may affect in an undesirable way another one. For instance, the 

reduction of the net waste generated by replacing NA with RA may come at the expense of strength 

which would increase the cement content needed to achieve a given performance, thus affecting 

the net CO2 emissions associated with material production. Hence, for evaluating the real 

sustainability of these materials a holistic approach is needed, which must assess their synergistic 

effects. 

The effects of RCA, plastic aggregates, nano-TiO2 addition, and several SCMs on 

mechanical properties under standard conditions have been widely studied [6,7,10–17]. 

Notwithstanding, some boundary conditions such as temperature can be a key factor that directly 

or indirectly affects the influence of these changes on the sustainability of cementitious composites 

in all stages of their life, from curing to service conditions. 

 Aim and Objectives. 

This research aims to study the impact of temperature on the effectiveness of several 

approaches to enhance the sustainability of cementitious composites from curing to service life.  

The main objectives of this investigation are: 

I.  To study the influence of curing temperature on the effect of nanoparticles (nano-TiO2) 

addition on mechanical properties, hydration products formation, and pore structure of 

cement mortars. 

There are several studies about the effects of the addition of TiO2 nanoparticles in mortar properties, 

but they were made at a given temperature [10,11]. However, are the effects of this addition 

independent of curing temperature? The hypothesis is that curing temperature changes the effect 

of nano-TiO2 on mortar’s microstructure and strength since the nanoparticles may have a different 
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effect when the temperature changes the rate of hydration. If curing temperature influences the 

effect of nano-TiO2 on strength, the cement content needed to achieve a given performance will 

vary. Consequently, curing temperature would highly affect the environmental impact of nano-

TiO2 addition in cementitious composites, in particular, the CO2 emissions associate with the 

materials’ production. 

II.  To analyze the impact of using recycled concrete aggregate and nanomaterials (nano-

TiO2) addition on the high-temperature resistance of eco-mortars. 

The use of recycled concrete aggregate (RCA) in mortar and concrete is a sustainable approach to 

reduce the depletion of natural resources and waste in landfills. Nevertheless, the use of RCA may 

lead to a reduction in strength [6]. On the other hand, previous research indicated that nano-TiO2 

could improve the mechanical properties of cement-based materials [18]. It is expected that, 

besides providing photocatalytic properties, the use of nano-TiO2 addition on cementitious 

composites containing RCA may offset its negative effect on strength. Studying the effects of these 

additions on the composites’ performance under extreme conditions is critical to assess the actual 

environmental impact since durability is one of the main pillars of cementitious materials 

sustainability. However, the effect of TiO2 nanoparticles on the high-temperature resistance of 

recycled concrete and mortar has not yet been studied. The hypothesis is that the differences 

between mortars with NA vs. mortars with RCA (e.g., higher porosity, weaker ITZ) may change 

nanoparticles’ effect under high-temperature exposure. 

III.  To analyze the impact of using recycled polypropylene fibers on the high-temperature 

resistance of eco-mortars. 

There are several articles in the literature on the compressive strength performance of plastic fiber-

reinforced concrete exposed to elevated temperature [19–21]. However, there is still no agreement 

in the literature regarding the positive role of recycled plastic waste in enhancing the mechanical 

performance of cement-based composites. In particular, the influence of elevated temperatures on 

the flexural performance of recycled PP fiber-reinforced mortars and its effect on interfacial 

transition zone (ITZ) bonding between the matrix and the recycled fibers has not been deeply 

investigated. Moreover, no studies have been found on the possible effects of the cooling process 

on the residual strength of these eco-mortars. The hypothesis is that the exposure to elevated 
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temperature will affect the ITZ bonding between the matrix and the recycled fibers, and this will 

impact the residual strength of the eco-mortar once cooled. 

IV.  To assess the effect of recycled concrete aggregate (RCA) on mortar’s thermal 

conductivity susceptibility to ambient temperature and moisture content variations. 

The thermal conductivity of cementitious composites affects the energy consumption of concrete 

buildings. It is known that mortar’s thermal conductivity values are susceptible to changes in 

ambient temperature and moisture content. The use of recycled materials may affect this 

susceptibility producing a higher variation in thermal conductivity values. The effect of RCA on 

the thermal conductivity of mortar slabs as a function of ambient temperature and moisture content 

will be investigated. The synergistic effect of more approaches to reduce the environmental impact 

may lead to unforeseen results. The hypothesis is that a higher porosity due to the utilization of 

RCA may change the susceptibility of thermal conductivity measurements of recycled composites 

exposed to different ambient conditions. 

VI. To study the influence of curing temperature on the sustainability of sugarcane bagasse 

ash as a partial replacement of cement in mortars. 

Preliminary data showed that curing temperature influences biomass ashes' effect on the 

compressive strength of cementitious composites. Therefore, assessing and quantifying how this 

effect impacts the life cycle assessment of cementitious composites is critical to evaluating the real 

environmental savings of biomass ashes as a partial replacement for cement. However, no studies 

concerning the impact of curing temperature on the sustainability of biomass ashes (i.e., sugarcane 

bagasse ash, SCBA) as a partial replacement for cement were found. The hypothesis is that curing 

temperature is a critical factor that determines the environmental footprint of SCBA utilization as 

partial replacement of cement in cementitious composites production. 

 Structure of the dissertation 

This dissertation comprises seven chapters. Chapters 2 to 6 contain the corresponding 

literature review in the introduction of each chapter. 

Chapter 1 comprises the introduction identifying the motivation, aim and objectives, and 

structure of the dissertation. 
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Chapter 2 studies how the curing temperature affects the effect of nanoparticles (nano-

TiO2) on mechanical properties, hydration products formation, and pore structure of cement 

mortars. 

Chapters 3 and 4 analyze the impact of using recycled materials (recycled concrete 

aggregate and recycled polypropylene fibers) and nanomaterials (nano-TiO2) addition on the high-

temperature resistance of eco-mortars. 

Chapter 5 investigates the effect of recycled concrete aggregate (RCA) on mortar’s 

thermal conductivity susceptibility to variation of ambient temperature and moisture content. 

Chapter 6 assesses the effect of curing temperature on the environmental performance of 

sugarcane bagasse ash as a partial replacement for cement in mortars. 

Chapter 7 includes the conclusions and consideration for future work. 
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 CURING TEMPERATURE: A KEY FACTOR THAT CHANGES THE 

EFFECT OF TIO2 NANOPARTICLES ON MECHANICAL 

PROPERTIES, CALCIUM HYDROXIDE FORMATION AND PORE 

STRUCTURE OF CEMENT MORTARS 

A portion of this chapter has been published as: 

Francioso V., Moro C., Martinez-Lage I., Velay-Lizancos M., “Curing temperature: A key factor 

that changes the effect of TiO2 nanoparticles on mechanical properties, calcium hydroxide 

formation and pore structure of cement mortars”. Cement and Concrete Composites, Vol. 104, 

(2019), 103374. https://doi.org/10.1016/j.cemconcomp.2019.103374 

 Introduction 

Nanoparticles applicability in various fields has sparked research on their efficacy to 

improve key mechanical properties of concretes and mortars [10,11]. Recent research suggests that 

the use of nanoparticles such as zinc oxide, titanium dioxide (TiO2), and nanosilica, among others, 

improves the mechanical properties of concrete and mortar [10–12,22,23]. More substantially, the 

addition of TiO2 to concretes or mortars also converts cement-based materials into photocatalytic 

and self-cleaning materials [24–28]. 

The high level of environmental pollutants emitted by the cement industry (above all 

carbon dioxide) has led to a need for strategies to reduce the environmental impact of cement 

production. Therefore, the environmental benefits of combining TiO2 in cement-based building 

materials include its photocatalytic characteristics such as self-cleaning and disinfection [29], in 

addition to its high stability and relatively low cost compared with other photocatalysts [27,28]. 

Disinfection is primarily related to hydroxyl radicals and reactive oxygen species (ROS) formed 

during TiO2 photoactivity and allows to eliminate microbial pollutants [29]. Besides, it is used 

successfully in the manufacture of self-cleaning concretes that contribute to the disposal of carbon 

compounds. Two well-known examples are those of the Jubilee Church and the Ara Pacis 

Archaeological Museum in Rome [11,30–36]. 

In conventional concrete, the addition of TiO2 decreases setting time due to its increase in 

the rate of heat of hydration [24]. The higher specific surface area (to volume ratio) of the particles 

can promote cement hydration by adding more surface area to form hydration products 
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[18,22,24,37,38]. Nano-titanium dioxide refines the microstructure making it denser due to the 

small size effect and the filling effect. By adding TiO2, the growth of Ca(OH)2 crystals is 

moderated, decreasing the size of CH. Previous research also showed that TiO2 could control the 

growth of the hydration products and promote the hydration of cement [39,40]. Consequently, 

TiO2 refines the pore structure and increases the chloride penetration resistance of concrete [41]. 

Nevertheless, no studies have been found which analyze the effect of the different crystallinity of 

TiO2 (e.g., rutile, anatase, or brookite) on the hydration process. According to Tanaka et al. [42], 

anatase TiO2 is a better catalyst for photocatalysis. However, it is not yet clear the impact of TiO2 

crystal structure on the hydration process since this approach has only been applied to rutile TiO2 

[43]. In contrast, numerous studies have reported that titanium dioxide reduces pore diameter and 

total specific pore volume [44–50]. 

These effects enable to increase compressive strength, flexural strength at early ages and 

fatigue strength [18,22,25,51,52]. Other studies have shown a slight decrease in compressive and 

flexural strength with the substitution of 1% of TiO2 but some improvements with higher 

percentages [37,48]. In cements with fly ash, the addition of TiO2 (starting at 0.5%) improves short 

and long-term compressive strength, with the best results obtained at 2% substitution [53]. 

Additionally, workability decreases, while resistance against ingress of chloride ions increases 

[53]. In self-compacting concrete, up to a 3% TiO2 substitution, compressive, flexural and indirect 

tensile strength have been found to increase [26]. 

Nevertheless, these studies have been performed at a standard curing temperature (usually 

20 °C or 21 °C). To our knowledge, the only study [54] analyzing the effect curing temperature 

has on compressive strength of TiO2-enriched materials compared merely 40 °C and 60 °C, but it 

was focused on cement paste. No studies were found regarding the influence of low curing 

temperature on mechanical properties of any type of cement-based material with TiO2 substitutions. 

Additionally, there is a lack of research on the effects of curing temperature in mortars at early 

ages. 

Previous studies showed that the addition of TiO2 could also change the formation of 

hydration products [24,39]. The decomposition of calcium-silicate-hydrate (CSH) occurs in a wide 

range of temperatures (between 100 °C and 400 °C) and jointly with other components (i.e., 

calcium-silicate-hydrate, ettringite and calcium aluminate hydrate) [55–59]. This fact makes the 
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quantification of CSH based on thermal analysis not as accurate as in other compounds. 

Nonetheless, the main products of alite (C3S) and belite (C2S) hydration are CSH and calcium 

hydroxide (CH). These two compounds are formed together at a fixed proportion; therefore, in 

concrete without supplementary cementitious materials (in the absence of chemical attacks), the 

higher the CH, the higher the CSH. For that reason, calcium hydroxide is commonly used as an 

indicator of hydration in cementitious materials without pozzolans [60–62]. However, no research 

was found on CH formation of TiO2 enriched cements as a function of curing temperature. No 

studies have been found on the influence of curing temperature on the effect of TiO2 on mechanical 

properties of cement mortars. If curing temperature changes the effect of TiO2 on hydration 

products formation and mechanical properties at early ages, it should be considered. 

For all those reasons, the main objective of this study is to determine if curing temperature 

is a key factor that modifies the effect of the addition of TiO2 on the strength and CH formation of 

cement mortars at early ages. Finally, the effect of these factors on pore structure will be studied. 

It could relate the influence of TiO2 and temperature on the strength and formation of hydration 

products to better understand the mechanics that drive improvements in strength. 

 Materials 

2.2.1 Materials 

The main components of the mortars include: 

• Portland cement Type I; 

• Quartzite sand 0/2.5; 

• Water; 

• TiO2 nanoparticles. 

Cement was commercial grade Portland cement type I from Infinity™ meeting ASTM and 

EN standards [63,64]. Titanium (IV) oxide (TiO2) nanoparticles were obtained from Sigma-

Aldrich (St. Louis, MO) with a formula weight of 79.87 g/mol and >99.5% of trace metal basis. 

This titanium dioxide has a surface area of 35 – 65 m2/g and the primary particle size (d50) is 21 

nm (TEM - transmission electron microscopy). Its crystal structure consists of about 85 % anatase 

and 15 % rutile. 
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Table 2.1 reports the composition of all the mortars investigated, in accordance with EN-

196 [65]. MC-R refers to the control mortar with no TiO2. All the other mortars containing TiO2 

were labeled MC-TiNN, where “NN” is the percentage of cement replaced with TiO2 nanoparticles. 

 

Table 2.1 Proportions of mortar mixtures. 

Component MC-R MC-Ti0.25 MC-Ti0.50 MC-Ti1 

Cement (g) 450.00 448.88 447.75 445.50 

Sand (g) 1350 1350 1350 1350 

TiO2 (g) --- 1.13 2.25 4.50 

w/(c+TiO2) 0.50 0.50 0.50 0.50 

 Methods 

2.3.1 Flexural and Compressive strength 

Nine specimens were cast per each mortar as described in Table 2.2. A total of 36 prismatic 

samples were fabricated with dimensions of 40 x 40 x 160 mm3, as indicated in EN-196 [65]. 

Specimens were divided into groups of three and each group cured at different temperatures (5 °C, 

20 °C and 45 °C). During the first day, each group of specimens was cured in their molds inside a 

controlled temperature room at 5 °C, 20 °C or 45 °C. Molds were covered by a first layer of plastic, 

then a cloth moistened with water at the same temperature and finally in an airtight plastic bag to 

avoid evaporation. After one day, samples cured at 20 °C were demolded and immersed in water 

trays contained in a controlled temperature room. At the same age, samples cured at 45 °C were 

demolded and immersed in a temperature-controlled thermostatic bath. Due to the lower maturity 

of samples cured at 5 °C, these were demolded at two days, instead. Then, they were immersed in 

water trays contained in a controlled temperature room at 5 °C. 

For each type of mortar, flexural strength tests were performed at 7 days including three 

specimens for each curing temperature. Compressive strength tests were carried out on the two 

halves of each broken prism from flexural strength. Both followed the standard procedure of EN-

196 [65]. 

Table 2.2 summarizes the number of samples and data obtained for each mortar. 
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Table 2.2 Experimental design. 

Mortar 
Samples at each temperature Test 

5 °C 20 °C 45 °C Flexural strength Compressive strength 

MC-R 3 3 3 9 18 

MC-Ti0.25 3 3 3 9 18 

MC-Ti0.50 3 3 3 9 18 

MC-Ti1 3 3 3 9 18 

TOTAL 12 12 12 36 72 

2.3.2 Response Surface Methodology (RSM) 

Many studies have applied central composite design in response surface methodology 

(RSM) as a common approach [66,67] to find the optimum solution by analyzing variables that 

influence results. This method was successfully applied in previous studies to obtain the optimum 

mix design varying the proportions of the mixture component  [68–74]. 

RSM is applied in the present study to analyze how curing temperature and TiO2 affect the 

strength jointly. 

MINITAB (MINITAB Inc., Pennsylvania, USA) was used to perform RSM statistical 

experimental design. Besides, a second order model was applied in order to obtain a better 

approximation of results (Eq. (2.1). In it, “y” is the variable that we wish to approximate. The “β” 

coefficients can be obtained by the least square method and “ε” is the total error. Significance 

threshold level (α) was chosen as 0.10. 

 

𝑦 = 𝛽0 + ∑ 𝛽𝑖

𝑘

𝑖=1

𝑥𝑖 + ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑖𝑥𝑖𝑥𝑗

𝑗𝑖

+ 𝜀 (2.1) 

 

Two variables that can have an effect on the strength were analyzed, temperature (T) and 

percentage of TiO2 (% TiO2). Their ranges were 5-45 °C for T and 0-1 for % TiO2. By inputting 

data into the software, an analysis of variance (ANOVA) was performed to know the accuracy of 

the model and to validate the results. 
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2.3.3 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (2010, TA Instruments) was employed to monitor 

calcium hydroxide formation. Previous studies showed that DSC is a useful method for CH 

determination in cementitious materials [60,75–77].  Tested samples include the reference mortar 

and mortar sample with the best percentage of TiO2 (0.5%) for compressive and flexural strength 

(among the studied ones). Three samples of each mixture were cured at 5 °C, 20 °C and 45 °C, 

resulting in a total of 18 samples, 9 for each selected mortar. Samples were cast, then covered with 

a plastic film to prevent evaporation of surface water and analyzed at 1, 3, and 7 days. At each test 

age, samples were ground with a mortar and pestle, sieved (No. 200, 75-μm), then hydration was 

stopped with an acetone wash [77]. To confirm the accuracy of this method, DSC was performed 

after 1 and 28 days on the same powder. Comparison spectra showed negligible differences. All 

assays were performed in a nitrogen gas atmosphere at a heating rate of 10 °C/min starting at 20°C 

up to a final temperature of 600 °C. Both reference and sample pans were kept open. The sample 

pan contained 15 to 25 mg of ground materials, which passed a No. 200 (75-μm) sieve. 

The quantitative determination of the Ca(OH)2 content at 1, 3 and 7 days has been 

determined evaluating DSC curves. The calculation is based on the evaluation of the dehydration 

peak area of calcium hydroxide (CH). The decomposition of CH occurs around 450 °C 

[55,59,60,78], at which temperature range corresponds a sharp peak in the curve. To better outline 

the start and end points of the peak for CH, the second derivative curve has been used. The energy 

absorbed during the decomposition of the CH can be obtained through the area underlying the 

dehydration peak. This area should not contain the energy absorbed during the decomposition of 

other compounds that usually decompose continuously over a wide range of temperatures [60]. 

The content of CH was determined with Eq. (2.2), after obtaining the calibration curve of 

DSC analysis for the equipment. For this study, the calibration curve was obtained following the 

procedure described by Kim and Olek [60]. 

 

𝐶𝐻(%) = 0.0917 × (𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)     (2.2) 

 

Where CH (%) is the percentage of calcium hydroxide, based on the initial weight of the sample 

(by mass of mortar); 0.0917 is the slope of the calibration curve for the conversion of the absorbed 
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energy; the peak area is the energy absorbed during the dehydration of CH (in J/g). Note that the 

slope value of the new calibration curve (0.0917) is close to others calculated in previous studies: 

Kim et Olek [60] reported a slope of 0.08505, and Moukwa et al. [75] a slope value of 0.08943. 

Partial carbonation of CH may occur during DSC sample preparation. Previous study revealed that 

it is not possible to prevent completely the carbonation of CH [60].  For that reason, the 

quantification of CH will be affected. Thermogravimetric Analysis (TGA) was found useful to 

quantify the carbonated CH [60]. The main objectives of the next section (TGA) are (i) evaluating 

if TiO2 nanoparticles affect the rate of CH carbonated during the sample preparation and, in that 

case, (ii) obtaining a better quantification of percentage of CH. 

2.3.4 Thermogravimetric Analysis (TGA) at 7 days 

Thermogravimetric analysis was performed to quantify the actual calcium hydroxide 

formation at 7 days. Reference mortar (MC-R) and mortar with a 0.5% TiO2 substitution (MC-

Ti0.5) at the three different curing temperatures (5 °C, 20 °C and 45 °C) were tested. The same 

sample preparation of DSC was adopted. A Thermogravimetric Analyzer (2050, TA Instruments) 

was used in order to conduct the test. Specimen had an amount of 20-40 mg of grounded powder 

that was placed in a platinum pan. The test was run with the sample initially in isothermal condition 

for two minutes. The temperature was then raised at a rate of 10 °C/min until 900 °C. Percentage 

of total mass loss versus temperature was recorded during the experiment. The atmosphere in the 

machine was nitrogen gas at 20 psi and 60 mL/min purge flow. 

For the calculation of CH the modified interpretation of TGA curve suggested by Kim et 

Olek [60] was assumed. While the traditional method considers mass loss to be equivalent to the 

vertical distance between two horizontal lines originating from the start and end decomposition 

points of the CH, the modified method uses the vertical distance (taken at the inflection point of 

the CH mass loss) between two tangential lines originated from the same points (Figure 2.1). 

Furthermore, the traditional method does not consider the amount of calcium carbonate that 

initially exists in the anhydrous cement and the carbonation effects due to sample preparation. In 

order to do that, Eq. (2.3) [60] was adopted: 
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𝐶𝐻 =
74.1

18.0
∙

1

𝑀𝑐
∙ [(𝑀𝑠𝑡𝑎𝑟𝑡

𝐶𝐻 − 𝑆𝑠𝑡𝑎𝑟𝑡
𝐶𝐻 (𝑇𝑖𝑛𝑓

𝐶𝐻 − 𝑇𝑠𝑡𝑎𝑟𝑡
𝐶𝐻 )) − (𝑀𝑒𝑛𝑑

𝐶𝐻 + 𝑆𝑒𝑛𝑑
𝐶𝐻 (𝑇𝑒𝑛𝑑

𝐶𝐻 − 𝑇𝑖𝑛𝑓
𝐶𝐻))] + 

+
74.1

100.1
[
100.1

44.0
∙

1

𝑀𝑐
∙ [(𝑀𝑒𝑛𝑑

𝐶𝐻 − 𝑆𝑒𝑛𝑑
𝐶𝐻 (𝑇𝑖𝑛𝑓

𝐶𝐴 − 𝑇𝑒𝑛𝑑
𝐶𝐴 )) − (𝑀𝑒𝑛𝑑

𝐶𝐴 + 𝑆𝑒𝑛𝑑
𝐶𝐴 (𝑇𝑒𝑛𝑑

𝐶𝐴 − 𝑇𝑖𝑛𝑓
𝐶𝐴 ))]

− 𝐶𝐴𝑖𝑛𝑖] 

(2.3) 

 

where: 

− CH is the amount of calcium hydroxide in g/g of anhydrous cement; 

− 74.1/18, 74.1/100.1 and 100.1/44.0 are, respectively, the molar weight ratios of Ca(OH)2 to 

H2O, Ca(OH)2 to CaCO3 and CaCO3 to CO2; 

− 𝑀𝐶 is the initial mass (g) in the TGA sample; 

− 𝑀𝑠𝑡𝑎𝑟𝑡
𝐶𝐻 , 𝑀𝑒𝑛𝑑

𝐶𝐻  and 𝑀𝑒𝑛𝑑
𝐶𝐴 are the masses (g) of the sample at the start and end point for Ca(OH)2 

decomposition and the end point for the CaCO3 decomposition, respectively; 

− 𝑇𝑠𝑡𝑎𝑟𝑡
𝐶𝐻 , 𝑇𝑖𝑛𝑓

𝐶𝐻, 𝑇𝑒𝑛𝑑
𝐶𝐻 , 𝑇𝑒𝑛𝑑

𝐶𝐴  and 𝑇𝑖𝑛𝑓
𝐶𝐴  are the temperatures (°C) of the start point, the mass inflection 

point, the end point for the Ca(OH)2 decomposition, the end point and the inflection point for 

the CaCO3 decomposition, respectively; 

− 𝑆𝑠𝑡𝑎𝑟𝑡
𝐶𝐻 , 𝑆𝑒𝑛𝑑

𝐶𝐻  and 𝑆𝑒𝑛𝑑
𝐶𝐴  are the slopes of the tangential lines of the start and end point for the 

Ca(OH)2 decomposition and the end point for the CaCO3 decomposition, respectively; 

− 𝐶𝐴𝑖𝑛𝑖 is the initial content of CaCO3 in g/g of sample. In this case, the initial CaCO3 comes 

from (i) anhydrous cement and (ii) aggregates. 

 

All sample masses and temperatures are automatically recorded during TGA. The amount of 

calcium carbonate that initially exists in the sample (CAini), has to be deducted from the total 

amount of calcium carbonate (CaCO3) determined from TGA analysis. Appendix B displays the 

TGA curves of aggregate and anhydrous cement and the corresponding data for the CAini 

calculation. 
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Figure 2.1 Modified method for CH calculation. 

2.3.5 3D X-ray Microscope characterization of pore structure 

Zeiss Xradia 510 Versa 3D X-Ray Microscope (3D XRM) at a 0.4X optical magnification 

was employed to study the effect of TiO2 in the pore structure of mortars as a function of curing 

temperature. Tested samples include the reference (MC-R) and the mortar with the best percentage 

of TiO2 for compressive and flexural strength (MC-Ti0.5). One sample of each mixture was cured 

at 5 °C, 20 °C and 45 °C, resulting in a total of 6 samples tested. The cylinder samples have a 

diameter of 3.2 cm and a height of 2.1 cm. The Zeiss Xradia 510 Versa system utilizes a two-stage 

magnification technique, employing both geometric and optical magnification to provide high-

resolution imaging. All scans were performed at a voltage of 150 kV and power of 10 W, with an 

in-situ system temperature of ~28oC. In order to ensure that the test temperature does not affect 

the specimen, samples were tested at least at 28 days. Object Research Systems (ORS) Dragonfly 

Pro software was used to visualize (3D), analyze, and quantify porosity and pore network. A 

minimum of 2401 projections per samples were done. 
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 Results and Discussion 

2.4.1 Compressive strength 

Figure 2.2 displays the trend surface of compressive strength at 7 days of mortars as a 

function of the percentage of TiO2 and curing temperature according to the experimentally 

obtained data. 

 

 

Figure 2.2 Trend surface of compressive strength at 7 days. 

 

For each curing temperature, it was observed that higher percentage of TiO2 was correlated 

with greater compressive strength at 7 days, excluding MC-Ti1 (1% TiO2) cured at 20 °C and 

45 °C. Even though compressive strength of MC-Ti1 samples is greater than that of the reference 

mortar, values were lower than the registered strength of the specimens with 0.5% TiO2 

substitution. It is also important to highlight that compressive strength of mortar with 0.5% and 1% 

TiO2 were lower when cured at 45 °C than when cured at 20 °C. Additionally, samples substituted 

with 1% of TiO2, when cured at 45 0C presented lower compressive strength than when cured at 5 

0C. It is commonly observed that higher curing temperatures, on plain concrete and mortar, is 

correlated with higher compressive strength at early ages [79,80]. Unexpectedly, the studied 

mortars with 0.5% and 1% of TiO2 did not follow this trend. These observations suggest that 

addition of TiO2 affects the strength of mortars, making the samples less susceptible to temperature 

changes at early ages.   

Figure 2.3 presents how the difference in compressive strength between specimens with 

TiO2 cured at 20 °C and those cured at 45 °C is negligible, with the exception of specimens with 
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1% TiO2, in which there is a slight negative influence due to the increase in temperature. This drop 

in strength for the temperature of 45 °C may be due to the fact that nanoparticles further accelerate 

the hardening process of mortar. For this reason, in mortars with TiO2 at early age (7 days) it was 

possible to observe the crossover effect due to an accelerated hardening for high curing 

temperatures, reported in literature for long-term concrete compression strength [81]. Even when 

the presence of the nanomaterial is still beneficial at 45 °C for compressive strength in comparison 

to the results of reference mortar at the same temperature, the crossover effect due to curing at 

high temperature is higher the higher is the percentage of TiO2. 

 

 

Figure 2.3 Difference in compressive strength due to temperature changes compared to 20 °C. 

 

Furthermore, an important result to highlight is that the negative influence due to the 

decrease in temperature is lower in the case of mortars with TiO2. In the case of MC-R, in fact, 

specimens cured at 5 °C showed a 37% lower strength than specimens of the same mortar cured 

at 20 °C, while in the case of the MC-Ti0.5 mortar, specimens cured at 5 °C recorded a 21% lower 

strength than those cured at 20 °C. In the case of MC-Ti1 cured at 5 °C, there was a decrease in 

compressive strength of only 5%. 

Figure 2.4 shows the increase in percentage of compressive strength due to the addition of 

TiO2 with respect to the strength obtained by the reference mortar, for each of the curing 

temperatures. To calculate this increase in compressive strength, Eq. (2.4) was used. 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (%) 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝑒𝑎𝑐ℎ 𝑜𝑓 𝑡ℎ𝑒 

𝑐𝑢𝑟𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑇) = 

 

𝑆𝑇𝑖𝑋(𝑇) − 𝑆𝑀𝐶0(𝑇)

𝑆𝑀𝐶0(𝑇)
× 100 

(2.4) 

where: 

STiX (T) = Compressive strength of MC-TiX mortar, cured at temperature T (MPa) 

SMC0 (T) = Compressive strength of MC-R mortar, cured at temperature T (MPa) 

T = Temperature (°C) 

X = Percentage of additive used. 

 

Figure 2.4 Relative compressive strength increase (%) respect to each curing temperature. 

 

It is observed that the main benefits of using TiO2 for compressive strength are obtained at 

a lower temperature than standard. For mortars cured at 5 ° C, in fact, the increase in strength is 

greater the greater is the percentage of TiO2, until it reaches in the mortars with 0.5% and 1% of 

nanomaterial more than 100% more strength. By increasing curing temperature, this condition 

remains true for values up to 0.5% of substitution. 

If we compare the results obtained at 5 °C (Figure 2.2), it can be seen that the 7-day average 

compressive strength of the MC-R samples is 14 MPa, while the strength of MC-Ti1 is 30 MPa, 
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so the latter has undergone an increase of 114% (Figure 2.2). If the same results are compared in 

samples cured at 20 °C, the gain in compressive strength is 41%, while in the MC-Ti0.5 mortar it 

is 61% higher. 

Finally, it is important to highlight that in the studied cases, at higher temperatures than 

standard, the positive influence of the addition is zero or even lower than the standard (Figure 2.3). 

Thus, it must be a factor to consider as it could lead to an overestimation of the compressive 

strength, if one decides to use TiO2, when the curing temperature is higher than the standard. At 

20 °C, the addition of 1% of TiO2 causes an increase in compressive strength of 41% more than 

the strength of the reference mortar MC-R at the same temperature, while at the temperature of 

45 °C the same percentage of TiO2 causes a 25% increase.  

In summary, it can be concluded that the lower the curing temperature, the higher the 

positive influence of the addition of TiO2 on compressive strength. 

2.4.2 Flexural strength 

Figure 2.5 presents the trend surface of flexural strength as a function of the percentage of 

TiO2 and curing temperature according to the experimentally obtained data. Dots represent the 

average flexural strength obtained for each mortar from the specimens cured at a given temperature. 

It seems that high temperatures (in our case 45 °C) reduced effectiveness of the effect of these 

nanoparticles on flexural strength at 7 days since there are no significant differences between the 

results of MC-R cured at 45 °C and those of mortars with different percentages of TiO2 at the same 

curing temperature. In fact, the only significant influence of TiO2 that can be observed at 45 °C is 

a negative influence in the MC-Ti1 specimens. Furthermore, by comparing the flexural strength 

values of the MC-R and MC-Ti1 samples, both cured at a temperature of 45 °C, we observed that 

the addition of 1% of TiO2 causes a decrease in flexural strength of about 12% (Figure 2.6 and 

Figure 2.7). 
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Figure 2.5 Trend surface of flexural strength at 7 days. 

 

In contrast, with a curing temperature of 5 °C, the addition of nanoparticles improves 

flexural strength. The maximum gain is obtained with a substitution of 0.5% (Figure 2.5 and Figure 

2.7). For larger substitutions, we observed a slight decrease (with respect to a 0.5% substitution) 

but always outperforming the reference mortar MC-R. At a curing temperature of 20 °C, the 

influence of TiO2 seems to have a positive effect on flexural strength at 7 days; even here, the 

maximum gain is obtained for percentages of nanomaterials up to 0.5%. For MC-Ti1, it seems that 

this effect is smaller but still better than the absence of nanomaterial. This suggests that there may 

be an optimal percentage of TiO2 between 0.5% and 1%, which maximizes flexural strength, even 

though more evidence is needed to confirm this observation. 

Figure 2.6 shows that, by varying the percentage of nanomaterial, there is no appreciable 

difference in flexural strength between specimens cured at 20 °C and those cured at 5 °C. While 

for the specimens cured at 45 °C it was observed a decrease, increasing the percentage of TiO2, 

with respect to the mortars cured at standard temperature (20 °C). Again, the addition of TiO2 

nanoparticles seems to neutralize the beneficial effect of high temperatures on strength at early 

ages. 

For MC-R, the higher curing temperature, the higher flexural strength at 7 days, as it is 

expected according to maturity method [82–85]. In contrast, samples with TiO2 showed a lower 

effect of curing temperature on flexural strength: with respect to the reference mortar, in samples 

with TiO2 flexural strength variations due to changes of curing temperature are lower. This trend 

could be due to the fact that nanoparticles accelerate the hardening process of mortar, therefore, 
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already after a few days the crossover effect [81] due to an accelerated hardening at high curing 

temperatures can be observed. 

Figure 2.7 displays the variation in term of percentage of flexural strength due to the 

addition of TiO2 with respect to that obtained by the reference mortar, for each of the curing 

temperatures. To calculate this increase in flexural strength, Eq. (2.5) has been used. 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (%) 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝑒𝑎𝑐ℎ 𝑜𝑓 𝑡ℎ𝑒  

𝑐𝑢𝑟𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑇) = 

 

𝐹𝑆𝑇𝑖𝑋(𝑇) − 𝐹𝑆𝑀𝐶0(𝑇)

𝐹𝑆𝑀𝐶0(𝑇)
× 100 

(2.5) 

where: 

FSTiX (T) = Flexural strength of MC-TiX mortar, cured at temperature T (MPa) 

FSMC0 (T) = Flexural strength of MC-R mortar, cured at temperature T (MPa) 

T = Temperature (°C) 

X = Percentage of additive used. 

 

Figure 2.6 Difference in flexural strength due to temperature changes compared to 20 °C. 
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Figure 2.7 Relative flexural strength increase (%) respect to each curing temperature. 

 

We noted that the increase in flexural strength due to the addition of TiO2 is lower for 

samples cured at 45 °C than at standard temperature (20 °C).  This should be considered in order 

not to overestimate flexural strength of mortar in real applications, outside the laboratory, where 

curing temperature can easily be higher than standard (20 °C).  

With 1% of TiO2, the effect of the addition of nanoparticles depends on curing temperature 

with a constant tendency: at a lower curing temperature, it corresponds to a greater increase in 

percentage of flexural strength. With lower TiO2 percentages (0.25% and 0.5%), the largest 

percentage gain is observed at 20 °C. 

2.4.3 Response Surface Methodology (RSM) 

After performing compression and flexural tests, RSM was applied to obtain an estimation 

model of the strength of mortars as a function of curing temperature and percentage of TiO2. 

Results shown in Figure 2.2 and Figure 2.5 were used as input for central composite design. 

Thereafter using ANOVA, we obtained the analysis displayed in Table 2.3. While compressive 

results have high accuracy (low p-values), flexural p-values have more dispersion, with values 

close to the significance threshold (α=0.10). 
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Table 2.3 ANOVA analysis. 

  Compressive strength  Flexural strength 

  𝐃𝐅𝒃 F-value P-value  𝐃𝐅 F-value P-value 

 Constant 5 0.000 0.000  5 0.012 0.012 

Linear 𝑋1
𝑎 1 0.001 0.001  1 0.093 0.093 

 𝑋2 1 0.000 0.000  1 0.053 0.053 

Square 𝑋1 ∙ 𝑋1 1 0.001 0.001  1 0.048 0.048 

 𝑋2 ∙ 𝑋2 1 0.000 0.000  1 0.005 0.005 

Interaction 𝑋1 ∙ 𝑋2 1 0.002 0.002  1 0.033 0.033 

𝑋1
𝑎 : Temperature, 𝑋2: % TiO2 

𝐷𝐹𝑏 : Degrees of freedom 

 

As a result of the statistical analysis, two equations (Eq. (2.6) and (2.7)) were obtained. These 

equations estimate compressive (C.S.) and flexural strength (F.S.); in Eq. (2.6) and (2.7), 

respectively, by modifying both variables (temperature and percentage of TiO2).  

 

𝐶. 𝑆. = 10.04 +  0.803 𝑇 +  47.69 % 𝑇𝑖𝑂2 − 0.01061 𝑇 ∙ 𝑇 −  31.01 % 𝑇𝑖𝑂2 ∙

∙ % 𝑇𝑖𝑂2 − 0.2908 𝑇 ∙ % 𝑇𝑖𝑂2 
(2.6) 

 

𝐹. 𝑆. = 3.094 +  0.1429 𝑇 +  7.61 % 𝑇𝑖𝑂2 − 0.001911 𝑇 ∙ 𝑇 −  5.19 % 𝑇𝑖𝑂2 ∙

∙ % 𝑇𝑖𝑂2 − 0.0612 𝑇 ∙ % 𝑇𝑖𝑂2 
(2.7) 

where: 

C.S. = Compressive strength (MPa) 

F.S. = Flexural strength (MPa) 

T = Temperature (°C) 

% TiO2 = Percentage of titanium dioxide nanoparticles. 

 

Figure 2.8 displays the contour plot from MINITAB software representing strength 

estimations by using Eq. (2.6) (a) and (2.7) (b), respectively. 
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Figure 2.8 Contour plot of estimations at 7 days. (a) Compressive strength. (b) Flexural strength. 

 

Figure 2.9 shows estimations calculated by using Eq. (2.6) (a) and (2.7) (b), respectively. 

While dash lines are related to estimations values, the points indicate experimental results. In the 

case of compressive strength, the error of estimations is lower than 5%. However, the estimation 

of flexural strength of the reference mortar at 20 °C has an error significantly higher (15%). 

 

  

Figure 2.9 Strength estimations at 7 days according to RSM model. (a) Compressive strength. (b) 

Flexural strength. 

 

As it is observed in Figure 2.9a, estimations of compressive strength show a trend: the 

optimum percentage of TiO2 is between 0.5-0.75 percent. Moreover, the optimal temperature is 

between 25 and 30 °C.  

Similar trend is shown in Figure 2.9b for flexural strength. Nevertheless, in the latter 

changes in peak values are more emphasized. The higher is the curing temperature, the lower is 

the optimum percentage of TiO2. For example, for 5 °C the optimum percentage of TiO2 (for 
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flexural strength) is 0.75%, but at 45 °C the optimum percentage of TiO2 is 0.5%. It was observed 

that, for curing temperatures between 40 and 45 °C, adding 1% of TiO2 has a negative effect on 

flexural strength taking as a reference the values of mortar without TiO2 for the same temperatures. 

2.4.4 Calcium hydroxide formation by DSC analysis 

Differential scanning calorimetry (DSC) 

Figure 2.10 shows the quantitative results and the development of CH formation over time. 

Plots from DSC tests are attached in APPENDIX B. As it was expected, the higher the curing 

temperature, the higher the amount of Portlandite (CH) generated. This occurs because elevated 

temperatures accelerate hydration, thus higher amount of hydration products are generated. 

Furthermore, the development of CH is in line with the evolution over time, at later ages more 

calcium hydroxide is generated. Finally, it is clear from results how hydration is promoted by high 

temperatures. In fact, the difference in the formation of CH over time decreases as curing 

temperature increases. After 1 day of curing at 45 °C, the amount of calcium hydroxide for the 

reference mortar is the 75% of the amount at 7 days. In contrast, the amount of CH for MC-Ti0.5 

at 1 day with curing temperature 45 °C is almost 100% of the amount at 7 days. Therefore, the 

substitution of 0.5% of TiO2 produced a great acceleration of CH formation during the first day at 

45 °C, in comparison of the same value for reference mortar.  

After 1 day of curing at 5 °C, the reference mortar developed only 22% of CH formed at 7 

days. For MC-Ti0.5, the amount of calcium hydroxide at 1 day of the mortar cured at 5 °C is the 

25% of the amount at 7 days for the same curing temperature. Therefore, addition of 0.5% of TiO2 

also accelerated CH formation during the first day at low temperature, but not in the same 

magnitude than at high temperature.   

As it is presented in Figure 2.10a reference mortar samples cured at 45 °C presented 17%, 

10% and 16% more CH than the same mortar cured at standard temperature (20 °C) at 1, 3 and 7 

days, respectively. Instead, samples cured at 5 °C presented 69% and 19% less CH than the same 

cured at 20 °C for 1 and 3 days, but no significant difference at 7 days was observed. 
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The mortar with 0.5% of TiO2 showed 42%, 18% and 3% more CH at 45 °C after 1, 3 and 

7 days of curing than the same mortar at 20 °C (Figure 2.10b). On the contrary, at 5 °C was 

observed a decrease in the percentage of CH of 69%, 23% and 10% at 1, 3 and 7 days, respectively. 

The addition of 0.5% of TiO2 accelerated CH formation during the first day because the 

obtained percentage of CH comparing 1 and 7 days is bigger than in the reference mixture. Even 

though this acceleration, no positive effect of TiO2 on the total percentage of CH at 7 days has 

been found. With respect to experimental results of compressive and flexural strength, it was 

expected that, with a substitution of 0.5% of TiO2 by weight of cement, hydration would have been 

promoted. 

According to literature [24,37,48,49,86,87], the intensity of Ca(OH)2 (CH) can be 

promoted by TiO2, as more amount of hydration products is generated, due to the nucleation effect 

of nanoparticles. However, some opposite results that uphold our results have been reported 

[24,88]. Titanium dioxide nanoparticles have been found acting as inert in the cement hydration 

process and not participating in the pozzolanic reaction [24,88]. Furthermore, several authors 

[24,39,49,50,89] reported that due to the usage of nano-titanium dioxide the size of CH decrease 

because the presence of TiO2 nanoparticles limit the growth space for Ca(OH)2 crystals. 

Additionally, some other authors [39,90,91] indicated that the promotion of hydration is due to the 

acceleration of the formation of more C-S-H gel, thus limiting the growth of CH. This modification 

of CH size could promote the reaction between CH and CO2. Increasing the amount of carbonated 

CH during sample preparation. Consequently, DSC results would be only suitable to compare the 

development of CH in function of curing temperature of samples from the same mixture. This 

potential effect will be studied in the following section. 
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Figure 2.10 Percentage of calcium hydroxide (DSC) by mortar mass vs age of mortar (a) MC-R. (b) MC-

Ti0.5. 

TGA at 7 days 

Using the software Universal Analysis 2000 (TA instruments), the percent mass loss was 

found for calcium hydroxide, and calcium carbonate. As aforementioned, the modified method 

proposed by Kim and Olek [60] was adopted. Plots for each of the mixtures were generated with 

the percent weight loss versus temperature, along with first and second derivative to better chose 

start, end and inflection points during the analysis. TGA curves are displayed in Figure 2.11. 

Table 2.4 presents the CH percentage obtained based on TGA curves. The amount of CH 

increases with an increase of curing temperature for both standard and nano-modified samples as 

expected. During sample preparation, it was observed that while the ground cement paste was 
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completely passing, part of the aggregate was consistently retained in the 75-μm sieve. It was 

estimated that 40% of the aggregate was not completely ground during the process, and, therefore, 

was not part of the TGA sample. Thus, when CAini was calculated, the amount of aggregate/mortar 

in the sample was 0.40 instead of the full 0.67 in the original mortar. In the same way, the amount 

of cement/mortar in the TGA sample was estimated to be 0.40 instead of 0.22. The calculation for 

CAini is reported in Appendix B. At each age and temperature, samples with 0.5% nano-TiO2 

showed a higher CH content than samples without nanoparticles. This result agrees with outcomes 

from compressive and flexural strength, in fact, samples with 0.5% TiO2 presented higher strength 

than reference samples. Additionally, results suggest that TiO2 nanoparticles affect the amount of 

carbonated CH during sample preparation, making CH more susceptible to carbonation (Figure 

2.11). As discussed in the previous section, the decrease of CH size due to the use of TiO2 reported 

in previous studies [24,39,49,50,89–91] could explain this increase of carbonation ratio.  For 

example, the value of CH for reference mortar cured at 5 °C is 6.55% before correction, and 7.93% 

after adjustment. It means the percentage of total CH that was carbonated due to the sample 

preparation process, in this case, was 17.4%. However, the percentage of CH carbonated during 

sample preparation in mortar with TiO2 at the same curing temperature was 41.1%. For this reason, 

CH results of mortar with and without TiO2 can be compared only after adjustment, considering 

the differences on CH carbonation during sample preparation. 
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Figure 2.11 TGA curves at 7 days for different curing temperatures. (a) 5 °C. (b) 20 °C. (c) 45 °C. 

 

Table 2.4 Comparison between % CH based on TGA analysis before and after carbonation adjustment. 

 % of CH in cement paste [7 days] 

 
TGA without adjustment due to 

carbonation 

TGA after adjustment due to 

carbonation 

5 °C 
MC-R 6.55 7.93 

MC-Ti0.5 6.13 10.40 

20 °C 
MC-R 6.46 9.54 

MC-Ti0.5 6.13 9.88 

45 °C 
MC-R 7.78 11.48 

MC-Ti0.5 6.79 12.14 
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2.4.5 Pore structure analysis through 3D X-Ray Microscope (3D XRM) 

Figure 2.12 presents 3D pore structure of both reference mortar (MC-R) and mortar with 

0.5% TiO2 (MC-Ti0.5). Most researchers accept the standpoint that titanium dioxide decreases 

pore diameter and total specific pore volume [44–50]. This improves compactness of cementitious 

composites and enhances microstructure making it denser by filling pores. Nano-titanium dioxide 

possesses the small size effect and the filling effect that enable nanoparticles to serve as nuclei to 

influence pore structure of cementitious composites, which improves the performance of 

compressive and flexural strength and even durability [37,40,92]. 

However, all previous studies were focused on the effect of TiO2 nanoparticles cured at 

standard temperature (20 or 21 °C). The present paper showed results in agreement to previous 

researches for standard curing temperature. Based on our data, total pore volume decreases due to 

the use of TiO2 at 20 °C (Figure 2.13 and Figure 2.14). By using 0.5% of TiO2, at standard 

temperature, total porosity was reduced slightly more than half. Nevertheless, with low and high 

temperatures (5 and 45 °C) the effect of 0.5% of TiO2 on total porosity is not significant. The 

mortar that presented the lowest porosity (MC-Ti0.5 cured at 20 °C) was the same mortar that 

showed the highest compressive strength at 7 days. However, a general correlation between total 

porosity and strength of mortars was not found. 

 

 

Figure 2.12 Pore structure of mortar samples cured at three temperatures. 



 

 

50 

Figure 2.13 displays pore volume histograms of each mortar cured at 5 °C, 20 °C and 45 °C. 

When curing temperature was 20 °C or 45 °C, samples with TiO2 presented a more homogeneous 

pore structure and smaller pores than samples without nanoparticles. It could explain the higher 

strength at 7 days of samples with TiO2 compared to samples without TiO2. Whereas samples 

cured at 20 °C and 45 °C developed most of strength and structure at 7 days, samples cured at 5 °C 

have a lower equivalent age. It could explain that when curing temperature is 5 °C, porosity 

distribution and strength at 7 days are not showing a clear correlation, due to the different maturity 

of the samples. For high curing temperatures (45 °C), the effect of nanoparticles in the distribution 

of pore volume is less significant than at 20 °C. It also matches with the improvements observed 

in compressive strength due to the addition of TiO2; while an addition of 0.5% TiO2 showed an 

improvement in compressive strength of 60% in samples cured at 20 °C, samples cured at 45 °C 

presented an enhancement of only a 44% of compressive strength, by using the same percentage 

of TiO2. 

 

   

   

   

Figure 2.13 Histogram of pore volume. (a) MC-R at 5 °C. (b) MC-R at 20 °C. (c) MC-R at 45 °C. (d) 

MC-Ti0.5 at 5 °C. (e) MC–Ti0.5 at 20 °C. (c) MC-Ti0.5 at 45 °C. 
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Histograms of aspect ratio are shown in Figure 2.14. The aspect ratio describes the 

proportional relationship between the smallest eigenvalue and the largest one for the inertia 

eigenvectors of each pore, where aspect ratio equal to one means a perfect sphere. It is remarkable 

that, at standard temperature (Figure 2.14b and Figure 2.14e), aspect ratio seems to be increased 

by TiO2, making pores more spherical. A study of the effect of TiO2 in air void system could be 

interesting, considering results of Figure 2.12, Figure 2.13, and Figure 2.14: at standard 

temperature, TiO2 decreases porosity, reduces pore volume, and makes them more spherical. 

 

   

   

   

Figure 2.14 Histogram of pore aspect ratio. (a) MC-R at 5 °C. (b) MC-R at 20 °C. (c) MC-R at 45 °C. (d) 

MC-Ti0.5 at 5 °C. (e) MC–Ti0.5 at 20 °C. (c) MC-Ti0.5 at 45 °C. 

 

Air voids in concrete and mortars are very small bubbles that improve freeze-thaw 

resistance of the material. The diameter of air voids is typically between ten microns and less than 

one millimeter [93]. These voids are usually spherical bubbles. In order to do a comparison 

between air voids of each system, pores with size equal or smaller than 1 mm and an aspect ratio 

bigger than 0.75 (0 means a line and 1 refers to a perfect sphere) were selected. This calculation 

does not pretend to be an exactly quantification of the percentage of air voids. However, it could 

help to give a preliminary idea of how TiO2 could affect air voids. Results (Table 2.5) show two 

different effects of TiO2 regarding curing temperature. At room temperature (20 °C) and 45 °C, 
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the percentage of air voids has been increased with the addition of TiO2. In contrast, at 5 °C there 

is less percentage of air voids in mixtures modified with nanoparticles.  

Focusing on the data at standard curing temperature, these results suggest that mixtures 

with TiO2 have bigger percentage of air voids than non-modified ones. These results also suggest 

that with a very small amount of TiO2 (0.5%), mortar durability could be improved significantly, 

since TiO2 produced a reduction of total porosity and an enhancement of air voids in the system. 

Whereas the study of durability is out of the scope of this paper, observations suggest that it could 

be an interesting topic for the future and that addition of TiO2 could help to improve durability of 

concretes and mortars beyond the improvement due to total porosity reduction. 

 

Table 2.5 Air voids percentage by total volume. 

Mortar 
Air voids (%) 

5 °C 20 °C 45 °C 

MC-R 1.10 0.79 0.99 

MC-Ti0.50 0.91 0.89 1.13 

 Conclusions 

Based on what has been observed, the following conclusions can be drawn: 

• The influence of TiO2 on compressive strength is positive for all studied curing temperature, 

for the studied percentages of nano-TiO2 addition. The greatest benefits have been observed at 

low temperatures (5 °C). A 1% replacement produces the largest increase in strength at 5 °C 

compared to the mortar with no TiO2 (MC-R). However, it should be noted that, for higher 

temperatures (20 °C and 45 °C), the optimum level of TiO2 substitution is not the highest one: 

the higher compressive strength for these curing temperatures was achieved with 0.5% of TiO2. 

In addition, it is remarkable that, with 1% of TiO2, compressive strength at 7 days of samples 

cured at 45 °C is lower than samples cured at 20 °C, and even at 5 °C, which is something a 

priori unexpected. Hydration process is still not completely finished at 7 days, consequently, 

the higher is the curing temperature, the higher should be the compressive strength due to the 

hydration acceleration as a function of temperature. 
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• In terms of flexural strength, nano-TiO2 has no positive effects at high curing temperatures 

(45 °C) whatever the percentage of substitution. In contrast, at lower temperatures the addition 

of nanomaterial produces a noticeable improvement. In all cases the best results were observed 

with a percentage of substitution of 0.5% reaching a maximum at 20 °C (curing temperature) 

with an increase in flexural strength of 65% and exceeding the strength obtained from the 

reference mortar MC-R (without TiO2) cured at 45 °C. For the same mortar (with 0.5% of 

TiO2), cured at 5 °C, the increase in flexural strength was 50% respect to strength of the 

reference mortar cured at the same temperature (5 °C), with values very close to the flexural 

strength of the reference mortar cured at 45 °C. Finally, it is worth noting that when using TiO2 

as an additive in cement-based mortars particular care must be taken when curing temperature 

increases (45 °C). When curing temperature is high (45 °C), an overestimation of 7-day 

flexural strength can occur if the beneficial effects of nano-TiO2 addition observed at standard 

temperature (20 °C) are assumed. 

• For both flexural and compressive strength at 7 days, the optimum percentage of nano-TiO2 

depends on curing temperature. The lower the curing temperature, the higher the optimum 

percentage of nano-TiO2. 

• DSC results suggested that a 0.5% nano-TiO2 addition accelerated CH formation during the 

first day at 45 °C. On the other hand, the total percentage of CH at 7 days was lower in mixtures 

with TiO2 nanoparticles for all studied curing temperatures. However, TGA results obtained 

using the modified method for CH calculation showed that the use of 0.5% nano-TiO2 increases 

the CH content. 

• The use of nano-TiO2 influences CH carbonation, increasing the percentage of CH carbonated 

during sample preparation. For that reason, to compare CH in mixtures with and without 

nanoparticles, TGA modified method should be used. Since samples were 7 days old, it is 

assumed carbonation occurred only due to sample preparation. 

• 3D-XRM results suggest that the increase in strength due to the use of nanoparticles is more 

related to the homogenization of the pore structure than to the overall porosity reduction. In 

fact, the samples cured a low temperature showed a higher increase in strength due to the use 

of nano-TiO2, however, nanoparticles addition did not produce a reduction in porosity in those 

samples. At standard temperature (20 °C), total porosity was strongly reduced by TiO2 addition.  
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 HIGH TEMPERATURE RESISTANCE OF ECO-MORTARS 

CONTAINING 100% RECYCLED CONCRETE AGGREGATES (RCA) 

AND NANO-TIO2 

A portion of this chapter has been published as: 

Moro C., Francioso V., Velay-Lizancos M., “Nano-TiO2 effects on high temperature resistance of 

recycled mortars”. Journal of Cleaner Production, Vol. 263, (2020), 121581. 

https://doi.org/10.1016/j.jclepro.2020.121581 

 Introduction 

Concrete is among the most used materials in the world. Each year, over 30 billion tons of 

concrete are produced globally [2]. Consequently, a relatively slight improvement in its 

environmental impact would be translated into an enormous benefit for the planet. There are 

different approaches to reduce the environmental impact of concrete and similar construction 

materials. For example, using supplementary cementitious materials (SCM) as a cement 

replacement may be translated into a decrease of CO2 emissions [4,5,94]. Another option could be 

using different types of recycled aggregates (RA) instead of natural aggregates. For instance, 

recycled concrete aggregates [6], mixed recycled aggregates [95], or recycled glass waste 

aggregates [96,97]. The use of recycled concrete aggregate may increase the sustainability of the 

construction industry by reducing the depletion of raw materials, the number of quarries and waste 

in landfills [6,7]. However, it also reduces strength [6,13,79] and increases porosity [98] of 

concrete. Moreover, during the last decades, some researchers have studied the photocatalytic 

concrete and its potential applications in terms of sustainability [99–101]. Incorporating TiO2 

could be beneficial for reducing contamination levels in air due to its photocatalytic property [101–

103]. This effect is divided in two steps: depollution and self-cleaning. First, TiO2 nanoparticles 

react with pollutants from air (NOx, SOx, COx, VOCs) in the presence of light [8,104]. These 

chemical reactions turn the pollutants into non-hazardous compounds [8,104]. Secondly, self-

cleaning refers to the ability to decompose those chemicals that are removed from the concrete 

[105]. Despite its photocatalytic potential, the effect of TiO2 on mechanical properties is still 

debatable. Several publications have appeared documenting the influence of TiO2 on compressive 

strength of mortars [18,24,34,48,106–112]. Previous research indicated that TiO2 has a positive 
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impact on compressive strength of mortars with up to 5% nanoparticles [24,48,106–109], 

regardless the type of TiO2 nanoparticles used [110]. A possible explanation for these results may 

be the acceleration of the hydration process and porosity reduction [48]. On the other hand, several 

studies have reported that compressive strength may be decreased with the rise of TiO2 percentage 

under certain circumstances [18,34,111,112]. Besides, a recent publication [113] evaluates the 

influence of curing temperature on the effect of TiO2 on mortars properties. This study [113] claims 

that the higher the curing temperature, the lower the positive effect of TiO2 on the mechanical 

properties of mortars. In any case, incorporating TiO2 in concrete and mortar would add value in 

terms of sustainability. Although extensive research has been carried out on the effect of 

nanoparticles in concrete and mortar with natural aggregate (NA), there is a lack of knowledge for 

RA. 

Another approach, to make concrete more sustainable, rather than using different waste 

materials and air-purifying the environment, is improving its durability. Thus, reducing 

reconstructions and saving resources and energy. Durability in concrete and mortar with RA is 

generally lower than that of NA. Previous literature has shown that durability decreases with an 

increase in the percentage of RA [114]. Aggregates represent between 60-75% of the total volume 

of concrete [115]. Therefore, the type of aggregate is an important factor in durability. Recycled 

aggregates have higher water absorption and weaker bonding due to the presence of old mortar 

stuck to the surface. Consequently, porosity increases leading to a reduction in mechanical 

properties and resistance to chemical attack [114,116]. In the last few years, research on concrete 

and mortar made with recycled aggregates at high temperatures has been done [117–124]. 

However, the results are contradictory. Whereas some authors have observed that RA has higher 

residual strength than NA after exposure to elevated temperatures [117–121], others have 

remarked that NA samples experiment less drop than RA specimens after thermal exposure [122–

124]. Consequently, there is no agreement on the effect of RA in thermal resistance of concretes 

and mortars. It is remarkable since fire resistance is one of the concrete properties that supports 

the use of this material for construction [125–127], in comparison with other materials as wood 

(combustible) or steel (non-combustible but non-fire resistant). Concrete protects from the spread 

of fire while keeping its structural capacity almost unchanged for some time [127–129], allowing 

evacuation completely before structural failure. Therefore, it may save lives. Even though concrete 

and mortar are fire-resistant,  many properties (such as compressive strength or elasticity modulus) 
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after exposure to high temperatures are affected, as it was reported in several publications [130–

133]. However, limiting these drops may be useful to obtain a more efficient material. 

Under high temperatures exposure, concrete and mortar experience several changes in their 

composition due to complex physical and chemical phenomena. Primarily, an increase in 

temperature causes free moisture loss, followed by physically absorbed and chemically combined 

water loss of the hydrated products (around 100 °C) [55,56]. During this evaporation, mass and 

strength loss are higher due to the disappearing of free water and shrinkage in cement paste (or 

mortar), and the expansion of the aggregates causes micro cracking. Subsequently, there is a wide 

range, between 100 and 400 °C, where several components (i.e., bond water, calcium silica hydrate 

(C-S-H), ettringite, calcium aluminate hydrate, carboaluminate hydrates) decompose [55–59]. 

However, it is difficult to identify each single component undergoing its decomposition reaction 

along with the corresponding temperature peak. Afterward, portlandite or calcium hydroxide (CH) 

is broken down between 410 and 520 °C as several studies indicate [55,56,59,60,78,106]. This 

component is strongly related to mechanical strength in plain concretes (without supplementary 

cementitious materials) in the absence of chemical attacks (which implies no compounds reacting 

with CH); since the main products of Portland cement hydration are C-S-H and CH, and both 

compounds are formed together at fixed proportions, in this type of mortars, the higher is the CH, 

the higher will be the C-S-H. Finally, the decay of calcium carbonate happens among 630 and 

830 °C, as several publications have argued in recent years [55,56,59,60]. 

Since the use of nanoparticles influences the growth of hydration products and the mortar 

microstructure [40,113], it also may change the behavior of concretes and mortars at elevated 

temperatures. Few studies have investigated the influence of TiO2 nanoparticles on cementitious 

materials at high temperatures. Farzadnia et al. [134] found that adding TiO2 on high strength 

mortars is beneficial for increasing their high temperature resistance up to 400 °C. They pointed 

out that it may have two reasons: higher hydration rate and nucleation effect produced by TiO2. 

They observed that TiO2 nanoparticles raise the brittleness in comparison with control samples up 

to 400 °C [134]. Besides, above that temperature, results may suggest that TiO2 has no impact on 

the residual compressive strength compared to the reference mortar [134]. In addition, Biolzi et al. 

[135] have conducted an investigation using cement modified with TiO2. They concluded that high 

temperatures stimulate the propagation of microcracks due to the incompatibility of constituents 

[135]. They also showed that ductility is increased after exposure to elevated temperatures. These 
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investigations were focused on mortars with NA. No previous study has been found evaluating the 

influence of TiO2 in mortars made with RA at elevated temperatures. The differences between 

mortars with NA vs. mortars with RA (e.g., higher porosity or lower strength) may change the 

effect of the nanoparticles under high temperatures. Based on the aforementioned, this paper aims 

to study the potential effect of TiO2 on high temperatures resistance of recycled mortars. 

 Materials 

3.2.1 Mix-design 

Five different mixtures were designed in accordance with EN196 [65]: a reference mortar 

(NM0) with neither recycled aggregates (RA) nor TiO2 and four mortars (RM0, RM0.5, RM1, and 

RM2) with 100% RA and different percentage of TiO2 from 0% to 2%. Specimens had dimensions 

of 40 mm x 40 mm x 160 mm, following ASTM standard [136,137]. Mixtures proportions are 

displayed in Table 3.1. the amount of water was adjusted based on the absorption test. 

 

Table 3.1 Mix Proportions for Mortar Samples. 

Batch NM0 RM0 RM0.5 RM1 RM2 

Cement (g) 400 400 398 396 392 

Natural Sand (g) 1200 0 0 0 0 

Recycled Sand (g) 0 1200 1200 1200 1200 

Effective w/c 0.55 0.55 0.55 0.55 0.55 

Effective Water (g) 219.6 219.6 218.5 217.4 215.2 

Absorption (%) 2.20 7.73 7.73 7.73 7.73 

Abs. Water (g) 26.4 92.8 92.8 92.8 92.8 

Total Water (g) 246.0 312.4 311.3 310.2 308.0 

TiO2 (g) 0 0 2 4 8 
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Mortars were made with Portland cement Type 1 (Infinity, commercial grade). NM0 is the 

only mortar made with quarzitic natural fine aggregate. The remaining mortars (RM0, RM0.5, 

RM1, RM2) were made with recycled fine aggregate, which comes from construction and 

demolition waste, obtained from a Lafayette aggregate distributor (Purdy Materials, Lafayette IN). 

It is mainly made from old concrete, but it also presents small drops of asphalt and brick. Particle 

size distribution and absorption were performed, according to ASTM [138,139], in order to 

characterize both aggregates. Data from the sieve analysis can be found in Table 3.2. 

Titanium (IV) oxide (TiO2) nanoparticles (85% anatase and 15% rutile, >99.5% of trace 

metal basis) were purchased by Sigma-Aldrich (St. Louis, MO). Its primary particle size (d50) is 

21 nm (TEM - transmission electron microscopy). It exhibits a surface area of 35-65 m2/g and a 

formula weight of 79.87 g/mol. 

Table 3.2 Particle size distribution of both aggregates. 

Sieve No. 
Natural Aggregate 

Cumulative Percent Passing (%) 

Recycled Aggregate 

Cumulative Percent Passing (%) 

4 99.96 99.72 

8 90.8 83.2 

16 63.2 60.6 

30 35.5 36.7 

50 10.7 16.5 

100 1.3 8.2 

Pan 0.0 0.0 

Mortars were mixed as follows: First, cement and TiO2 (if applicable) were mixed at low 

speed for two minutes. Later, container walls are scraped to mix in any cement that is stuck to the 

sides. Fine aggregate is then included in the pan and mixed for two minutes. Water is incorporated 

and batch mixed for two minutes. Mixer is stopped, and any mortar that may have been collected 

on the side of the bowl is quickly scraped down into the batch. Finally, mortar is mixed for 1 

minute and 20 seconds more. 

When the mixture process is finished, the mortar is cast into the molds and leveled with a 

trowel. The molds are then vibrated for 45 seconds. Afterward, they are wrapped in plastic film 

and left for 24 hours at 23 ± 1 °C and 90% humidity. After one day of curing, samples are demolded 

and submerged in water trays at the same controlled temperature until testing. 
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 Methods 

3.3.1 Flexural and compressive strength test of mortar under standard conditions 

Flexural and compressive tests were conducted according to ASTM standards [136,137]. 

Samples were tested at 90 + 1 days after exposure to high temperatures (except for those cured at 

20 °C). Flexural strength test was performed using an MTS machine with a load capacity of 10 

kN, a velocity of 0.05 mm per second, and displacement control. Compressive strength test was 

carried out on the two halves of each broken prism from the previous test. Beforehand, four-

centimeter cubes from the ends of the broken prisms were cut. Compressive test was performed 

by an MTS machine with a load capacity of 300 kN and at a velocity of 0.05 mm per second. 

3.3.2 Method to evaluate residual strength 

In order to evaluate the effect of high temperature exposure on mechanical properties of 

studied mortars, a muffle oven (Figure 3.1a) was used to treat samples before the tests. At least four 

samples of each mortar were tested. Two samples of each mortar were exposed to 250 °C for two 

hours. Test started from room temperature (23 °C) and reached the target temperature with a 

heating ramp of 5 °C /min. After two-hour exposure at maximum temperature, the oven is turned 

off, and samples are left inside for 30 minutes to let the temperature decrease avoiding a thermal 

shock when the door is open. After this time, the oven is opened (marking a temperature of 220 ± 

5 °C), and samples are removed, letting them cool down at room temperature during one day before 

testing. The other two samples, for each mortar, were exposed to 500 °C using the same procedure 

aforementioned. The only differences are starting point (50 °C), duration of the test (ramp period), 

3.5 and 4.5 hours respectively, and temperature inside the oven when samples exposed to 500 °C 

are removed (440 ± 5 °C). Temperature history is showed in Figure 3.1b. 

After the exposure, flexural and compressive strength test were performed as it was 

previously described for standard conditions. 
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Figure 3.1 Evolution of the temperature exposure. (a) Target temperature 250 °C. (b) Target temperature 

500 °C. 

 

Finally, percentages of residual flexural and compressive strength are calculated according 

to Eq. (3.1) and Eq. (3.2), respectively, for each studied mortar. 

% 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑎𝑡 𝑇 =
𝐹𝑆𝑇

𝐹𝑆20
× 100 (3.1) 

% 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑎𝑡 𝑇 =
𝐶𝑆𝑇

𝐶𝑆20
× 100 (3.2) 

where: 

T = Target exposure temperature (°C). 

FST = Flexural strength of mortar exposed to high temperature with target temperature T (MPa). 

FS20 = Flexural strength of mortar under standard conditions (20 °C) (MPa). 

CST = Compressive strength of mortar exposed to high temperature with target temperature T 

(MPa). 

CS20 = Compressive strength of mortar under standard conditions (20 °C) (MPa). 
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3.3.3 Ductility 

Ductility can be defined as the ability to undergo plastic deformations before fracture. 

There are some ways to evaluate. In this case, it is calculated from flexural strength test curves. 

After performing the test, the area under the curve after peak load (energy dissipation) is obtained, 

and the result is called Gf (N*mm), as it is shown in Figure 3.2. 

 

Figure 3.2 Ductility definition. 

3.3.4 Correlation of mechanical properties with temperature and TiO2 percentage  

Several publications have appeared in recent years documenting the use of central 

composite design in response surface methodology (RSM) as a useful tool [66,67] to get the 

optimum solution. The focus of recent research has been on obtaining the optimum mix design by 

changing mix proportions [69–73]. 

In order to perform RSM statistical experimental design, the chosen software was JMP 

(SAS Institute, North Carolina, USA). A second-order model was performed in order to get a better 

approximation of results (Eq. (3.3)). In it, the response variable is "y" the “β” coefficients are 

calculated using the least square method, and "ε" is the total error. The significance threshold level 

(α) was chosen as 0.05. 

𝑦 = 𝛽0 + ∑ 𝛽𝑖

𝑘

𝑖=1

𝑥𝑖 + ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑖𝑥𝑖𝑥𝑗

𝑗𝑖

+ 𝜀 (3.3) 
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RSM analysis was performed in order to study the influence of temperature and TiO2 in 

mechanical properties. Their ranges are 20-500 °C for temperature exposure and 0-2% for TiO2 

percentage. After a simulation process, the analysis of variance (ANOVA) was evaluated to obtain 

the significance of these properties. 

3.3.5 Differential Scanning Calorimetry (DSC) 

DSC (2010 differential scanning calorimeter, TA Instruments (New Castle, DE, USA)) 

was performed at 90 days to monitor Calcium Hydroxide (CH) formation. Tests were executed in 

a nitrogen gas atmosphere at a heating rate of 10 °C /min from 23 °C up to 600 °C. Both reference 

pan (empty) and sample pan (containing 15 mg to 25 mg of ground material) were kept open. After 

compression, samples of each mixture were ground with mortar and pestle and sieved through a 

75-μm sieve. For the specimens heated at 500 °C, as they showed two distinct shades inside, 

powder from both center and external part was obtained cutting and sorting the specimen before 

the grinding process. Cores have maintained the original color in contrast to the most external part 

that underwent most of the effect of high temperature. 

The determination of CH content at 90 days of the investigated mortars has been 

determined by evaluating the curves obtained from DSC analysis. Around 450 °C CH is 

decomposed [56,60,106]; at that temperature, a sharp peak in the curve can be identified. The 

dehydration peak area corresponding to the decomposition of CH is used to calculate its percentage.  

During the analysis, to better determine the start and endpoints of the CH peak, the second 

derivative curve has been displayed. The content of CH has been determined with Eq. (3.4). 

 

𝐶𝐻 (%) = 0.0917 × (𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)     (3.4) 

with:  

CH (%): Percentage of calcium hydroxide; 

0.0917: Slope of the calibration curve; 

peak area: Energy absorbed during the dehydration of CH (J/g). 
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3.3.6 X-Ray Diffraction (XRD) 

The preparation of the powder samples for XRD follows the same steps as DSC sample 

preparation. The XRD analysis was conducted using a Siemens D500 diffractometer (30 mA, 50 

kV) at 0.02°/sec scanning rate (in 10-65° 2θ range). Profex software [140] was used to analyze the 

XRD patterns. 

3.3.7 Scanner Electro-Microscope (SEM) 

SEM analysis was used to investigate changes in the microstructure due to the high-

temperatures exposure. First, a sample of each mixture was dry-cut with a saw. Then, SEM 

specimens were completely vacuum impregnated with epoxy. After the vacuum is finished, 

samples are oven-dried for 8 h at 70 °C. Samples were then lapped using Hillquist (Denver, 

Colorado, USA) mesh flat diamond laps (45, 30, and 15 μm). Subsequently, Buehler (Lake Bluff, 

Illinois, USA) microclothes lubricated with diamond pastes were used to polish the specimens 

with different grit sizes (9 μm, 6 μm, 3 μm, 1 μm, and 1/4 μm). To prevent the accumulation of 

electrostatic charge, a palladium sputter-coated was applied on the top surface of the specimens. 

Finally, SEM analysis was conducted with 15 keV of accelerated voltage and using the ASPEX 

Personal SEM equipped with the energy dispersive x-ray (EDX) analyzer. 

 Results and Discussion 

3.4.1 Flexural and compressive strength 

Figure 2.1 displays flexural and compressive strength (Figure 3.3a and Figure 3.3b, 

respectively), before and after exposure to high temperature, for each type of mortar. After 

exposure to 250 °C, NM0 specimens presented higher either flexural or compressive strength than 

those non-exposed. These results are consistent with other studies that have shown that 

compressive strength of concretes and mortars may enhance when exposed up to 300 °C [126,141]. 

In contrast, this effect is not the same in specimens made with recycled aggregate (except for 

flexural strength of RM0). 

Moreover, as it is expected, natural mortar (NM0) showed higher either flexural or 

compressive strength than recycled mortar (RM0) before exposure. Even NM0 samples exposed 
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to 500 °C exhibited higher strength than non-exposed RM0 specimens. In addition, RM0 

specimens exposed to 500 °C suffered a drop in compressive and flexural strength of 45% and 

38%, respectively, compared to the corresponding samples under normal conditions. In contrast, 

natural mortar exposed to 500 °C decreased by 18% and 33%, respectively. It could suggest that 

even though recycled aggregate may be beneficial to increase sustainable aspects, its potential 

negative effects on fire resistance should be considered in order not to lead to structural problems 

during its lifetime. 

In terms of the TiO2 effect, recycled mortar without nanoparticles showed a lower flexural 

strength than recycled mortars with TiO2 before exposure (20 °C). In contrast, after exposure to 

high temperatures, the higher the percentage of TiO2, the lower the flexural strength. These results 

suggest that, while TiO2 increases flexural strength under standard conditions, it may have a 

negative effect on the same property after exposure to high temperature. Besides, 0.5% and 1% of 

TiO2 improve compressive strength under standard conditions. After two-hour exposure to 250 °C, 

the positive effect of TiO2 on compressive strength decreased, and only RM0.5 presented higher 

compressive strength than the reference recycled mortar under the same conditions. After two-

hour exposure to 500 °C, the compressive strength of mortars with TiO2 was lower than the 

compressive strength of the mortar without nanoparticles. These results indicate that the use of 

TiO2 in cement mortars with recycled aggregates has a negative effect on high temperature 

resistance in terms of compressive strength. 

 

  

Figure 3.3 Strength before and after exposure to high temperature. (a) Flexural strength. (b) Compressive 

strength. 
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This effect is also observed in Figure 3.4. The percentage of flexural strength loss increases 

with the percentage of TiO2 after two-hour exposure at 500 °C. The same trend is observed at 

250 °C, except for RM2. In all cases, the percentage of flexural strength loss on mortars with TiO2 

is higher than the percentage loss of the reference mortar (RM0) without TiO2 (Figure 3.4a). In 

fact, RM0 showed a higher flexural strength after exposure at 250 °C than in normal conditions 

(3% more). In contrast, under the same conditions, RM1 exhibited a decrease in flexural strength 

of 17% compared to the same mortar before exposure. After 500 °C exposure, while flexural 

strength loss is 38% for RM0, the drop for RM2 is over 50%. Figure 3.4b displays compressive 

strength loss, after exposure, for each recycled mortar. In all studied cases, the higher the TiO2, 

the higher the loss of compressive strength after exposure to high temperature, especially in RM0.5 

and RM1, which are the mortars that showed an improvement of compressive strength at standard 

conditions in comparison to the same property of mortar without TiO2 (RM0). 

 

  

Figure 3.4 Strength loss of recycled mortar. (a) Flexural strength. (b) Compressive strength. 

 

The higher loss of modified-TiO2 mortars may be due to the increase of microcracks 

attributable to different thermal properties of constituents [135]. Several studies show that the 

coefficient of thermal expansion (CTE) varies with porosity and with the composition of the 

cement paste [142,143]. Since the old cement paste attached to the recycled aggregates and the 

new cement paste are from different mixture designs, it is expected that they will not have the 

same CTE. This difference is expected to be greater when nano-TiO2 is used in the new cement 

paste, since these nanoparticles will reduce its porosity. In any composite, different coefficients of 

thermal expansion of the different compounds may cause internal stresses when the temperature 

changes. Previous research showed that the use of different percentages of recycled aggregate on 
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concrete reduces the overall coefficient of thermal expansion of concrete [144]. It suggests that the 

RA has lower CTE than natural aggregate, since concrete is a composite, and the thermal properties 

of the composite are the result of a combination of the properties of each compound. 

It is known that the CTE of typical ordinary Portland cement paste (18 x10-6 to 20x10-6 

1/°C) is generally higher than the CTE of natural aggregates (4 x10-6 to 13x10-6 1/°C) [145]. 

Previous research suggested that RAs have lower CTE than natural aggregates [144]. Therefore, 

the difference between the CTE of cement paste and RA is higher than the difference between the 

CTE of natural aggregates and cement paste. The higher the difference between the CTE of the 

different compounds, the higher the internal stresses when the temperature rises. It means mortars 

with RA may exhibit higher internal stresses than the same mortar with natural aggregates with 

temperature changes. Besides, it is well known that RA has a negative effect on the interfacial 

transition zone (ITZ). Thus, the different thermal properties of cement paste with nano-TiO2 may 

induce additional thermal stresses that cause damage in the weak ITZ of mortars with RAs. 

The results at 250 °C on recycled mortars with TiO2 exhibited different effects of the 

nanoparticles in comparison to a previous investigation on natural mortars [134]. Whereas TiO2 

showed a positive effect on the behavior of natural mortars at elevated temperatures [134], the 

results of the present study showed the opposite effect in case of using recycled mortars. 

However, this difference may be explained by three main reasons: (i) the type of TiO2 

crystals used since, in the study with natural mortars, TiO2 crystals were anatase, rutile and 

amorphous with proportions of  78%, 14% and 8%, respectively [134], while in the present study 

TiO2 crystals were 85% anatase and 15% rutile without amorphous phases. TiO2 crystals could 

also modify the behavior of the mortars because they may change the effect on several properties 

[42,146]. (ii) The exposure time is lower (1 hour); therefore, it cannot be enough for all the thermal 

processes in order to be developed. (iii) Different thermal properties of TiO2 and the rest of mortar 

constituents may cause thermal stresses that affect in greater extend the weaker ITZ of mortars 

with RA, causing failure at low strength in the ITZ. On mortars with NA, the ITZ is stronger, and 

failure usually is produced on cement paste. For that reason, natural mortar may benefit its high 

temperature resistance because the addition of TiO2 improves the microstructure of cement paste, 

while the potential thermal stresses could not be high enough to damage the stronger ITZ of natural 

mortars. 
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3.4.2 Visual analysis of samples 

Figure 3.5 displays the inner section of the samples after thermal exposure and flexural test. 

The analysis exhibits a different coloration between the samples exposed to 250 °C and 500 °C 

with the samples left at room temperature. The higher the temperature, the lighter the sample. It 

was also observed the presence of more 

pores within the paste of the heated 

mortars. Manifestation of various black 

dots in the heated mortars are due to the 

presence of asphalt in the RA. It is more 

evident in the heated samples because the 

asphalt melting point occurs between 54-

173 °C [147]. Additionally, samples 

heated at 500 °C showed two different 

shade. While the outer part exhibited a 

lighter shade, the core preserved the 

original color. After two hours of 

exposure at 500 °C; in fact, specimens are 

not homogeneously affected by the 

heating process. To ensure this, a 

supplementary test was made, exposing 

the same mortars at 500 °C for 4 hours, 

resulting in the same shade throughout the 

sample. Finally, no change in color was 

observed in the sample heated at 500 °C 

of the mortar mixed with NA, but a fading 

with increasing exposure temperature 

(Figure 3.5). 

 

 

Figure 3.5 Photos of fracture face of flexural strength 

specimens. 
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3.4.3 Correlation of mechanical properties with exposure temperature and TiO2 % 

Table 3.3 reflects the ANOVA analysis results. The adequacy of the model is confirmed 

by checking residual plots and lack-of-fit. They showed residual values are independent, normally 

distributed, and their variance is the same. 

In both simulations, the temperature exposure factor is significant at 5%, and the TiO2 

percentage is not. Therefore, TiO2 percentage is unrelated to mechanical properties. In order to 

contrast this fact, it may be useful to repeat this study in a higher range of TiO2 percentage. 

The only difference between both strengths is related to the square temperature factor. 

While in the case of flexural strength it is significant, in terms of compressive strength is not. 

However, it is a quadratic factor, so the relevance is lower. 

 

Table 3.3 ANOVA analysis results. 

Responses Compressive strength Flexural strength 

Variable F Ratio P-value F Ratio P-value 

X1
a 1.1969 0.3354 2.4556 0.1922 

X2
b 63.7202 0.0013* 130.2924 0.0003* 

X1
2 0.1531 0.7155 0.5617 0.4953 

X2
2 0.1959 0.6810 14.9478 0.0181* 

X1*X2 0.0125 0.9163 1.9431 0.2358 

*significant at 5% (p-value) 
aX1: TiO2 percentage 
bX2: Temperature exposure 

3.4.4 Ductility  

Figure 3.6 displays a comparison between load-displacement curves of flexural strength 

tests for each studied mixture. As shown, samples at room temperature (20 °C) and 250 °C have 

experimented with a brittle fracture during bending. In contrast, after two-hour exposure to 500 °C, 

samples have increased their ductility. Samples exposed at 500 °C are the only specimens that 

have had no brittle fracture. The trend in samples with recycled aggregate is the same. Apparently, 

there is no change in failure mode depending on the percentage of TiO2. Besides, TiO2 may be 
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positive for ductility because, in almost all cases, mixtures with TiO2 have more displacement 

before failure than the recycled reference mortar (RM0). Furthermore, results suggest that natural 

aggregate is less influential in ductility performance at 500 °C. 

 

   

Figure 3.6 Load-displacement curves of flexural strength test at a given temperature of mortars with 

different percentages of TiO2. (a) 20 °C. (b) 250 °C. (c) 500 °C. 

 

Table 3.4 summarizes ductility values for each mixture and each temperature. RM2 mortar 

(with 2% of TiO2) showed the maximum value after exposure to 500 °C (20% more than reference 

recycled mortar). However, even though TiO2 could seem positive for ductility, reference recycled 

mortar value (RM0) is higher than RM0.5 (51% less) and RM1 (90% less). In other words, there 

is no evident connection between ductility and the percentage of TiO2. Besides, in terms of 

ductility at 500 °C, the effect of NA is lower than RA. This fact may be related to the decrease of 

thermal conductivity observed in literature for the RA. 

Nevertheless, results showed that exposure to 500 °C increases the ductility in fracture. 

These results concur with other studies [148,149], made with NA concrete, which have shown that, 

after exposure to 400 °C, strains attained were extremely bigger. The data obtained also suggests 

that the effect of NA is lower than RA. 

 

Table 3.4 Evaluation of ductility in each mixture after performing flexural strength test. 

Mixture NM0 RM0 RM0.5 RM1 RM2 

Gf (N*mm) 1.89 10.83 5.28 1.13 12.98 
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 DSC 

Previous studies [24,37,48] have found a correlation between TiO2 substitution and CH 

formation as the intensity of the latter can be promoted by the former. Unexpectedly, for the 

recycled mortars studied, no trend has been found with the addition of TiO2 (Table 3.5). 

Furthermore, samples left at room temperature showed a higher amount of CH. Even if the values 

of CH obtained for the samples heated at 250 °C are slightly higher, it is evident that at this 

temperature, hydration products such as C-S-H, ettringite, calcium aluminate hydrate have already 

decomposed [55–59], therefore, in proportion to the initial weight of the sample, the percentage is 

lower. As expected, in mortars heated at 500 °C, CH has been in part consumed [56,60,106]. 

Consequently, less amount of CH resulted from the DSC analysis. It is important to highlight the 

difference in the samples heated at 500 °C between the inner part and the external part. For these 

samples, DSC tests were performed for both the core and the external part, as explained in the 

methods section. Even though the mortar was kept at a set temperature of 500 °C for two hours, 

the core was not as much affected as the external part. A higher percentage of CH was consumed 

in the second. 

Table 3.5 CH calculation. 

Sample Peak area [J/g] CH [%] Temp peak [°C] 

NM0 20 °C 50.18 4.60 433.78 

NM0 250 °C 76.81 7.04 438.80 

NM0 500 °C 44.19 4.05 436.86 

RM0 20 °C 49.07 4.50 440.68 

RM0 250 °C 54.78 5.02 441.11 

RM0 500 °C int 21.60 1.98 443.68 

RM0 500 °C ext 4.03 0.37 431.65 

RM0.5 20 °C 46.99 4.31 436.18 

RM0.5 250 °C 50.74 4.65 446.49 

RM0.5 500 °C int 14.06 1.29 455.30 

RM0.5 500 °C ext 0.75 0.07 446.37 

RM1 20 °C 58.47 5.36 440.56 

RM1 250 °C 66.88 6.13 441.06 

RM1 500 °C int 25.68 2.35 448.02 

RM1 500 °C ext 5.68 0.52 442.86 

RM2 20 °C 57.85 5.30 441.55 

RM2 250 °C 57.50 5.27 443.17 

RM2 500 °C int 45.94 4.21 445.75 

RM2 500 °C ext 15.27 1.40 448.39 
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However, the percentage of CH variation, in samples exposed at high temperatures in 

comparison to specimens non-exposed, is entirely different between NM0 samples and specimens 

made with RA (Figure 3.7). Results display that in almost all samples exposed at 250 °C, CH 

percentage has been increased. Nevertheless, whereas NM0 experimented with a rise of 50%, the 

recycled mortars gain is below 15%. In addition, the overall trend is maintained at 500 °C. Even 

though the CH drop in NM0 samples is slightly higher than 10%, in specimens with RA, CH has 

been decreased up to a maximum of 98% (in comparison to the value under normal conditions) in 

RM0.5 mixture. Besides, as it is expected, in every sample, the inner part maintains a higher CH 

amount than the outer part due to being less exposed. 

 

 

Figure 3.7 Effect of TiO2 within the natural and recycled mixtures for each exposition temperature. 

 

The DSC curves obtained from each mixture at 20 °C and after exposure to 250 °C and 

500 °C are showed in Figure 3.8. This figure also presents the section of the samples exposed to 

500 °C as they showed two different shades inside (except for the natural mortar). Samples under 

normal conditions exhibited a pronounced mass loss between 50 °C and 150 °C due to the 

decomposition of free moisture. On the contrary, specimens exposed to 250 °C and 500 °C did not 

show this loss because free moisture has been evaporated during the heating process. However, 

there are differences between DSC curves (250 °C and 500 °C) due to the decomposition of other 

compounds, such as C-S-H, ettringite, calcium aluminate hydrate or carboaluminate hydrates, in a 

wide range between 100 and 400 °C [55–59]. Besides, whereas NM0 mortar exposed to 250 °C 
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presented a huge increase in the CH percentage (Figure 8.a), recycled mortar curves only exhibited 

a slight rise. 

 

  

  

 

Figure 3.8 Effect of temperature on DSC curves for each mixture. (a) NM0 (b) RM0. (c) RM0.5. (d) 

RM1. (e) RM2. 
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The significant increase of CH in NM0 samples exposed to 250 °C is in agreement with 

the rise of flexural and compressive strength observed in the same specimens after the 250 °C 

exposure. The increase of compressive strength of NM0 after 250 °C exposure also may imply 

that there was not an important consumption of C-S-H. On the other hand, according to DSC results, 

mortars with recycled aggregate and nano-TiO2 did not show a clear correlation between CH loss 

and strength loss after 250 °C.  XRD results (Figure 3.9) also did not show remarkable differences 

between the CH content in recycled mortars before and after 250 °C exposure. These results from 

DSC and XRD suggest that the loss of strength on recycled mortars exposed at 250 °C is not related 

to the decomposition of the hydration products of the cement paste. Therefore, there must be 

another reason why recycled mortars lose compressive strength after 250 °C exposure. 

Results from SEM (Figure 3.10) show the difference between the ITZ in NM0 (Figure 

3.10a) and RM0 (Figure 3.10b) in normal conditions (20 °C). Due to the potentially different 

coefficient of thermal expansion (CTE) of aggregates and paste, the increase in temperature may 

cause internal stresses. These stresses would cause damage on both matrix (cement paste) and 

aggregates, as well as damages in what usually is the weakest part of these composites: the ITZ. 

Figure 3.10d shows the undamaged ITZ of the NM0 after 250 °C exposure, while ITZ of RM0 

presented damage under the same conditions (Figure 3.10e). This image of RM0 after 250 °C 

exposure showed a crack that goes through the ITZ in the bottom part of the image and grows into 

the recycled aggregate. 

Figure 3.10b exhibits the double ITZ zone of RM0 (aggregate-old paste-new paste). These 

two weak planes (two ITZ) of RM0 may fail easier, in comparison to NM0, due to the internal 

stresses. This may explain the drop in strength after 250 °C exposure observed in recycled mortars 

that it was not found in NM0. The addition of 1% nano-TiO2 produced a reduction of porosity 

under normal conditions (Figure 3.10c vs. Figure 3.10b) and a densification of the ITZ. It is in 

agreement with the fact that RM1 showed higher strength than RM0 at 20 °C. However, after 

exposure to high temperatures, the strength in RM1 samples decreased more than in RM0 

specimens. This higher drop of the strength in RM1 than in RM0 could be related to a potential 

change of the thermal expansion due to the use of nano-TiO2. Since RM1 has two ITZ (aggregate-

old cement paste and old cement paste-new cement paste), using nano-TiO2 may cause variations 

in the coefficient of thermal expansion of the new cement paste in comparison to the old cement 



 

 

74 

paste. These changes may lead to the generation of the additional internal stresses that would 

reduce the strength of the samples after high-temperature exposure. 

According to XRD patterns (Figure 3.9), the main difference between the chemical 

composition of the natural mortars (NM0) and the recycled mortars (RM0 and RM1) is the higher 

content of dolomite and quartz in the mortars made with natural aggregate. This is in accordance 

with the fact that recycled aggregate contains mineral aggregates plus old cement paste, while 

natural aggregate that was used in this study contains pure dolomite and quartz. 

Note that it is assumed that after 500 °C exposure, the C-S-H of both mortars (RM0 and 

RM1) is already consumed [55,57,58]. Therefore, C-S-H content cannot be the source of the 

difference between the compressive strength of RM0 and RM1 after 500 °C exposure. Since the 

temperature decomposition of CH is around 450 °C, CH content could be related to the residual 

compressive strength after 500 °C exposure. Whereas the exposure to 500 °C almost reduces to 

zero the intensity of the CH peak in RM0, the addition of 1% of nano-TiO2 seems to reduce the 

consumption of CH due to the exposure to 500 °C. This result contrasts with the lower compressive 

strength after 500 °C exposure presented by RM1 in comparison to RM0. However, it may suggest 

that the higher loss of compressive strength of RM1 after 500 °C exposure, rather than being 

related to changes due to the decomposition of hydration products, it could be more related to 

potential changes of thermal expansion of the newer cement paste with nano-TiO2 in comparison 

to the CTE of the old cement paste. These possible differences between the CTE of old and new 

cement paste could produce higher internal stresses during high-temperature exposure, as 250 °C 

results also suggested it. In fact, Figure 3.10i shows a crack between the old cement paste and the 

new cement paste in RM1 after 500 °C, which is in accordance with this explanation. Another 

potential source of this variation can be the porosity reduction when TiO2 nanoparticles are used 

[113]. A reduction of porosity may lead to an increase in the thermal conductivity [150], and 

therefore, a faster propagation of the damage through the sample due to high-temperature exposure. 
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Figure 3.9 XRD results. [CH-Calcium hydroxide; CaCO3-Calcite; Q-Quartz; D-Dolomite; M-Muscovite] 

 

 

 

 

Figure 3.10 SEM images 
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 Conclusions 

This study has discussed the influence of TiO2 nanoparticles on the high-temperature resistance of 

recycled mortars. After analyzing the results, the following conclusions may be drawn: 

• The use of 100% recycled aggregate instead of natural aggregate produced a negative effect 

on high-temperature resistance in terms of compressive and flexural strength. Consequently, 

this aspect should be considered when fire resistance is evaluated. 

• Even though the addition of low percentages of TiO2 nanoparticles increases compressive and 

flexural strength of recycled mortars under normal conditions, this addition produced a 

negative effect on high-temperature resistance. A possible explanation may be the different 

thermal properties of all materials (e.g., old cement paste, new cement paste with nano-TiO2, 

or RA) may produce internal stresses when the temperature rises. These internal stresses can 

produce a failure at lower strength due to the weaker ITZ between the new cement paste (with 

nano-TiO2) and the old cement paste, as SEM images showed in the recycled mortar with 1% 

of nano-TiO2 after 500 °C exposure. Nevertheless, further testing on the CTE difference is 

required. 

• XRD and DSC results showed that the negative effect of the addition of 1% TiO2 in terms of 

strength loss after 500 °C exposure is not related to a higher CH decomposition. In fact, nano-

TiO2 may increase the high-temperature resistance of CH. 

• After thermal exposure, whereas recycled mortars exhibit two different shades, NM0 samples 

only show a uniform coloration. Therefore, specimens with recycled aggregate are not 

homogeneously affected by temperature, possibly due to their lower thermal conductivity. 

• Results suggest that ductility before failure is increased after exposure at 500 °C on recycled 

aggregate mortars. Mortar with natural aggregate showed lower ductility under the same 

conditions. 
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 EFFECT OF ELEVATED TEMPERATURE ON FLEXURAL 

BEHAVIOR OF RECYCLED POLYPROPYLENE (PP) FIBER-

REINFORCED ECO-MORTARS 

A portion of this chapter has been published as: 

Francioso V., Moro C., Castillo A., Velay-Lizancos M., “Effect of elevated temperature on flexural 

behavior and fibers-matrix bonding of recycled PP fiber-reinforced cementitious composite”. 

Construction and Building Materials, Vol. 269, (2021), 121243. 

https://doi.org/10.1016/j.conbuildmat.2020.121243 

 Introduction 

According to the US Environmental Protection Agency (EPA), in 2017, 35.4 million tons 

of plastics were produced in the United States, which generated 13.2 percent of Municipal Solid 

Waste (MSW) [151,152]. Of all plastic waste generated, 19.2% ended up in landfills, while 16.4% 

was combusted for energy recovery and only 8.4% was recycled [151]. In fact, as per the principle 

of waste hierarchy [153], landfilling is the main form of disposal for post-consumer plastics, the 

second main treatment is incineration, and in the third-place recycling. However, the first two 

methods can no longer be considered environmentally sustainable. Despite the high calorific value 

of polymers and the likelihood of eliminating the waste, a significant number of pollutants and 

chemicals are released in the atmosphere, and toxic fly and bottom ashes are produced through 

incineration. Furthermore, considering the long-term pollution related problems and both cost of 

solid waste disposal increasing and space decreasing, landfilling is no more considered a viable 

option. Therefore, recycling would be the best choice to reduce environmental impact and possibly 

transform waste into useful products. 

Among others, the reuse of recycled plastic material in the construction industry has been 

considered ideal for valorizing plastic waste. Besides ecological benefits, while minimizing its 

environmental impact, the use of recycled plastic materials can enhance the performance of cement 

mortar and concrete [15,16]. Furthermore, most types of plastics are not biodegradable and have 

high chemical stability [154], therefore, they are suitable even in a highly alkaline environment 

such as pore solution of concrete [155,156]. Recycled plastic within cementitious materials is used 

mainly in two forms (i) as a replacement of natural aggregates and (ii) as a fiber-reinforcement 
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(substituting other types of fibers, i.e., steel fibers). Among the most commonly used plastic (e.g., 

LDPE/HDPE, PP, PET), polypropylene (PP) has the highest rate of discard (landfilling and other 

disposals) [157]. Hence recycling such type of plastic in construction materials can be a solution 

to reduce its amount. Research results showed that the performance of cementitious composites 

reinforced with PP plastic fibers can be enhanced, including its mechanical properties and 

durability [16]. Plastic fibers can act as reinforcement and produce a bridging force across cracks 

and prevent their propagation [158]. Because of the fibers bridging cracks in the matrix, fiber-

reinforced mortar may exhibit a significantly higher flexural toughness than plain mortar (up to a 

volume fraction of 1.5%) [159]. Compared to other options (e.g., steel fibers), plastic fibers have 

a lower carbon footprint, are cost-effective and corrosion-resistant [16]. Furthermore, plastic fibers 

exhibit better strength to weight ratio and elongation [158]. However, there is no agreement in the 

literature regarding the positive role of recycled plastic waste, in enhancing the mechanical 

performance of cement-based composites. PP fibers are often utilized to control the fresh and 

hardened properties of cement-based materials [16]. One of the main applications is to reduce 

plastic shrinkage, but they also affect the compressive and flexural strength. In fact, the effect on 

strength has been reported to be contradictory [19]. It has been observed that the interfacial 

transition zone (ITZ) between the matrix and plastic fibers is affected by the smooth surface and 

hydrophobic nature of plastic resulting in poor anchoring [160]. Though the utilization of fibers 

with high surface roughness and treated fibers showed to favor the interaction and anchoring of 

the fibers to the cement matrix [16]. Furthermore, fibers embedded in concrete increase the 

porosity at room temperature by increasing the pore connectivity in the ITZ [161,162]. 

Several studies [16,19,20,161,163,164] demonstrated that PP fibers can be used effectively 

to prevent spalling failure of concrete under compressive loads. The cause of explosive spalling, 

when concrete is subjected to elevated temperature, has been attributed to two main contributions: 

(i) thermal stresses, generated by a thermal gradient between the surface and the interfacial zone 

and between aggregates and cement matrix; (ii) and the pore pressure generated in concrete when 

the internal water evaporates [21,165]. Nonetheless, previous research showed that at temperatures 

up to 300 °C, the compressive and flexural strength of plain concrete and plain mortars (no fibers) 

will not be highly affected and even it could increase [165–168]. At higher temperatures (above 

300 °C), the hydration products will be decomposed, and therefore, the strength of the composite 

will decrease [169]. 
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There are several articles in the literature on the compressive strength performance of fiber-

reinforced concrete exposed to elevated temperature ([19–21,164,170]). However, the influence 

of elevated temperatures on the flexural performance of recycled PP fiber-reinforced mortars and 

its effect on ITZ bonding between the matrix and the recycled fibers has not been deeply 

investigated. Moreover, no studies have been found on the possible effects of the cooling process 

on the residual strength of these eco-mortars. Based on that, the main objective of this investigation 

is to assess the effect of recycled PP fibers content and the impact of the cooling process after 

exposure to elevated temperature on the flexural performance of recycled PP fiber-reinforced 

cementitious composites. Besides, flexural strength tests before and after exposure, an ITZ analysis 

through microscopy, Digital Image Correlation and an indirect method to assess bonding strength 

changes were employed to better understand these effects. 

 Materials 

4.2.1 Characterization of the recycled polypropylene fibers 

The fibers used (Re-Bind™) for this study come from the recycling of twine for the hay 

export industry. They are made from 100% recycled Polypropylene compliant with all ASTM 

standards for construction (as specified by the manufacturer). Their melt index is 6-8, they have a 

tensile strength of 5228 psi, it is a UV treated product, chemical resistant, and is made from 

isotactic PP homopolymer. Length ranges from 2 to 40 mm and they have an aspect ratio ranging 

from 0.75 to 106.9. Specific gravity was calculated following the ASTM D792 [171] and was 

found to be 0.9 g/cm3. Figure 4.1 shows a representative sample of the fibers. 

 

 

   

Figure 4.1 Recycled polypropylene fibers. (a) Sample of fibers. (b) Fibers under the microscope. 



 

 

80 

The extensional storage modulus and extensional loss modulus as a function of the 

temperature of the recycled PP fibers were analyzed using a Universal Extensional Fixture (UXF) 

in an MCR 302 Anton Paar Rheometer with temperature control oven (Figure 4.2a and Figure 

4.2b). The width of the fiber was measured with a caliper, and the value was 0.11 mm. The 

temperature ramp started at 25 °C and finished when the fibers started to melt, with a rate of 

2 °C/min (Figure 4.2c). The strain set to increase linearly from 0.1% to 1% over the temperature 

ramp. 

 

 

Figure 4.2 Extensional modulus test setup. (a) MCR 302 Anton Paar Rheometer. (b) Universal 

Extensional Fixture and temperature control oven. (c) Extensional strain and temperature ramp. 

 

Figure 4.3 shows the effect of temperature on the extensional storage modulus (E’) and 

extensional Loss Modulus (E’’). A transition can be observed in the state as temperature increases 

(E’ and E” gradually decrease) at the beginning of the test. The glass-transition temperature (Tg) 

was observed at 92.7 °C (by mean of the maximum of the loss factor tanδ). The sharp increase in 

tanδ begins around 170 °C, indicating that the fiber melting starts at this temperature. 
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Figure 4.3 Extensional modulus behavior of recycled PP fibers as a function of the temperature. 

4.2.2 Mix-design 

Mortars were made with Portland cement Type 1 (Infinity, commercial grade) and quarzitic 

natural fine aggregate (compliant with ASTM C33/C33M-18 [172]). Table 4.1 presents the particle 

size distribution of the fine aggregate. For the fiber-reinforced mixtures, 100% recycled PP fibers 

were used in this study. The mix proportions are provided in Table 4.2. For comparative analysis, 

a reference mortar was produced in the same proportions shown in Table 4.2, without fibers. The 

amount of fibers used was 0.5%, 1% and 1.5% by volume of sand (to keep constant the volume of 

cement paste per volume of composite), as most of the previous studies demonstrated that the 

optimal percentage ranged from 0% to 3% [16]. The mixtures are named PM-PX, where PM means 

“plain mortar” and PX indicates the percentage of fibers (e.g., 0%, 0.5%, 1% and 1.5%). Finally, 

Table 4.2 presents the results of the flow test (ASTM C1437-15 [173]) and the fresh  and hardened 

densities of mixes after casting and at the age of 28 days, respectively. 
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Table 4.1 Particle size distribution of fine natural aggregate. 

Sieve # 
Sieve opening 

(mm) 

Cumulative Percent 

Passing (%) 

4 4.75 99.96 

8 2.36 90.8 

16 1.18 63.2 

30 0.6 35.5 

50 0.3 10.7 

100 0.15 1.3 

Pan 0 0 

 

 

 

Table 4.2 Mix proportions (per m3 of mortar), flow and density. 

Component  PM-P0 PM-P0.5 PM-P1 PM-P1.5 

Cement (kg) 498.1 498.1 498.1 498.1 

Dry fine sand (kg) 1494.4 1486.9 1479.4 1471.9 

w/c 0.55 0.55 0.55 0.55 

Effective water (l) 274.0 274.0 274.0 274.0 

Absorption (%) 2 2 2 2 

Abs. water (kg) 29.9 29.7 29.6 29.4 

Total water (kg) 303.9 303.7 303.6 303.4 

Recycled-PP fibers (kg) 0 2.6 5.1 7.7 

Flow (%) 154 144 138 130 

Fresh density (kg/m3) 2239 2199 2162 2156 

Hardened density (kg/m3) 2229 2195 2165 2154 
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 Methods 

4.3.1 Sample preparation and curing 

All mortar mixtures were prepared using a mechanical mixer with a nominal capacity of 

50 l. The process of mixing the mortar was done in the following order: first, cement was placed 

into the mixer and fibers were carefully separated and sprinkled by hand in small amounts on the 

surface, followed by a short period of hand mixing. This step was taken to avoid fibers balling and 

to achieve the highest uniformity in fiber distribution. Cement and fibers were mixed at low speed 

for 30 s. Next, water was gradually added and mixed for 30 s. Then, sand was gradually added 

over a period of 30 s and finally mixed for 2 minutes. Between each step, any material attached to 

the walls was scraped down for 15 s. 

All mixtures were prepared under controlled room temperature 20 ± 1 °C and relative 

humidity conditions 50 ± 5% RH. For the test specimens, mixtures were cast into steel molds with 

16 x 4 x 4 cm dimensions. Molds were then covered with plastic sheets and demolded after 1 day. 

Specimens were moisture-cured in a 95 ± 5% RH and 25 ± 1 °C room for 27 days, and air-cured 

at 65 ± 5% RH and 23± 1 °C for 1 day until the age of 28 days. A total of 36 samples were cast; 

for each mixture, three samples were tested in standard conditions and six samples were exposed 

to elevated temperature, following two different cooling procedures that will be explained in detail 

in the next paragraphs. Samples were air-cured at 65 ± 5% RH and 23 ± 1 °C for at least 6 h before 

high-temperature exposure. 

4.3.2 High temperature exposure 

According to the recommendations of RILEM [174], service conditions normally involve 

long-term temperature exposure in the range 20 °C to 200 °C. In this study, temperature exposure 

was set at a boundary of 200 °C. Exposure to a temperature of 200 °C will not significantly affect 

the mechanical properties of the matrix of our fiber-reinforced composite (cement paste plus 

aggregates) since exposure to this temperature will not decompose the main part of hydration 

products [175]. Therefore, studying the effect of exposure to 200 °C allows us to isolate the 

changes on the fiber’s performance due to the high-temperature exposure without significantly 

affecting the matrix. At higher temperatures exposure, the damage of the matrix will be 
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predominant, making it unfeasible to study the changes in fiber-matrix bonding after exposure and 

the effect of the cooling process. The effect of high-temperature exposure on the mortar matrix 

was assessed comparing the data of reference samples of mortar (without fibers) tested before and 

after exposure. With these data, the effect of high-temperature exposure on the recycled PP fibers 

can be isolated, assessed and quantified. Assuming that the impact of high-temperature exposure 

on the mortar matrix of samples with fibers will be the same as the effect on the reference mortar 

(no fibers, 100% mortar matrix) on hydration products and mechanical properties of the matrix of 

the composites. 

At the age of 28 days, 6 specimens of each mixture were heated in an electric furnace with 

a heating rate of 50 °C/min up to 200 °C. When the target temperature was achieved, the specimens 

were maintained at this temperature in the furnace for 2 hours to ensure a steady-state thermal 

condition (Figure 4.4). Besides, three control specimens of each mixture were stored at 20 °C and 

were not subjected to heating (unexposed samples). After the exposure, two different cooling 

regimes were followed: (i) three samples were taken from the oven at the end of the cycle (inducing 

a thermal shock, since room temperature is at ~20 °C) and tested right after; (ii) three samples were 

left inside the oven until cooled down (± 12 h) to room temperature, then tested. 

 

 

Figure 4.4 Exposure and cooling process. 

4.3.3 Flexural strength test of mortar before and after exposure 

Flexural tests were performed at 28 days according to ASTM C348-18 standard [136] on 

exposed and unexposed samples. To assess the effect of elevated temperature on the flexural 
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strength of the investigated mortar mixtures, specimens were tested before and after exposure, 

following the two cooling procedures. A total of 36 samples were tested. Each test was performed 

using an MTS machine with a load capacity of 10 kN under a displacement control of 0.2 mm/min. 

4.3.4 Digital Image Correlation 

Digital Image Correlation (DIC) technique was adopted to study the evolution of crack 

propagation and strain distribution in specimens during the three-point bending test. This technique 

identifies the crack growth paths in the different specimens and measures the strain in the samples 

under flexural stress. The surface of the specimen was prepared with a speckle pattern, consisting 

of randomly distributed black dots over a white background, both realized by means of spray-

painting. Specimens stored at 20 °C and specimens slowly cooled after 200 °C exposure were 

prepared for Digital Image Correlation before the flexural strength test. That was not possible for 

the specimens subjected to shock as they were tested hot right after the high-temperature exposure. 

After recording the test with two high-definition cameras, the analysis of different timed captured 

pictures allows the software (Vic 3D) to create a representation of different space-related variables, 

like position, surface changes, and strain measurement. 

4.3.5 An indirect method to assess bonding strength changes 

In order to evaluate the changes due to the high-temperature exposure on the bonding 

strength between the recycled plastic fibers and the mortar matrix, an indirect method was 

employed. This indirect method is based on the assumption (and observation) that after reaching 

the peak-load, the mortar matrix is completely fractured and the fibers still hold the two pieces of 

the broken sample after the matrix failure, as it can be observed in Figure 4.5. After the total 

fracture of the matrix, the remaining post-peak strength is provided by the fibers. Part of these 

fibers may have a low or negligible contribution to this post-peak strength due to bonding failure. 

The stronger the fiber-matrix bonding, the higher the secondary post-peak flexural strength. Based 

on that, three new properties were defined and evaluated to assess potential changes on bonding 

due to high-temperature exposure: 
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(i) Post-peak residual strength was defined as the strength showed by the fiber-reinforced 

composite after the maximum peak was reached. From the load-displacement curves, a 

plateau was clearly identified before the flexural strength test is stopped. 

(ii) Secondary strength was defined as the maximum strength recorded in a second test performed 

on broken samples. After the three-point bending was stopped, samples with a high percentage 

of recycled fibers (1% and 1.5%) were unloaded and loaded again (new three-point bending 

test). 

(iii) Secondary toughness was defined as the fracture toughness calculated based on the results of 

the new three-point bending test on the broken samples (with 1% and 1.5% of fibers). In 

general, toughness is a quantitative measure of the energy absorption capability of a material, 

and it is quantified in terms of the area under a load-displacement curve. For the estimation 

of the secondary toughness, the area under the new load-displacement curves was calculated. 

 

 

Figure 4.5 Fractured mortar matrix and fibers bridging after peak-load. 

4.3.6 ITZ inspection by optical microscopy 

The ITZ inspection between the recycled plastic fibers and the mortar matrix was 

performed using an Olympus BX53M microscope in fractured samples before and after exposure 

to elevated temperature. The Extended Focus Imaging (EFI) was used to capture focused images, 

even though the fractured surfaces were not flat. Several microscopy images are acquired at 

different heights and stacked together so that the final compiling image is focused by EFI 

processing. The software automatically identifies and selects the part of each constituent image 

that is focused, and it allows to visually analyze the ITZ between the fibers and matrix without any 

disruption or modification that could occur if sample preparation such as polishing or lapping is 

required such as in other microscopy techniques (e.g., Scanning Electron Microscopy). 
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4.3.7 Compressive strength test of mortar before and after exposure 

In order to assess the effect of elevated temperature on the compressive strength of the 

mortar mixes investigated, specimens were tested before and after exposure to 200 °C. 

Compressive tests were performed at 28 days according to ASTM standards [176] on the two 

halves of each broken prism from flexural strength test, using a MTS machine with a load capacity 

of 300 kN and a displacement control of 0.05 mm/s. 

 Results and Discussion 

4.4.1 Flexural strength under standard conditions 

The use of recycled PP fibers did not significantly impact flexural strength under standard 

conditions (unexposed samples). The variation with respect to the flexural strength of the reference 

mortar is within 15% (Figure 4.6). In fact, PM-P0.5 and PM-P1 showed a slight decrease in the 

flexural strength compared to the reference mortar. In general, fibers are expected to increase 

flexural strength. However, the low bond strength between the recycled fibers and the mortar 

matrix may cause adhesion problems and negatively impact the potential positive effect of fibers 

on the ultimate flexural strength. 

 

 

Figure 4.6 Flexural strength under standard conditions. 
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Even though the recycled fibers are not remarkably affecting the flexural strength, they 

have been found to increase the maximum strain before ultimate failure and provided the 

composite material a secondary flexural strength (or post-peak residual strength). As expected, 

after reaching the peak load, samples without fibers broke in two halves and, therefore, they were 

not able to carry any further load. Conversely, samples with fibers presented a post-peak residual 

strength identified by a constant plateau load (Figure 4.7). This post-peak residual strength is 

delivered by nothing but the fibers adhering to the mortar. The higher the amount of fibers, the 

higher the secondary strength observed. PM-P1.5 preserved one-third of its original flexural 

strength after reaching the peak load, while samples with 0.5% of fibers preserved just one-fifth 

of their original strength. 

 

 

Figure 4.7 Secondary strength under normal conditions. 

4.4.2 Effect of high-temperature exposure on flexural strength 

Results presented in Figure 4.8 show that high-temperature exposure and cooling process 

strongly affected the flexural behavior of the studied fiber-reinforced eco-composites. The thermal 

shock caused by removing the samples from the oven right at the end of the exposure produced an 

important reduction of the flexural strength due to thermally induced dimensional changes 

(stresses) [165], and release of moisture and gases resulting from the migration of free water [21]. 

However, the addition of recycled PP fibers reduced flexural strength loss. For all fiber-reinforced 

mortars, the loss of flexural strength after the exposure and thermal shock (removing samples from 
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the furnace right after the 2 hours exposure) was lower compared to the strength loss of plain 

mortar at the same conditions. Remarkably, the high-temperature exposure with slow cooling had 

a positive effect on flexural strength. All fiber-reinforced mortars exhibited an enhancement of 

flexural strength when samples were left to cool down in the furnace for 12 hours compared to the 

corresponding unexposed samples. Though, no trend was observed with respect to the fibers’ 

content. 

Mortar without fibers exhibited 20% higher flexural strength than its reference (no 

exposure) after high-temperature exposure and slow cooling. It suggests that the mortar matrix 

experienced an enhancement of the flexural strength over the high-temperature exposure and slow 

cooling. This was also observed in previous studies of plain mortars and concretes [166–168]. 

However, the enhancement due to the high-temperature exposure and slow cooling was higher for 

samples with fibers; the presence of 1% recycled PP fibers enhanced the flexural strength over 40% 

after 200 °C exposure for 2 hours and slow cooling, compared to the unexposed samples. Therefore, 

this enhancement of the fiber-reinforced mortar cannot be explained as just an enhancement of the 

flexural strength of the mortar matrix. An enhancement of the strength of the fibers itself due to 

exposure to 200 °C and slow cooling is not expected. Thus, the higher enhancement of flexural 

strength in the fiber-reinforced samples (compared to plain mortars) due to the exposure and slow 

cooling suggests that ITZ between fibers and matrix could be enhanced after the exposure and 

cooling process. 

Plain mortar (no fibers) specimens tested right after high-temperature exposure showed the 

highest negative impact on the flexural strength. The thermal shock caused by removing samples 

from the oven at 200 °C directly to the room temperature (20 °C) caused micro-cracking that is 

detrimental to the mortar matrix of all studied mixtures. However, fibers were able to reduce the 

loss of flexural strength, even though samples were tested hot (at a temperature close to the melting 

point of the fibers) and therefore, their strength could be negatively affected. It suggests that high-

temperature exposure may have an important positive effect on the ITZ bonding between the 

recycled PP fibers and the mortar matrix. 
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Figure 4.8 Flexural strength variation after high-temperature exposure compared to standard conditions. 

4.4.3 Post-peak residual strength after high-temperature exposure 

As per the fiber-reinforced mixtures tested under normal conditions, fiber-reinforced 

mixtures exposed to high temperature exhibited a post-peak residual strength after the maximum 

load was reached. In the fiber-reinforced composites, after reaching the peak load, the load did not 

drop to zero. Indeed, a constant plateau could be clearly identified (as shown in Figure 4.7). The 

post-peak residual flexural strengths of composites after exposure to high-temperature exposure 

(and under normal conditions, as reference) are shown in Figure 4.9. The higher the percentage of 

fibers (up to 1.5%), the higher the post-peak residual strength. This trend was followed at normal, 

shock and slow cooling test conditions. The slow cooling process has been found to improve the 

post-peak residual strength. However, in the case of 1% fibers substitution, the residual strength 

of the slowly cooled composite was similar to the one of the composite tested at normal conditions. 

This may be due to an unsuitable dispersion of the fibers in the region of the crack. A high 

percentage of fibers may present fiber dispersion issues, having a negative impact on the overall 

composite behavior. The thermal shock reduced the post-peak residual strength with respect to the 

normal conditions, regardless of the fiber fraction. It cannot be explained as an effect of the thermal 

shock on the mortar matrix since the post-peak residual strength is governed by the fibers and the 

mortar matrix-fiber bonding. These samples were tested in hot conditions a few minutes after 

extracting the samples from the oven, and therefore fibers were at a temperature close to the 

melting point, thus not fully contributing to the post-peak residual strength. However, in samples 
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tested after slow cooling, fibers could recover all their strength and properly contribute again to 

the strength of the composite. 

 

 

Figure 4.9 Post-peak residual strength. 

4.4.4 Digital Image Correlation 

Figure 4.10 shows DIC results for the reference mortar with the corresponding load-

displacement curves for both standard and slow cooling after 200°C exposure conditions. Figure 

4.11 shows the DIC results of mortar with 1.5% fibers content under the same conditions. The 

highlighted points on the curves of Figure 4.10a and Figure 4.11a, correspond to the peak-load 

instant (2-4) and a few seconds before (1-3), showed in Figure 4.10b and Figure 4.11b, respectively. 

Both unexposed and exposed reference mortars presented a brittle failure, as it can be observed in 

both load-displacement curves (Figure 4.10a) and DIC images (Figure 4.10b). However, it is 

remarkable that the mortar exposed to 200 °C, after a slow cooling, presented higher peak-load 

and higher maximum strain before failure than the unexposed mortar. The extremely brittle 

behavior of the reference mortars makes it very difficult to capture the evolution of the fracture 

and strain with DIC. Samples with fibers presented a more ductile behavior reflected in the quality 

of the DIC images (Figure 4.11). Samples with fibers showed no damage before the peak-load is 

achieved (images 1 and 3 of Figure 4.11b) in both unexposed and exposed conditions. When the 

peak-load is achieved, samples with fibers clearly showed a more extensive area affected by strains 

(Figure 4.11b, images 2 and 4) compared to samples without fibers that presented a single and 

very localized crack (Figure 4.10b, images 2 and 4). The DIC results are in agreement with the 
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load-displacement curves that showed that the fibers enhanced the maximum strain before peak-

load and the toughness of mortars. Additionally, samples with fibers exposed to high temperature 

showed a larger area affected by strains (Figure 4.11b, image 4) than samples with fibers 

unexposed (Figure 4.11b, image 2). In agreement with the previous sections, results also suggest 

that exposure to 200 °C with slow cooling may enhance the toughness of recycled fiber-reinforced 

PP samples as well as the effectiveness of the fibers. These results can indicate that exposure to 

elevated temperatures and slow cooling may improve the ITZ between the recycled PP fibers and 

the mortar matrix, enhancing the anchoring and, therefore, making more fibers work as 

reinforcement effectively. 

 

  

Figure 4.10 (a) Load-displacement curves and, (b) DIC for PM-P0 under normal and slow cooling 

conditions. 
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Figure 4.11 (a) Load-displacement curves and, (b) DIC for PM-P1.5 under normal and slow cooling 

conditions. 

4.4.5 Fiber-matrix bonding, Secondary strength, and Secondary toughness 

As previously observed, after reaching the peak-load, the fiber-reinforced composites did 

not fail completely. The bearing capacity dropped until the post-peak residual strength is reached 

and a plateau load can be observed in the load-displacement curves. After this post-peak residual 

strength is identified and the displacement reached 1 mm, the flexural strength test was stopped. 

Then, samples with a high volume of fibers (1% and 1.5% addition of fibers) were unloaded and 

tested again. Figure 4.12 displays the average load-displacement curves of PM-P1 and PM-P1.5 

specimens that have been re-loaded. The area under the load-displacement curves for this second 

test was calculated, and its value corresponds to secondary toughness (N·mm), as defined in the 

method section. 
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During the re-load, the mortar matrix cannot carry any further load since it is completely 

fractured from the beginning of this second test, meaning that fibers are the only working 

component. The flexural strength observed over this second cycle of testing will mainly depend 

on two factors: (i) the tensile strength of the fibers and (ii) the bonding between matrix and fibers. 

Results showed that not only were the composites able to sustain further load, but also the 

energy absorption capability increased with the amount of fibers substitution and after elevated 

temperature exposure. Besides, the higher load and toughness observed after exposure (compared 

to unexposed samples with the same fiber content) suggest an improvement in the anchoring of 

the fibers to the matrix, which is in agreement with what observed in the previous sections. Both 

PM-P1 and PM-P1.5 samples showed higher toughness after exposure to 200 °C and slow cooling, 

than the same mixtures at standard conditions (unexposed samples). The secondary strength 

increased with a higher percentage of fibers and samples exposed to 200 °C that were cooled 

slowly exhibited higher strength than the same mixture tested at standard temperature. These 

results suggest an enhancement of the fiber-matrix ITZ. 

 

 

Figure 4.12 Load-displacement curves (average) of PM-P1 and PM-P1.5 re-loaded specimens. 

4.4.6 Fiber-matrix ITZ 

Figure 4.13 shows how high-temperature exposure affected the ITZ between the mortar 

and the recycled PP fibers. The images revealed a sharp, clear and well-defined interface between 

the mortar matrix and the fibers in the unexposed sample, whereas, in the case of 200 °C exposure, 
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the fibers penetrated the pores of the mortar matrix. This suggests an enhancement of the adhesion 

between the fibers and the mortar matrix, and consequently, the increase in flexural strength, post-

peak residual strength, secondary strength and the secondary toughness as it was observed in 

previous sections. Assuming that the high-temperature exposure is not responsible for improving 

the mechanical properties of the plastic fibers, along with the results of the post-peak residual 

strength and secondary flexural strength, the microscope observations suggest that the 

enhancement in the flexural behavior after high-temperature exposure and slow cooling is due to 

the improved ITZ between fibers and matrix. 

 

  

Figure 4.13 Microscopy images of fracture surface by EFI processing. (a) Unexposed sample. (b) 

Exposed sample. 

4.4.7 Compressive strength test of mortar before and after exposure 

Figure 4.14 shows the results of the compressive strength tests before and after exposure 

to elevated temperature (and two cooling processes). The recycled PP fibers used in this study had 

almost no influence on the compressive strength under normal conditions (no exposure). The 

mortar without fibers showed the highest compressive strength. The lowest compressive strength 

reached by 0.5% substitution was about 9% lower than the mortar without fibers. Compressive 

strength of all mortars presented a decrease (between 2% to 20%) after 2-hour exposure to elevated 

temperature (200 °C) regardless of the amount of fibers, and no trend has been observed with 

respect to the cooling process. 
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Figure 4.14 Compressive strength of the composites (28 days). 

 Conclusions 

Based on the findings of the present work, which focused on the effect of high-temperature 

exposure on the flexural performance and bonding of recycled fiber-reinforced composite, with 

different percentages of recycled PP fibers, the following conclusions can be drawn: 

• Recycled PP fibers have a negligible effect on the mortar flexural strength under standard 

conditions (no exposure to high-temperature). However, they have been found to increase 

the maximum strain before failure and provided the composite material a post-peak 

residual flexural strength. Upon reaching the maximum load, samples with fibers presented 

a ductile-like behavior showing a plateau in the load as the displacement increased. This 

load is carried only by the fibers adhering to the mortar matrix. In fact, as the fiber fraction 

increases, the post-peak residual strength increases. 

• The addition of recycled PP fibers mitigated the flexural strength loss caused by high-

temperature exposure and thermal shock. A high volume of fibers increases the risk of 

connectivity between fibers and the possibility that weak planes are formed, which may 

negatively impact the overall composite behavior. For all fiber-reinforced samples, the 

thermal shock reduced the post-peak residual strength, with respect to the normal 

conditions. It was expected since samples with thermal shock were tested in hot conditions, 

reducing the strength of the fibers. 
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• Even though all mixtures, including the one without fibers, showed an enhancement of 

flexural strength after high-temperature exposure and slow cooling, fiber-reinforced 

mortars exhibited a higher enhancement of flexural strength than samples without fibers 

under the same conditions. Besides, in fiber-reinforced samples tested after slow cooling, 

the post-peak residual strength was higher than in unexposed samples. Results also showed 

that the secondary strength and the energy absorption capability increased with the amount 

of fibers. After elevated temperature exposure, this enhancement is higher than in 

unexposed samples. These results suggest an enhancement of the fiber-matrix ITZ after 

high-temperature exposure and slow cooling. 

 

The optical microscopy analysis of the unexposed samples revealed a distinct interface 

between the fibers and the mortar matrix. In the case of 200 °C exposure, microscopy images 

showed that fibers penetrated the pores network of the mortar matrix after high-temperature 

exposure. Consequently, the observed increase in flexural strength, post-peak residual strength, 

secondary strength and secondary toughness, after high-temperature exposure and cooling, may 

be directly related to enhancing the adhesion between the fibers and the mortar matrix. 
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 EFFECT OF RECYCLED CONCRETE AGGREGATE (RCA) ON 

MORTAR’S THERMAL CONDUCTIVITY SUSCEPTIBILITY TO 

VARIATION OF AMBIENT TEMPERATURE AND MOISTURE 

CONTENT 

A portion of this chapter has been published as: 

Francioso V., Moro C., Velay-Lizancos M., “Effect of recycled concrete aggregate (RCA) on 

mortar’s thermal conductivity susceptibility to variations of moisture content and ambient 

temperature”. Journal of Building Engineering, Vol. 43, (2021), 103208. 

https://doi.org/10.1016/j.jobe.2021.103208. 

 Introduction 

Concrete is the most widely used artificial material in the world [2]. It is widely used in 

buildings to make (either cast-in-place or precast) slabs, walls, columns, floors, blocks, and any 

structural or non-structural element. Concrete is a composite porous material made of cement, 

water, fine and coarse aggregates, and air (pores). The variable nature of its constituents, volume 

fraction, and morphology strongly influence its thermal properties [9]. Understanding the thermal 

properties of building materials such as concrete and mortar is essential to design more energy-

efficient buildings, improve thermal comfort and reduce energy consumption. The energy 

efficiency of buildings depends on the hygrothermal behavior of the building envelope, and 

thermal conductivity plays an important role when considering the amount of heat transfer through 

conduction. Cementitious materials with low thermal conductivity reduce the heat transfer and 

energy consumption in buildings [9,177,178]. 

The thermal conductivity (TC) of concrete depends on several factors, such as type of 

cementitious material, type of aggregate, density/porosity, humidity, temperature, and the presence 

of phase-changing materials [9,179]. Water/cement ratio, degree of hydration and moisture content 

are responsible for the thermal properties of the cement paste (and pore structure). On the other 

hand, the composition of sand and coarse aggregate influences the thermal properties of the whole 

composite [180,181]. 

The thermal conductivity of cementitious materials is strongly affected by the presence of 

moisture [182,183]. Previous studies indicated that the thermal conductivity of cement-based 
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materials changes whether the dry or saturated condition is present [182,183]. For instance, Zhang 

et al. [184] observed that plain cement mortar specimens exhibited a thermal conductivity over 65% 

higher in saturated conditions than in dry conditions. In general, the thermal conductivity of 

cement-based materials in saturated conditions has been found 1.4 to 3 times higher than in dry 

conditions [9]. The primary reason is that the thermal conductivity of water (0.598 W/m∙K, at 

20 °C and atmospheric pressure) is over 20 times higher than that of the air (0.0259 W/m∙K, at 

20 °C and atmospheric pressure) [185]. Several authors [183,186] indicate a linear dependence 

between thermal conductivity and moisture content of building materials such as cement-based 

mortars. However, there is no agreement if the thermal conductivity (λ-value) of building materials 

containing a known percent of moisture (by volume or by weight) can be represented by a linear 

expression or by a correction factor to be applied to the λ-value in the dry state [186–189]. To this 

extent, assessing the actual moisture content under in-service conditions becomes essential for 

designers and professionals to guarantee the accuracy of the thermal performance evaluation. 

Furthermore, previous literature has shown a dependency of thermal conductivity on 

temperature [169,190–193]. In general, at high temperatures (> 100 °C), the thermal conductivity 

of concrete decreases with increasing temperature [169,192,193]. However, some authors 

[190,191] have found that depending on material type and density, the TC values of insulation 

materials are affected at different degrees by operating temperature. The effective thermal 

conductivity of insulation materials increases with increasing operating temperature (in the range 

of 20 - 100 °C). Hence, thermal losses may become higher than the design values. 

In practical application, building standards and regulations use fixed conductivity values 

for normalized conditions [194,195], which do not necessarily represent the real in-service 

conditions. For example, the EN ISO 10456 standard [194] considers the variation of thermal 

conductivity for thermally homogeneous building materials and products as a function of 

conversion coefficients for the temperature, moisture content, and aging. This standard and most 

studies related to mortars’ thermal conductivity focus only on dry and fully saturated conditions 

[9]. However, under the operating conditions of a building (in-service life), the temperature and 

moisture content of the materials may vary with time and depend on both the climatic conditions 

of each specific location and the environmental conditions within the building. Clarke and 

Yaneske [186] reported that the presence of moisture increases the effect of temperature on the 
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thermal conductivity of inorganic materials. Thus, considering that (i) ambient temperature affects 

the thermal conductivity of each of the compounds of the cementitious composites as well as the 

thermal conductivity of the water that the composite may absorb, and (ii) the saturation level and 

porosity determine the amount of moisture inside the composite, it is expected an interrelation 

between the effects of saturation level, ambient temperature, and porosity on thermal conductivity. 

This might be especially relevant for cementitious composites with high porosity, such as RCA 

mortars. 

Research has shown that replacing natural aggregate with recycled aggregate reduces the 

thermal conductivity of cementitious materials [196–202], therefore improving their thermal and 

energy-saving performance in building applications where insulation is important 

[196,197,203,204]. The improvement is quite significant in mixes where 100% of the natural 

aggregate is replaced by recycled aggregate [196]. For instance, Bravo et al. [196] observed a 

reduction of TC up to 42% when replacing 100% of NA with fine recycled concrete aggregate 

(RCA), while Sargam et al. [205] observed a drop in the TC of 40% with the same percentage of 

replacement. The reduction in thermal conductivity is attributed to the higher porosity of the 

recycled aggregate, which increases the porosity of the new composite [196,202]. 

Besides, using recycled materials as aggregate substitutes in concrete is no more a growing 

interest but a need. Due to the energy required for their generation, aggregates’ production 

accounts for about 15% of the total CO2 emissions resulting from concrete production [196]. 

Significant research is being done on using various types of recycled waste materials (e.g., 

industrial waste, plastic waste, and especially construction and demolition waste) in the production 

of various types of mortars and concretes [206]. The use of recycled aggregates for concrete 

production can help relieve the problems related to landfills, depletion of natural resources, lack 

of aggregate in construction sites, waste disposal. The use of recycled aggregate can also reduce 

the cost of concrete production [207,208]. Aggregates account for 70-80 % of the total volume of 

concrete and significantly control its properties; thus, type and amount of aggregate are two critical 

factors. Due to its derivation, recycled aggregate reduces the density [206], and it is known that 

thermal conductivity is correlated with material density [186,209]. For example, Real et al. [210] 

observed that, on average, each 1% increment in aggregate porosity reduces the thermal 

conductivity of lightweight concrete by about 0.6%. However, individual values might deviate by 
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up to 30% for a given density because the internal structure of the composite affects the thermal 

conductivity [186,187,211]. 

Whereas some studies assess the effect of saturation degree on concrete and mortar’s 

thermal conductivity [182–184,189,191], no studies were found on the effect of saturation level 

on the thermal conductivity of cement mortars containing RCA. It is also important to note that no 

studies on the effect of operating temperatures on RCA mortar’s thermal conductivity have been 

found. Moreover, no research was found on the combined effect of saturation degree, porosity, 

and ambient temperature on cement mortar’s thermal conductivity. Different methods, mixture 

designs, and hygrothermal conditions can lead to different thermal conductivity results. 

Therefore, it would not be possible to study the interrelation of the effects of moisture content 

and ambient temperature on thermal conductivity based on data from different studies that are 

mainly focused on the effect of one single factor. 

In order to comprehend the extent to which the combination of boundary conditions 

influences thermal conductivity, this research focused on studying the thermal conductivity 

susceptibility to moisture and temperature variations and how recycled concrete aggregate 

substitution can affect this susceptibility. Understanding the effect of RCA on the thermal 

conductivity of cementitious composites and how it changes within transitional levels of saturation 

and temperature would be key to assess their effects on the environmental impact during service 

life as part of a building component. 

For this study, a total of 135 thermal conductivity tests were performed using mortar slabs 

with different RCA levels and under several temperatures and saturation conditions, as well as 

tests to assess mechanical properties and porosity. Finally, a combination of response surface 

method (RSM) [66] and analytical analysis was used to evaluate the combined effect of ambient 

temperature, moisture content, and porosity on the thermal conductivity of cement mortars with 

natural and recycled aggregate. This work unveils the possibility of formulating a prediction 

equation that accurately estimates the thermal conductivity of cement mortars containing RCA as 

a function of accessible porosity, saturation degree, and ambient temperature. It will help 

researchers, designers, and other professionals to evaluate the hygrothermal performance of 

mortars containing RCA in actual exposure conditions. 
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 Materials 

Mortars were made with Portland cement Type I (Infinity, commercial-grade), quarzitic 

natural fine aggregate (NA) compliant with ASTM C33 [212], and recycled concrete fine 

aggregate (RCA). 

Mortar with natural aggregate was used as a reference for this study. The NA used has a 

fineness modulus of 2.99, absorption of 1.97%, and a relative density (specific gravity in saturated 

surface dry (SSD) condition) of 2.45. 

Recycled concrete aggregate used in this study comes from construction and demolition 

waste. It was obtained from a Lafayette (IN) paving company and aggregate distributor (American 

Paving & Asphalt, IN USA), and it is mainly obtained from old concrete. The aggregate was first 

sieved with a No.4 sieve to meet the size specifications for fine aggregate according to ASTM C33 

[212]. Particle size distribution and absorption were performed according to ASTM C136 and 

ASTM C128 [213,214] specifications to characterize the aggregate. The RCA used in this study 

has a fineness modulus of 3.41, absorption of 8.37%, and a relative density of 2.34. The absorption 

was used to adjust the water amount during mix proportioning. 

The particle size distribution of both NA and RA and the combined aggregate particle size 

distribution for the studied mixtures can be found in Figure 5.1. 

 

 

Figure 5.1 Particle size distribution of natural, recycled aggregate and combined aggregate. 
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5.2.1 Mix design, sample manufacturing, and curing conditions 

In this study, four different mixtures were investigated: a reference mortar (NM) with fine 

natural aggregate and three mortars with different percentages of recycled concrete fine aggregate 

(RM25, RM50, RM100, indicating 25%, 50%, and 100% replacement of NA with RCA by volume 

in SSD condition). Mix proportions of the studied composites are presented in Table 5.1. 

 

Table 5.1 Mix proportions (per m3 of mortar). 

Component  NM RM25 RM50 RM100 

Cement (kg) 478.0 478.0 478.0 478.0 

NA in SSD (kg) 1434.1 1075.6 717.0 358.5 

RCA in SSD (kg) 0 342.9 685.7 1028.6 

w/c 0.55 0.55 0.55 0.55 

 

The composites are made by first mixing in a separate bowl the dry sand (NA and/or RA) 

with its absorption water for 30 s and wait for 10 min allowing it to be absorbed and ensure SSD 

condition. Then, cement is added to the mixer, and water (22.5 ± 1 °C) is added to the cement 

while mixing at low speed for 30 s. Consecutively, the fine aggregate (NA and/or RCA) is added 

over a 30 s period while mixing at low speed and mixed for other 30 s at medium speed. Mortar is 

left to rest for 90 s and finally mixed for 60 s at medium speed. At each interval, any mortar 

adhering to the side of the bowl is quickly scraped down into the batch. All mixtures were prepared 

under controlled room temperature (21 ± 1 °C) and relative humidity conditions (50 ± 5% RH). 

A total of 12 prismatic specimens (3 per mixture) of 16 x 4 x 4 cm were cast into steel 

molds for flexural and compressive strength determination. Twelve slab specimens with 20 x 20 x 

4.5 cm dimensions were cast into special wooden (impermeable) mold to assess and compare 

density, accessible porosity, and thermal conductivity. At the end of the casting stage, molds were 

covered with plastic sheets to preserve moisture and demolded after 1 day. Specimens were 

moisture-cured in a 95 ± 5% RH and 25 ± 1 °C room for another 27 days. After 28 days, prismatic 

specimens were tested for strength evaluation, and slabs samples were kept in laboratory 

conditions (21 ± 1 °C and 50% ± 5% RH) until the day of the first thermal conductivity test. 
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Thermal conductivity tests were performed after 72 days since the test requires temperature 

changes, which can influence cement hydration if the test is performed at early age, affecting the 

results. 

 Methods 

5.3.1 Density and permeable porosity determination  

The test for permeable porosity was adapted from ASTM C642 [215], assuming that all 

permeable porosity will be saturated after the 28 days of wet-curing. First, the apparent mass in 

water at 100% saturation degree (Msw, in g), the saturated surface dried mass (Ms, in g) and the 

oven-dry mass (Md, in g) of the slab specimens were obtained. Then, the bulk density in dry 

condition (d1, in Mg/m3) and the apparent density (d2, in Mg/m3) were calculated through Eq. (5.1) 

and Eq. (5.2), respectively: 

 

𝑑1 =
𝑀𝑑

(𝑀𝑠  −  𝑀𝑠𝑤)
∙ 𝜌𝑤 (5.1) 

 

𝑑2 =
𝑀𝑑

(𝑀𝑑  −  𝑀𝑠𝑤)
∙ 𝜌𝑤 (5.2) 

where ρw is the density of water (Mg/m3). 

Finally, the volume of permeable pore space (permeable porosity, in %) was calculated 

with Eq. (5.3): 

 

𝑣% =
𝑑2  −  𝑑1

𝑑1
∙ 100 (5.3) 

5.3.2 Flexural and compressive strength test 

Flexural and compressive strength tests were performed according to ASTM standards 

C348 and C349 [176,216]. Samples were tested at 28 days. Flexural strength test was conducted 

using an MTS machine with a load capacity of 10 kN, under a displacement control of 0.2 mm/m. 

Compressive strength test was conducted by an MTS machine with a load capacity of 300 kN, 



 

 

105 

under a displacement control of 0.05 mm/s. Tests were carried out on the two halves of each broken 

prism from the flexural test. 

5.3.3 Thermal conductivity 

In this study, thermal conductivity of mortars was measured using a 446 Lambda series 

Heat Flow Meter (HFM) by NETZSCH (Selb, Germany). The test specimen is placed between 

two heated plates controlled to a user-defined mean temperature and temperature difference (ΔT), 

and the heat flow through the specimen is measured. The sample thickness (L) corresponds to the 

actual sample dimension and is recorded by the instrument. The area (A) of the plane element is 

inputted by the operator. The heat flow (qx) through the sample is measured by two calibrated heat 

flux transducers covering a large area on both sides of the specimen. More details about the HFM 

used in this study are presented in the supplementary material. After reaching thermal equilibrium, 

the test is completed. The thermal conductivity (λ) is then determined through the heat flow and 

the difference in mean temperature between the specimen surfaces, in accordance with Fourier’s 

Law for conduction and considering one-dimensional steady heat flow [217] (Eq.(5.4)):  

 

𝑞𝑥 = 𝜆
∆𝑇

𝐿
∙ 𝐴 (5.4) 

 

The three mixtures containing 0%, 50%, and 100% RCA were selected to assess the effects 

of RCA, ambient temperature, and saturation degree on mortars’ thermal conductivity. A total of 

135 thermal conductivity tests were performed. Three slabs for each of the selected mixtures were 

cast, and thermal conductivity tests were performed after 72 days. Each sample was tested in five 

saturation conditions (dry condition, 25%, 50%, 75%, and 100% water saturation) and three 

different mean temperatures. The mean temperatures of 4 °C, 24 °C, and 43 °C were selected 

according to the recommendation of ASTM C1058 [218], and the ΔT was set to 10 °C. The 

saturation levels ranged from 0% to 100% to study all possible scenarios. Intermediate equally 

distributed saturation levels were selected to consider potential nonlinear variations of the thermal 

conductivity within levels. For the dry state, specimens were oven-dried at 110 ± 5 °C and weighed 

at 24h intervals until the loss in weight did not exceed 1% in a 24h period (~72h in total). To obtain 
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different saturation degrees, specimens were immersed in water until the target moisture content 

(target weight) was reached. Before testing, the surface of the slabs was dried, and specimens 

weighed. Then, slabs were kept at room temperature for 20 ± 5 min. After that, specimens were 

weighed again to check if the moisture content was stable. If the moisture content was within a ± 

1% range of accuracy (in total weight), the test was started; otherwise, the process was repeated 

until the target conditions were met. 

Results were used to obtain an estimation model of the thermal conductivity of the mortars. 

Furthermore, samples containing 25% RCA were similarly tested to validate the proposed model, 

along with the training samples tested under conditions that differ from the original experimental 

campaign. 

To determine the weight of samples at each saturation degree (Sx, where x is the saturation 

degree in percentage), the weight after the 28 days of wet curing was recorded and assumed as 

100% saturation. The weight after oven drying the specimens was also recorded. Thus, the 

maximum water that can be absorbed by the sample (Ws, or absorbed water) was obtained as the 

difference between the mass of the saturated sample and the sample’s mass in dry conditions. 

Finally, Eq. (5.5) was used to obtain the desired target saturation: 

 

𝑆𝑥 = 𝑀𝑑 +
𝑥 ∙ 𝑊𝑠

100
 (5.5) 

 

where Md (g) is the mass of oven-dried specimen in air, x (%) is the target percentage of saturation, 

Ws (g) is the absorbed water, and Sx (g) is the mass of the specimen at the target saturation degree 

x (in %). 

Figure 5.2 displays a flow chart describing the overall experimental work done in this study, 

for each of the investigated mixtures. 
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Figure 5.2 Flow chart of tests for each studied mixture. 

5.3.4 Response surface method 

The use of central composite design in response surface methodology (RSM) is a useful 

tool to find the optimum solution by analyzing variables that influence results [66,67]. This method 

has been successfully employed in previous studies to obtain the optimum mix design by varying 

the proportions of the mixture components [68,113,219]. The software JMP (SAS Institute, North 

Carolina, USA) was used to perform the RSM statistical experimental design. A second-order 

model was applied to obtain a better approximation of results (Eq. (5.6)): 

 

𝑦 = 𝛽0 + ∑ 𝛽𝑖

𝑘

𝑖=1

𝑥𝑖 + ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑗𝑖

+ 𝜀 (5.6) 
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where "y" is the response variable that we want to approximate (thermal conductivity), “β” the 

coefficients are calculated using the least square method, and "ε" is the total error. The significance 

threshold level (α) for each constant that was chosen was 0.05. 

The RSM is applied in the present study to analyze how accessible porosity and saturation 

degree affect thermal conductivity jointly and at different ambient temperatures. Furthermore, the 

combined effect of ambient temperature and moisture content on thermal conductivity was 

evaluated for each of the recycled mixtures and compared to the natural mortar. Finally, the 

analysis of variance (ANOVA) was evaluated to check the accuracy of the model and to validate 

the results. 

5.3.5 Generalized prediction equation and results validation 

A general estimating equation for the thermal conductivity was developed based on the 

RSM analysis model, where the effects of porosity, saturation degree and ambient temperature on 

thermal conductivity were evaluated. Different coefficients were obtained for different ambient 

temperatures when analyzing the combined effect of porosity and saturation degree on thermal 

conductivity. Thus, the variations of each of these coefficients as a function of ambient temperature 

were analyzed. If the difference between the same coefficient at different temperatures was less 

than 1%, the average was taken as the final value of the coefficient for the generalized equation. 

Instead, if the difference was higher than 1%, equations that correlate each coefficient as a function 

of temperature were obtained and used as the final value of the coefficient in the generalized 

estimating equation. 

Finally, to validate the model, a set of additional thermal conductivity tests were performed. 

Mixtures and conditions for validation were selected based upon the following criteria: (i) one or 

more than one variable (ambient temperature, saturation degree and/or porosity) different from the 

set of training data, and (ii) variable values within the set of training data (temperature between 

4 °C and 43 °C, saturation between 0% and 100%, and porosity between minimum and maximum 

measured values for natural and recycled aggregate mortar, respectively). 
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 Results and Discussion 

5.4.1 Density and permeable pore space (accessible porosity) 

The unit weight of each sample was measured before thermal conductivity tests at each 

water saturation degree. Figure 5.3 displays how the density of mortars decreased with an increase 

in RCA replacement and increased with a higher water saturation degree due to the water absorbed 

into the pores, as expected according to previous literature [9,196,208]. The magnitude of this 

decrease depends on the volume, density, and type of aggregate used [179]. The difference 

between the dry and the fully saturated state was higher with higher recycled aggregate 

replacement. While mortars with natural aggregate (NM0) showed an increase in density of 10.3% 

(when saturated, assuming as reference the dry-density of the same samples), mortars with 100% 

RCA (RM100) exhibited an increase in density of 15.9%, from 1777.8 kg/m3 in dry condition to 

2060.7 kg/m3 in fully saturated conditions. 

 

Figure 5.3 Density of mortars at each saturation degree. 

 

The decrease in density is strictly correlated with the increase in macro porosity. Table 5.2 

presents the percentage of permeable pore space (accessible porosity) for each mixture, and their 

standard deviation. Each value results from the average of the accessible porosity of three slab 

specimens used for the thermal conductivity test. The higher the RCA replacement, the higher the 

porosity, as expected. Changes in porosity will affect thermal conductivity. Compared to the 

reference mortar, the replacement of 25%, 50%, and 100% of NA with RA resulted in a 12%, 22%, 

and 38% higher accessible porosity, respectively. 
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Table 5.2 Permeable pore space (adapted from ASTM C642). 

Mixture Porosity  
Standard 
deviation 

NM 20.62 % 0.12 % 

RM25 23.17 % 0.35 % 

RM50 25.14 % 0.20 % 

RM100 28.49 % 0.23 % 

5.4.2 Flexural and compressive strength 

Figure 5.4 displays and correlates compressive and flexural strength results to the recycled 

aggregate replacement for all studied mixtures. The higher the percentage of RCA, the lower the 

compressive strength for all studied mortars. Generally, previous research reported that the 

compressive and flexural strength of cement mortars and concrete decreased as the RCA content 

increased [206,208,220,221]. In this study, compressive strength was reduced by 9%, 12%, and 

21% when 25%, 50%, and 100% of NA were replaced with RCA, respectively. The decrease in 

compressive strength can be attributed to (i) the lower strength of the RCA, (ii) the increase in 

porosity, and (iii) the weak adhesion between old and new cement paste in the ITZ. Flexural 

strength also decreased with higher RCA content. Results showed a reduction in flexural strength 

of 10%, 19% and 27% for RM25, RM50 and RM100, respectively, compared to NM. The 

reduction of flexural strength due to the use of RCA is slightly higher compared to the reduction 

of compressive strength within the same mixture (Figure 5.4). This result contrasts with previous 

studies, which reported that the addition of RCA does not reduce flexural strength as substantially 

as compressive strength [206]. However, this reduction is dependent on the variations of different 

factors such as replacement amount, origin and quality of the RCA, mixture design [206]. Finally, 

a good linear correlation was found between flexural and compressive strength results, as 

evidenced by the high value of R2 = 0.97. 
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Figure 5.4 Flexural and compressive strength results. 

 

Figure 5.5 displays the linear correlation between the reduction of strength and the porosity 

after NA is replaced with RCA. The correlation between increase of porosity (due to the 

incorporation of RCA) and reduction of strength showed a trend similar to that reported in the 

literature [206,208,220,221]. For the mortar with natural aggregate, a 25% replacement of NA with 

RCA produced an increase in the accessible porosity of 13%, reducing the compressive and 

flexural strength by 9% and 10%, respectively. When 50% NA was replaced by RCA, the increase 

in porosity was 22%, producing a decay of 12% in compressive and 19% in flexural strength, 

respectively. Finally, with 100% RCA, the observed increase in porosity compared to the mortar 

with NA was 33%, and the reduction of compressive and flexural strength was 21% and 27%, 

respectively. 
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Figure 5.5 Reduction of strength due to increase of voids (by replacing NA with RA). 

5.4.3 Thermal conductivity 

The thermal conductivity of each specimen for every selected mixture was tested at five 

different water saturation conditions (dry, 25%, 50%, 75% and saturated) and three different mean 

temperatures (4 °C, 24 °C and 43 °C, with a ΔT of 10 °C). The average value for three specimens 

of the same mixture and same conditions was taken as the final thermal conductivity measurement 

for each condition. The results of thermal conductivity for the studied cementitious composites are 

shown in Table 5.3. Δ represents the variation (in %) of the thermal conductivity with respect to 

that of the reference mortar (NM0) calculated at the same ambient temperature and saturation 

degree. It can be observed that the replacement of NA with RCA reduced the thermal conductivity 

of the composites. Therefore, it could improve their thermal and energetic performance for 

building applications where insulation is important. This improvement is quite significant in mixes 

in which 100% of the NA is replaced, reaching a decrease in thermal conductivity (TC or λ-value) 

as high as 32.76% in dry conditions. The decrease in TC was expected because of the more porous 

nature of the recycled composite and its reduced density. However, the extent of this variation 

strongly depends on the moisture content and the ambient temperature at which thermal 

conductivity is calculated. The lowest TC value (0.696 W/m∙K) was obtained from the RM100 

mixture in dry conditions at 4 °C, while the highest value (1.757 W/m∙K) from the NM0 mixture 

at 43 °C in fully saturated conditions. 
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Table 5.3 Thermal conductivity results. 

   Saturation  

    Dry 25% 50% 75% 100% 

Mix. 
T  

°C 

λ 

W/(mK) 

Δ 

% 

λ 

[W/(mK)] 

Δ 

% 

λ 

W/(mK) 

Δ 

% 

λ 

W/(mK) 

Δ 

% 

λ 

W/(mK) 

Δ 

% 

NM 

4 1.03 - 1.16 - 1.22 - 1.32 - 1.57 - 

24 1.09 - 1.21 - 1.31 - 1.44 - 1.64 - 

43 1.14 - 1.26 - 1.39 - 1.54 - 1.76 - 

RM 
50 

4 0.80 -22.26 0.91 -21.25 1.04 -15.24 1.18 -10.24 1.35 -14.15 

24 0.85 -21.91 0.98 -18.84 1.12 -14.74 1.28 -11.03 1.41 -13.75 

43 0.89 -21.52 1.04 -17.52 1.21 -13.24 1.39 -9.79 1.55 -11.58 

RM 
100 

4 0.70 -32.76 0.81 -30.31 0.88 -27.78 1.04 -20.94 1.22 -22.29 

24 0.74 -32.41 0.87 -28.41 0.98 -25.25 1.15 -20.11 1.29 -21.47 

43 0.77 -32.33 0.91 -27.89 1.06 -23.53 1.25 -18.81 1.40 -20.19 

Effect of ambient temperature and RCA in dry conditions 

Figure 5.6 shows the variation of thermal conductivity in dry conditions as a function of 

the ambient temperature (the mean temperature at which the test was performed) for each of the 

selected mixtures. For each mixture, the higher the ambient temperature, the higher the thermal 

conductivity. Besides, for each ambient temperature, the higher the RCA%, the lower the thermal 

conductivity. The thermal conductivity of RM100 at 43 °C is close to the thermal conductivity of 

RM50 at 4 °C, while comparing the two recycled mixtures at the same temperature, it is clear that 

RM100 possesses a lower thermal conductivity than RM50. This example highlights the 

importance of the ambient temperature on the determination of thermal conductivity values of 

cement mortars, and it should be considered when the energy efficiency of this components is 

evaluated. Previous research has also shown that depending on the material type and density, the 

TC values of insulation materials are affected at different degrees by operating temperature 

[190,191]. Higher operating temperatures lead to higher λ-values. 
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Figure 5.6 Effect of ambient (mean) temperature on thermal conductivity in dry-state. 

 

As shown in Figure 5.7, thermal conductivity’s susceptibility to ambient temperature 

correlates with the amount of permeable porosity. For all assessed porosities, it was observed that 

thermal conductivity is more susceptible to changes of ambient temperature at a low-temperature 

range (4-24 °C) than at a higher temperature range (24-43 °C). 

Furthermore, the greater the porosity, the lower the thermal conductivity susceptibility to 

changes in ambient temperature. Mortars with recycled aggregate (i.e., mortars with higher 

porosity) presented less thermal conductivity variation due to changes in ambient temperature. 

Thus, if the ambient temperature changes, no special attention would be required when evaluating 

RCA mortars' thermal conductivity. 
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Figure 5.7 Correlation between porosity and thermal conductivity’s susceptibility to changes in ambient 

temperature in dry-state. 

 

Effect of moisture content and RCA content at 24 °C 

Figure 5.8 illustrates the effect of RCA replacement on the thermal conductivity as a 

function of saturation degree, with a constant ambient temperature of 24 °C. Thermal conductivity 

increased notably with moisture content. It was observed that the thermal conductivity measured 

at 100% saturation is 1.5 to 1.8 times higher than that measured in the dry state. Previous research 

observed that the TC of cement mortar and concrete in saturated conditions is about 70% and 50% 

higher than in dry conditions, respectively [9,184]. The increase of thermal conductivity with 

saturation degree is mainly due to the higher conductivity of water (0.605 W/m∙K, at 24 °C and 

atmospheric pressure) compared to that of the air (0.02617 W/m∙K, at 24 °C and atmospheric 

pressure).  

While the sample with natural aggregate showed an increase of thermal conductivity of 50% 

due to complete saturation (taking as reference dry condition), the increase exhibited in samples 

with 100% RCA was 75%. These differences may be related to the differences in accessible 

porosity of the studied mixtures since the higher the RCA level, the higher the accessible porosity 

(Table 5.2). 
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Figure 5.8 Thermal conductivity as function of saturation degree and RA replacement at 24 °C. 

 

Figure 5.9 displays the maximum variation of thermal conductivity due to moisture content 

versus the corresponding porosity for the studied mixtures. The higher the permeable porosity, the 

greater the maximum variation of thermal conductivity. Thus, the higher the porosity, the more 

susceptible the composite is to changes in thermal conductivity due to a variation in moisture 

content. Since the mortars with RCA present a higher porosity, they will be more susceptible to 

changes in thermal conductivity due to changes in moisture content. In other words, when 

evaluating the thermal conductivity of cementitious composites with RCA, considering that 

saturation degree is more important than in mortars with NA, and special consideration must be 

taken when assessing RCA mortar’s thermal insulation properties. 
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Figure 5.9 Maximum variation of thermal conductivity due to moisture content (%) vs. percentage of 

voids, at 24 °C. 

TC as a function of ambient temperature and saturation degree with RSM 

RSM was used to study the combined effect of saturation degree (in %) and ambient 

temperature (in °C) on mortars' thermal conductivity. Results exposed in Table 5.3 were used as 

input for central composite design to obtain an estimation model of the thermal conductivity for 

each of the studied mortars (NM0, RM50, and RM100). Then, ANOVA was performed. Results 

of P-values are presented in Table 5.4. While linear and square (𝑋1 ∙ 𝑋1) combinations have high 

accuracy (low P-values), square (𝑋2 ∙ 𝑋2 ) and interaction P-values are over the significance 

threshold (α = 0.05). 

Table 5.4 ANOVA results. 

  Thermal conductivity 

  P-value (α) 

 𝑎 NM0 RM50 RM100 

Linear 
𝑋1 0.000 0.000 0.000 

𝑋2 0.000 0.000 0.000 

Square 
𝑋1 ∙ 𝑋1 0.004 0.017 0.012 

𝑋2 ∙ 𝑋2 0.762 0.121 0.729 

Interaction 𝑋1 ∙ 𝑋2 0. 043 0.000 0.002 

a X1: Saturation degree; X2: Ambient temperature. 
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Hence, RSM analysis was performed again without non-significant terms. From the new statistical 

analysis, Eq. (5.7) was obtained. This equation estimates the thermal conductivity (TC) by 

modifying both temperature (°C) and saturation degree (%). 

𝜆 = 𝑐1 + 𝑐2 ∙ 𝑡 + 𝑐3 ∙ 𝑠 + 𝑐4 ∙ 𝑡 ∙ 𝑠 + 𝑐5 ∙ 𝑠 ∙ 𝑠 (5.7) 

where: 

λ is the estimated thermal conductivity; 

c1, 2, 3, 4, 5 are constant (for each mixture; see Table 5); 

t = (ambient temperature (in °C) – 23.5)/19.5; 

s = (saturation degree (in %) – 50)/50. 

Table 5.5 Constants Cn for each mortar. 

 NM0  RM50  RM100  

c1 1.304844695 1.1223796249 0.9865485272 

c2 0.0782368131 0.0797615594 0.0746902471 

c3 0.2708350498 0.2959731279 0.2841325834 

c4 0.0286240782 0.0310834019 0.0320833373 

c5 0.0650604286 0.0209788581 0.0331335238 

 

Figure 5.10 shows the thermal conductivity as a function of temperature (°C) and saturation 

degree (%) for each of the studied mixtures (NM0, RM50, and RM100). While the surfaces were 

obtained from Eq. (5.7), the black dots indicate the actual thermal conductivity obtained from the 

tests. Figure 5.10 demonstrates a good fit between the predicted values and the experimental data. 

It can be noted that thermal conductivity is susceptible to changes in moisture content and ambient 

temperature, as well as the type of mortar (comparing Figure 5.10 (a) NM, (b) RM50, and (c) 

RM100). 
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Figure 5.10 Thermal conductivity as a function of ambient temperature (°C) and relative humidity (%): 

(a) NM, (b) RM50, and (c) RM100. 
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TC as a function of porosity and saturation degree with RSM 

RSM analysis was performed to assess the combined effect of RCA (in terms of % 

permeable pore space) and saturation degree (%) on the thermal conductivity of mortars. After 

collecting all thermal conductivity test results (presented in Table 5.3), central composite design 

was applied to obtain a second-order estimation model for each ambient temperature investigated 

(4 °C, 24 °C, and 43 °C). The range for both RCA content and saturation degree was 0-100%. 

Thereafter using ANOVA, the results displayed in Table 5.6 were obtained. While linear 

and square (𝑋1 ∙ 𝑋1 ) combinations have high accuracy (low P-values), square (𝑋2 ∙ 𝑋2 ) and 

interaction P-values are over the significance threshold (α = 0.05). 

Table 5.6 ANOVA results. 

  Thermal conductivity 

  P-value (α) 

 𝑎 4 °C 24 °C 43 °C 

Linear 
𝑋1 0.000 0.000 0.000 

𝑋2 0.000 0.000 0.000 

Square 
𝑋1 ∙ 𝑋1 0.007 0.020 0.022 

𝑋2 ∙ 𝑋2 0.384 0.105 0.234 

Interaction 𝑋1 ∙ 𝑋2 0.617 0.431 0.509 

a X1: Saturation degree; X2: Porosity. 

 

Therefore, RSM was applied again, removing non-significant terms. As a result of the new 

statistical analysis, a prediction equation (Eq. (5.8)) was obtained. This equation estimates the 

thermal conductivity (TC) at each of the three ambient temperatures evaluated by inputting both 

accessible porosity (%) and saturation degree (%). 

𝜆 = 𝑎1 + 𝑎2 ∙ 𝑝 + 𝑎3 ∙ 𝑠 + 𝑎4 ∙ 𝑠 ∙ 𝑠 (5.8) 
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where: 

λ is the estimated thermal conductivity; 

a1, 2, 3, 4 are constant (for each ambient temperature; see Table 7); 

p = (accessible porosity (in %) – 24.555)/3.935; 

s = (saturation degree (in %) – 50)/50. 

Table 5.7 Constants (for each studied ambient temperature). 

 4 °C 24 °C 43 °C 

a1 1.0607958251 1.1490054639 1.231216691 

a2 - 0.166209024 - 0.167553767 - 0.169409658 

a3 0.2575232213 0.2752495433 0.3189525333 

a4 0.0596384762 0.0299491286 0.0295852057 

 

Figure 5.11 displays the thermal conductivity as a function of porosity (%) and saturation 

degree (%) at each of the investigated ambient temperatures (4 °C, 24 °C, and 43 °C). Whereas 

the graphed surfaces were obtained from Eq. (5.8), the black dots represent the actual thermal 

conductivity obtained from the tests. As shown in Figure 5.11, the predicted values fit well the 

experimental data. Besides, it can be observed that the higher the ambient temperature, the higher 

the thermal conductivity. However, the variations of TC as a function of porosity and saturation 

degree are similar for each of the studied ambient temperatures, with surfaces being almost parallel 

but translated on the vertical axis. 
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Figure 5.11 Thermal conductivity as a function of porosity (%) and relative humidity: (a) 4 °C, (b) 24 °C, 

and (c) 43 °C. 

 

General prediction equation 

Based on the RSM analysis where TC was evaluated as a function of porosity and 

saturation degree, for each ambient temperature (Eq. (5.8), Table 5.7), correlations between 

temperature and the coefficients a1, a2, a3, and a4 were identified. Then, an equation (Eq. (5.9)) that 

estimates the thermal conductivity of cement mortars as a function of permeable porosity, 

saturation degree and ambient temperature is proposed: 
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𝜆′ = 𝑣1 + 𝑣2 ∙ 𝑝 + 𝑣3 ∙ 𝑠 + 𝑣4 ∙ 𝑠 ∙ 𝑠 (5.9) 

where: 

λ’ is the predicted thermal conductivity; 

v1 = 0.00437·T + 1.04358 (with T = ambient temperature, in °C); 

v2 = - 0.16772 (constant, does not significantly change with ambient temperature); 

v3 = 0.00157·T + 0.24677 (with T = ambient temperature, in °C); 

v4 = - 0.0007769·T + 0.0581098 (with T = ambient temperature, in °C); 

p = (accessible porosity (in %) – 24.555)/3.935; 

s = (saturation degree (in %) – 50)/50. 

Table 5.8 reports the thermal conductivity tests and conditions used to train and validate 

the model, according to the validation criteria exposed in the Method’s section. 

 

Table 5.8 Training and validation tests conditions. 

 

Ambient 

temperature 

[°C] 

Saturation  

degree  

[%] 

RCA content  

(Porosity) 

[%] 

Tests conditions 

Training tests 

(135 tests) 
4, 24, 43 

0, 25, 50, 

75, 100 

0, 50, 100  

(20.62, 25.14, 28.49) 
Experimental campaign 

Validation test 1 24 37 0 (20.62) 
 ≠ saturation degree than training 

tests 

Validation test 2 24 21 100 (28.49) 
≠ saturation degree than training 

tests 

Validation test 3 24 0 25 (23.17) ≠ porosity than training tests 

Validation test 4 24 100 25 (23.17) ≠ porosity than training tests 

Validation test 5 35 25 50 (25.14) 
≠ ambient temperature than 

training tests 

Validation test 6 20 42 25 (23.17) 
≠ porosity, saturation degree, and 

ambient temp. than training tests 

 

The accuracy of the model was assessed for both training data and validation data. As 

shown in Figure 5.12, a very good agreement was found between the predicted (numerical) and 

experimental results. The two dotted lines represent an error of ± 5%. Therefore, the proposed 
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model (Eq. (5.9)) is accurate and able to predict the thermal conductivity of cement mortars 

knowing the amount of permeable porosity, saturation degree, and ambient temperature (in the 

range of 4 to 43 °C). 

 

Figure 5.12 Correlation between experimental and predicted thermal conductivity. 

 

 Conclusions 

This paper aimed to study the effect of RCA on thermal conductivity’s susceptibility to 

moisture content and ambient temperature variations of cement mortars. 

Based on the results of this investigation, the following conclusions can be drawn: 

• The replacement of NA by RCA reduced the composite’s thermal conductivity and 

consequently increased its thermal insulation capacity. The decrease in TC was expected 

because of the more porous nature of the recycled composite and its reduced density. However, 

the extent of this variation strongly depends on the moisture content and the ambient 

temperature at which thermal conductivity is calculated. 
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• Mortars with recycled aggregate (i.e., mortars with higher porosity) presented less thermal 

conductivity variation due to changes in ambient temperature. Thus, if the ambient temperature 

changes, no special consideration would be required when evaluating RCA mortar’s thermal 

conductivity of RCA mortars instead of plain mortars with NA. 

• Thermal conductivity variations as a function of moisture content were higher in the case of 

mortar containing RCA. The use of RCA increased the mortar accessible porosity, which 

heightened the importance of saturation degree on thermal conductivity determination. Results 

showed that the higher the porosity, the more susceptible the mortar’s thermal conductivity to 

changes in moisture content. Thus, special attention to the variability of thermal conductivity 

due to saturation degree should be taken when evaluating the thermal performance of mortars 

with high porosity. 

• The increase in the heat insulation capacity when using RCA is achieved at the expense of 

strength. Both compressive and flexural strength decreased with the incorporation of RCA. 

The higher the RCA content, the higher the reduction in strength. However, if the strength 

sufficient for a given use is known, these composites may find an important application in 

building components as a sustainable mortar for energy efficiency in buildings. 

• Finally, an equation that estimates thermal conductivity of cement mortars as a function of 

permeable porosity, saturation degree and ambient temperature has been proposed. A robust 

agreement (with an error of less than 5%) was found between the experimental and predicted 

results. 

 

To summarizing, mortars with RCA provided higher thermal insulation ability than plain 

mortars. However, it was found that the variation of thermal conductivity due to changes in 

saturation degree is more significant in mortars containing RCA. Thus, these variations should be 

considered when thermal insulation is used as a factor for environmental impact assessment. 

Understanding the effect of recycled concrete aggregate on the thermal conductivity of 

cementitious composites is key to assess their effects on the environmental impact during service 

life as part of a building component. This study proposed a general prediction equation that 

accurately estimates mortars' thermal conductivity as a function of accessible porosity, saturation 

degree, and ambient temperature.  
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 IMPACT OF CURING TEMPERATURE ON THE SUSTAINABILITY 

OF SUGARCANE BAGASSE ASH AS A PARTIAL REPLACEMENT 

OF CEMENT IN MORTARS: AN LCA 

This chapter will be submitted for publication in April 2022 as: 

Francioso V., Lopez-Arias M., Moro C., Velay-Lizancos M., “Impact of curing temperature on 

the sustainability of sugarcane bagasse ash as a partial replacement of cement in mortars: an 

LCA”. [To be submitted in April 2022] 

 Introduction 

The demand for construction materials has surged due to the enormous development in the 

construction industry and the increase in the world’s population. This has been translated into a 

worldwide increase of 175% in cement production over the last 20 years [222]. Regrettably, 

cement manufacturing consumes a great deal of energy and negatively impacts the environment 

by consuming raw materials and releasing a massive amount of CO2 [223]. Furthermore, besides 

the consumption of natural resources for building materials production, continuous waste 

generation has become one of our society’s most prominent environmental issues. Hence, much 

endeavor is being made to design viable solutions to solve these problems, including developing 

more sustainable cementitious composites with the inclusion of industrial waste, by-products, or 

alternative aggregates [224,225]. The partial or total replacement of ordinary Portland cement with 

supplementary cementitious materials (SCMs) and natural aggregate by recycled aggregates are 

potential pivotal approaches to reduce the environmental concerns and carbon footprint deriving 

from the construction industry [225]. 

Nowadays, there is a large availability of artificial pozzolanic materials that are by-

products and, most often, waste from industrial or agricultural applications and processes. These 

include coal fly ash, ground granulated blast furnace slag, silica fume, rice husk ash, and sugar 

cane bagasse ash (or others biomass combustion ash). In particular, the use of coal fly ash as a 

supplementary cementitious material for concretes and mortars production has been extensively 

studied, implemented in standards, and is widely accepted by the concrete industry. However, the 

current trend of closing coal-based power plants in developed countries will reduce the availability 

of this valuable substitute for cement. As a result, recent attention has been shifted to the utilization 
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of alternative ashes from agricultural waste in cementitious composites, which may reduce the 

environmental impact of constituent materials such as cement. Besides, the valorization of these 

agricultural wastes avoids negative impacts which may arise from their disposal. 

In this context, sugarcane bagasse ash (SCBA) has shown to be a viable alternative option 

as a partial cement replacement due to its chemical composition and physical properties. SCBA is 

a biomass waste resulting from sugarcane bagasse burning (calcination) for electricity production 

[226,227]. Sugarcane bagasse is a by-product of the sugarcane industry in sugar and ethanol 

production [226]. The sugarcane industry plays an important role and holds a significant share in 

the economy of many countries [228]. More than 50% of the countries are involved with sugarcane 

crops [227,228], totaling an annual global production of about 2 billion metric tons. Brazil is the 

world’s undisputed leader, with 757 million tons of sugarcane production in 2020, followed by 

India (370 million tons) and China (108 million tons) [229–231]. As its production increases [232], 

the amount of ash (waste) generated will also increase, contributing to the ongoing issue of biomass 

waste management [233,234]. These ashes are often disposed of in landfills without any 

environmental control or, in some cases, used as fertilizer [235–237]. However, several 

investigations [237–240] have already determined the feasibility of using ashes resulting from 

agro-industrial by-products (such as SCBA) as supplementary cementitious material (SCM). Thus, 

there is an opportunity to reduce both the environmental impact of cementitious materials and the 

generation of waste. Numerous recent research efforts have been undertaken to incorporate SCBA 

to produce sustainable mortar and concrete [227,235,236,238,241–244]. 

Literature has shown that the mechanical performance of cementitious composites 

containing SCBA may range from 80% to 160% compared to the same without SCBA, depending 

on the ash mineral and morphological characteristics [227]. Nevertheless, more systematic 

investigations will be essential to understand further the pozzolanic behavior of SCBA. Moreover, 

a crucial task will be finding the most ecological post-processing for the SCBA, with the lowest 

energy demand and CO2 emissions, that yields the higher reactivity. It will help instill more 

confidence in the concrete and construction industry stakeholders for adopting SCBA as an 

alternative pathway for sustainable concrete production. 

Besides, to effectively evaluate the environmental impact of cementitious composites by 

using SCBA and define their best application, an environmental assessment that accounts for the 
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effects of their substitution in cement is crucial. Many methodologies exist today to evaluate the 

environmental impact of processes and products. The most widely acknowledged and standardized 

is the so-called Life Cycle Assessment (LCA). According to the U.S. Environmental Protection 

Agency (EPA), an LCA is a tool for evaluating the environmental burdens associated with a 

product, material, process, or activity. The ISO standard 14040, the standard that describes the 

principles and framework for LCA, defines it as “the compilation and evaluation of the inputs, 

outputs and potential environmental impacts of a product system throughout its life cycle” [245]. 

In other words, LCAs identify and quantify energy and material used and pollutants released into 

the environment to model the complex processes included in the life cycle of a product. It can 

cover a specific fragment, or the entire product’s life-cycle, from materials acquisition, 

manufacturing, use, and final disposition (disposal or reuse). However, it must be reminded that 

an LCA is a relative tool intended for comparison and not absolute evaluation, thereby serving to 

help decision-makers to compare all major environmental impacts when choosing between 

alternative courses of action [246]. 

Remarkably, the use of LCA to evaluate the environmental impact of SCBA in 

cementitious composites has been found as lacking in the literature. Very few studies have been 

found evaluating the environmental impact of SCBA as a binder replacement in cementitious 

composites. Two studies [247,248] only evaluated the potential reduction of greenhouse gasses 

(mainly CO2) emissions as a single factor in utilizing SCBAs as partial cement replacement. 

Whereas a third study [249] performed an LCA of SCBA as partial cement replacement in concrete, 

using as a functional unit a school building constructed as a 3-D digital model employing building 

information modeling (BIM) and considering 17 impact categories. All of the previous studies 

concluded that the utilization of SCBA can indeed contribute to the net reduction of greenhouse 

gasses (GHG) emissions and almost all other impact categories.  

Nevertheless, to make a realistic estimation of the environmental footprint of cementitious 

composites, the functional unit used in the assessment should include a reference performance. For 

instance, some authors suggest that the appropriate functional unit to assess the effect of 

admixtures and recycled materials in cementitious composites should have the same quantity of 

material (e.g., 1 m3) with a given fixed value of compressive strength [95,250]. In this way, it is 

possible to compare the sustainability of using recycled materials, accounting for their effects on 

one of the main target properties of a cementitious composite, its strength. Thus, accounting for 
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the effect of SCBA substitution on the strength and the changes in the cement content to achieve 

the same performance as the reference material (without SCBA) will be key to assessing the real 

benefits of using this biomass waste as a partial replacement of cement. 

Besides, external factors may also affect SCBA replacement's impact on the mechanical 

properties of cementitious composites. A previous study has pointed out that the effect of another 

type of biomass ashes (from the paper industry) on the concrete strength highly depends on the 

curing temperature [79]. Curing conditions strongly impact the hydration of cementitious 

composites, significantly influencing their strength, porosity, and durability [251], consequently, 

the environmental impact during their life-cycle. The effect of curing temperature has been 

extensively investigated in plain Portland cement mortar and concretes. In particular, research has 

shown that curing temperature is a key factor influencing the evolution of the compressive strength 

of cementitious composites [79,113,252–255], indicating that the higher the curing temperature, 

the faster the development of strength at early ages. However, after 28 days, the strength may be 

lower in samples cured at higher temperatures (crossover effect) [255,256]. The same may be true 

in cementitious composite containing SCMs. Indeed, research suggested that different curing 

temperatures and processes may increase the compressive strength and reduce the permeability of 

concrete and mortars where cement is replaced by SCMs [79,257,258].  

Velay-Lizancos et al. [79] indicated that curing temperature influences the effect that 

biomass ashes from the paper industry have on concrete compressive strength, with higher curing 

temperature showing better results in terms of biomass ashes’ impact on compressive strength. 

More importantly, their results suggest that replacing cement with biomass ash might mitigate the 

crossover effect due to higher curing temperature on the compressive strength evolution of eco-

concrete. However, the effect of curing temperature has been little investigated in mixtures 

containing SCBA as a partial cement replacement. Murugesan et al. [259] analyzed the effect of 

eight different curing methods on concrete specimens, including accelerated hot water curing at 

100 °C for one day, obtaining the lowest compressive strength among the studied methods. 

Rajasekar et al. [260] studied the effect of three different curing regimes on the compressive 

strength of ultra-high-strength concrete (UHSC) with SCBA replacements: (i) normal water curing 

at 27 °C ± 2 °C, (ii) steam curing for 24h at 90 °C, and (iii) heat curing for 24h at 160 °C. They 

concluded that heat curing seems more efficient in improving concrete performance than normal 
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and steam curing. Thus, based on previous research, higher curing temperature may improve the 

mechanical properties of mixes containing SCBA as cement replacement. 

If curing temperature changes the effect of SCBA on the composites’ compressive strength, 

it can be an important factor that affects the actual change in sustainability produced by the use of 

biomass ash in cementitious composite production and must be included in the environmental 

assessments. Therefore, this research aims to understand and quantify the impact of curing 

temperature on the environmental performance of mortars with different replacements of cement 

by SCBA. 

 Materials 

Mortars were produced with Portland cement Type I with a specific gravity of 3.02. The 

fine aggregate used was natural siliceous sand compliant with ASTM C33/C33M [212] and had a 

fineness modulus of 2.99, an absorption of 1.97%, and a relative density (specific gravity in 

saturated surface dry - SSD - condition) of 2.45. The sugar cane bagasse ash (SCBA) was supplied 

by a sugar plant located in Valle del Cauca, Colombia, and is a waste generated after the 

combustion of sugarcane bagasse for energy production. The received ash was ground with a 

RETSCH ZM-1 Lab Benchtop Ultra Centrifuge Mill Grinder (passing an 80 μm mesh) for 2 

minutes to reduce the particle size and improve homogenization and reactivity. The original and 

final particle size was obtained with a PSA 1090 (Anton Paar, Austria) and is reported in Table 

6.1. 

Table 6.1  SCBA particle size. 

Type D10 (μm) D50 (μm) D90 (μm) Mean size (μm) 

As received 8.0 31.9 71.6 37.6 

Ground 3.7 18.7 47.5 23.6 

 

The chemical configuration of the ash was obtained by a Lab X500 XRF analyzer (Hitachi, 

Japan) and is reported in Table 6.2. The SCBA used in this study satisfied the minimum 

requirement of 70% in the sum of SiO2 + Al2O3 + Fe2O3 pozzolanic oxides conform to the ASTM 

618 [261]. However, the loss of ignition (LOI) was about 7% higher than the minimum 10% 

requirement [261]. 
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Table 6.2 Chemical composition of SCBA. 

Compound 
Percentage 

(%) 

Standard 

deviation - σ 

Na2O 0.509 0.0052 

MgO 2.074 0.0123 

Al2O3 13.85 0.019 

SiO2 54.97 0.026 

P2O5 0.213 0.006 

SO3 0.926 0.0015 

K2O 1.385 0.0017 

CaO 9.98 0.013 

TiO2 1.595 0.0064 

CrrO3 0.089 0.0006 

Mn2O3 1.245 0.0067 

Fe2O3 8.568 0.0054 

ZnO 0.087 0.0003 

SrO 0.158 0.0005 

6.2.1 Mix design, sample manufacturing, and curing conditions 

The mortar formulation used as reference was prepared with a 1:3:0.5 (cement:sand:water) 

weight ratio. Two percentages of cement replacement with SCBA were selected for this study 

based on previous literature. The amount of cement replaced was 10% and 20% (by mass of 

cement). Water to binder (cement + SCBA) and binder to aggregate ratios were constant for all 

mixes at 0.50 and 3, respectively. Mix proportions of the composites are presented in Table 6.3. 
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Table 6.3 Mix proportions (per m3 of mortar). 

Component  Reference 10% SCBA 20% SCBA 

Cement (kg) 486.39 437.75 389.12 

SCBA (kg) 0.00 48.64 97.28 

Sand (SSD) (kg) 1459.18 1459.18 1459.18 

w/b 0.50 0.50 0.50 

 

Six cubes with dimensions of 50.8x50.8x50.8 mm3 were cast per each mortar mixture. All 

the samples were cured in their molds at room temperature and covered with a plastic sheet during 

the first day. After demolding, three samples per mixture were cured at 21 °C, while another three 

were cured at 45 °C, until the testing day. 

 Methods 

6.3.1 Compressive strength test 

Compressive strength tests were carried out according to ASTM standards C349 [176]. An 

MTS (Eden Prairie, MN) machine with a load capacity of 300 kN, under a displacement control 

of 0.05 mm/s, was used. The mortar compressive strength was examined at 28 days.  

6.3.2 Life cycle assessment (LCA) of mortars 

The framework of the LCA performed in this study is presented in Figure 6.1. The LCA 

methodology of this study follows the ISO standards 14040 and 14044 [245,262]. According to 

these standards, four steps are identified: 
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Figure 6.1 LCA framework for this study. 

(i) Goal and scope 

This research aims to understand and quantify how curing temperature affects the 

environmental performance of eco-mortars with different percentages of sugarcane bagasse ash 

(SCBA). Three mixes with 0%, 10%, and 20% replacement of SCBA by mass of cement and two 

different curing temperatures (21 °C and 45 °C) were studied. A “cradle-to-gate” analysis was 

considered as the system boundary, which allows for the quantification of the embodied 

environmental impacts of the material from the extraction of raw materials (cradle) to the mortar 

production (gate) stages. The boundary of the LCA is illustrated in Figure 6.2. The functional unit 

(FU) selected for this study was 1 m3 of mortar with the same compressive strength as the reference 

mixture (plain Portland cement mortar without SCBA cured at the same curing temperature). To 

compare the environmental impact of the investigated mortars, an experimental campaign was 

performed beforehand to obtain a curve exhibiting the development of compressive strength as a 

function of cement content for the reference mortar. This curve estimates the variations in the 

cement content needed for achieving the same compressive strength as the reference mortar when 

SCBA is used to replace part of the cement. 
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Figure 6.2 LCA system boundary. 

(ii) Life cycle inventory (LCI) 

In this stage, energy and raw materials data (input) and emissions and wastes data (output) 

must be identified and allocated for each material production. In order to facilitate the LCI phase, 

numerous databases have been developed. These databases provide essential inventory data such 

as raw materials, electricity generation, transport, and waste generation data that are essential in 

every LCA and are based on average data representing average production and supply conditions 

for products and services. Since no global database exists, different sources were used in this study 

depending on their availability and reliability. Cement and natural fine aggregate production and 

total transportation impact data were obtained from the European Platform on Life Cycle 

Assessment (ELCD database) [263]. Mortar production input data was assumed to be equivalent 

to concrete production based on their essentially identical composition (aggregate, cement, and 

water) and because of the more abundant and reliable data on concrete production. The main 

difference between the two products is the aggregate size (with mortar using only the fraction 

passing through a 4.75 mm sieve). This data was obtained from a previous study [264]. Waste 

generation was estimated considering the density of the studied mortars, where the average density 

of all hardened samples was 2220 kg/m3 (with a standard deviation lower than 2.1%). Finally, 

transport distances were collected from the Life Cycle Inventory of Portland Cement Concrete by 

the Portland Cement Association (PCA) [265]. 

Table 6.4 presents the LCI data considered in this study. 
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Table 6.4 Life inventory data used for this study. 

 
Cement 

(kg) 

Sand  

(kg) 

SCBA 

(kg) 

Mortar  

(m3) 

Transport 

(t·km) 

INPUTS Fossil fuels (kg)      

Diesel 3.56E-02 3.29E-04 0.00 2.00E-02 2.06E-02 

Gas 8.53E-03 1.24E-04 0.00 5.30E-02 1.13E-03 

Soft coal 2.67E-02 3.13E-04 0.00 5.25E+00 7.31E-05 

Hard coal 4.83E-02 2.18E-04 0.00 4.01E-02 9.01E-05 

OUTPUTS Emissions in the air (kg)      

CO2 8.85E-01 2.34E-03 0.00 4.59E+00 6.40E-02 

CO 2.14E-03 4.19E-06 0.00 8.81E-04 1.10E-04 

CH4 5.80E-04 3.72E-06 0.00 2.19E-03 6.25E-05 

C2H4 3.95E-10 9.24E-12 0.00 7.36E-08 3.70E-10 

CFC-11 5.22E-09 1.75E-10 0.00 2.09E-15 6.08E-11 

CFC-114 5.35E-09 1.79E-10 0.00 3.67E-09 6.23E-11 

SOx 1.05E-03 9.49E-06 0.00 5.34E-02 3.41E-05 

NOx 1.79E-03 1.52E-05 0.00 8.01E-02 5.39E-04 

N2O 2.22E-06 3.81E-08 0.00 2.20E-05 7.32E-07 

NH3 3.91E-02 7.24E-09 0.00 3.27E-07 4.00E-07 

NMVOC 2.26E-01 1.37E-06 0.00 9.20E-05 3.20E-05 

HCl 1.99E-02 1.80E-07 0.00 4.00E-04 8.20E-08 

N (water) 1.16E-04 4.23E-09 0.00 4.81E-06 2.35E-07 

PO4
-3 (groundwater) 5.14E-07 1.23E-08 0.00 3.85E-03 5.88E-07 

 

As shown in Table 6.4, no allocation (waste status) was applied to the SCBA. This scenario 

is based on the following assumptions: (i) SCBA results from a by-product (sugarcane bagasse) of 

a multifunctional process (sugarcane processing) and thus is a waste; (ii) even if considered as a 

by-product, the resulting impact is likely to be very small, therefore, the environmental impact of 

its production will not be relevant; (iii) it is believed that the CO2 emissions from biomass burning 
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do not contribute to the greenhouse effect, since the carbon released from crops already existed in 

the atmosphere and was absorbed during the plant growth, thus the net CO2 associated to the whole 

process should be considered neutral. Besides, the authors deliberately avoided estimating the cost 

for the industrial implementation of SCBA because it was out of the scope of the present paper 

which was to study the effect of curing temperature on the embodied environmental impacts of the 

material. An economic analysis should consider market variables such as availability, local cost 

(which in the very first moment would be zero – waste value), and demand (like other residual 

pozzolans, the cost of the material will increase with the increasing demand), as well as the cost 

of further processing, but also potential revenues from carbon credits. 

(iii) Life cycle impact assessment (LCIA) 

The LCIA phase is crucial to evaluate the importance and relevance of the environmental 

impact of a product based on the LCI results. In this study, the TRACI methodology (mid-point 

approach) was employed to assess the total environmental impact of the investigated mortars. The 

life cycle impacts were assessed by analyzing nine environmental impact categories. The 

categories (from TRACI) used to analyze and compare the environmental impact of the studied 

mixes, and their units are displayed in Table 6.5. Among these, ecotoxicity was excluded from the 

analysis since no evidence of this impact has been found in the main components of mortars 

[266,267]. Moreover, the characterization factors, which estimate the relative contribution of each 

substance (inputs and outputs in the LCI) to each impact category in its corresponding unit, were 

considered. The characterization factors were obtained from the study of Ryberg et al. [268]. 

Besides, two other categories (not measured in TRACI) were considered to account for the 

potential reduction of raw materials due to the replacement of cement by SCBA: (i) waste 

generation (WG) and (ii) abiotic depletion potential (ADP). Waste generation quantifies the net 

kilograms of material produced that can become waste at the product's end of life. Abiotic 

depletion potential is defined as the consumption of non-renewable mineral (raw materials) 

resources. Therefore, if ADP and WG are not considered in the environmental assessment of mixes 

with SCBA, the real environmental benefits of using this waste in mortars will not be fully 

reflected. 
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Table 6.5 Designated impact categories from TRACI (last two added). 

Category  Units 

(i) Global warming potential (GWP) kg CO2 eq 

(ii) Ozone depletion potential (ODP) kg CFC-11 eq 

(iii) Eutrophication potential (EP) kg N eq 

(iv) Acidification potential (AP) kg SO2 eq 

(v) Smog formation (S) kg O3 eq 

(vi) Respiratory effects (RE) kg PM2.5 eq 

(vii) Energy consumption (EC) MJ surplus 

(viii) Waste generation (WG) kg 

(ix) Abiotic depletion potential (ADP) kg Sb eq 

(iv) Interpretation of the results 

The last phase of the LCA is the interpretation of the results obtained from the impact 

assessment. This phase is not strictly defined as the previous ones, allowing practitioners to apply 

findings from the LCA to various situations, knowing the uncertainty and the assumptions used to 

generate the results. In this study, the analysis was conducted following two different approaches: 

(i) Single categories analysis: Single impact categories were analyzed, and the results were 

discussed to appreciate the potential implications of replacing cement with SCBA as a 

function of curing temperature. 

(ii) (ii) Normalized unified index: Environmental impacts of single categories were 

normalized using the normalization factors (NFs) recommended by Ryberg et al. [52] 

to relate the environmental impact results of each category to a common reference. The 

goal of this normalization is to put each environmental impact in relation to the impact 

of society’s production and consumption activities. As a result, normalized values will 

better reflect the product system's contribution to each category's environmental impact 

compared to those of the reference system. The reference system used was the 

environmental impacts of each category per year in the US [52]. The normalized values 
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were calculated by dividing the environmental impact of each category by its 

corresponding normalization factor. Note that this section did not consider WG and 

ADP since there are no NFs available for these two categories. 

 Results and discussion 

6.4.1 Compressive strength and binder content variation based on designated FU 

Figure 6.3 displays the compressive strength results of the studied mortars after 28 days of 

curing at 21 °C and 45 °C. Results showed that the replacement of cement with SCBA at standard 

curing temperature (21 °C) had a slightly negative effect on the compressive strength. The higher 

the replacement level, the higher the reduction of compressive strength. Nevertheless, the recorded 

loss was lower than 8% (6.3% and 7.3% for 10 and 20% replacement, respectively) compared to 

the reference mortar cured at the same temperature. However, when the curing temperature was 

higher (45 °C), the replacement of SCBA positively influenced the compressive strength when the 

results were compared to the reference mortar cured at 45 °C. Mortars with 10 and 20% SCBA 

replacement exhibited an increase in compressive strength of 24.5% and 22.2% compared to the 

plain mortar cured at the same temperature, respectively. Besides, the use of SCBA mitigated the 

high-temperature crossover effect observed in the reference mortar. It means that replacing 

Portland cement with SCBA may be beneficial when the external curing temperature is high or 

when a lower heat of hydration is required. 

 

  

Figure 6.3 Compressive strength of mortars at 28 days. At (a) 21 °C and (b) 45 °C curing temperature. 
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Thus, results show that curing temperature modifies the effect of SCBA on the mortar’s 

compressive strength. Therefore, a secondary experimental campaign was performed to assess the 

influence of partial replacement of cement by SCBA on the compressive strength of the mortar 

with different water to cement ratios. The objective of this secondary experimental campaign was 

to estimate the variation of cement content required to obtain a compressive strength equal to the 

compressive strength of the reference mortar (no SCBA) for each SCBA replacement level. Thus, 

the savings or additions of cement content needed for each case can be estimated. The results of 

this additional experimental campaign contribute as input data to the LCA. 

Two extra reference mixtures (besides the one listed in Table 6.3) were made, varying the 

cement content (w/c ratio). Figure 6.4 displays the compressive strength of the reference plain 

mortar (no SCBA) as a function of the cement content for two different curing temperatures. This 

graph was used to estimate the cement content required in the modified mixes to obtain the same 

compressive strength as the reference mortar (at the same curing temperature). First, the 

compressive strength obtained from the modified mixtures was introduced in the graph to estimate 

the corresponding cement content of a mixture with the same strength if SCBA was not used. Next, 

the difference between this estimate and the cement content needed to achieve the reference 

strength was calculated. Then, this variation was added to the initial cement content used for the 

specific mortar. The result is the estimated cement content required to achieve the same 

compressive strength as the reference mortar (without SCBA). The binder content of each 

modified mixture is the estimated cement content plus the SCBA content (applicable). The results 

are presented in Table 6.6, which displays the initial and required binder content to achieve the 

same compressive strength as the reference mortar at 28 days when SCBA is used, as a function 

of the curing temperature. The aggregate content was kept constant, and therefore, the changes in 

the binder content to achieve the desired strength only affected the water-to-binder ratio. 
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Figure 6.4 28 days compressive strength as a function of cement content (no SCBA). 

 

Table 6.6 Estimation of cement content to obtain the FU. 

Mixture 

Curing 

Temperature 

(°C) 

Compressive 

strength fck 

(MPa) 

Initial cement 

content 

(kg/m3) 

Estimated binder [cement, SCBA] 

content to achieve reference fck 

(kg/m3) 

Reference 

21 °C 

45.20 486.4 486.4 [486.4, 0] 

BA10 42.37 437.8 497.1 [448.5, 48.64] 

BA20 41.88 389.1 499.0 [401.7, 97.28] 

Reference 

45 °C 

33.44 486.4 486.4 [486.4, 0] 

BA10 41.62 437.8 414.1 [365.5, 48.64] 

BA20 40.88 389.1 420.6 [323.4, 97.28] 

 

6.4.2 Life cycle assessment (LCA) 

Environmental impact of single categories 

Figure 6.5 displays the environmental impacts of each LCA category considered for the 

studied mortars as a function of curing temperature differentiating the contribution of each 

component. In the graphs, for each material (including mortar production), the transport impact 
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data was included in the results. The amount of component materials (cement, natural aggregate, 

and SCBA) used in the mix design is according to tests performed for determining the mix 

proportions of the modified mortars that would have the same compressive strength as their 

reference (without SCBA). 

Table 6.7 reports the contribution of each material and process to the total environmental 

impact of the mortars cured at 21 °C. In Table 6.7, the transportation contribution to the 

environmental impact was separated from the impact of the materials. 

Results show that cement is the most significant contributor to all impact categories. The 

main reason is the great deal of CO2 emissions due to the calcination of limestone and fossil fuel 

and energy use required for clinker production. Thus, as expected, the reduction of the cement 

content produced by the utilization of SCBA reduced the environmental impact of mortars, not 

only on the global warming potential (which is expressed in kg CO2 eq) but also on all other 

categories, as can be seen in Table 6.7. The impacts from cement production are, for each category, 

at least one order of magnitude higher than the other two largest contributors (natural aggregate 

and mortar production). The contribution of aggregate and mortar production does not change, 

regardless of the amount of cement replaced by SCBA, because the amount does not change in the 

mortar formulation considered for the LCA in this study. 

Besides cement production, transportation of component materials is the major contributor 

to the environmental burden of cementitious materials. Transport impacts directly depend on the 

transportation type and distance. While transportation impact data was obtained from the European 

Platform on Life Cycle Assessment (ELCD database) [263], transport distances were obtained 

from the Life Cycle Inventory of Portland Cement Concrete by the PCA [265] and multiplied by 

two (round-trip). In Figure 6.5, transportation was added up to the impact of each material. 

Therefore, the impacts coming from SCBA are none other than the impact of their transportation 

to the mixing location. That leaves the transport phase as a possible source of varying the 

environmental impact of these eco-friendly mortars. In this analysis, the transportation distance 

for SCBA was assumed to be the same as the transportation distance for Portland cement, fly ash, 

and other SCMs indicated in the Life Cycle Inventory of Portland Cement Concrete [265]. 

The use of SCBA produced important changes in the environmental impact of several 

impact categories, especially on the ADP and the GWP. The GWP quantifies the greenhouse gases 
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released into the atmosphere (carbon dioxide (CO2), methane (CH4), and nitrous oxides (N2O)) as 

a function of the amount of CO2 that would have the same impact over a 100-year period [157]. 

When the curing temperature was 21 °C, BA20* presented a decrease of over 16% in GWP 

compared to the reference mortar while keeping the same estimated strength. Moreover, the ODP 

impact was reduced by 7% and 16% for BA10* and BA20*, respectively, for the same curing 

temperature. The ODP refers to a decrease in the ozone density through the thinning of the 

stratospheric ozone layer due to anthropogenic pollutants (e.g., halocarbons). That implies an 

increased exposure of human skin to UV light, which may lead to a higher risk of melanoma [269]. 

Besides, for the same curing temperature, the total energy demand was reduced by 6% and 13% 

in BA10* and BA20*, respectively, compared to the energy demand for the reference mortar. 

The S, AP, RE, and EP impact categories were also reduced by 13%, 14%, 15%, and 11%, 

respectively, when SCBA was used (BA20*) and when the curing temperature was 21 °C. It is 

important because of the consequences that those impact categories have on the environment. The 

S impact category ponders the air pollution caused by the reaction between sunlight and emissions 

from fossil fuel combustion during the production of raw materials. As a result, the formation of 

other chemicals is promoted (e.g., ozone and peroxide), which leads to an increase in ground-level 

ozone concentration [270]. The AP impact category is also associated with the combustion of fossil 

fuels (e.g., nitrous and sulfide oxides), which may leach in the presence of oxygen and water and 

endanger the surrounding ecosystems [271]. The EP impact category relates to the natural or 

artificial discharge of nutritional elements to a body of water. These compounds decrease the 

oxygen available in aquatic systems, consequently reducing the water quality. The water 

contaminated by these organisms can be a threat to public health and biodiversity, thus, it must be 

monitored [272]. 

Finally, regarding abiotic depletion and waste generation, the replacement of cement by 

SCBA also reduced the impact of these two categories. The ADP impact category reflects the 

exhaustion of non-renewable resources and consequent environmental impacts, thus, a reduction 

of cement used for mortar production will have a positive effect. ADP and WG were reduced by 

18% and 4% for BA20*, respectively, compared with the corresponding values for the reference 

mortar, both with 21 °C curing temperature. 
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Figure 6.5 Environmental impact of the investigated mortars. (a) Global warming potential, (b) Ozone 

depletion potential, (c) Eutrophication potential, (d) Acidification potential, (e) Smog formation, (f) 

Respiratory effects, (g) Energy consumption, (h) Abiotic depletion potential.  
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Table 6.7 Environmental impacts for 1 m3 of mortars cured at 21 °C (* modified mortar that would have 

the same compressive strength as their reference). 

Mortar Cement 
Natural 

aggregate 
SCBA Production Transportation Total 

GWP - Global warming potential (kg CO2 eq) 

Reference 437.84 3.57 0.00 4.65 21.04 467.10 

BA10* 403.73 3.57 0.00 4.65 21.24 433.19 

BA20* 361.62 3.57 0.00 4.65 21.28 391.12 

ODP – Ozone depletion potential (kg CFC-11 eq) 

Reference 5.14E-06 5.17E-07 0.00 3.67E-09 3.94E-08 5.70E-06 

BA10 4.74E-06 5.17E-07 0.00 3.67E-09 3.98E-08 5.30E-06 

BA20 4.24E-06 5.17E-07 0.00 3.67E-09 3.98E-08 4.81E-06 

EP – Eutrophication potential (kg N eq) 

Reference 4.13E-02 1.03E-03 0.00 1.27E-02 8.16E-03 6.32E-02 

BA10 3.81E-02 1.03E-03 0.00 1.27E-02 8.24E-03 6.01E-02 

BA20 3.41E-02 1.03E-03 0.00 1.27E-02 8.25E-03 5.61E-02 

AP – Acidification potential (kg SO2 eq) 

Reference 1.16 2.96E-02 0.00 1.10E-01 1.32E-01 1.43 

BA10 1.07 2.96E-02 0.00 1.10E-01 1.33E-01 1.35 

BA20 0.96 2.96E-02 0.00 1.10E-01 1.34E-01 1.23 

S – Smog formation (kg O3 eq) 

Reference 22.02 0.56 0.00 1.99 4.31 28.88 

BA10 20.31 0.56 0.00 1.99 4.36 27.21 

BA20 18.19 0.56 0.00 1.99 4.36 25.09 

RE – Respiratory effects (kg PM2.5 eq) 

Reference 3.91E-02 1.01E-03 0.00 3.84E-03 1.93E-03 4.58E-02 

BA10 3.60E-02 1.01E-03 0.00 3.84E-03 1.95E-03 4.28E-02 

BA20 3.23E-02 1.01E-03 0.00 3.84E-03 1.95E-03 3.91E-02 

EC – Energy consumption (MJ surplus) 

Reference 136.48 4.09 0.00 0.96 42.44 183.98 

BA10 125.84 4.09 0.00 0.96 42.86 173.76 

BA20 112.72 4.09 0.00 0.96 42.93 160.71 

ADP – Abiotic depletion potential (kg Sb eq) 

Reference 9.00E-06 1.69E-09 0.00 0.00 0.00 9.00E-06 

BA10 8.30E-06 1.69E-09 0.00 0.00 0.00 8.30E-06 

BA20 7.43E-06 1.69E-09 0.00 0.00 0.00 7.43E-06 
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Table 6.8 presents the environmental impacts of the production of 1 m3 of the studied 

modified mortars cured at 45 °C, with the same target compressive strength as the reference. The 

environmental results of the mortars cured at 45 °C followed the same trend of mortars cured at 

21 °C, with the environmental impact decreasing as the replacement of cement increased. However, 

at 45 °C, the use of SCBA reduced the environmental impact of mortars to a greater extent than at 

21 °C, as is clearly shown in Figure 6.6. 

Considering the results for each analyzed impact category, Figure 6.6 displays the 

reduction of the environmental impacts of modified mortars in comparison to the reference (no 

SCBA) for both 21 °C and 45 °C. The results of each impact category for mortars containing 

SCBA were normalized to the corresponding results for the reference mortar (no SCBA). The 

result is a dimensionless value equal to 1 for the reference – the lower the value, the lower the 

environmental impact. Figure 6.6 shows that replacing cement with SCBA can help reduce the 

environmental impact of cementitious composites and that the higher the replacement, the lower 

the environmental footprint of mortars in the studied range of SCBA replacement. While WG 

impact did not change, all other categories showed important differences produced by curing 

temperature. Whereas at 21 °C, BA20* presented a reduction of single impact categories ranging 

between 11.23% and 17.40% (in comparison to reference mortar), at 45°C, the reduction of the 

environmental impacts due to the use of SCBA doubled, ranging from 22.61% to 33.51%. 

These results can be explained by looking at the compressive strength results and the 

functional unit chosen for the LCA. The reference mortar cured at 45 °C presented a compressive 

strength 26% lower than the same mixture cured at 21 °C. This tendency of high curing 

temperatures to induce lower strength after 28 days is well documented in the literature as a 

consequence of the poorer quality of the hydration products [81], and it is known as the crossover 

effect. However, the data of the present study showed that SCBA was effective in mitigating the 

crossover effect. 
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Table 6.8 Environmental impacts for 1 m3 of mortars cured at 45 °C (* modified mortar that would have 

the same compressive strength as their reference). 

Mortar Cement 
Natural 

aggregate 
SCBA Production Transportation Total 

GWP - Global warming potential (kg CO2 eq) 

Reference 437.84 3.57 0.00 4.65 21.04 467.10 

BA10* 328.98 3.57 0.00 4.65 19.65 356.85 

BA20* 291.08 3.57 0.00 4.65 19.77 319.08 

ODP – Ozone depletion potential (kg CFC-11 eq) 

Reference 5.14E-06 5.17E-07 0.00 3.67E-09 3.94E-08 5.70E-06 

BA10 3.86E-06 5.17E-07 0.00 3.67E-09 3.68E-08 4.42E-06 

BA20 3.42E-06 5.17E-07 0.00 3.67E-09 3.70E-08 3.97E-06 

EP – Eutrophication potential (kg N eq) 

Reference 4.13E-02 1.03E-03 0.00 1.27E-02 8.16E-03 6.32E-02 

BA10 3.11E-02 1.03E-03 0.00 1.27E-02 7.62E-03 5.24E-02 

BA20 2.75E-02 1.03E-03 0.00 1.27E-02 7.67E-03 4.89E-02 

AP – Acidification potential (kg SO2 eq) 

Reference 1.16 2.96E-02 0.00 1.10E-01 1.32E-01 1.43 

BA10 0.87 2.96E-02 0.00 1.10E-01 1.23E-01 1.14 

BA20 0.77 2.96E-02 0.00 1.10E-01 1.24E-01 1.04 

S – Smog formation (kg O3 eq) 

Reference 22.02 0.56 0.00 1.99 4.31 28.88 

BA10 16.55 0.56 0.00 1.99 4.03 23.12 

BA20 14.64 0.56 0.00 1.99 4.05 21.24 

RE – Respiratory effects (kg PM2.5 eq) 

Reference 3.91E-02 1.01E-03 0.00 3.84E-03 1.93E-03 4.58E-02 

BA10 2.93E-02 1.01E-03 0.00 3.84E-03 1.81E-03 3.60E-02 

BA20 2.60E-02 1.01E-03 0.00 3.84E-03 1.82E-03 3.26E-02 

EC – Energy consumption (MJ surplus) 

Reference 136.48 4.09 0.00 0.96 42.44 183.98 

BA10 102.55 4.09 0.00 0.96 39.64 147.25 

BA20 90.73 4.09 0.00 0.96 39.90 135.69 

ADP – Abiotic depletion potential (kg Sb eq) 

Reference 9.00E-06 1.69E-09 0.00 0.00 0.00 9.00E-06 

BA10 6.76E-06 1.69E-09 0.00 0.00 0.00 6.76E-06 

BA20 5.98E-06 1.69E-09 0.00 0.00 0.00 5.98E-06 
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Figure 6.6 LCA results of SCBA mortars normalized by the reference mortar (AP - Acidification 

potential, S - Smog formation, RE - respiratory effects, EC - energy consumption, WG - waste generation, 

ADP - abiotic depletion potential, GWP - global warming potential, ODP - ozone depletion potential, EP 

- eutrophication potential). 

Environmental impact assessed with a normalized unified index 

Normalization factors (NFs) may be used as an optional aid for the interpretation of the 

results of the LCA. LCIA results for each impact category were first normalized by the NFs. A 

unified index was calculated by adding the normalized impacts of each category. Next, the 

normalized unified index was calculated as the unified index of each mixture divided by the unified 

index of their reference mortar. While previous results considered ADP and WG, as mentioned in 

the methods section, these two impact categories were not considered in the analysis to obtain the 

normalized unified index due to the lack of NFs. 

The normalized unified index represents with a single score the relative environmental 

impact of each mixture compared to the reference one. Figure 6.7 displays the results of this 

approach. For a curing temperature of 21 °C, BA10* and BA20* reduced their environmental 

impact by 6% and 14%, respectively, compared to the reference mortar cured at the same 

temperature. Nevertheless, the best results in terms of environmental performance were obtained 

when the curing temperature was higher (45 °C). At 45 °C curing temperature, the reduction in the 

environmental impact was more pronounced on BA10* and BA20*, with values of 23% and 31%, 

respectively, compared to their reference mortar cured at 45 °C. 
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Figure 6.7 Normalized unified index as a function of the curing temperature. 

 Conclusions 

The impact of curing temperature on the sustainability of sugarcane bagasse ash as a partial 

replacement of cement in mortars was assessed. Global warming potential (GWP), ozone depletion 

potential (ODP), eutrophication potential (EP), acidification potential (AP), smog formation (S), 

respiratory effects (RE), energy consumption (EC), abiotic depletion potential (ADP), and waste 

generation (WG) categories were analyzed for each mixture and curing temperature. Waste 

generation is the only impact category that was not affected by curing temperature. For the rest of 

the analyzed categories, when mortars were cured at 45°C, the use of SCBA reduced the 

environmental impact of mortars two times with respect to the reduction at 21°C. 

Thus, the reduction of environmental impact when using SCBA as a partial replacement 

for cement highly depends on the curing temperature. At 45°C, a replacement of 97 kg of cement 

with SCBA (per m3 of mortar) produced a reduction of the environmental impact (presented with 

the normalized unified index) of 31%, while the reduction produced by the same amount of SCBA 

with a curing temperature of 21°C was 14%. These results clearly indicate that the sustainability 

of SCBA utilization as a partial replacement of cement will be better when mortar is poured in hot 

regions or during days with higher ambient temperatures. In the same way, the advantages of using 

SCBA in terms of sustainability will decrease if the external temperature is low. Therefore, 

external curing temperature is an important factor that should be considered when the sustainability 

of cementitious composites containing SCBA is assessed.  
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 CONCLUSIONS AND FUTURE WORK 

 Conclusions 

This dissertation has investigated the role of temperature on the effectiveness of several 

approaches to enhance the sustainability of cementitious composites considering aspects of the 

material’s life that array from curing to service conditions. 

In the first study, it has been concluded that the effect of TiO2 nanoparticles on mechanical 

properties, CH formation, and pore structure of cement-based mortars strongly depends on curing 

temperature. Results have shown that the lower the curing temperature (down to 5 °C), the greater 

the beneficial influence of nano-TiO2 on strength. Besides, for both flexural and compressive 

strength at early ages (7 days), the optimum percentage of nano-TiO2 depends on curing 

temperature. The lower the curing temperature, the higher the optimum percentage of nano-TiO2 

needed to enhance the strength at early ages. Thus, it is critical to consider curing temperature 

when designing cementitious composites with nano-TiO2. When curing temperature is high 

(45 °C), the 7-days flexural strength can be overestimated if the beneficial effects of nano-TiO2 

addition observed at standard temperature (20 °C) are assumed. DSC results suggested that a 0.5% 

nano-TiO2 addition accelerates CH formation during the first day at 45 °C. On the other hand, 

DSC results suggest that the total percentage of CH at 7 days is lower in mixtures with TiO2 

nanoparticles for all studied curing temperatures. However, TGA results obtained using the 

modified method for CH calculation showed that the use of 0.5% nano-TiO2 increases the CH 

content. Besides, TGA results showed that samples with nano-TiO2 presented a higher carbonation 

than reference samples. Since samples were 7 days old, it is assumed carbonation occurred mainly 

due to sample preparation. Thus, nano-TiO2 addition increases the percentage of CH carbonated 

during sample preparation. For that reason, to compare CH content in mixtures with and without 

nanoparticles, the modified method for TGA that accounts for the carbonated CH must be used 

instead of DSC results. Furthermore, 3D-XRM results displayed that the increase in strength due 

to the addition of nano-TiO2 cannot be explained solely based on an overall reduction of porosity. 

In fact, the samples cured a low temperature were the ones that showed a higher increase in strength 

due to the use of nano-TiO2, however, nanoparticles addition did not produce a reduction in 

porosity of samples cured at low temperature. A general correlation between total porosity and 
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strength of mortars containing nano-TiO2 was not found. Nonetheless, 3D-XRM scans were 

perform at 28 days. Thus, results suggest that the greater enhancement due to the use of 

nanoparticles in the 7 days strength on samples cured at low temperature (compared to the 

enhancement at higher temperatures) is related to an acceleration of hydration rather than an 

overall greater development in long term strength. Results may also suggest that the increase in 

strength due to the use of nanoparticles is more related to the homogenization of the pore structure 

than to the overall porosity reduction. Further investigation on the role of curing temperature on 

the effect of nano-TiO2 addition at later age will be required to evaluate which one of these two 

potential mechanisms is more significant. 

Regarding the impact of using recycled materials (RCA and re-PP fibers) and 

nanomaterials (nano-TiO2) addition on the high-temperature resistance of eco-mortars, this 

research concluded that: 

(i) The use of 100% RCA instead of NA produces a negative effect on high-temperature resistance 

in terms of compressive and flexural strength. Consequently, this aspect should be considered 

when fire resistance is evaluated. Even though low percentages of TiO2 nanoparticles increase 

the compressive and flexural strength of recycled mortars under normal conditions, this 

addition produces a negative effect on high-temperature resistance. This may be due to the 

different thermal properties of all materials (e.g., old cement paste, new cement paste with 

nano-TiO2, or RCA) that may produce internal stresses when the temperature rises. These 

internal stresses in RCA mortars can produce a failure at lower stress due to the weaker ITZ 

between the new cement paste (with nano-TiO2) and the old cement paste, as SEM images 

showed in the recycled mortar with 1% of nano-TiO2 after 500 °C exposure. Results based on 

XRD and DSC showed that the negative effect of the addition of 1% TiO2 in terms of strength 

loss after 500 °C exposure is not related to a higher CH decomposition. In fact, nano-TiO2 may 

increase the high-temperature resistance of CH. Moreover, results suggest that the ductility 

before failure of RCA mortars is increased after exposure at 500 °C, while mortar with NA 

showed lower ductility under the same conditions. Finally, whereas the cross-section of 

fractured RCA mortars samples after high-temperature exposure showed two different shades, 

natural mortar samples only showed a uniform coloration. This observation suggests that 

specimens with recycled aggregate are not homogeneously affected by temperature, possibly 

due to their lower thermal conductivity. 
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(ii) Recycled PP fibers have a negligible effect on the mortar flexural strength under standard 

conditions (no exposure to high-temperature). However, they have been found to increase the 

maximum strain before failure and provided the composite material a post-peak residual 

flexural strength. Upon reaching the maximum load, samples with fibers presented a ductile-

like behavior showing a plateau in the load as the displacement increased. Besides, as the fiber 

fraction increases, the post-peak residual strength increases. Furthermore, the addition of 

recycled PP fibers mitigated the flexural strength loss caused by high-temperature exposure 

and thermal shock. A high volume of fibers increases the risk of connectivity between fibers 

and the possibility that weak planes are formed, which may negatively impact the overall 

composite behavior. Even though all mixtures, including the one without fibers, showed an 

enhancement of flexural strength after high-temperature exposure (200 °C) and a slow cooling, 

fiber-reinforced mortars exhibited a higher enhancement of flexural strength than samples 

without fibers under the same conditions. Besides, in fiber-reinforced samples tested after a 

slow cooling, the post-peak residual strength was higher than in unexposed samples. Results 

also showed that the secondary strength and the energy absorption capability increased with 

the amount of fibers. After elevated temperature exposure, this enhancement is higher than in 

unexposed samples. These results suggest an enhancement of the fiber-matrix ITZ after high-

temperature exposure and slow cooling. Finally, the optical microscopy analysis of the 

unexposed samples revealed a distinct interface between the fibers and the mortar matrix. In 

the case of 200 °C exposure, microscopy images showed that fibers penetrated the pores 

network of the mortar matrix after high-temperature exposure. Consequently, the observed 

increase in flexural strength, post-peak residual strength, secondary strength and secondary 

toughness, after high-temperature exposure and cooling, may be directly related to enhancing 

the adhesion between the fibers and the mortar matrix. 

This research also studied the effect of RCA on thermal conductivity’s susceptibility to 

moisture content and ambient temperature variations of cement mortars. Understanding the effect 

of recycled concrete aggregate on the thermal conductivity of cementitious composites is crucial 

to assess their effects on the environmental impact during service life as part of a building 

component. The replacement of NA by RCA reduces the composite’s thermal conductivity and 

consequently increases its thermal insulation capacity. The decrease in TC is due to the more 

porous nature of the recycled composite and its reduced density. However, the extent of this 
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variation strongly depends on the moisture content and the ambient temperature at which thermal 

conductivity is calculated. Besides, mortars with recycled aggregate (i.e., mortars with higher 

porosity) presented less thermal conductivity variation due to changes in ambient temperature. 

Thus, if the ambient temperature changes, no special consideration would be required when 

evaluating RCA mortar’s thermal conductivity instead of plain mortars with NA. Furthermore, 

thermal conductivity variations as a function of moisture content are higher in mortars containing 

RCA. The use of RCA increases the mortar accessible porosity, which heightens the importance 

of saturation degree on TC determination. Results showed that the higher the porosity, the more 

susceptible the mortar’s thermal conductivity to changes in moisture content. Thus, special 

attention to the variability of TC due to saturation degree should be taken when evaluating the 

thermal performance of mortars with high porosity. Lastly, the increase in the heat insulation 

capacity when using RCA is achieved at the expense of strength. Both compressive and flexural 

strength decreases with the incorporation of RCA. The higher the RCA content, the higher the 

reduction in strength. However, if the strength sufficient for a given use is known, these composites 

may find an important application in building components as a sustainable mortar for energy 

efficiency in buildings. Finally, an equation that estimates (with an error of less than 5% between 

the experimental and predicted results) the thermal conductivity of cement mortars as a function 

of permeable porosity, saturation degree, and ambient temperature was proposed. 

Finally, the impact of curing temperature on the sustainability of sugarcane bagasse ash 

(SCBA) as a partial replacement for cement in mortars was assessed. The life cycle assessment 

considered nine different environmental impact categories, including waste generation, global 

warming potential, ozone depletion potential, eutrophication potential, acidification potential, 

smog formation, respiratory effects, energy consumption, and abiotic depletion potential. Among 

these, waste generation was the only one not affected by the curing temperature. For all other 

analyzed impact categories, curing temperature significantly changed the environmental impact of 

mortars containing SCBA. Results showed that a replacement of 97 kg of cement by SCBA (per 

m3 of mortar) produced over two times higher reduction of the environmental impacts when 

external curing temperature was 45°C than when temperature was 21°C. These results clearly 

indicate that the sustainability of SCBA utilization as a partial replacement for cement will be 

higher when mortar is poured in hot regions or during days with higher temperatures. Therefore, 



 

 

153 

external curing temperature is an important factor that should be considered when sustainability 

of cementitious composites containing SCBA is assessed. 

 Future work 

Effect of using recycled materials (RCA and recycled-PP fibers) and/or alternative SCMs on the 

environmental performance of cementitious composites building envelopes: from material 

production to service life 

It has been estimated that over 11% of the global carbon emissions are related to energy 

use to produce building and construction materials [1]. Besides, 28% of the global energy-related 

carbon emissions are related to the operational usage of energy in buildings (energy needed for 

heating/cooling and power) [1]. Therefore, if we want to reduce cementitious composites’ 

environmental impact, we need to focus on both material performance and its effects on energy 

consumption during service life. 

In this dissertation the effect of recycled aggregates on the thermal conductivity of mortars 

as well as how moisture changes the effect of recycled aggregates on the thermal conductivity of 

mortars was investigated. Based on these data, that focused on the material scale, the future work 

should focus on a building scale, computing the effect of these sustainable composites (mortars 

containing recycled materials and/or alternative SCMs) on the energy consumption of a real 

building as a function of the variation of boundary conditions such as moisture and temperature 

during its service life. This will be done implementing the building information modeling (BIM) 

methodology and creating a digital twin for several building functional units. A comparative 

analysis of energy consumption of an actual building unit will be developed. Then, the effects of 

using recycled materials on the environmental performance of cementitious composites, 

considering all obtained results, from material production to service life, will be assessed through 

a life cycle analysis (LCA). The process will be repeated using different functional building units 

(with different volume-surface envelop ratios) and different climate conditions. Based on that, a 

retrofitted methodology will be used to optimize the mixture design’s sustainability with a 

multicriteria LCA approach as a function of the building unit and location. 
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Assessment of post processing treatments for the valorization of sugar cane bagasse ash 

(SCBA): the effect of particle size and loss of ignition on the mortar microstructure 

modification. 

The effect of curing temperature on the sustainability of sugarcane bagasse ash (SCBA) as 

a partial replacement of cement in mortars was assessed in this dissertation. Nevertheless, there 

are potential post processing treatments that may enable a greater valorization of this biomass 

waste. To evaluate the actual environmental performance of each post processing approach and 

the sustainability of the final product, every aspect of each treatment as well as their effects on the 

mechanical performance and durability of the final composites should be considered. Furthermore, 

understanding how different composition of SCBA affect the microstructure of the cement paste 

will be important to be able to predict other effects on the performance and durability of 

cementitious composites contain these alternative supplementary cementitious materials.  

7.2.1 Other future research lines 

Other prospective lines of investigations based on the findings of these dissertation are: 

(i) Effect of curing temperature on the sustainability of other alternative binders and 

its correlation to the chemical composition and particle size; 

(ii) Impact of curing temperature on microstructure of cementitious composites and its 

effect on fire resistance and thermal behavior of materials;  

(iii) Modification of concrete durability produced by SCBA and RCAs. 
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APPENDIX A. MATERIALS CERTIFICATIONS 
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APPENDIX B. DSC AND TGA PLOTS 

DSC curves obtained from each mixture at 1, 3 and 7 days, for the three curing temperatures used 

in this study, are showed in Figure B.1 (MC-R) and Figure B.2 (MC-Ti0.5). 

 

 

 

Figure B.1 Comparison between the MC-R DSC curves at 1, 3 and 7 days. (a) At 5 °C. (b) At 20 °C. (c) 

At 45 °C. 
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Figure B.2 Comparison between the MC-Ti0.5 DSC curves at 1, 3 and 7 days. (a) At 5 °C. (b) At 20 °C. 

(c) At 45 °C. 
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From TGA curves of the three curing regimes, the amount of hydrates formed below 200 

°C appears to be lower in mixtures modified with TiO2 than their respective reference. However, 

this difference between the curves may be due to a higher weight loss at temperatures equal or 

below 100 °C (mainly due to the evaporation of water). The percentage of weight loss between 

100 and 200 °C is not significantly different (1.32% vs. 1.19% at 5°C, for instance). Since less 

water was available to evaporate in samples with TiO2, it may suggest that TiO2 has promoted the 

hydration. In addition, Table B.1 shows the percentage of weight loss before 100 °C and between 

100 and 200 °C in each mixture. 

Table B1. Weight loss (%) below 200 °C (TGA). 

Curing 

temperature 

0 - 200 °C 0 - 100 °C 100 - 200 °C 

MC-

R 

MC-

Ti0.5 
Δ 

MC-

R 

MC-

Ti0.5 
Δ 

MC-

R 

MC-

Ti0.5 
Δ 

5 °C 3.79% 3.28% 0.51% 2.47% 2.09% 0.38% 1.32% 1.19% 0.13% 

20 °C 3.61% 3.61% 0.00% 2.04% 2.04% 0.00% 1.57% 1.57% 0.00% 

45 °C 4.00% 3.46% 0.54% 2.18% 1.87% 0.31% 1.82% 1.59% 0.23% 

 

Moreover, the amount of calcite in the cement before hydrating is 0.15 g/g obtained by 

TGA of anhydrous cement, as it was mentioned in Section 2.3.4. In order to clarify this value, 

Figure B.3 displays the corresponding percentage of weight loss (6.7%) of the anhydrous cement. 

Besides, Figure B.4 shows the TGA curve obtained from the fine aggregate used in this study. 
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Figure B.3. TGA curves of anhydrous cement. 

 

 

 
Figure B.4. TGA curves of fine aggregate. 
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Table B.2 shows the calculated amount of CaCO3 due to the fine aggregate and the 

anhydrous cement that was estimated in the sample for TGA analysis. 

 

Table B2. Adjusted amount of CaCO3 in the sample (TGA). 

Compound 
Amount of CaCO3 

(g/gcompound) 
gcompound/gsample 

Amount of CaCO3 

(g/gsample) 

Cement 0.1522 0.40* 0.0609 

Sand 0.6598 0.40* 0.2639 

CAini 32.48 % 

 

*During sample preparation, it was observed that while the ground cement paste was completely 

passing, part of the aggregate was consistently retained in the 75-μm sieve. It was estimated that 

40% of the aggregate was not completely ground during the process, and, therefore, was not part 

of the TGA sample. Thus, when CAini was calculated, the amount of aggregate/mortar in the 

sample was 0.40 instead of the full 0.67 in the original mortar. In the same way, the amount of 

cement/mortar in the TGA sample was estimated to be 0.40 instead of 0.22. 

 

Furthermore, Figures B.5 and B.6 present the TGA curves of each test with first and second 

derivative in order to provide the complete data used to do the analysis. 
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Figure B.5. TGA curves of MC-R at 7 days for different curing temperatures. (a.1 and a.2) 5 °C. (b.1 and b.2) 

20 °C. (c.1 and c.2) 45 °C. 
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Figure B.6. TGA curves of MC-Ti0.5 at 7 days for different curing temperatures. (a.1 and a.2) 5 °C. (b.1 and b.2) 

20 °C. (c.1 and c.2) 45 °C.
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APPENDIX C. LOAD-DISPLACEMENT CURVES 

Load-displacement curves obtained from the flexural strength tests of mortars with re-PP fibers 

are showed in Figure C.1. 

  

  

Figure C.1. Load-displacement curves of flexural tests for mortars with re-PP fibers. (a) PM0, (b) PM0.5, (c) PM1, 

and (d) PM1.5. 
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